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Abstract 

Environmental DNA (eDNA) metabarcoding has become established as a 

highly sensitive and effective method of surveying fish communities across a 

broad range of freshwater ecosystems. To date this method has largely been 

restricted to temperate ecosystems, with few applications in the tropics where 

global freshwater fish diversity is at its richest. This thesis develops an 

environmental DNA metabarcoding methodology for surveying one of the 

planet’s most species rich tropical lakes - East Africa’s Lake Tanganyika (LT). 

This global aquatic hotspot contains exceptionally diverse fish communities, 

and therefore represents an excellent system to test the effectiveness of eDNA 

metabarcoding for surveying species rich tropical fish communities, as well as 

closely related species within adaptive radiations.  

 Chapter one provides an introduction to the field, identifying key 

knowledge gaps. Chapter two develops a near comprehensive fish list and 

reference database for 358 species found within LT’s basin across three 

mitochondrial gene regions. These data are subsequently used to design two 

new primer sets including a novel cichlid-specific primer (Cichlid_CR), as well 

as undertake in silico testing of published primer sets. Chapter three 

investigates the relative effectiveness of eDNA metabarcoding and traditional 

underwater visual survey methods for surveying the species richness of LT’s 

littoral fish communities. Building on the results of this work Chapter four 

addresses if increased sequencing depth, reference database expansion and 

bioinformatic filtering stringencies can improve species richness estimates for 

LT’s highly diverse cichlid communities, with further comparisons made 

against the visual survey dataset. Overall, despite initial challenges detecting 

closely related species within LT’s cichlid radiations, this thesis demonstrates 

through the use of a family-specific primer set the capacity of eDNA 

metabarcoding methods for surveying LT’s littoral fish communities and 

therefore highly diverse tropical ecosystems, even those containing many 

closely related species comprising adaptive radiations. These findings support 

the capacity of eDNA metabarcoding methods for revolutionising our ability to 

survey freshwater fish communities globally. 
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Impact Statement  

As focal points of development, freshwater ecosystems have come under 

increasing human-induced pressures over the 20th and 21st centuries. This has 

led to biodiversity declines that far exceed those within terrestrial and marine 

ecosystems. It is therefore essential to monitor and understand the drivers of 

these declines so that effective management decisions can be put in place. To 

enable this, it is necessary to have accurate biodiversity information for 

freshwater ecosystems globally, something that is currently lacking. Traditional 

survey methods for key groups such as fishes are often costly, low throughput 

and have detection biases that limit the extent to which accurate estimates can 

be obtained. In recent years environmental (e)DNA metabarcoding has 

developed as a highly sensitive and accurate method of surveying freshwater 

fish communities. Benefits including higher throughput, lower bias and 

reduced invasiveness meaning the wider application of these methods could 

greatly enhance our ability to monitor the diversity of freshwater ecosystems 

at a broad range of scales. Further development of these methods is therefore 

critical to future monitoring and conservation efforts.  

To date, applications of eDNA metabarcoding have been largely 

restricted to temperate ecosystems with few uses in the tropics. As the 

effectiveness of eDNA metabarcoding methods could vary greatly across 

habitats, there is a need to test them across a broader range of ecosystems. 

This study provides a novel application of eDNA metabarcoding within Lake 

Tanganyika surveying it’s highly diverse littoral fish communities. As this 

system contains exceptionally high local diversities, and large numbers of 

closely related species within adaptive radiations, it provides a number of 

challenges to eDNA metabarcoding methods that are yet to be tested. To 

overcome these challenges, new methods are developed including the design 

of a novel cichlid-specific primer set that enables the identification of very 

closely related species which otherwise could not be distinguished with 

published primers. This combined use of a family-specific primer set with more 

conserved primers could enable other diverse and complex fish communities 

to be surveyed using eDNA metabarcoding methods.  
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Thesis results demonstrate the potential of eDNA metabarcoding for 

surveying Lake Tanganyika’s highly diverse littoral fish communities, with 

species richness estimates exceeding those obtained from visual surveys. As 

this represents one of most diverse and complex freshwater fish communities 

on Earth, this demonstrates the potential of eDNA metabarcoding for surveying 

freshwater fish diversity globally. Freshwater ecosystems also provide a broad 

range of ecosystem services. Their fish species are a major source of protein 

for hundreds of millions of people worldwide, with Lake Tanganyika containing 

one of Africa’s largest inland fisheries. This work highlights the benefits of 

incorporating eDNA metabarcoding into survey designs of the lake’s fish 

communities and could substantially aid the monitoring and management of 

it’s fisheries in the future. Furthermore, expanding rates of development across 

Lake Tanganyika are increasing the anthropogenic pressures facing the lake’s 

fish communities. The methods developed in this thesis could aid in monitoring 

the impact of these pressures on the lake’s endemic fish communities, 

ultimately helping to inform future conservation decisions. 
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1 Introduction 

1.1 Global freshwater diversity: hotspots of biodiversity and 
anthropogenic pressures.   

As biodiversity hotspots, freshwater ecosystems make a disproportionately 

high contribution to global biodiversity, containing 10% of all known species, 

including one third of vertebrate species despite covering only 0.8% of the 

Earth’s surface (Strayer and Dudgeon 2010). This biodiversity is not evenly 

distributed however, with particular hotspots in the tropics and eastern North 

America (Figure 1.1). For example, the freshwater fish biodiversity of Western 

Europe (~381 species) is exceeded by each of Lakes Malawi, Tanganyika and 

Victoria in East Africa with at least 800-1000, 470 and 700 species respectively 

(Abell et al. 2008, Freyhof and Brooks 2011, Salzburger 2018). Patterns of 

freshwater diversity also show high levels of congruence with those in 

terrestrial regions, particularly for the tropics (Abell et al. 2011). As well as 

greatly contributing to global biodiversity, highly productive freshwater 

ecosystems contain important inland fisheries that support a large number of 

livelihoods, particularly within less economically developed countries (McIntyre 

et al. 2016). In total, at least two billion people are directly dependent on inland 

fisheries as a major food source (Dugan et al. 2010, Richter et al. 2010). While 

harvesting a relatively low number of species, the productivity of these 

fisheries has increasingly been linked to the species richness of these 

freshwater systems (Brooks et al. 2016). As a result, managing the diversity 

and ecological status of freshwater ecosystems is highly important for 

maintaining global biodiversity as well as supporting the livelihoods of large 

numbers of people.  
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Figure 1.1. Distribution of global freshwater fish species richness grouped by 

ecoregion (N=426). Top is total species richness, bottom is the percentage of endemic 

species. Source: Abell et al. (2008). 

 

As focal points of human development, freshwater ecosystems face a 

number of anthropogenic stressors including habitat modification and loss, the 

introduction of invasive species, climate change as well as increases in 
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pollution, sedimentation and rates of species exploitation (Revenga et al. 2005, 

Dudgeon et al. 2006). This has resulted in large scale declines in freshwater 

diversity across a broad range of taxonomic groups at rates exceeding that of 

their terrestrial counterparts (Abell 2002, Collen et al. 2014). Multiple 

characteristics of freshwater ecosystems make them more vulnerable to 

anthropogenic pressures compared to terrestrial and marine environments. 

Freshwater habitats make up only a low proportion of the Earth’s surface and 

therefore, their scale and connectivity are much lower compared to terrestrial 

and marine ecosystems. As a result, catchment divides and natural barriers 

lead to limited genetic flow and high rates of endemism (Dudgeon et al. 2006). 

This has been a major driver of freshwater fish extinctions in Singapore where 

habitat loss has been responsible for the complete loss of entire populations 

independent of their ecological and life-history traits (Giam et al. 2011). 

Freshwater ecosystems are also impacted by human activities occurring 

across their entire catchment rather than merely on the water body itself. As a 

result, the pressures of human activity across this area accumulate within 

freshwater bodies enhancing the impact on their biota (Strayer and Dudgeon 

2010). For example, heavy metals have been shown to bioaccumulate within 

freshwater fish populations due to anthropogenic activities within the 

catchment (Redmayne et al. 2000, Ashraf et al. 2012). 

These accumulating pressures do not act independently of one another, 

with the combination of  multiple stressors facing freshwater ecosystems often 

leading to dramatic and non-linear responses from biological communities 

(Ormerod et al. 2010). This was observed in Lake Victoria, an East African Rift 

Lake, where the combination of overfishing, introduction of the Nile perch 

(Lates niloticus) and increased nutrient loading caused a rapid shift in lake 

trophic structure between the mid-1970s and the mid-1980s (Hecky et al. 

2010). This led to a rapid shift in community composition with the lake’s diverse 

haplochromine cichlid communities being replaced by four invasive tilapine 

species (Oreochromis niloticus, Oreochromis leucostictus, Tilapia zillii and 

Tilapia rendalii) and the Nile perch. The haplochromine cichlids that previously 

made up 83% of the lake’s fish biomass during the 1970s, accounted for less 

than 1% by the mid-1980s (Njiru et al. 2005). While poorly studied, due to their 

exceptional diversity and levels of endemicity, this change in community 
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structure led to a major extinction event with the likely loss of hundreds of 

species (Hecky et al. 2010).  

Due to the high diversity of freshwater ecosystems and their value to 

society, it is important to understand the ecological status of these systems 

and their responses to anthropogenic pressures. Species richness and 

evenness measures underpin our understanding of biological diversity, and 

therefore gaining accurate estimates across time and space is of central 

importance (Gotelli and Colwell 2011). This information can be used to monitor 

and predict the impact of stressors on an environment, as well as inform 

management decisions. Traditional methods of obtaining freshwater fish 

diversity estimates include net-based seine, fyke, trawling or gill net surveys, 

electrofishing and even underwater visual SCUBA surveys in some systems. 

Obtaining this can be destructive, costly, often limited in scale as well as 

having a number of associated biases. For example, net survey methods are 

highly selective, with detection rates heavily influenced by the size, shape and 

activity of the species surveyed (Kubecka et al. 2009). Similarly, the 

effectiveness of survey methods are often heavily influenced by the ecosystem 

type with gill net surveys underrepresenting shallow water species, while 

electrofishing methods are biased against species within deeper waters 

(Jurvelius et al. 2011, Warry et al. 2013). Electrofishing is also inhibited by the 

low conductivity of many tropical freshwater ecosystems (Allard et al. 2014). 

Finally, each method runs the risk of introducing error as a result of taxonomic 

mis-identifications resulting in either false negatives or positives (Stribling et 

al. 2008). These biases can cause wide variations in the species richness 

estimates obtained from sites as a result of the survey method used (Jackson 

and Harvey 1997), with  the limitations of traditional survey methods greatly 

influencing our ability to obtain accurate fish community species richness 

estimates for freshwater ecosystems. Technological and logistical 

advancements including remote sensing, citizen science networks and 

molecular tools hold the potential to substantially improve our capacity to 

assess the status and diversity of freshwater fish communities (Jackson et al. 

2016). If our ability to understand freshwater biodiversity patterns across a 

range of scales is to improve, it’s important to develop survey methods that 



 23 

enable the more efficient collection of fish diversity data in a way that is cost-

effective, standardised and reproducible.  

 

1.2 Environmental DNA: A new tool for surveying aquatic 
ecosystems 

Since 2008, environmental DNA (eDNA) has increasingly been used as a 

source of diversity information for freshwater species (Ficetola et al. 2008). 

eDNA represents DNA captured from environmental samples where no target 

organisms have been isolated (Taberlet, Prud’Homme, et al. 2012). This can 

encompass a range of sample types including sediment (Turner et al. 2015, 

Sinniger et al. 2016), water (Jerde et al. 2011, Thomsen, Kielgast, Iversen, 

Møller, et al. 2012) or air (Kraaijeveld et al. 2015, Brennan et al. 2019) samples 

with DNA derived from a range of sources such as faeces, mucus, shed cells, 

organelles, and gametes (Deiner, Bik, Mächler, et al. 2017). Through capturing 

and isolating this DNA, it is then possible to obtain species-specific and 

community-based measures via a number of laboratory protocols. As this does 

not rely on the capture or observation and identification of individuals, eDNA-

based methods hold the potential to provide more sensitive and less biased 

diversity measures than traditional methods. The exploitation of eDNA as a 

potential source of diversity information therefore has the capacity to overcome 

current limitations of traditional survey methods for fish communities, helping 

to improve species richness estimates across a range of spatial and temporal 

scales.  

 

1.2.1 Ecology of eDNA 

eDNA can have a wide range of sources as well as be in multiple states. As a 

result, an understanding of the ecology of eDNA within the environment is 

required for the accurate interpretation of results. As defined by Barnes and 

Turner (2016), there are four factors primarily influencing the ecology of eDNA: 

(1) its origin; (2) its state within the environment; (3) its transport in the 

environment; and (4) its fate (Figure 1.2). DNA from soil and water samples 



 24 

have been found to be cellular, organellar or extracellular (either dissolved or 

particle-bound) (Pietramellara et al. 2009, Turner et al. 2014). Cellular DNA 

will be of better size and quality enabling even large DNA fragments such as 

mitogenomes to be obtained from eDNA samples (Deiner, Renshaw, et al. 

2017). Extracellular DNA results from the death of a cell, and due to increased 

environmental exposure is often degraded and much shorter in length. 

Sequential filtering experiments have shown that while the majority of DNA 

within eDNA water filters is extracellular (less than 0.2µm in size) the majority 

of target fish DNA is actually 1µm to 10µm in size (though see Moushomi et 

al. 2019, who found invertebrate eDNA was much smaller). This therefore 

most likely represents loose aggregates of smaller particles where the DNA 

remains within cells or mitochondria (Turner et al. 2014, Wilcox et al. 2015). 

Target fish DNA also represents a very low proportion of the total DNA in eDNA 

samples with Turner et al. (2014) calculating only 0.0004% of the total DNA 

within eDNA samples was for their target species common carp (Cyprinus 

carpio). As a result, eDNA-based protocols should consider the potential range 

of DNA states, the different number of sources as well as the very low 

abundance of target DNA that exists within eDNA samples.  

 

Figure 1.2. The four features of the ecology of eDNA as defined by Barnes and Turner 

(2016). (a) represents the possible origins of eDNA; (b) its state within the 

environment; (c) its transportation distance from its origin; and (d) its fate within the 

environment. Source: Barnes and Turner (2016). 



 25 

As eDNA can exist within the environment in multiple states there is a need to 

understand transport and degradation rates within study systems to make 

accurate spatial and temporal inferences from the results. The eDNA sample 

type influences the spatial and temporal scales of species detection. As DNA 

degrades more slowly within sediment samples compared to the water column, 

DNA in samples will have originated from individuals over larger time scales 

(Figure 1.3) (Deiner, Bik, Mächler, et al. 2017). As a result, the majority of 

eDNA studies targeting freshwater fish species collect eDNA samples through 

filtering water as it provides a more accurate measure of the recent diversity 

within the ecosystem. Degradation rates recorded from freshwater 

ecosystems do vary greatly however, with half-lives ranging between 0.7 hrs 

from upland acidic streams (Seymour et al. 2018) to 47.5 hrs in eutrophic lake 

water at 5oC (Eichmiller et al. 2016, Collins et al. 2018).  

Despite this large range, as even the longest persistence times have 

half-life degradation times of less than 48 hours with over 90% of DNA 

degraded within one week (Eichmiller et al. 2016), DNA persistence times in 

the water columns of all studied freshwaters remain low. As a result, transport 

distances primarily determine scales of detection within freshwaters. Despite 

the fast removal of DNA from the water column via degradation and 

sedimentation, the residence time of water within river catchments is also 

generally short with an average of 26.7 hours at median flow across UK rivers 

(Worrall et al. 2014). Even in a river with a channel length of 79km the 

residence time was only 13.8 hours at 50% exceedance flow (Worrall et al. 

2014). Within river systems DNA can therefore be transported large distances 

over very short timescales. Despite high degradation rates, this means large 

scales of detection have been reported in rivers at the catchment scale ranging 

from a few km within smaller streams to over 100km within larger river systems 

(Deiner and Altermatt 2014, Pont et al. 2018). Freshwater lakes have much 

finer scales of detection of less than 100m making it possible to identify the 

spatial structure of species and communities across larger lentic systems such 

as Lake Windermere (Eichmiller et al. 2014, Handley et al. 2019). Scales of 

detection are yet to be tested within larger lake systems such as the great 

lakes in North America or East Africa, however scales of detections at 

resolutions as small as 60 to 100m have been recorded within a coastal 
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system (Port et al. 2016). While degradation rates can vary across marine and 

freshwater systems (Collins et al. 2019), this demonstrates the potential for 

fine scales of detection within these large scale lentic systems.    

At present degradation rates and scales of detection are yet to be 

adequately tested within tropical freshwaters. While, Robson et al. (2016) 

identified little impact of temperature on degradation rates in a tropical system, 

a number of studies have shown reduced DNA persistence times at higher 

temperatures (Eichmiller et al. 2016, Tsuji et al. 2017).  Other environmental 

factors potentially impacting degradation rates within tropical systems include 

increased UV radiation as well as variations in water pH and turbidity (Pilliod 

et al. 2014, Strickler et al. 2015, Andruszkiewicz, Sassoubre, et al. 2017, 

Seymour et al. 2018). Microbial activity, impacted by nutrient availability and 

potentially temperature, has also been shown to have a substantial impact on 

eDNA persistence times (Salter 2018). As differing microbial communities 

have been identified in tropical and temperate freshwaters (Humbert et al. 

2009) this could also be a potential source of variation in degradation rates 

between temperate and tropical systems. While past studies have developed 

our understanding of how DNA persistence times and scales of detection vary 

between lotic and lentic systems, there remains a need to test these rates 

across a broader range of ecosystems types, particularly in the tropics. 

 

 

Figure 1.3. Varying spatial and temporal scopes of different eDNA samples. Source: 

Deiner, Bik, Mächler, et al. (2017).  



 27 

1.2.2 Species-specific applications 

The majority of eDNA applications have been focused on individual species, 

using polymerase chain reaction (PCR) (Jerde et al. 2011), quantitative PCR 

(qPCR) (Thomsen, Kielgast, Iversen, Wiuf, et al. 2012) or digital droplet PCR 

(ddPCR) (Nathan et al. 2014) methods, though see Williams et al. (2019) for a 

recent application of CRISPR-Cas technology. qPCR has primarily been used 

due to its high sensitivity and ability to quantify the abundance of DNA within 

samples (Pilliod et al. 2013, Wilcox et al. 2013). Species-specific short 

fragment primers are developed, generally 50-150bp in length, that enable the 

identification of a target organism from degraded environmental samples. This 

high selectivity has a number of uses for conservation management including 

the detection of invasive species (Dejean et al. 2012, Goldberg et al. 2013, 

Takahara et al. 2013), rare or endangered species (Laramie et al. 2015, 

Torresdal et al. 2017) as well as the management of important fisheries 

(Lacoursière-Roussel, Rosabal, et al. 2016). Furthermore, a number of studies 

have highlighted the potential to obtain abundance information for species, 

providing more ecological information than simply species occupancy 

measures (Takahara et al. 2012, Tillotson et al. 2018, Shelton et al. 2019). The 

simplicity of water collection, ability to collect samples from hard to reach 

ecosystems, and high sensitivity of species-specific eDNA methods opens up 

a number of new opportunities to investigate the ecology of aquatic organisms 

at scales that would be highly costly or unfeasible with traditional methods. For 

example, Sigsgaard et al. (2016) measured the  genetic diversity within a 

whale shark (Rhincodon typus) aggregation, providing estimates of effective 

population size and placing the population within a global context based on 

previously identified haplotypes. eDNA sampling has also helped investigate 

the ecology of the Japanese eel (Anguilla japonica) both at its spawning 

grounds in a deep-water marine environment (Takeuchi, Iijima, et al. 2019, 

Takeuchi, Watanabe, et al. 2019) as well as across river catchments (Itakura 

et al. 2019), providing valuable information on the ecology of this elusive and 

heavily exploited species. While very effective for targeted research or 

monitoring efforts, these approaches quickly become time-intensive and 
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expensive when studying multiple species or taking a community perspective 

(Thomsen and Willerslev 2015).  

 Highly sensitive species detection rates have been identified across a 

range of temperate freshwater ecosystems consistently exceeding those from 

traditional methods (Schmelzle and Kinziger 2016, Wilcox et al. 2016). This is 

not the case within tropical ecosystems however, where inconsistent species 

detection across sites have been reported from a number of studies (Bellemain 

et al. 2016, Simpfendorfer et al. 2016). This suggests the effectiveness of 

species-specific methods may not be comparable across taxa and systems, 

with a potential disparity between temperate and tropical freshwaters. Further 

applications are therefore required to identify if detection probabilities of 

species-specific eDNA methods differ in tropical ecosystems with diverse fish 

communities.   

 

1.2.3 Community applications: eDNA metabarcoding 

Advancements in high throughput sequencing (HTS) technologies have 

enabled the detection of multiple species simultaneously from eDNA samples 

(Shokralla et al. 2012). This can be achieved through PCR-free shotgun 

sequencing methods (Wilcox et al. 2018) as well as amplicon-based 

sequencing, termed eDNA metabarcoding, where degenerate primers are 

used to amplify one or more informative gene regions of target taxa prior to 

sequencing (Creer et al. 2016). While the additional PCR step can introduce 

taxonomic biases (Elbrecht and Leese 2015), the increased specificity of 

metabarcoding methods compared to shotgun sequencing from eDNA 

samples (Stat et al. 2017) has resulted in this approach being more commonly 

applied by studies surveying the diversity of aquatic ecosystems. Highly 

degenerate primers can be used to identify large scale eukaryote diversity 

patterns across a range of ecosystem types (Grey et al. 2018, Holman et al. 

2019, Singer et al. 2019). The use of more targeted fish-specific primers (e.g. 

Riaz et al. 2011, Miya et al. 2015, Evans et al. 2016, Valentini et al. 2016) 

enables the detection of Actinopterygian or Teleost fish species to a lower 

taxonomic resolution, often down to species level with increased specificity.  
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Even early applications of eDNA metabarcoding demonstrated species 

detection rates equal to or exceeding traditional methods (Thomsen, Kielgast, 

Iversen, Møller, et al. 2012), with methodological improvements such as 

marker choice and sequencing platform increasing eDNA metabarcoding 

species richness estimates further (Valentini et al. 2016). Over recent years 

applications have been wide ranging including the detection of fish 

communities within marine (Thomsen et al. 2016), coastal (Port et al. 2016, 

Yamamoto et al. 2017) and estuarine (Stoeckle et al. 2017) ecosystems as 

well as a range of freshwaters including rivers (Civade et al. 2016, Olds et al. 

2016, Shaw et al. 2016, Pont et al. 2018), lakes (Hänfling et al. 2016, Evans 

et al. 2017, Li et al. 2019) and ponds (Valentini et al. 2016). eDNA 

metabarcoding applications in lakes at local and regional scales demonstrate 

reliable detection of species outperforming traditional methods, with the ability 

to distinguish between differing communities across lake types as well as 

provide relative abundance measurements for species (Li et al. 2019). Studies 

have also highlighted the capacity to accurately detect fish species within river 

systems as well as other terrestrial organisms across the catchment (Civade 

et al. 2016, Deiner et al. 2016, Li et al. 2018). Despite larger scales of detection 

within river systems, eDNA metabarcoding methods are also sensitive enough 

to identify longitudinal community turnover across large river systems such as 

the Rhône river in France (Pont et al. 2018). Through comparisons with 

traditional surveys and historic datasets, these studies have shown eDNA 

metabarcoding can consistently identify comparable species numbers to 

traditional methods (Thomsen, Kielgast, Iversen, Møller, et al. 2012), a greater 

number of species compared to previously used approaches (Olds et al. 2016, 

Valentini et al. 2016), as well as detecting rare species within historical records 

that are often missed by established methods (Civade et al. 2016, Hänfling et 

al. 2016). This highlights the effectiveness of eDNA metabarcoding for 

providing accurate species richness estimates for fish communities across a 

range of freshwater ecosystems with differing habitat types and resident fish 

communities.  

The incorporation of eDNA metabarcoding alongside traditional 

methods can improve species detection rates, helping to overcome the 

inherent biases and limitations of current survey designs. This can be through 
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the improved or complementary detection of species, the identification of taxa 

to lower taxonomic levels or the targeting of separate taxonomic groups 

(Deiner, Bik, Mächler, et al. 2017). Further practical benefits of adopting eDNA 

metabarcoding survey methodologies within these systems alongside 

traditional methods include: (1) the increased efficiency of field data collection 

compared to traditional methods; (2) the less destructive nature of eDNA 

sampling compared to methods relying on the capture of individuals; and (3) 

the greater potential to standardise survey methods and sampling designs 

both spatially and temporally (Thomsen et al. 2016).  

Despite these significant benefits, the application of eDNA 

metabarcoding methods within the fields of ecology and conservation remains 

limited. This is largely due to issues associated with unknown error rates, the 

spatial resolution of eDNA detection and the limited number of species for 

which suitable reference sequences exist (Port et al. 2016). Error rates are 

primarily associated with false negatives, when a species is present but not 

detected, and false positives, when a species is detected that was not present, 

often resulting from PCR and sequencing errors or contamination (Lahoz-

Monfort et al. 2016). These can be reduced through developing effective 

protocols such as undertaking other surveys not prone to false positives 

(Lahoz-Monfort et al. 2016), using sequencing replicates, including internal 

controls (De Barba et al. 2014) and incorporating strict filtering parameters 

during the taxonomic assignment of sequences (Ficetola et al. 2016, Alberdi 

et al. 2018). As a result, through applying appropriate field and laboratory 

protocols sources of error can be reduced leading to more accurate and 

reproducible results (Zinger et al. 2019).  

 While the range of freshwater ecosystems across which eDNA 

metabarcoding surveys are being applied is increasing, the vast majority of 

applications have been restricted to temperate systems. Despite the large 

freshwater fish biodiversity of tropical regions globally (Figure 1.1), eDNA 

metabarcoding has been applied within very few tropical ecosystems. As the 

environmental conditions, species composition and local diversities differ 

greatly between temperate and tropical freshwaters, it cannot be assumed 

eDNA methods will be as effective in tropical systems as they are in temperate 

ones. For example, an application of eDNA metabarcoding within Guianese 
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streams identified lower species detection rates at local scales compared to 

traditional methods, though larger scale species richness estimates were 

improved (Cilleros et al. 2019). Particular challenges highlighted by this study 

include the inconsistent detection of species within diverse assemblages, 

particularly due to limited reference sequence availability, as well as the 

challenge of discriminating between closely related species with individual 

markers (Cilleros et al. 2019). Additionally, Sales et al. (2019) applied a 

taxonomy-free approach when assessing the effectiveness of eDNA 

metabarcoding protocols within a river system in Southeastern Brazil due to 

the low availability of reference sequences preventing the accurate 

assignment of taxonomies to MOTUs. These studies along with the lower 

detection rates of species-specific applications in tropical freshwaters, suggest 

eDNA-based approaches may face more challenges in tropical ecosystems 

compared to temperate ones, with a more restricted ability to obtain accurate 

species richness estimates for fish communities. As a result, there is a need 

to test eDNA metabarcoding methods across a broader range of tropical 

freshwater ecosystems to investigate the potential of these approaches for 

surveying diverse and complex fish communities.   

 

1.2.4 Lake Tanganyika: A model system for eDNA metabarcoding  

Lake Tanganyika (LT) forms part of the East African Rift Lakes representing a 

global biodiversity hotspot, characterised by large levels of species richness 

and endemism. The five largest African great lakes alone contain around 1800 

species of fish of which 95% are endemic (Salzburger et al. 2014). LT is the 

oldest (9-12 Ma) and deepest (maximum depth of 1,470m) of the African Rift 

lakes, providing sufficient time and ecological opportunity for diverse endemic 

radiations to evolve across a number of species groups (Van Bocxlaer et al. 

2012) including the cichlids fishes (Fryer and Illes 1972, Salzburger et al. 2002, 

Day et al. 2008), catfishes (Day and Wilkinson 2006,  Peart et al. 2014), spiny 

eels (Brown et al. 2010), as well as invertebrates including crabs (Marijnissen 

et al. 2006) and molluscs (West and Michel 2000, Wilson et al. 2004).  

The most impressive of these radiations within LT are composed of  

cichlids which have independently colonised the lake and radiated several 
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times (Salzburger et al. 2002, Koblmüller et al. 2008). With an estimated 241 

species across 16 tribes (Figure 1.4) (Ronco et al. 2019), these radiations 

along with those of Lake Victoria and Lake Malawi (Seehausen 2006) 

represent the most species-rich adaptive radiations within vertebrates. While 

LT’s cichlid radiation contains fewer species than the other two lakes, it is 

genetically, morphologically, ecologically and behaviourally more diverse 

(Salzburger et al. 2014). Recent speciation rates have also been slower, with 

LT harbouring a more mature cichlid community compared to Lakes Victoria 

and Malawi (Day et al. 2008).  

 

 

 

Figure 1.4. Lake Tanganyika’s cichlid diversity grouped by tribe. Source: Ronco et al. 

(2019). 
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Across the world’s largest 14 lakes, 93% of species inhabit the nearshore 

littoral zone, defined as the area of water extending from the coastline to a 

depth where only 1% of the incoming light reaches the lake bottom 

(Vadeboncoeur et al. 2011). This pattern is similarly found in LT, containing 

species-poor pelagic zone communities and highly diverse littoral fish 

communities largely dominated by its cichlid fauna (Figure 1.5) (Coulter 1991, 

Hori et al. 1993). The dominance of LT’s littoral fish communities is primarily 

due to the increased physical complexity and light availability within this region 

(Vadeboncoeur et al. 2011). LT is also permanently stratified, confining the 

majority of species to a ring of oxygenated water above the thermocline 

(Salzburger et al. 2014). Within the littoral zone the lake substratum has a 

strong influence on the distribution of fish species with rocky substrates 

containing a much higher number of species compared to sandy sections (Hori 

et al. 1993). This habitat has been exploited by cichlid species evolving to take 

advantage of a wide range of niches including algae grazers, plankton feeders, 

detritus feeders, piscivores, shrimp feeders, zoo-benthos feeders and scale 

eaters (Hori et al. 1993).  By far the most abundant and species rich trophic 

group are the algivores, covering multiple taxonomic groups including the 

Tropheini, Lamprologini, Ectodini, Eretmodini and Tilapini tribes (Hata et al. 

2014). Algivorous cichlids show niche segregation on an extremely fine scale, 

selectively grazing different algal species, as well as grazing from different 

substratum types and at separate depths (Hata et al. 2014, 2015, Hata and 

Ochi 2016). This enables grazing species to coexist parapatrically at scales of 

only a few metres. As a result, the rocky littoral habitats support high levels of 

local diversity with as many as 60 fish species, including 54 cichlids, inhabiting 

a 10 X 40m quadrat (Takeuchi et al. 2010). 
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Figure 1.5. Lake Tanganyika’s littoral habitat at two locations: (a) and (b) are 

Kigoma’s urban shoreline while (c) and (d) are along Mahale National Park’s forested 

shoreline. Source: Britton et al. (2017). 

 

Traditionally, the littoral habitat has been surveyed through the use of gill net 

(Sweke et al. 2016) or visual SCUBA surveys (Britton et al. 2017), however 

more recently Widmer et al. (2019) have developed an underwater visual 

census methodology using cameras. These approaches have provided 

valuable information on the community structure of littoral communities 

(Sturmbauer et al. 2008, Takeuchi et al. 2010, Janzen et al. 2017), species 

ranges across LT (Konings 2015) as well as the impact of increasing 

anthropogenic pressures on this ecosystem (Britton et al. 2017). Despite these 

benefits visual survey methods are expensive and labour intensive restricting 

the spatial and temporal scales across which they can be feasibly applied. 

Further disadvantages include detection biases caused by the inconsistent 

responses of fish species to divers as well as variations in the taxonomic 

expertise of surveyors (Williams et al. 2006, Bozec et al. 2011, Dickens et al. 

2011, Lindfield et al. 2014). The application of an eDNA metabarcoding 
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methodology for surveying LT’s fish communities could overcome current 

survey biases helping to improve the detection of currently underrepresented 

species. The increased simplicity of eDNA field data collection compared to 

current survey methods could also enable fish community data to be collected 

more frequently and at larger spatial scales. As a result, the incorporation of 

eDNA metabarcoding into survey designs holds the potential to improve the 

accuracy of survey data for the lake’s fishes as well as the spatial and temporal 

scales at which these surveys can occur. 

The major radiations within LT as well as the high local diversities of the 

littoral habitat have been the focus of much ecological and evolutionary 

research (Salzburger et al. 2014). This has resulted in the taxonomies of LT’s 

major fish groups being well described (e.g. Brichard 1989, Wright and Page 

2006, Ronco et al. 2019) with good sample availability for many species 

(Salzburger 2018). A good knowledge of the fish community structure and 

species distribution along well studied sections of coastline in Tanzania and 

Zambia also exists. As a result, LT represents a well-suited and globally unique 

system in which to test the effectiveness of eDNA metabarcoding methods. 

Two particular challenges include the consistent detection of species within 

highly diverse fish communities as well as the ability of markers to distinguish 

between closely related species within diverse radiations. Testing these 

methods will inform both conservation efforts within LT as well as contribute 

substantially to our understanding of the ability of eDNA metabarcoding for 

surveying highly diverse fish communities. 

 

1.2.5 Aims and thesis outline 

The primary aim of the thesis is to test the effectiveness of eDNA 

metabarcoding for surveying LT’s highly diverse fish communities. This is 

achieved through the development of an extensive and novel barcoding 

reference database for the lake’s fish species as well as applying 

metabarcoding methods that demonstrate the impact of marker selection, 

sequencing depth and reference database completeness on species richness 

estimates for LTs fishes derived from eDNA samples. 
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Chapter one introduces the field; appraising the published literature and 

defining knowledge gaps. Chapter two, develops a fish list and reference 

database across the 12s rRNA, 16s rRNA and control region for fish species 

known to occur within the LT basin. This novel dataset is then used to design 

a cichlid-specific and universal fish primer set as well as test previously-

published universal-fish primers in silico. This includes testing the specificity 

of primers and the ability of their amplified markers to distinguish between 

closely related species within LT. Chapter three provides the first application 

of eDNA metabarcoding methods to survey LTs littoral fish communities. 

Following the collection and sequencing of eDNA samples, the relative 

effectiveness of multiple primer sets for detecting fish species within LT is 

assessed. eDNA site species richness estimates are also compared to visual 

survey data collected at the same time to investigate their relative 

effectiveness at surveying LT’s littoral fish communities. Chapter four builds 

on the findings of Chapter three to test the impact of sequencing depth, 

reference database completeness and bioinformatic filtering thresholds on the 

cichlid species richness estimates obtained from eDNA metabarcoding data 

for diverse tropical fish communities. Chapter five summarises the main 

findings of the thesis, provides recommendations for eDNA studies within LT 

and other diverse tropical systems, as well as outlining future research 

directions.  

 

  

 

 

   

 

 

 

 

 

 

 



 37 

2 Developing an eDNA metabarcoding protocol for 
Lake Tanganyika’s fish communities.  

2.1 Abstract 

The effectiveness of eDNA metabarcoding methods are highly dependent on 

the development of optimised field, laboratory and bioinformatic protocols. 

Two critical stages include the establishment of an accurate reference 

database and the use of appropriate primer sets. Accurate and complete 

reference databases are challenging to develop within tropical freshwaters 

where there is limited sequence and specimen availability for fish species as 

well as the presence of poorly described taxa. The high diversity of fish 

communities and number of closely related species within tropical freshwaters, 

makes the design of markers with a sufficient taxonomic resolution particularly 

challenging. Here a reference database is developed for the Lake Tanganyika 

(LT) drainage basin. This is used to test previously published primers (MiFish-

U and 12S-V5) as well as design primer sets including a universal fish 16s 

marker (16s_Teleo) and a cichlid-specific primer set within the hyper-variable 

control region (Cichlid_CR). The taxonomic resolution was found to be highly 

variable across the markers, particularly for the cichlid fishes. Despite this, 

when combining the four primer sets all but four cichlid species were 

distinguishable by at least one marker. Genetic distances were considerably 

higher for the Cichlid_CR marker, likely improving the taxonomic resolution of 

this marker for the cichlid fishes. All four primers were also found to be highly 

conserved across their target groups, reducing the likelihood of PCR bias. 

Therefore, using a multi-primer approach for eDNA metabarcoding studies 

within LT is recommended, with the use of the cichlid-specific Cichlid_CR 

primer set to improve the resolution of detections within the highly diverse and 

evolutionarily complex cichlid fishes.  
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2.2 Introduction 

eDNA metabarcoding methods could transform our ability to monitor the 

biodiversity of freshwater ecosystems globally, particularly their fish 

communities (Deiner, Bik, Mächler, et al. 2017). Critical to the effectiveness of 

these studies are the establishment of stringent molecular pipelines, optimised 

for the target study system or taxonomic group of interest. Limitations in the 

field, laboratory or bioinformatic workflows can introduce error or limit the 

sensitivity of eDNA metabarcoding studies. This is particularly the case within 

tropical ecosystems that are often more diverse and complex than their 

temperate counterparts (Cilleros et al. 2019). These environmental and 

community differences mean it cannot be assumed methods effective in 

temperate ecosystems will be reproducible within the tropics 

The development of complete and accurate reference databases 

enables the testing and selection of appropriate primer sets as well as the 

accurate assignment of taxonomies to MOTUs derived from eDNA 

metabarcoding data. Testing appropriate laboratory protocols including DNA 

extraction, amplification and library preparation stages, as well as the use of 

clean laboratory practices throughout are also essential to obtain accurate and 

reproducible results as they prevent potential contamination being introduced 

into the data (Goldberg et al. 2016). This is particularly the case with eDNA 

samples where there is a low quality and abundance of target DNA. Within this 

chapter, two critical stages within the workflow that can greatly influence the 

sensitivity and accuracy of eDNA metabarcoding results are considered: (i) 

accurate reference database development and (ii) primer selection. As Lake 

Tanganyika (LT) provides a uniquely diverse and complex system, the results 

will test the potential to develop accurate reference databases for tropical fish 

communities, as well as challenge the limitations of published and newly 

designed primers for distinguishing between recently diverged species within 

radiations that show little genetic divergence.  
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2.2.1 Reference databases in metabarcoding studies 

Metabarcoding studies predominantly rely on assigning taxonomies through 

matching MOTUs derived from eDNA samples to sequences within reference 

databases (Taberlet, Coissac, et al. 2012). As a result, the accuracy and 

completeness of these databases is essential. Error or a lack of representation 

of species within databases could introduce error into the final results 

producing both false positives or negatives. The effort of researchers and 

decreasing costs of sequencing have led to the expansion of public reference 

databases such as BOLD and Genbank with the latter currently containing 

over 215 million sequences (December 2019), and the total approximately 

doubling every 18 months since 1982 (see 

https://www.ncbi.nlm.nih.gov/genbank/statistics/). This includes sequences for 

421,553 Eukaryote species, although this is notably below the 1.2 million 

described species and the estimated 8.7million (± 1.3 million SE) globally 

(Mora et al. 2011) 

Despite the large size of these databases, sequence availability for 

freshwater species across the tropics remains limited, particularly the 

Afrotropics (Decru et al. 2016). Even for the commonly used mitochondrial 

CO1 marker a lack of sequences within databases has been commonly 

reported from freshwater fish barcoding studies within tropical regions (Decru 

et al. 2016, Sales et al. 2018, 2019). This deficit is likely to be more pronounced 

for markers within the 12s and 16s regions commonly used in metabarcoding 

studies, due to a reduced sequence availability in public databases compared 

to CO1 (Weigand et al. 2019). The sole use of public databases for eDNA 

metabarcoding studies within the tropics would therefore likely result in false 

negatives within the final diversity estimates due to missing sequences for 

species present in the surveyed habitat. As a result, it is  currently necessary 

to curate local sequences when establishing eDNA metabarcoding methods 

for fish communities within the tropics (Cilleros et al. 2019), a process that is 

particularly challenging given the limited availability of genetic samples for 

many tropical species.  

 Within these public databases there are also issues surrounding 

sequence quality and accuracy (Valentini et al. 2009). Sources of error include 
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sample misidentification, DNA contamination, mislabelling of specimens and 

incomplete or not up-to-date taxonomic knowledge (Radulovici et al. 2010, 

Collins and Cruickshank 2013). Sample misidentifications within these 

databases have previously been shown for Cyprinidae species in the BOLD 

database (Collins and Cruickshank 2013), as well as the primary source of 

error within the Fish-Bol barcode data (Becker et al. 2011). These examples 

highlight the potential risks of using public databases that contain both verified 

and unverified sequences, where erroneous identifications can result in 

ambiguous assignments (Tautz et al. 2003, Shum et al. 2017). The likelihood 

of misidentifications is also higher within tropical regions where the fish 

diversity remains underexplored and there are a lack of detailed resources to 

support the accurate identification of species. For example, mis-identifications 

of voucher specimens within reference databases were found to limit the 

effectiveness of barcoding for Taiwanese ray-finned fish species (Chang et al. 

2017). Barcoding efforts in understudied tropical regions where taxonomic 

descriptions are less complete such as in the Central Congo (Decru et al. 

2016), have also been found to be less effective than ecosystems where the 

described taxonomy is more accurate and complete (Pereira et al. 2013). 

Reference databases for tropical systems therefore need to have stringent 

thresholds for the inclusion of sequences to reduce the risk of 

misidentifications and the introduction of false positives into diversity 

estimates. Such stringencies include ensuring specimens from which 

sequences are derived have been identified by taxonomic experts, as well as 

guaranteeing sequences have verifiable voucher specimens where possible.  

 The limited extent and potential for misidentifications within public 

sequence databases for most tropical freshwater ecosystems means it is 

necessary to establish local reference databases. LT’s fishes have undergone 

extensive taxonomic research (Konings 2015). While some taxonomic 

revisions are still required, the cichlid fauna is well researched (Ronco et al. 

2019), along with the other major fish groups in LT such as the Mastacembelus 

spiny eels (Brown et al. 2010) and catfishes (Day and Wilkinson 2006, Wright 

and Page 2006, Wright and Bailey 2012, Peart et al. 2014). As the taxonomies 

are well described with good sample availability particularly compared to other 

East African rift lakes and freshwaters within the Afrotropics, LT provides an 
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excellent system within which to develop and test a tropical freshwater fish 

reference database.  

 

2.2.2 Primer selection for eDNA metabarcoding studies  

When selecting primers for metabarcoding studies it is necessary to consider 

the taxonomic group of interest, the required taxonomic resolution and the 

expected level of DNA degradation within the sampling environment (Taberlet 

et al. 2018a). As a result, published primers should be tested against reference 

sequences to investigate their applicability, and where necessary design new 

primers. While a substantial proportion of eDNA metabarcoding studies use 

one primer set, multiple sets can also be used to overcome the limitations of 

individual primers (Evans et al. 2016). This latter approach has recently been 

recommended for diverse tropical fish communities (Cilleros et al. 2019). 

 Traditionally, the ideal metabarcoding primer set needs to amplify a 

short region of DNA (<200bp) due to the degraded nature of eDNA, that is 

highly discriminate at the species level. Designed primers also need to be fully 

conserved across and restricted to the taxonomic group of interest (Riaz et al. 

2011). This specificity often requires the design of study-specific markers, 

however in recent years a number of universal-fish primer sets have been 

published that have commonly been used within eDNA metabarcoding studies 

(Riaz et al. 2011, Miya et al. 2015, Evans et al. 2016, Shaw et al. 2016, 

Valentini et al. 2016). To date only the Teleo primer set designed by Valentini 

et al. (2016) has been applied within a tropical fish community (Cilleros et al. 

2019).  LT contains a globally unique fish community, more diverse and 

complex than any system tested with an eDNA metabarcoding methodology. 

There is therefore a need to test published primer sets against an established 

reference database to investigate their effectiveness for detecting species 

within the lake. 

The requirements of identifying conserved regions in which to sit 

primers either end of highly variable sections that can distinguish between 

closely related species as well as the necessity for markers to be short in 

length so they can amplify degraded DNA, makes designing primer sets for 

eDNA metabarcoding challenging. This is particularly the case within LT 
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considering its extremely high fish diversity and number of closely related 

species. Due to the large number of genera containing multiple species within 

LT, identifications also largely need to be made to species level to be 

ecologically informative. A potential method of overcoming this issue for animal 

and/or plant groups is the combined use of family-specific primers located 

within highly variable gene regions (e.g. the control region or ITS1 

respectively) with improved taxonomic resolutions alongside more conserved 

primer sets with a lower resolution for some groups. This could enable the 

improved detection of closely related and recently diverged species, alongside 

more genetically distinct taxa within the same ecosystem. To date, this 

approach has only been used in a diet study with the use of family specific 

Asteracae, Poaceae, Cyperaceae and Rosaceae family-specific markers 

alongside more conserved universal plant, vertebrate and invertebrate primer 

sets enabling species level identifications within these families (De Barba et 

al. 2014). Currently, it is yet to be applied in eDNA metabarcoding studies and 

holds the potential to improve our ability to detect species within diverse and 

recently diverged genera as well as highly diverse ecosystems.   

 

2.3 Methods 

2.3.1 Primer selection and in silico primer design 

To test the effectiveness of published primers and design ones specific to LT’s 

fish communities, mitochondrial gene regions were selected and a preliminary 

fish list for the lake created following the taxonomies of Ronco et al. (2019), 

the Catalogue of Fishes (Eschmeyer et al. 2018) as well as the species ranges 

described in FishBase (Froese and Pauly 2016). Mitochondrial gene regions 

are commonly used in metabarcoding studies due to their higher copy number 

and greater interspecific variability compared to nuclear genes. As the relative 

effectiveness of mitochondrial gene markers for identifying fish species has 

been shown to vary considerably (Ardura et al. 2013), multiple regions were 

tested. The 12s, 16s, CO1, cytochrome b and control region were selected due 

to their common use in metabarcoding studies targeting fish communities and 

phylogenetic studies on fishes within LT. All available sequences covering 
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these regions on GenBank for species within the fish list were identified and 

downloaded using Geneious v.10 (Kearse et al. 2012). Due to the limited 

availability of sequences within the 12s (N=46) and 16s (N=106) regions, they 

were excluded from primer design. The CO1 (N=516), cytochrome b (N=659) 

and control region (N=512) sequences were then searched with ecoPrimers 

(Riaz et al. 2011). This programme analyses multiple sequences identifying 

potential conserved regions for positioning primers that flank variable regions 

of a specified length. No possible primer pairs in any of the three genes were 

identified for the entire fish dataset, however a number of regions within the 

control region were identified as suitable with the cichlid-specific dataset. 

While highlighting a suitable barcode region with high variability, the 

recommended primers were not appropriate due to the low Tm and high 

proportion of repetitive Adenine and Thymine bases. As a result sequence 

alignments and Primer3 v0.40 (tm = 60, max tm difference = 0.5, GC% = 40-

60%, max poly-x change = 3) were used to identify potential primer locations 

that would enable the amplification of this variable region (Untergasser et al. 

2012). The results highlighted a suitable primer pair amplifying a 307bp 

product, with the forward primer in the same location as the commonly used 

forward primer L-Pro-F (Meyer et al. 1994).  

Previously published primers within the 12s and 16s regions were 

identified and observed against alignments of LT fish sequences as well as 

sequences from the MitoFish database (Iwasaki et al. 2013). Based on the 

results of previous studies, two widely used 12s primers were selected for in 

silico and in vitro testing: 12s-V5 (Riaz et al. 2011) and MiFish-U (Miya et al. 

2015). Following visualisations of the Ac16s and Ve16s primer pairs against 

the alignment of LT fishes  (Evans et al. 2016), the Ve16s primer pair was 

redesigned moving the forward primer back four bp to remove a mismatch 

within the first three bases, and bringing the reverse primer forward to reduce 

the length of the amplified region from 315bp to 275bp. Reducing this length, 

should enable the improved amplification of degraded DNA within 

environmental samples. While considered, the Teleo primer set (Valentini et 

al. 2016) was not selected due to difficulties amplifying single species DNA 

extracts successfully in preliminary laboratory tests. As a result, the four primer 

pairs that went onto in silico and in vitro testing were the previously published 
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MiFish and 12S-V5 primer pairs as well as the newly designed 16s_Teleo and 

Cichlid_CR primers. The primer sequences and locations are shown in Table 

2.1 and Figure 2.1 respectively.  

 

 

Name Loci Forward Primer 12 (5'- 3') Reverse Primer (5'- 3') 
Barcode 
(bp) 

Reference 

MiFish-U 12s GTCGGTAAAACTCGTGCCAGC CATAGTGGGGTATCTAATCCCAGTTTG 170 
Miya et al. 

2015 

12S-V5 12s ACTGGGATTAGATACCCC TAGAACAGGCTCCTCTAG  106 
Riaz et al. 

2011 

16s_Teleo 16s GACGAGAAGACCCTDTGGAG GTCCTGATCCAACATCGAG 275 This study 

Cichlid_CR 
Control 

Region 
CCTACCCCTAGCTCCCAAAG ACTGATGGTGGGCTCTTACTACA 310 This study 

 

Table 2.1. Primers used for in silico and in vitro testing 

 

 

 
Figure 2.1. Locations of all four primer sets within their respective gene regions. 

Figure design based on Kocher et al. (2017). 
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2.3.2 Reference database 

Reference sequences for species within the LT fish list were compiled for the 

12s and 16s regions as well as the control region for the cichlid fishes. 

Sequences were extracted for the lake’s cichlid species from mitogenome 

alignments derived from whole genome assemblies (sequenced by the 

Salzburger lab, University of Basel). All sequences were obtained from male 

specimens, as these are more easily identified than females for a number of 

species reducing the likelihood of identification errors. For each region one 

sequence per species was included in the reference database except for 

Oreochromis tanganicae, where a second sequence was included from an 

individual collected from a fish farm within LT in case these populations 

differed from wild ones. Oreochromis tanganicae (fish farm), Oreochromis 

malagarasi and Oreochromis niloticus sequences were separately obtained 

through sanger sequencing (see below). As mitogenome sequences were not 

available for Aulonocranus dewindti a control region sequence of this species 

was downloaded from NCBI (AF400702) and included in the reference 

database. 

Non-cichlid teleost sequences were obtained with samples from the 

collections of Dr Julia Day (UCL), Prof. Walter Salzburger (University of Basel), 

the South African institute for Aquatic Biodiversity (SAIAB) and the American 

Museum of Natural History (AMNH). For some species that occur largely within 

the river catchments of LT, it was only possible to obtain samples that were 

collected outside of the LT drainage basin. As the taxonomies for some of 

these fish groups remain unresolved samples collected outside of this range 

may however represent undiagnosed species (Dr M. Stiassny Pers. Comm.). 

Nevertheless, they would represent close relatives to those species found 

within the LT basin and therefore provide useful data. In total eight samples 

for the following genera underrepresented in the reference database: 

Amphilius sp., Clarias sp., Enteromius sp., Kneria sp., Leobarbus sp., 

Mesobola sp., Opsaridium sp. and Tanganikallabes sp., (all collected within 

the LT basin) were also sequenced and included. These additional samples 

help increase assignments of MOTUs within these underrepresented and 

poorly described genera, where sequences for species are either missing from 
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the reference database or derived from individuals collected outside of the LT 

basin.   

 Samples were extracted using the QIAGEN DNeasy Blood and Tissue 

kit, following the manufacturer’s standard protocol, with two 100µl elutions. 

PCR reactions targeted 940bp of the 12s region using primers tRNA-Phe 

(AAAGCATAGCACTGAAGATG) (Springer et al. 1995) and teleo_R 

(CTTCCGGTACACTTACCATG) (Valentini et al. 2016) and 570 bp for the 16s 

region with primers 16Sar_L (CGCCTGTTTACCAAAAACATCGCCT) and 

16Sbr_H (CCGGTCTGAACTCAGATCACGT) (Palumbi et al. 1991). Control 

region sequences of 470bp were obtained for any cichlid species for which 

genome sequences were not available using the L-Pro-F 

(AACTCTCACCCCTAGCTCCCAAAG) and TDK-D 

(CCTGAAGTAGGAACCAGATG) primers (Meyer et al. 1994, Lee et al. 1995). 

PCRs for the three primer sets were undertaken in 15µl reactions consisting 

of 0.6µl DNA extract, 7.5µl BioLine MyTaq Mastermix, 0.5µl of each primer 

(10µM) and 5.9µl ddH2O. The thermal conditions were 95°C for 1 min followed 

by 35 cycles of 95°C for 30s, 54°C for 30s and 72°C for 90s, finishing with a 

final step of 72°C for 5 min. PCRs were checked on a 1% agarose gel stained 

with ethidium bromide. PCR products were purified and Sanger sequenced on 

a 3730xl DNA Analyser (Applied Biosystems) by the UCL sequencing facility. 

Generated sequences were assembled, trimmed based on an error probability 

limit of 0.05, and visually checked within Geneious V10 (Kearse et al. 2012). 

Reference databases for each primer set were created through extracting the 

marker for each primer set from the gene region sequence. Identical barcode 

sequences for each reference database were grouped into species complexes 

that varied for each marker.  

 

2.3.3 In silico primer testing 

Using the complete reference database, specificity of primers for each species 

as well as the potential taxonomic resolution of the amplified region can be 

investigated. Base mismatches across the primer regions were evaluated 

using PrimerMiner v0.18 (Elbrecht and Leese 2017) with RStudio v1.1.453 

(RStudio Team 2015). PrimerMiner assesses whether sequence mismatches 
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are likely to bias primer amplification based on set thresholds. The package 

achieves this though evaluating primers against sequence alignments, scoring 

any mismatches based on their position.  Higher penalties are awarded for 3’ 

end mismatches, the base change type and whether two mismatches are 

located next to each other (Elbrecht and Leese 2017). If the total score for 

each sequence falls below the stated threshold it is awarded a pass, 

demonstrating any mismatches are unlikely to inhibit amplification. If the 

mismatch score exceeds the determined threshold it is deemed unsuitable for 

amplifying that sequence and given a fail. Lower thresholds are more 

conservative, allowing fewer mismatches, while higher thresholds permit an 

increased number. To fully investigate the likelihood of amplification success, 

a range of thresholds were used from 10 to 300 (default = 100) with consistent 

intervals of 10 (Bylemans et al. 2018). To test the wider universality of the 

16s_Teleo and Cichlid_CR primer pairs, they were also tested against the 

MitoFish database (downloaded November 2017) (Iwasaki et al. 2013) and a 

batch download of cichlid mitogenome sequences from the NCBI database 

(N=170). 

The potential taxonomic resolution of each primer set was investigated 

through calculating Kimura-2-Parameter (K2P) distances enabling the 

assessment of interspecific genetic divergences for each barcode (Kimura 

1980). The majority of studies assessing and validating barcodes for species 

identifications have calculated K2P distance statistics, enabling the 

comparison between barcodes, taxa and studies. Sequences were aligned 

using MUSCLE with default parameters in Geneious 10.2. K2P distances with 

pairwise deletion were calculated for each marker with the ape v5.1 R package 

(Paradis et al. 2004). Specifically, the genetic distances between nearest 

neighbours and the within genera were investigated as they assess the ability 

of barcodes to distinguish between species. The matrices for each barcode 

were used to create neighbour-joining trees for each marker using ape v5.1 in 

RStudio. 
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2.3.4 In vitro testing 

All four primer sets were tested against DNA extracted from the fin clips of 

known species to ensure equal amplification across taxa. Species were 

selected that covered the breadth of the cichlid phylogenetic tree as well as 

other major fish groups within LT (Table 2.2). PCR reactions were undertaken 

in 15µl reactions including 0.6µl DNA extract, 7.5µl of QIAGEN Multiplex 

master mix, 0.5µl of each primer (10µM) and 5.9µl RNase-free water. The 

thermal conditions were 95°C for 15 min, then 35 cycles of 94°C for 30s, 60°C 

for 90s and 72°C for 60s, followed by 72°C for 5 min. PCR products were 

visualised on a 2% agarose gel stained with ethidium bromide.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Table 2.2. Species used for the in vitro testing of primer sets. Species above the 

dashed line are cichlids while those below are non-cichlid species.  
 

Gel Lane Family Species Sample 

1 Cichlidae Petrochromis famula M2347 

2 Cichlidae Haplotaxodon microlepis M2030 

3 Cichlidae Tropheus annectens M2072 

4 Cichlidae Neolamprologus toae M2062 

5 Cichlidae Eretmodus cyanostictus M2043 

6 Cichlidae Cyathopharynx foae M2264 

7 Cichlidae Benthochromis tricoti LR1915 

8 Cichlidae Altolamprologus calvus 5079 

9 Cichlidae Lepidiolamprologus profundicola 5093 

10 Cichlidae Ophthalmotilapia ventralis M2308 

11 Poecilidae Lamprichthys tanganicanus  M2411 

12 Claroteidae Phyllonemus typus C324 

13 Claroteidae Chrysichthys platycephalus C187 

14 Mochokidae Synodontis petricola 5147 

15 Mastacembelidae Mastacembelus ellipsifer LR2326 

16 Clupeidae Stolothrissa tanganicae JD17 

17 Clupeidae Limnothrissa miodon JD16 

18 - Negative control (ddH2O) - 
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2.4 Results 

2.4.1 Reference database 

A total fish list of 431 species across 22 families was developed for the LT 

basin (Table 2.3 and Table S2.1). This includes 272 cichlid species of which 

213 are described with the remainder currently either undescribed or putative. 

Reference database sequences were obtained for 358 fish species (including 

eight taxa only identified to genus-level) representing 83% of species, and 254 

cichlid species representing 93% from this family (Table 2.3).  Taxa from other 

radiations within LT were also well represented within the reference databases 

with sequences for 12 Mastacembelidae eels, eight Synodontis catfishes and 

15 Claroteidae catfish species representing 80%, 66% and 60% of species 

within the total fish list respectively. Of the 73 species within the fish list not 

represented in the reference databases 35 (47.9%) are found within the river 

catchments of LT’s basin rather than within the lake itself. These river 

catchments have received much less research attention compared to LT, and 

therefore fewer samples for their species exist within research collections. For 

example, it was not possible to source samples for a number of Amphilius 

species with restricted ranges such as Amphilius ruziziensis that inhabits the 

Ruzizi river drainage and north eastern tributaries of LT (Thomson et al. 2015). 

While the DNA of these species could be transported into the surveyed habitat, 

this is unlikely as there are no major river drainages along the surveyed 

coastline. Of the remaining 39 species that are found within the lake itself, ten 

are cichlids and 29 non-cichlid teleosts, including ten Clarotidae, six 

Cyprinidae, and five Clariidae species. While close relatives to these species 

exist within the reference database, as they aren’t represented with a 

sequence, they cannot currently be detected to species level by eDNA 

methods within the LT basin.  
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Table 2.3. Summary of the total fish list (No. sps.) and reference database coverage 

for each gene region. % refers to the percentage of sequences in the reference 

database compared to the total fish list produced for the LT Basin. Number of species 

includes 425 distinct species and eight generic-level assignments (see Methods). 
 

The percentage of unique species barcodes within the reference database 

ranged between 36.1% for the 12S-V5 primer set, 68.6% for MiFish, 80.3% for 

16s_Teleo and 96.8% for Cichlid_CR (Figure 2.2). Species with identical 

marker sequences were grouped into primer-specific species complexes. 

Depending on the resolution of the marker, species complexes varied greatly 

in size from those containing two closely related species to those containing 

species across different tribes. Extensive complexes containing species 

across tribes were restricted to the 12S-V5 primer set, while the Cichlid_CR 

primer set only contained three species complexes each comprising only two 

Family No. sps. 12s 16s CR Total % 

Cichlidae 272 253 252 252 254 93 

Alestidae 15 8 11 0 11 73 

Amphiliidae 9 2 4 0 4 44 

Anabantidae 1 0 1 0 1 100 

Bagridae 1 1 1 0 1 100 

Citharinidae 1 1 1 0 1 100 

Clariidae 11 3 5 0 5 45 

Claroteidae 25 15 15 0 15 60 

Clupeidae 2 2 2 0 2 100 

Cyprinidae 34 16 16 0 18 53 

Distichodontidae 2 2 2 0 2 100 

Kneriidae 2 1 1 0 1 50 

Latidae 5 5 5 0 5 100 

Malapteruridae 1 1 1 0 1 100 

Mastacembelidae 15 12 12 0 12 80 

Mochokidae 21 14 14 0 14 67 

Mormyridae 6 4 4 0 4 67 

Poeciliidae 2 2 2 0 2 100 

Polypteridae 2 2 2 0 2 100 

Protopteridae 1 1 1 0 1 100 

Schilbeidae 2 1 1 0 1 50 

Tetraodontidae 1 1 1 0 1 100 

Total 431 347 354 252 358 83 
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closely related species. Across the markers, complexes were largely restricted 

to Cichlidae, however they were present across all three universal fish markers 

for closely related Lates, Mastacembelus and Synodontis species. 

 

 

 
Figure 2.2. The percentage of unique sequence barcodes within the reference 

database for each primer set. Sequences are divided into unique species and species 

complexes, representing a group of species with identical barcodes for a marker. 

 

2.4.2 Primer specificity 

In silico results against the reference database demonstrate the MiFish, 12s-

V5 and 16s primer sets are highly conserved across the lake’s fishes and 

Cichlid_CR is conserved across the lake’s cichlids. Using a default threshold 

of 100 all species except for two species for MiFish and 12 species for 12S-V5 

passed (Table 2.4). Protopterus aethiopicus and Enteromius sp. did not pass 

these tests with the MiFish primer set resulting from mismatches with the 
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forward primer. For 12S-V5, the Kneria sp. sequence failed due to a mismatch 

with the reverse primer, while Protopterus aethiopicus, Neolamprologus 

longior, Orthochromis uvinzae and all eight Synodontis species failed due to 

forward primer mismatches. Synodontis species all had the same first base 

pair mismatch with the forward primer. At more stringent thresholds below 100, 

an increased number of species failed for the MiFish and Cichlid_CR primer 

sets (Figure 2.3). Weblogo3 plots demonstrate these failures result from 

mismatches towards the 5’ end of both primers, with mismatches at bases 11, 

15 and 20 for the MiFish forward primer and 10, 13, 17 and 18 for Cichlid_CR 

forward primer (Figure 2.4). As these are towards the 5’ of these primers they 

are less likely to bias PCR amplifications.  

 

 

 
Table 2.4. PimerMiner in silico analysis results. Pass shows unlikely primer bias, 

while failed species demonstrate likely bias due to primer mismatches. A default 

threshold score of 100 was used throughout.  
 

 

 

Primer Set in silico Database Sequence No. Passed Failed 
MiFish Reference Database 346 344 2 

12S-V5 Reference Database 346 334 12 

16s_Teleo Reference Database 355 355 0 

Cichlid_CR Reference Database 251 251 0 

MiFish MitoFish 2489 2268 221 

12S-V5 MitoFish 2489 2231 258 

16s_Teleo MitoFish 2489 2457 32 

Cichlid_CR NCBI Cichlid mitogenomes 170 154 16 
 

LT Fish 
only

Fish sp. 
Globally
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Figure 2.3. Estimated primer amplification success of markers for sequences within 

the reference databases across different PrimerMiner thresholds from 10 to 300. 

Lower values allow for less primer-template mismatches and are therefore more 

stringent. The dashed line shows the default PrimerMiner threshold of 100.  
 

 

 
Figure 2.4. Weblogo3 plots calculated for each primer set against their respective 

reference databases. Plots show the nucleotides present in the reference database 

sequences at each primer location, with the taller the letter the more conserved the 

corresponding nucleotide position. The primer sequences are shown on the x-axis of 

each plot.  
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Gels for the MiFish, 12S-V5 and 16_Teleo primers supported how highly 

conserved these primers are across LT’s fish species with bands produced for 

all samples (Figure 2.5). A weak band was produced for the Lamprichthys 

tanganicanus sample (11) with all three of the universal fish primers, likely due 

to the lower DNA concentration within this sample compared to the others. 

While the 12S-V5 primer set did amplify Synodontis petricola DNA (sample 

14), this was noticeably weak, likely due to the first base pair mismatch 

identified in the PrimerMiner analysis. The Cichlid_CR primer set only 

demonstrated consistently strong bands across the cichlid species (for which 

it was designed), with inconsistent amplification across other fish groups, 

probably due to primer mismatches. While bands were present for most non-

cichlid species, the likely bias caused by this inconsistent amplification would 

lead to unreliable results, with the introduction of false negatives.  
 

 

 

Figure 2.5. Results of in vitro single species amplifications. Primers had Illumina 

TruSeq adapters attached to 5’ end. Sample amplifications shown for: (a) MiFish, (b) 

12S-V5, (c) 16s_Teleo and (d) Cichlid_CR. For species IDs see Table 2.2 (1-10 are 

cichlids and 11-18 are non-cichlids).  

 

Further testing of the 12s and 16s primers against the MitoFish database, 

highlighted how conserved they are across fishes globally (Table 2.4 and 

Figure 2.6) with 91.1% , 89.6% and 98.7% of sequences within the MitoFish 

database (N=2489) likely being amplified by the MiFish, 12S-V5 and 

16s_Teleo primers respectively. The Cichlid_CR primer set would likely 

amplify 90.6% of sequences within the NCBI batch download (N=170). As a 
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result, the 16s_Teleo and Cichlid_CR primers designed in this chapter have 

the potential to be applied more widely for eDNA metabarcoding studies 

focused on Actinopterygii and Cichlidae.  
 

 

Figure 2.6. Estimated primer amplification success of markers for sequences within 

the MitoFish database (12S-V5, MiFish and 16s_Teleo), and a batch download of 

cichlid mitogenomes from NCBI (Cichlid_CR).  Different PrimerMiner thresholds from 

10 to 300 were used. Lower values allow for fewer primer-template mismatches and 

are therefore more stringent. The dashed line shows the default PrimerMiner 

threshold of 100. 
 

2.4.3 Marker resolution 

Across all LT’s fish species, nearest neighbour K2P genetic distances had a 

mean of 2.0% for the MiFish primer set, 1.0% for 12S-V5, 2.5% for 16s_Teleo 

and 4.6% for Cichlid_CR (Figure 2.7). Mean nearest neighbour genetic 

distances for the cichlid fishes only were less than 2% for 90.2% of MiFish, 

98% of 12-V5 and 82% of 16s_Teleo sequences. For Cichlid_CR however, 

this was the case for only 27.5% of sequences. Distances increased for the 
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non-cichlid fishes across the three universal fish primers with 40.4%, 63.0% 

and 43.0% of MiFish, 12S-V5 and 16s_Teleo barcodes respectively having 

nearest neighbour divergence values below 2%.  

The range of K2P nearest neighbour genetic distances for each primer 

set demonstrate the high percentage of fish species with little to no genetic 

divergence from their closest relatives within the three universal fish markers 

(Figure 2.7), although there is greater variation across the non-cichlid fishes 

compared to the cichlids (Figure 2.7). This is explained because while some 

species within the non-cichlid radiations, e.g. Mastacembelus spiny eels, 

Synodontis catfishes and Claroteidae catfishes have low genetic distances, 

other non-cichlids e.g. Tetraodon mbu, are much more genetically distinct, with 

no close relatives inhabiting the LT basin. Furthermore, nearest neighbour 

genetic divergences are substantially higher for the Cichlid_CR marker, likely 

making it easier to identify taxa to species level.  

 

Figure 2.7. Nearest-neighbour K2P genetic distance for each of the selected markers 

(top row: 12S, bottom row 16S_Teleo and Cichlid_CR) tested in this study, divided 

into cichlid and non-cichlid fishes. 
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Mean within-genus genetic distances also varied considerably between 

markers (Figure 2.8, Tables S2.2-S2.5). For the cichlids, 12S-V5 showed the 

least divergence with a mean of 2.28%, MiFish with 3.42%, 16s_Teleo with 

3.71% and Cichlid _CR with 12.13% (Table 2.5). The genus specific 

divergences are shown in Tables S2.2 to S2.5. The increased divergence 

within the Cichlid_CR marker is particularly substantial in genera containing 

closely related species. For example, within Tropheus (species N=13) mean 

divergence percentages are much less for MiFish, 12S-V5 and 16s_Teleo with 

K2P values of 1.0%, 0.3% and 0.7% respectively compared to Cichlid_CR with 

a mean of 5.6%. The Cichlid_CR mean within-genus divergence percentages 

were higher than any of the other three markers for each cichlid genus. 

Non-cichlid within-genus divergences were highest within the MiFish 

marker with a mean of 5.47%, followed by 16s_Teleo with a value of 4.8% and 

2.56% for 12S-V5 (Table 2.5, Tables S2.2-S2.5). Distances were also higher 

with the MiFish and 16S_Teleo markers compared to 12S-V5 for genera 

containing taxa within known radiations. Mean percentage divergences within 

the Synodontis radiation were only 0.2% for 12s-V5 while they were 2.7% and 

2.4% for the MiFish and 16s_Teleo markers respectively. Similarly, the mean 

Mastacembelus within-genus distances were 4.4% for MiFish, 2.7% for 

16s_Teleo and only 1.8% for 12S-V5. Increased genetic divergences are seen 

for the MiFish and 16s_Teleo primers compared to 12S-V5, suggesting an 

increased taxonomic resolution could be achieved with these two markers for 

non-cichlid species.  

 

 
Table 2.5. Mean within-genus K2P distances of species within the reference database 

for each primer set. 

 

 
 Mean Standard Error 

Primer Total Cichlid Non-Cichlid Total Cichlid Non-Cichlid 

MiFish 3.59 3.42 5.47 0.04 0.03 0.31 

12S-V5 2.31 2.28 2.56 0.03 0.03 0.21 

16s_Teleo 3.81 3.71 4.80 0.04 0.03 0.25 

Cichlid_CR 12.13 12.13 - 0.09 0.09 - 



 58 

 
Figure 2.8. The within-genus K2P genetic divergence for each marker.  

 

Neighbour joining trees demonstrate the relative ability of markers to 

distinguish between individual species, as well as those grouped into species-

complexes (Figures S2.1 to S2.12). The increased branch lengths for the non-

cichlid species across the universal fish markers highlight the higher 

interspecific divergences compared to the cichlid fishes (Figure S2.1). The 

MiFish marker demonstrated a limited resolution within the Tropheini tribe, with 

species-complexes existing for a number of Petrochromis and Tropheus 

species. MiFish was also unable to distinguish between Benthochromis 

species as well as closely related Eretmodini (Spathodus marlieri, Eretmodus 

marksmithi and Tanganicodus irsacae) and Cyprichromini with two separate 

Cyprichromis complexes (Figure S2.2). Although the MiFish marker could 

distinguish between most species within the highly diverse Lamprologini tribe 

(108 species), this marker did form a number of small species-complexes 

including closely related species (Figure S2.3). The majority of non-cichlid 

species could be distinguished except for a Lates species complex including 
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Lates microlepis, Lates mariae and Lates angustifrons as well as between 

Mastacembelus flavidus and Mastacembelus albomaculatus (Figure S2.4). 

 The 12S-V5 marker produced a number of large species complexes 

within the cichlids, including species across multiple tribes (Figures S2.5 & 

S2.6). For example, one complex comprises seven species from Cyphotilapini, 

Cyprochromini and Limnochromini tribes (Figure S2.6). Similarly, the primer is 

unable to distinguish between the majority of Tropheini species (Figure S2.5). 

The most substantial non-cichlid fish complexes were present for the 

Mastacembelus spiny eels, Synodontis catfishes and Claroteidae catfishes, 

demonstrating the limited resolution of this marker within these radiations.  

 Across the cichlids, the 16s_Teleo resolution showed a number of 

similarities with the MiFish primer set, A limited resolution is seen within the 

Tropheini tribe with a number of species from Tropheus and Petrochromis 

clustered into complexes (Figure S2.8). 16s_Teleo was also unable to 

distinguish between closely related Benthochromis species as well as between 

Ophthalmotilapia and Cyathopharynx species. In total 25 Lamprologini species 

(N=108) were grouped into species complexes compared to 41 with the MiFish 

marker, demonstrating an improved taxonomic resolution within this tribe 

(Figure S2.9). 16s_Teleo was also the only universal fish marker able to 

distinguish between all Perissodini species. Overall there was excellent 

resolution between all non-cichlid species except for Lates microlepis and 

Lates mariae as well as small complexes within the Mastacembelus and 

Synodontis genera (Figure S2.10).  

The control region marker showed a substantially improved ability to 

distinguish between cichlid species within the reference database compared 

to the three universal fish primers. Here, the Cichlid_CR primer set was able 

to distinguish between all cichlid species, with the only exception of three 

complexes containing two species each. These groupings included: 

Benthochromis tricoti and Benochromis sp. ‘horii mahale’; Cyprichromis 

coloratus and Cyprichrois sp. ‘jumbo’; and Tangachromis dhanisi and 

Spathodus erythrodon (Figures S2.11 & S2.12).  



 60 

2.5 Discussion 

Extensive reference databases of LT fishes for the 12s, 16s and control region 

mitochondrial genes were generated comprising a total of 358 fish species 

(including eight taxa only identified to genus-level). New primers were 

developed and tested along with existing primers against these datasets to 

determine their performance and power in highly species rich fish 

communities. These tests demonstrated high levels of base conservation 

across the lake’s fishes for the three universal fish primers and the cichlids for 

Cichlid_CR, likely reducing the potential for primer bias and false negatives 

within metabarcoding protocols. The taxonomic resolution of the four selected 

markers is shown to vary considerably, with the cichlid-specific (Cichlid_CR) 

marker designed for this study showing an improved ability to distinguish 

between closely related species, with increased interspecific genetic 

divergences. The variable resolution of the primer sets across LT’s fishes, 

particularly the cichlids, as well as potential variation in detection sensitivity 

resulting from the differing lengths of the amplified markers, supports the use 

of a multi-primer approach for future eDNA studies in LT and more broadly 

those targeting species rich communities or taxa within diverse radiations. 

Such an approach helps to overcome limitations in the resolutions of individual 

markers and therefore improve the detection of species within species rich 

communities. The use of targeted family-specific markers within highly variable 

regions such as the control region also improves the resolution of detections 

for species within radiations where genetic divergences are small such as the 

cichlid fishes. 

 

2.5.1 Reference database 

This study was able to establish an extensive reference database for fish 

species within the LT Basin that comprised sequences for 83% of known 

species. This covers the vast majority of species found within LT as well as the 

surveyed littoral habitat. All species identified within recent visual surveys of 

LT’s littoral habitat by Britton et al. (2017), Takeuchi et al. (2010), Doble et al. 

(2020) and W.Salzburger (pers. comm.) were represented within the reference 
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databases. Genera lacking good representation primarily include those with 

species that exclusively inhabit LT’s surrounding river catchments. While not 

found within the lake itself inclusion of these species within reference 

databases is potentially important for LT as eDNA may be transported 

downriver into the lake itself (Deiner and Altermatt 2014). Identifying taxa only 

found within the surrounding river catchments of the LT basin could provide 

information on transportation distances within these systems, as well as 

prevent the true MOTU diversity being inflated by the addition of DNA 

transported into the habitat.  

Barcoding studies within neotropical freshwater ecosystems have 

identified likely hidden diversity resulting from taxa being poorly described 

(Pugedo et al. 2016, Chang et al. 2017, Sales et al. 2018). This is particularly 

likely for some of LT’s surrounding river catchments that have received less 

attention compared to fishes within the lake itself. As a result, some of the 

taxonomies for fish families within these river systems likely remain 

unresolved. This study overcame the limited availability of fish samples for 

species inhabiting these catchments by obtaining samples from individuals 

collected outside of the basin region within the SAIAB and AMNH collections. 

Specimens collected within the LT catchment only identified to genus level 

were also included. Despite this large within-genus K2P distances were 

recorded for some of these genera. For example, Enteromius species within 

the reference databases have a mean divergence of 28.2%, 22.9% and 15.7% 

across the MiFish, 12S-V5 and 16s_Teleo markers respectively. The diversity 

within Enteromius is likely underestimated across Africa, with a recent analysis 

of specimens in the Congo highlighting substantial mitochondrial and 

morphological diversity across this region not currently described (Van 

Ginneken et al. 2017). The large K2P distances identified therefore suggests 

the samples within the reference database are unlikely to reflect the true 

genetic diversity of Enteromius species within the LT basin, as well as for some 

other genera (see Tables S2.2 to S2.5). As a result, true eDNA MOTUs derived 

from Enteromius species or other poorly described genera, may not assign to 

sequences within the reference database. This will remain a current limitation 

of the reference database and barcoding efforts in the region while species in 
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these rivers remain taxonomically unresolved with limited sample and 

sequence availability. 

The large number of closely related taxa represented in the focal 

system presents an increased risk of error resulting from incorrect taxonomic 

assignments. Misidentifications within collections, including those of voucher 

specimens have been shown to introduce error into barcoding studies on 

diverse fish communities (Chang et al. 2017). The inclusion of cichlid 

sequences from only male specimens reduces the likelihood of taxonomic 

assignment errors within this complex family, as males of many species are 

more morphologically divergent (i.e. regarding colour patterns and sexual 

ornamentation) compared to females (Konings 2015), however a number of 

monochromatic species also exist. The inclusion of non-cichlid specimens 

from only researcher and museum collections that have previously been 

identified by researchers with group-specific expertise, also reduces the risk 

of misidentifications for the non-cichlid fishes. The use of stringent thresholds 

for inclusion within the reference database will reduce the likelihood of 

assignment error, that is particularly important considering the high diversity 

and complexity of LT’s fish communities.  

While LT’s cichlid communities are well studied, the complexity of this 

system ensures the taxonomy of the lake’s fishes remains unresolved with the 

likely existence of taxonomic problems. For example, Breman et al. (2016) 

found the accuracy of barcoding assignments were worse when using 

reference sequences grouped by described species rather than 

morphospecies or grouping closely related species into species complexes. In 

this study valid species, potential species and regionally distinct morphological 

variants were all considered distinct following Ronco et al. (2019). As species 

in this study are split based on the latest descriptions as well as distinct 

morphology this should reduce the potential assignment errors resulting from 

incorrect species delimitations.  

 

2.5.2 Primer specificity and the potential for amplification bias 

The 12s and 16s primer sets are highly conserved across the lake’s fishes, 

with the Cichlid_CR primer set conserved across the cichlids. While base 
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mismatches towards the 5’ end exist for the MiFish and Cichlid_CR primer 

sets, resulting in an increased number of species failing at low PimerMiner 

thresholds (Figure 2.3), this is unlikely to restrict or bias the amplification of 

these species as there were no mismatches within the bases towards the 3’ of 

the primers (Elbrecht and Leese 2017). While other reaction conditions, such 

as the annealing temperature and number of PCR cycles can also contribute 

to variation in the amplification efficiency of DNA from environmental samples 

(Sipos et al. 2007), the majority of bias has been shown to result from primer-

template mismatches (Pinol et al. 2015). As a result, amplification bias is 

unlikely to be a problem with the primer sets used in this study for the majority 

of LT species, apart from a couple of specific cases, as supported by the 

consistent amplification of single-species DNA. 

Despite being highly conserved across the vast majority of LT’s fish 

species, in silico testing did identify a first bp primer-template mismatch of the 

12S-V5 forward primer for all Synodontis catfish species. This will likely inhibit 

the amplification of species within this genus as the impact of mismatches is 

increased towards the 3’ end of primers (Stadhouders et al. 2010). This was 

demonstrated by the weaker band produced for the amplification of Synodontis 

petricola, compared to the other species amplified by 12S-V5 as well as the 

band produced for this species by the MiFish and 16s_Teleo primer sets 

(Figure 2.5). While not completely inhibiting the amplification of Synodontis 

species the mismatch would likely bias it, particularly in environmental samples 

with low DNA concentrations. The 12S-V5 primer set is therefore not suitable 

for amplifying Synodontis species in LT.  

As eDNA is highly degraded it is preferential to design primers 

amplifying short barcodes, commonly less than 200bp (e.g. Riaz et al. 2011, 

Miya et al. 2015, Valentini et al. 2016). The two primers designed in this 

chapter however were both longer than this with the 16s_Teleo primer 

amplifying an average marker of 275bp, while Cichlid_CR amplifies a 310bp 

marker. This could potentially influence the sensitivity of these primer sets as 

they will not be able to amplify degraded fish DNA within the eDNA samples 

with a length lower than these markers. While shorter barcodes have been 

preferentially used within eDNA studies, a number of longer length barcodes 

have also been applied. For example, Evans et al. (2016) designed and used 
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a number of primers for metabarcoding eDNA samples that amplified 

fragments ranging in size from 202 to 413bp. Similarly, a Cytb primer set that 

amplifies a 414bp fragment has also been applied to lake eDNA samples 

within the UK (Hänfling et al. 2016, Handley et al. 2019, Li et al. 2019), with Li 

et al. (2019) identifying a strong read count and site occupancy correlation with 

the 12S-V5 primer set amplifying a much smaller fragment of 106bp. This 

suggests the increased length of the Cytb primer in this case did not influence 

its detection sensitivity. Futhermore, the particle size distribution of fish eDNA 

in filter samples has been found to most commonly be between 1µm and 10µm 

(Turner et al. 2014, Wilcox et al. 2015). This DNA is therefore likely intact within 

cells or mitochondria, at lengths much longer than any of the markers tested 

in this chapter. This suggests the increased lengths of the 16s_Teleo and 

Cichlid_CR primer sets is unlikely to reduce their sensitivity at detecting 

species within eDNA samples compared to the shorter MiFish and 12S-V5 

primers tested in this chapter.  

 

2.5.3 Genetic divergence and resolution of assignments 

Interspecific genetic divergences between species were found to vary 

considerably between primer sets and across families. Due to the large 

number of closely related species nearest-neighbour and within-genus 

interspecific distances were consistently lower for the cichlid fishes compared 

to the non-cichlids. The low genetic divergences between the cichlid fishes, 

particularly those species with sister taxa, as well as further problems caused 

by hybridisation and/or incomplete lineage sorting (Koblmüller et al. 2010, 

Weiss et al. 2015), makes delineating all cichlids down to species level with an 

individual marker particularly challenging (Breman et al. 2016). No marker 

tested within this chapter was able to distinguish all species. The grouping of 

species into complexes based on identical marker sequences was not 

consistent across the four primer sets. This resulted in all species in the 

reference databases containing a unique sequence within at least one marker 

apart from Benthochromis tricoti/Benthochromis sp. ‘horii mahale’ and 

Cyprichromis coloratus/Cyprichromis sp. ‘jumbo’ complexes that both 

represent geographical morphological variants of each other, rather than 
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distinct species (Ronco et al. 2019). Using a multi-marker approach therefore 

helps to overcome the taxonomic limitations of individual markers, improving 

the resolution of eDNA metabarcoding surveys within LT.   

The ability of primers to distinguish between cichlid species was not 

consistent across the tribes, reflecting their differing diversities and 

evolutionary histories. Lamprologini represents the most diverse of the tribes 

containing 108 species. Despite the large number of closely related species 

and the existence of para- and polyphyly within the tribe resulting from 

hybridisation events (Day et al. 2007, Sturmbauer et al. 2010), it was possible 

to distinguish between species largely because the Cichlid_CR marker 

contains unique barcodes for all species in this tribe. A number of complexes 

existing for the MiFish, 12S-V5 and 16s_Teleo primer sets contained species 

from multiple genera, resulting from present inconsistencies within some 

Lamprologini genera. This is similar to Breman et al. (2016) that grouped some 

species across genera, including Telmatochromis, Julidochomis and 

Chalinochromis species (Telmatochromis vittatus, Julidochromis regani, 

Julidochromis ornatus, Chalinochromis popelini and Chalinochromis 

brichardi), that are all closely related to each other enabling more accurate 

identifications to be made with CO1 barcoding. Similar groupings of species 

across genera were also observed within Tropheini, a diverse and recent tribe 

that has a complex evolutionary history with evidence of incomplete lineage 

sorting, introgression and hybridisation (Koblmüller et al. 2010). 

Unsurprisingly, the complex evolutionary history of some of LT’s cichlid tribes 

causes the resolution of the traditional CO1 barcode (Breman et al. 2016) as 

well as the 12s and 16s primers tested in this chapter to break down for some 

species. The higher interspecific genetic divergences observed with the 

Cichlid_CR primer set, however, enables even closely related species within 

the diverse Lamprologini and Tropheini tribes to be distinguished within the 

reference database.  

Comparisons with published studies remain limited due to the 

underrepresentation of Afrotropical fish communities as well as Cichlidae 

within barcoding studies. Reduced interspecific genetic distances, similar to 

those observed for the 12s and 16s markers, have also been reported within 

the CO1 region for diverse neotropical fish communities containing multiple 
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species within the same genera (Rosso et al. 2012, Pereira et al. 2013, Sales 

et al. 2018). For example, Pereira et al. (2013), found a mean within-genera 

interspecific divergence values of 6.2% across a diverse Neotropical 

freshwater fish fauna, reducing to 2.7% and 3.7% for the diverse Hypostomus 

and Neoplecostomus catfish genera within this system. Furthermore, Valdez-

Moreno et al. (2009) found mean within-genera distances of 5.1% across 

freshwater fish species in Central America, including the ability to distinguish 

between 16 cichlid species. These genetic distances are however notably 

more divergent compared to those generated for LT’s cichlid communities. The 

low interspecific K2P distances reported for LT’s fishes are therefore likely 

reflected across other diverse tropical freshwater fish communities, posing a 

challenge for the accurate identification of species using eDNA metabarcoding 

methods.  

The 12s and 16s K2P genetic distances for the cichlid fishes fall below 

those commonly reported within barcoding studies as well as the traditional 

2% cut-off for species delimitation. Despite this, accurate identification of 

species with interspecific divergences less than 2% has commonly been 

reported, with necessary thresholds depending on genera (Pereira et al. 2013). 

Intraspecific variability could lead to the development of a barcoding gap 

however (Meyer and Paulay 2005). The high stringency of the reference 

database, particularly for the cichlid fishes, has currently prevented the 

inclusion of more than one sequence per species in this study, therefore 

preventing the calculation of intraspecific variability and any potential 

barcoding gap within the four markers. Breman et al. (2016) found no clear 

barcoding gap for LT’s littoral cichlid species within the CO1 region with a 1.4% 

threshold of species delimitation for the reference database including 

morphospecies similar to the one developed in this chapter. This suggests that 

while the interspecific divergence values for the lake’s cichlid fishes are lower 

than found in other systems, it is also likely that intraspecific distances are 

reduced as well. While the MiFish, 12S-V5 and 16s_Teleo primer sets are 

unable to distinguish between some species, they still demonstrate an ability 

to identify cichlids down to species level.  

The Cichlid_CR primer set consistently showed increased genetic 

divergences between cichlid species three to four times higher than the other 
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three markers. As a highly polymorphic region with increased levels of 

variation compared to other mitochondrial gene regions across the fishes (Liu 

and Cordes 2004, Ardura et al. 2013), markers within this region show an 

increased potential to discriminate between closely related species within 

complex genera (Pedrosa-Gerasmio et al. 2012, Cawthorn et al. 2015, Shum 

et al. 2017). The high variability of this region means it is not possible to 

develop primer sets that are conserved across teleosts, however, the 

combined use of family-specific primers alongside highly conserved primer 

sets, can improve the resolution of assignments within diverse and complex 

communities (De Barba et al. 2014). Based on the findings presented here, it 

is recommended when performing eDNA monitoring of LT’s fish communities 

to use a cichlid-specific control region primer set alongside universal-fish 

primers.  

Non-cichlid K2P distances varied greatly as LT contains species within 

diverse genera resulting from in situ radiations as well as more distinct taxa 

with no close relatives in the lake. Most challenging to identify using barcoding 

methods are species within the Mastacembelus spiny eel, Synodontis catfish 

and Claroteidae catfish (Bathybagrus, Chrysichthys, Lophiobragrus and 

Phyllonemus species) radiations. Mean Mastacembelus genetic distances 

were higher for the MiFish marker (4.4%) compared to 12S-V5 (1.8%) and 

16s_Teleo (2.7%), however MiFish was unable to distinguish between 

Mastacembelus albomaculatus and Mastacembelus flavidus. This complex 

was extended to include Mastacembelus tanganicae for 12S-V5 and 

16s_Teleo. These three Mastacembelus species are recently diverged likely 

resulting from rapid diversification (Day et al. 2017), making them particularly 

challenging to distinguish with barcodes. The 12S-V5 primer was also unable 

to distinguish between Mastacembelus apectoralis, Mastacembelus ellipsifer, 

Mastacembelus ophidium and Mastacembelus zebratus, highlighting the lower 

variation within this marker. Similarly, 12S-V5 was unable to distinguish 

between the two catfish radiations with a mean K2P distance of 0.2% for 

Synodontis species and a complex containing five Claroteid species. The 

MiFish and 16s_Teleo markers showed much improved resolutions, able to 

distinguish between all Claroteid species, likely due to the older age of this 

radiation (Peart et al. 2014), as well as most Synodontis species except for 
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Synodontis petricola and Synodontis polli with the MiFish marker, and 

Synodontis petricola and Synodontis lucipinnis for 16s_Teleo. All three primer 

sets struggled to discriminate between Lates microlepis, Lates mariae and 

Lates angustifrons, however importantly could identify Lates stappersii, a 

pelagic fish species highly important to local fisheries (Plisnier et al. 2009), and 

Lates niloticus, a potential invasive species introduced to many east African 

lakes (Ogutu-Ohwayo et al. 1997, Lowe-McConnell 2009). 

The 12S-V5 primer set shows a lower ability to distinguish between 

species within cichlid and non-cichlid radiations compared to the other 

markers. Despite limitations for specific species the MiFish and 16s_Teleo 

markers both show an ability to detect species within radiations though some 

species complexes are formed for the cichlids, Mastacembelus and 

Synodontis radiations. To improve the resolution of detections within the cichlid 

fishes further though, the use of the Cichlid_CR marker is recommended.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 69 

2.6 Supporting Information 

Table S2.1. LT fish list and reference databases for the three markers used in this 

study: 12S, 16S and control region (CR). √ represents sequences from cichlid 

mitochondrial genomes. Where NCBI sequences have been included for a species, 

the sequence accession number is listed. Accession numbers MN255556-MN255727 

were sequenced in this study. Cichlid taxonomic categories are based on Ronco et 

al. (2019).  

Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Bathybatini 

Bathybates 

fasciatus Valid Sp. √ √ √ 

Cichlidae Bathybatini Bathybates ferox Valid Sp. √ √ √ 

Cichlidae Bathybatini Bathybates graueri Valid Sp. √ √ √ 

Cichlidae Bathybatini Bathybates hornii Valid Sp. √ √ √ 

Cichlidae Bathybatini Bathybates minor Valid Sp. √ √ √ 

Cichlidae Bathybatini Bathybates vittatus Valid Sp. √ √ √ 

Cichlidae Bathybatini Hemibates koningsi Valid Sp. 
   

Cichlidae Bathybatini 

Hemibates 

stenosoma Valid Sp. √ √ √ 

Cichlidae Benthochromini Benthochromis horii Valid Sp. √ √ √ 

Cichlidae Benthochromini 

Benthochromis 

melanoides Valid Sp. √ √ √ 

Cichlidae Benthochromini 

Benthochromis sp. 

'horii mahale' Variety √ √ √ 

Cichlidae Benthochromini 

Benthochromis 

tricoti Valid Sp. √ √ √ 

Cichlidae 

Boulengerochromin

i 

Boulengerochromis 

microlepis Valid Sp. √ √ √ 

Cichlidae Coptodini Coptodon rendalli Valid Sp. √ √ √ 

Cichlidae Cyphotilapini 

Ctenochromis 

benthicola 

Valid Sp. 

(requires 

revision) √ √ √ 

Cichlidae Cyphotilapini 

Cyphotilapia 

frontosa Valid Sp. √ √ √ 

Cichlidae Cyphotilapini 

Cyphotilapia 

gibberosa Valid Sp. √ √ √ 

Cichlidae Cyphotilapini 

Cyphotilapia sp. '5-

bar frontosa' Variety √ √ √ 

Cichlidae Cyprichromini 

Cyprichromis 

coloratus Valid Sp. √ √ √ 

Cichlidae Cyprichromini 

Cyprichromis 

leptosoma Valid Sp. √ √ √ 

Cichlidae Cyprichromini 

Cyprichromis 

microlepidotus Valid Sp. √ √ √ 

Cichlidae Cyprichromini Cyprichromis pavo Valid Sp. √ √ √ 

Cichlidae Cyprichromini 

Cyprichromis sp. 

'jumbo' Potential Sp. √ √ √ 

Cichlidae Cyprichromini 

Cyprichromis sp. 

'kibishi' Potential Sp. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Cyprichromini 

Cyprichromis 

sp.'dwarf jumbo' Potential Sp. √ √ √ 

Cichlidae Cyprichromini 

Cyprichromis 

zonatus Valid Sp. √ √ √ 

Cichlidae Cyprichromini 

Paracyprichromis 

brieni Valid Sp. √ √ √ 

Cichlidae Cyprichromini 

Paracyprichromis 

nigripinnis Valid Sp. √ √ √ 

Cichlidae Cyprichromini 

Paracyprichromis 

sp. 'brieni south' Variety √ √ √ 

Cichlidae Cyprichromini 

Paracyprichromis 

sp. 'tembwe' Potential Sp. √ √ √ 

Cichlidae Ectodini Asprotilapia leptura Valid Sp. √ √ √ 

Cichlidae Ectodini 

Aulonocranus 

dewindti Valid Sp. 
  AF400702 

Cichlidae Ectodini 

Callochromis 

macrops Valid Sp. √ √ √ 

Cichlidae Ectodini 

Callochromis 

melanostigma Valid Sp. √ √ √ 

Cichlidae Ectodini 

Callochromis 

pleurospilus Valid Sp. √ √ √ 

Cichlidae Ectodini 

Cardiopharynx 

schoutedeni Valid Sp. √ √ √ 

Cichlidae Ectodini 

Cunningtonia 

longiventralis Valid Sp. √ √ √ 

Cichlidae Ectodini Cyathopharynx foae Valid Sp. √ √ √ 

Cichlidae Ectodini 

Cyathopharynx 

furcifer Valid Sp. √ √ √ 

Cichlidae Ectodini Ectodus descampsii Valid Sp. √ √ √ 

Cichlidae Ectodini Ectodus sp. 'north' Variety √ √ √ 

Cichlidae Ectodini 

Enantiopus 

melanogenys Valid Sp. √ √ √ 

Cichlidae Ectodini 

Grammatotria 

lemairii Valid Sp. √ √ √ 

Cichlidae Ectodini Lestradea perspicax Valid Sp. √ √ √ 

Cichlidae Ectodini Lestradea stappersii Valid Sp. √ √ √ 

Cichlidae Ectodini 

Microdontochromis 

rotundiventralis Valid Sp. √ √ √ 

Cichlidae Ectodini 

Microdontochromis 

tenuidentata Valid Sp. √ √ √ 

Cichlidae Ectodini 

Ophthalmotilapia 

boops Valid Sp. √ √ √ 

Cichlidae Ectodini 

Ophthalmotilapia 

heterodonta Valid Sp. √ √ √ 

Cichlidae Ectodini 

Ophthalmotilapia 

nasuta Valid Sp. √ √ √ 

Cichlidae Ectodini 

Ophthalmotilapia sp. 

'paranasuta' Potential Sp. √ √ √ 

Cichlidae Ectodini 

Ophthalmotilapia sp. 

'white cap' Potential Sp. √ √ √ 

Cichlidae Ectodini 

Ophthalmotilapia 

ventralis Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

bathyphilus Valid Sp. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Ectodini 

Xenotilapia 

boulengeri Valid Sp. √ √ √ 

Cichlidae Ectodini Xenotilapia burtoni Valid Sp. 
   

Cichlidae Ectodini 

Xenotilapia 

caudafasciata Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

flavipinnis Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

longispinis Valid Sp. √ √ √ 

Cichlidae Ectodini Xenotilapia nasus Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

nigrolabiata Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

ochrogenys Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

ornatipinnis Valid Sp. √ √ √ 

Cichlidae Ectodini Xenotilapia papilio Valid Sp. 
   

Cichlidae Ectodini Xenotilapia sima Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

singularis Valid Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia sp. 

'kilesa' Potential Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia sp. 

'papilio katete' Likely Variety √ √ √ 

Cichlidae Ectodini 

Xenotilapia sp. 

'papilio sunflower' Potential Sp. √ √ √ 

Cichlidae Ectodini 

Xenotilapia sp. 

'spilopterus north' Variety √ √ √ 

Cichlidae Ectodini 

Xenotilapia 

spilopterus Valid Sp. √ √ √ 

Cichlidae Eretmodini 

Eretmodus 

cyanostictus Valid Sp. √ √ √ 

Cichlidae Eretmodini 

Eretmodus 

marksmithi Valid Sp. √ √ √ 

Cichlidae Eretmodini 

Spathodus 

erythrodon Valid Sp. √ √ √ 

Cichlidae Eretmodini Spathodus marlieri Valid Sp. √ √ √ 

Cichlidae Eretmodini 

Tanganicodus 

irsacae Valid Sp. √ √ √ 

Cichlidae Haplochromini 

Astatoreochromis 

straeleni Valid Sp. √ √ √ 

Cichlidae Haplochromini Astatotilapia burtoni Valid Sp. √ √ √ 

Cichlidae Haplochromini 

Astatotilapia 

paludinosus Valid Sp. √ √ √ 

Cichlidae Haplochromini 

Haplochromis sp. 

'chipwa' Potential Sp. √ √ √ 

Cichlidae Haplochromini 

Haplochromis 

stappersii Valid Sp. √ √ √ 

Cichlidae Haplochromini 

Orthochromis 

mazimeroensis Valid Sp. √ √ √ 

Cichlidae Haplochromini 

Orthochromis sp. 

'chomba' Potential Sp. √ √ √ 

Cichlidae Haplochromini 

Orthochromis sp. 

'red' Potential Sp. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Haplochromini 

Orthochromis 

uvinzae Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Altolamprologus 

calvus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Altolamprologus 

compressiceps Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Altolamprologus sp. 

'compressiceps 

shell' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Chalinochromis 

brichardi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Chalinochromis 

cyanophleps Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Chalinochromis 

popelini Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Chalinochromis sp. 

'bifrenatus' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Chalinochromis sp. 

'ndobhoi' Variety √ √ √ 

Cichlidae Lamprologini 

Julidochromis 

dickfeldi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis 

marksmithi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis 

marlieri Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis 

ornatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis 

regani Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis sp. 

'kombe' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis sp. 

'marlieri 'south' Variety √ √ √ 

Cichlidae Lamprologini 

Julidochromis sp. 

'regani south' Variety √ √ √ 

Cichlidae Lamprologini 

Julidochromis sp. 

'unterfels' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Julidochromis 

transcriptus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

callipterus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

finalimus Valid Sp. 
   

Cichlidae Lamprologini 

Lamprologus 

kungweensis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

laparogramma Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

lemairii Valid Sp. √ 
 

√ 

Cichlidae Lamprologini 

Lamprologus 

meleagris Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

ocellatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

ornatipinnis Valid Sp. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Lamprologini 

Lamprologus 

signatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus sp. 

'ornatipinnis congo' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus sp. 

'ornatipinnis zambia' Variety √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

speciosus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lamprologus 

stappersi Valid Sp. 
   

Cichlidae Lamprologini 

Lepidiolamprologus 

attenuatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

cunningtoni Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

elongatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

kamambae Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

kendalli Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

mimicus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

nkambae Valid Sp. 
   

Cichlidae Lamprologini 

Lepidiolamprologus 

profundicola Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Lepidiolamprologus 

sp. 'meeli kipili' Variety √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

bifasciatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

boulengeri Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

brevis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

brichardi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

buescheri Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

calliurus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

cancellatus Valid Sp. 
   

Cichlidae Lamprologini 

Neolamprologus 

caudopunctatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

chitamwebwai Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

christyi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

crassus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

cylindricus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

devosi Valid Sp. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Lamprologini 

Neolamprologus 

falcicula Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

fasciatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

furcifer Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

gracilis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

hecqui Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

helianthus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

leleupi Valid Sp. 
   

Cichlidae Lamprologini 

Neolamprologus 

leloupi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

longicaudata Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

longior Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

marunguensis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

meeli Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

modestus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

mondabu Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

multifasciatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

mustax Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

niger Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

nigriventris Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

obscurus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

olivaceous Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

pectoralis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

petricola Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

pleuromaculatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

prochilus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

pulcher Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

savoryi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

schreyeni Valid Sp. 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Lamprologini 

Neolamprologus 

sexfasciatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

similis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'brevis magara' Variety √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'caudopunctatus 

kipili' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'cygnus' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'daffodil' Variety 
   

Cichlidae Lamprologini 

Neolamprologus sp. 

'eseki' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'falcicula mahale' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'furcifer ulwile' Variety √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'gracilis tanzania' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'kombe' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus sp. 

'ventralis stripe' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

splendens Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

tetracanthus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

timidus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

toae Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

tretocephalus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

variostigma Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

ventralis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

walteri Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Neolamprologus 

wauthioni Valid Sp. 
   

Cichlidae Lamprologini 

Telmatochromis 

bifrenatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis 

brachygnathus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis 

brichardi Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis 

dhonti Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis sp. 

'dhonti north' Variety √ √ √ 

Cichlidae Lamprologini 

Telmatochromis sp. 

'dhonti twiyu' Variety √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Lamprologini 

Telmatochromis sp. 

'longola' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis sp. 

'lufubu' Potential Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis sp. 

'shell' Variety √ √ √ 

Cichlidae Lamprologini 

Telmatochromis 

temporalis Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Telmatochromis 

vittatus Valid Sp. √ √ √ 

Cichlidae Lamprologini 

Variabilichromis 

moorii Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Baileychromis 

centropomoides Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Gnathochromis 

permaxillaris 

Valid Sp. 

(requires 

revision) √ √ √ 

Cichlidae Limnochromini 

Greenwoodochromi

s bellcrossi Valid Sp. 
   

Cichlidae Limnochromini 

Greenwoodochromi

s christyi Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Limnochromis 

abeelei Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Limnochromis 

auritus Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Limnochromis 

staneri Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Reganochromis 

calliurus Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Tangachromis 

dhanisi Valid Sp. √ √ √ 

Cichlidae Limnochromini 

Triglachromis 

otostigma Valid Sp. √ √ √ 

Cichlidae Oreochromini 

Oreochromis 

malagarasi Valid Sp. MN255617 MN255701 AF296463 

Cichlidae Oreochromini 

Oreochromis 

niloticus Valid Sp. MN255618 MN255702 
 

Cichlidae Oreochromini 

Oreochromis 

tanganicae Valid Sp. √ √ √ 

Cichlidae Oreochromini 

Oreochromis 

tanganicae fish farm Valid Sp. MN255619 MN255703 
 

Cichlidae Oreochromini 

Oreochromis 

upembae Valid Sp. 
   

Cichlidae Perissodini 

Haplotaxodon 

microlepis Valid Sp. √ √ √ 

Cichlidae Perissodini 

Haplotaxodon 

trifasciatus Valid Sp. 
   

Cichlidae Perissodini 

Perissodus 

eccentricus Valid Sp. √ √ √ 

Cichlidae Perissodini 

Perissodus 

microlepis Valid Sp. √ √ √ 

Cichlidae Perissodini Plecodus elaviae Valid Sp. √ √ √ 

Cichlidae Perissodini 

Plecodus 

multidentatus Valid Sp. √ √ √ 

Cichlidae Perissodini Plecodus paradoxus Valid Sp. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Perissodini Plecodus straeleni Valid Sp. √ √ √ 

Cichlidae Perissodini Xenochromis hecqui Valid Sp. √ √ √ 

Cichlidae Trematocarini Trematocara caparti Valid Sp. 
   

Cichlidae Trematocarini 

Trematocara 

kufferathi Valid Sp. 
   

Cichlidae Trematocarini 

Trematocara 

macrostoma Valid Sp. √ √ √ 

Cichlidae Trematocarini 

Trematocara 

marginatum Valid Sp. √ √ √ 

Cichlidae Trematocarini 

Trematocara 

nigrifrons Valid Sp. √ √ √ 

Cichlidae Trematocarini 

Trematocara 

stigmaticum Valid Sp. √ √ √ 

Cichlidae Trematocarini 

Trematocara 

unimaculatum Valid Sp. √ √ √ 

Cichlidae Trematocarini 

Trematocara 

variabile Valid Sp. 
   

Cichlidae Trematocarini Trematocara zebra Valid Sp. √ √ √ 

Cichlidae Tropheini Ctenochromis horei 

Valid Sp. 

(requires 

revision) √ √ √ 

Cichlidae Tropheini Interochromis loocki Valid Sp. √ √ √ 

Cichlidae Tropheini 

Limnotilapia 

dardennii Valid Sp. √ √ √ 

Cichlidae Tropheini 

Lobochilotes 

labiatus Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

ephippium Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

famula Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

fasciolatus Valid Sp. √ √ √ 

Cichlidae Tropheini Petrochromis horii Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

macrognathus Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

orthognathus Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

polyodon Valid Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'giant' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'kazumbae' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'kipili brown' Potential Sp. √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'macrognathus 

rainbow' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'moshi yellow' Variety √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'orthognathus ikola' Variety √ √ √ 

Cichlidae Tropheini 

Petrochromis sp. 

'polyodon texas' 

Description 

in Prep. √ √ √ 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cichlidae Tropheini 

Petrochromis sp. 

'red' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Petrochromis 

trewavasae Valid Sp. √ √ √ 

Cichlidae Tropheini 

Pseudosimochromis 

babaulti Valid Sp. √ √ √ 

Cichlidae Tropheini 

Pseudosimochromis 

curvifrons Valid Sp. √ √ √ 

Cichlidae Tropheini 

Pseudosimochromis 

margaretae Valid Sp. 
   

Cichlidae Tropheini 

Pseudosimochromis 

marginatus Valid Sp. √ √ √ 

Cichlidae Tropheini 

Pseudosimochromis 

sp. 'babaulti south' Variety √ √ √ 

Cichlidae Tropheini 

Simochromis 

diagramma Valid Sp. √ √ √ 

Cichlidae Tropheini Tropheus annectens Valid Sp. √ √ √ 

Cichlidae Tropheini Tropheus brichardi Valid Sp. √ √ √ 

Cichlidae Tropheini Tropheus duboisi Valid Sp. √ √ √ 

Cichlidae Tropheini Tropheus kasabae Valid Sp. 
   

Cichlidae Tropheini Tropheus moorii Valid Sp. √ √ √ 

Cichlidae Tropheini Tropheus polli Valid Sp. √ √ √ 

Cichlidae Tropheini Tropheus sp. 'black' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Tropheus sp. 

'brichardi kipili' Variety √ √ √ 

Cichlidae Tropheini 

Tropheus sp. 

'kirschfleck' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Tropheus sp. 

'lukuga' Variety √ √ √ 

Cichlidae Tropheini 

Tropheus sp. 

'lunatus' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Tropheus sp. 

'morago' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini 

Tropheus sp. 

'mpimbwe' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini Tropheus sp. 'red' 

Description 

in Prep. √ √ √ 

Cichlidae Tropheini  

Gnathochromis 

pfefferi 

Valid Sp. 

(requires 

revision) √ √ √ 

Cichlidae Tylochromini 

Tylochromis 

polylepis Valid Sp. AP009509 AP009509 AP009509 

Alestidae 
 

Alestes 

macrophthalmus 
  AY787964 

 

Alestidae   

Brachypetersius 

cadwaladeri   
   

Alestidae 
 

Brycinus 

grandisquamis 
 

MN255560 MN255645 
 

Alestidae   Brycinus imberi   MN255561 MN255646 
 

Alestidae 
 

Brycinus kingsleyae 
  MN255647 

 

Alestidae   

Brycinus 

rhodopleura   
   



 79 

Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Alestidae 
 

Bryconaethiops 

boulengeri 
    

Alestidae   

Bryconaethiops 

macrops   MN255562 MN255648 
 

Alestidae 
 

Hydrocynus 

forskahlii 
  AY788024 

 
Alestidae   Hydrocynus goliath   MN255591 MN255668 

 
Alestidae 

 
Hydrocynus vittatus 

 
MN255590 AY788026 

 

Alestidae   

Micralestes 

acutidens   MN255613 MN255697 
 

Alestidae 
 

Micralestes humilis 
 

MN255614 MN255698 
 

Alestidae   Micralestes stormsi   MN255615 MN255699 
 

Alestidae 
 

Micralestes vittatus 
    

Amphiliidae   Amphilius jacksonii   
 

MN255641 
 

Amphiliidae 
 

Amphilius kivuensis 
    

Amphiliidae   

Amphilius 

pedunculus   
   

Amphiliidae 
 

Amphilius 

ruziziensis 
    

Amphiliidae   Amphilius sp.   MN255556 MN255640 
 

Amphiliidae 
 

Amphilius 

uranoscopus 
    

Amphiliidae   Congoglanis alula   
   

Amphiliidae 
 

Phractura lindica 
 

MN255620 MN255704 
 

Amphiliidae   Zaireichthys brevis   
 

MN255726 
 

Amphiliidae 
 

Zaireichthys 

heterurus 
    

Anabantidae   Ctenopoma muriei   
 

AY763684 
 

Bagridae 
 

Bagrus docmak 
 

MN255557 MN255642 
 

Citharinidae   Citharinus gibbosus   JX982301 JX985098 
 

Clariidae 
 

Clarias alluaudi 
    

Clariidae   Clarias dhonti   
   

Clariidae 
 

Clarias gariepinus 
 

LC036834 GQ469834 
 

Clariidae   Clarias liocephalus   
   

Clariidae 
 

Clarias sp. 
 

MN255574 MN255727 
 

Clariidae   Clarias theodorae   MN255575 MN255660 
 

Clariidae 
 

Clarias werneri 
    

Clariidae   

Dinotopterus 

cunningtoni   
   

Clariidae 
 

Heterobranchus 

longifilis 
    

Clariidae   

Tanganikallabes 

alboperca   
   

Clariidae 
 

Tanganikallabes 

mortiauxi 
  MN255724 

 
Clariidae   Tanganikallabes sp.   

 
MN255723 

 

Clariidae 
 

Tanganikallabes 

stewarti 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Claroteidae   

Auchenoglanis 

occidentalis   AP012005 AP012005 
 

Claroteidae 
 

Bathybagrus 

grandis 
    

Claroteidae   Bathybagrus graueri   
   

Claroteidae 
 

Bathybagrus 

platycephalus 
    

Claroteidae   

Bathybagrus 

sianenna   
   

Claroteidae 
 

Bathybagrus 

stappersii 
    

Claroteidae   

Bathybagrus 

tetranema   MN255559 MN255644 
 

Claroteidae 
 

Chrisichthys 

stappersii 
    

Claroteidae   

Chrysichthys 

acsiorum   
   

Claroteidae 
 

Chrysichthys 

brachynema 
 

MN255570 MN255656 
 

Claroteidae   

Chrysichthys 

grandis   MN255571 MN255657 
 

Claroteidae 
 

Chrysichthys graueri 
    

Claroteidae   

Chrysichthys 

platycephalus   MN255572 MN255658 
 

Claroteidae 
 

Chrysichthys 

sianenna 
 

MN255573 MN255659 
 

Claroteidae   

Lophiobagrus 

aquilus   MN255595 MN255680 
 

Claroteidae 
 

Lophiobagrus 

asperispinis 
    

Claroteidae   

Lophiobagrus 

brevispinis   MN255596 MN255681 
 

Claroteidae 
 

Lophiobagrus 

cyclurus 
 

MN255597 MN255682 
 

Claroteidae   

Phyllonemus 

brichardi   MN255621 MN255705 
 

Claroteidae 
 

Phyllonemus 

filinemus 
 

MN255622 MN255706 
 

Claroteidae   Phyllonemus sp. 'A'   MN255623 MN255707 
 

Claroteidae 
 

Phyllonemus sp. 'B' 
 

MN255624 MN255708 
 

Claroteidae   Phyllonemus sp. 'C'   MN255625 MN255709 
 

Claroteidae 
 

Phyllonemus sp. 'D' 
    

Claroteidae   Phyllonemus typus   MN255626 MN255710 
 

Clupeidae 
 

Limnothrissa 

miodon 
 

MN255594 MN255679 
 

Clupeidae   

Stolothrissa 

tanganicae   MN255630 MN255714 
 

Cyprinidae 
 

Acapoeta 

tanganicae 
 

MN255563 MN255649 
 

Cyprinidae   

Chelaethiops 

congicus   MN255588 
  

Cyprinidae 
 

Chelaethiops 

minutus 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cyprinidae   

Enteromius 

apleurogramma   
   

Cyprinidae 
 

Enteromius 

eutaenia 
 

MN255578 MN255663 
 

Cyprinidae   Enteromius kerstenii   LC104382 MN255664 
 

Cyprinidae 
 

Enteromius 

lineomaculatus 
  MN255665 

 

Cyprinidae   

Enteromius 

lufukiensis   
   

Cyprinidae 
 

Enteromius miolepis 
 

MN255589 MN255666 
 

Cyprinidae   

Enteromius 

neumayeri   
   

Cyprinidae 
 

Enteromius 

oligogrammus 
    

Cyprinidae   

Enteromius 

pellegrini   
   

Cyprinidae 
 

Enteromius sp. 
 

MN255577 MN255662 
 

Cyprinidae   

Enteromius 

taeniopleura   
   

Cyprinidae 
 

Enteromius 

urostigma 
    

Cyprinidae   Labeo congoro   MN255592 MN255671 
 

Cyprinidae 
 

Labeo cylindricus 
 

AP011206 AP011206 
 

Cyprinidae   Labeo degeni   
   

Cyprinidae 
 

Labeo dhonti 
    

Cyprinidae   Labeo fuelleborni   
   

Cyprinidae 
 

Labeo kibimbi 
    

Cyprinidae   Labeo lineatus   AP012154 AP012154 
 

Cyprinidae 
 

Labeo longipinnis 
  JX074131 

 
Cyprinidae   Labeo simpsoni   

   
Cyprinidae 

 
Labeo weeksii 

 
MN255582 MN255672 

 

Cyprinidae   

Labeobarbus 

altianalis   
   

Cyprinidae 
 

Labeobarbus 

caudovittatus 
 

MN255581 MN255670 
 

Cyprinidae   

Labeobarbus 

leleupanus   
   

Cyprinidae 
 

Labeobarbus 

platyrhinus 
    

Cyprinidae   Labeobarbus pojeri   
   

Cyprinidae 
 

Labeobarbus sp. 
 

MN255558 MN255643 
 

Cyprinidae   

Labeobarbus 

tropidolepis   
   

Cyprinidae 
 

Mesobola sp. 
 

MN255612 
  

Cyprinidae   Mesobola spinifer   
   

Cyprinidae 
 

Opsaridium sp. 
 

MN255616 MN255700 
 

Cyprinidae   

Opsaridium 

ubangiense   AP011284 AP011284 
 

Cyprinidae 
 

Raiamas moorii 
 

MN255628 MN255712 
 



 82 

Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Cyprinidae   

Raiamas 

salmolucius   
   

Distichodontidae 
 

Distichodus 

fasciolatus 
 

JX982318 AY788008 
 

Distichodontidae   

Distichodus 

sexfasciatus   

NC_01583

6 AB070242 
 

Kneriidae 
 

Kneria rukwaensis 
    

Kneriidae   Kneria sp.   MN255580 MN255669 
 

Kneriidae 
 

Kneria wittei 
    

Latidae   Lates angustifrons   MN255593 MN255674 
 

Latidae 
 

Lates mariae 
 

MN255587 MN255675 
 

Latidae   Lates microlepis   MN255584 MN255676 
 

Latidae 
 

Lates niloticus 
 

MN255585 MN255677 
 

Latidae   Lates stappersii   MN255586 MN255678 
 

Malapteruridae 
 

Malapterurus 

tanganyikaensis 
 

MN255598 MN255683 
 

Mastacembelidae   

Mastacembelus 

albomaculatus   MN255600 MN255685 
 

Mastacembelidae 
 

Mastacembelus 

apectoralis 
 

MN255602 MN255686 
 

Mastacembelidae   

Mastacembelus 

cunningtoni   MN255603 MN255687 
 

Mastacembelidae 
 

Mastacembelus 

ellipsifer 
 

MN255604 MN255688 
 

Mastacembelidae   

Mastacembelus 

flavidus   MN255601 MN255689 
 

Mastacembelidae 
 

Mastacembelus 

frenatus 
    

Mastacembelidae   

Mastacembelus 

micropectus   MN255605 MN255690 
 

Mastacembelidae 
 

Mastacembelus 

moorii 
 

MN255606 MN255691 
 

Mastacembelidae   

Mastacembelus 

ophidium   MN255607 MN255692 
 

Mastacembelidae 
 

Mastacembelus 

plagiostomus 
 

MN255608 MN255693 
 

Mastacembelidae   

Mastacembelus 

platysoma   MN255609 MN255694 
 

Mastacembelidae 
 

Mastacembelus polli 
    

Mastacembelidae   

Mastacembelus 

reygeli   
   

Mastacembelidae 
 

Mastacembelus 

tanganicae 
 

MN255610 MN255695 
 

Mastacembelidae   

Mastacembelus 

zebratus   MN255611 MN255696 
 

Mochokidae 
 

Chiloglanis 

asymetricaudalis 
 

MN255565 MN255651 
 

Mochokidae   Chiloglanis igamba   MN255566 MN255652 
 

Mochokidae 
 

Chiloglanis kalambo 
    

Mochokidae   

Chiloglanis 

kazumbei   MN255567 MN255653 
 

Mochokidae 
 

Chiloglanis lukugae 
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Family Tribe Species 
Cichlidae 
Category 12s 16s CR 

Mochokidae   

Chiloglanis 

micropogon   MN255568 MN255654 
 

Mochokidae 
 

Chiloglanis 

orthodontus 
 

MN255569 MN255655 
 

Mochokidae   Chiloglanis pojeri   
   

Mochokidae 
 

Chiloglanis 

productus 
 

MN255564 MN255650 
 

Mochokidae   Synodontis decorus   
   

Mochokidae 
 

Synodontis 

granulosaus 
    

Mochokidae   Synodontis ilebrevis   MN255631 MN255715 
 

Mochokidae 
 

Synodontis irsacae 
 

MN255633 MN255717 
 

Mochokidae   

Synodontis 

lucipinnis   MN255634 MN255718 
 

Mochokidae 
 

Synodontis 

melanostictus 
    

Mochokidae   

Synodontis 

multipunctatus   MN255635 MN255719 
 

Mochokidae 
 

Synodontis 

nigromaculatus 
 

MN255636 MN255720 
 

Mochokidae   Synodontis petricola   MN255637 MN255721 
 

Mochokidae 
 

Synodontis polli 
 

MN255638 MN255722 
 

Mochokidae   

Synodontis 

tanganyicae   MN255632 MN255716 
 

Mochokidae 
 

Synodontis victoriae 
    

Mormyridae   

Cyphomyrus 

discorhynchus   MN255576 MN255661 
 

Mormyridae 
 

Gnathonemus 

longibarbis 
 

MN255579 MN255667 
 

Mormyridae   

Marcusenius 

stanleyanus   MN255599 MN255684 
 

Mormyridae 
 

Mormyrops 

anguilloides 
 

AP011576 AP011576 
 

Mormyridae   

Mormyrus 

longirostris   
   

Mormyridae 
 

Pollimyrus nigricans 
    

Poeciliidae   Lacustricola pumilus   MN255639 MN255725 
 

Poeciliidae 
 

Lamprichthys 

tanganicanus 
 

MN255583 MN255673 
 

Polypteridae   Polypterus congicus   HM143929 HM143929 
 

Polypteridae 
 

Polypterus 

ornatipinnis 
 

MN255627 MN255711 
 

Protopteridae   

Protopterus 

aethiopicus   AB558409 AB558409 
 

Schilbeidae 
 

Schilbe durinii 
    

Schilbeidae   Schilbe intermedius   MN255629 MN255713 
 

Tetraodontidae   Tetraodon mbu   AP011923 AP011923 
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Genera No. Species Min Mean Max 
Altolamprologus 3 0.0 0.4 0.6 
Bathybates 6 0.6 2.3 3.7 
Benthochromis 4 0.0 0.0 0.0 

Callochromis 3 0.6 1.6 2.4 
Chalinochromis 5 0.0 0.4 0.6 
Cyphotilapia 3 1.2 2.0 3.1 

Cyprichromis 8 0.0 1.5 3.1 
Julidochromis 10 0.0 1.8 3.7 
Lamprologus 11 0.0 4.0 9.1 
Lepidiolamprologus 8 0.0 2.8 6.4 

Limnochromis 3 0.6 1.6 2.5 
Neolamprologus 56 0.0 4.4 9.8 
Ophthalmotilapia 6 0.0 0.9 2.4 
Oreochromis 4 0.6 2.1 3.7 

Orthochromis 4 0.0 5.1 7.7 
Paracyprichromis 4 0.6 1.6 3.1 
Petrochromis 16 0.0 1.6 4.3 

Plecodus 4 0.0 1.5 3.1 
Pseudosimochromis 5 0.0 1.0 1.8 
Telmatochromis 11 0.0 1.6 3.1 
Trematocara 6 0.0 5.3 9.0 

Tropheus 13 0.0 1.0 3.1 

Xenotilapia 16 0.0 3.1 6.3 

Chiloglanis 6 3.5 9.3 14.0 
Chrysichthys 4 1.1 10.1 18.6 
Clarias 3 6.1 7.8 8.7 
Enteromius 4 16.0 28.2 34.4 

Labeo 4 0.0 3.1 6.2 
Lates 5 0.0 2.5 5.0 
Lophiobagrus 3 1.7 1.9 2.3 
Mastacembelus 12 0.0 4.4 7.0 

Micralestes 3 0.6 4.1 6.3 
Phyllonemus 6 0.6 2.7 4.1 
Synodontis 8 0.0 2.7 6.8 

 

Table S2.2. MiFish within-genera K2P distances for all genera with at least three 

species in the reference database. Genera above the dashed line are cichlids while 

those below are non-cichlid teleosts.  
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Genera No. Species Min Mean Max 

Altolamprologus 3 0.0 0.0 0.0 

Bathybates 6 0.0 0.3 1.0 

Benthochromis 4 0.0 0.5 1.0 

Callochromis 3 0.0 0.0 0.0 

Chalinochromis 5 0.0 0.6 1.0 

Cyphotilapia 3 0.0 0.6 1.0 

Cyprichromis 8 0.0 0.8 1.9 

Julidochromis 10 0.0 2.1 4.9 

Lamprologus 11 0.0 3.0 6.0 

Lepidiolamprologus 8 0.0 1.5 3.9 

Limnochromis 3 0.0 1.3 1.9 

Neolamprologus 56 0.0 2.8 8.0 

Ophthalmotilapia 6 0.0 0.3 1.0 

Oreochromis 4 0.0 1.1 1.9 

Orthochromis 4 0.0 2.8 5.9 

Paracyprichromis 4 0.0 0.6 1.0 

Petrochromis 16 0.0 0.9 2.9 

Plecodus 4 0.0 1.8 2.9 

Pseudosimochromis 5 0.0 1.7 2.9 

Telmatochromis 11 0.0 0.5 1.9 

Trematocara 6 0.0 8.4 12.7 

Tropheus 13 0.0 0.3 1.9 

Xenotilapia 16 0.0 2.6 6.0 

Chiloglanis 6 1.0 6.7 10.4 

Chrysichthys 4 0.0 3.0 6.1 

Enteromius 3 18.8 22.9 28.7 

Labeo 4 0.0 1.9 3.9 

Lates 5 0.0 1.5 3.8 

Lophiobagrus 3 1.9 2.3 2.9 

Mastacembelus 12 0.0 1.8 3.9 

Micralestes 3 0.0 2.0 2.9 

Phyllonemus 6 0.0 1.8 4.0 

Synodontis 8 0.0 0.2 1.0 
 

Table S2.3. 12S-V5 within-genera K2P distances for all genera with at least three 

species in the reference database. Genera above the dashed line are cichlids while 

those below are non-cichlid teleosts.  
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Genera No. Species Min Mean Max 
Altolamprologus 3 0.4 0.5 0.7 
Bathybates 6 1.8 4.4 7.8 
Benthochromis 4 0.0 0.0 0.0 

Callochromis 3 2.6 2.7 3.0 
Chalinochromis 5 0.0 0.7 1.1 
Cyphotilapia 3 0.4 1.0 1.5 

Cyprichromis 8 0.0 1.4 2.6 
Julidochromis 10 0.0 2.4 4.1 
Lamprologus 11 0.0 3.2 7.3 
Lepidiolamprologus 8 0.0 2.2 6.0 

Limnochromis 3 1.5 2.8 4.1 
Neolamprologus 56 0.0 4.9 9.0 
Ophthalmotilapia 6 0.0 1.1 3.0 
Oreochromis 4 0.4 2.6 4.5 

Orthochromis 4 0.4 3.8 6.5 
Paracyprichromis 4 0.7 3.2 5.7 
Petrochromis 16 0.0 1.3 2.6 

Plecodus 4 1.1 1.3 1.8 
Pseudosimochromis 5 0.0 2.8 3.7 
Telmatochromis 11 0.0 2.6 4.9 
Trematocara 6 0.0 6.4 9.4 

Tropheus 13 0.0 0.7 2.2 

Xenotilapia 16 0.0 2.6 4.1 

Brycinus 3 8.5 12.1 15.8 
Chiloglanis 6 3.9 8.0 12.1 

Chrysichthys 4 0.4 5.0 8.9 
Clarias 3 5.7 7.0 8.9 
Enteromius 5 4.5 15.7 23.6 

Hydrocynus 3 0.4 11.3 17.2 
Labeo 5 1.5 9.3 13.6 
Lates 5 0.0 1.9 3.5 
Lophiobagrus 3 1.2 1.3 1.6 

Mastacembelus 12 0.0 2.7 6.4 
Micralestes 3 3.9 4.9 6.3 
Phyllonemus 6 0.0 1.9 2.8 
Synodontis 8 0.0 2.4 3.5 

Table S2.4. 16s_Teleo within-genera K2P distances for all genera with at least three 

species in the reference database. Genera above the dashed line are cichlids while 

those below are non-cichlid teleosts.  
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Genera No. Species Min Mean Max 

Altolamprologus 3 0.7 1.3 2.0 

Bathybates 6 5.2 8.8 12.9 

Benthochromis 4 0.0 0.5 1.0 

Callochromis 3 3.7 4.3 4.7 

Chalinochromis 5 5.1 9.5 12.6 

Cyphotilapia 3 3.0 10.8 15.1 

Cyprichromis 8 0.0 6.7 10.6 

Julidochromis 10 0.3 9.8 16.1 

Lamprologus 11 0.7 10.1 16.9 

Lepidiolamprologus 8 1.3 7.1 14.6 

Limnochromis 3 8.4 11.0 12.7 

Neolamprologus 56 1.0 15.0 28.5 

Ophthalmotilapia 6 1.0 3.1 5.5 

Orthochromis 4 1.0 12.7 22.2 

Paracyprichromis 4 1.3 5.7 7.5 

Petrochromis 16 1.6 7.3 11.8 

Plecodus 4 2.6 7.7 10.0 

Pseudosimochromis 5 0.0 5.0 8.0 

Telmatochromis 11 1.3 8.6 14.7 

Trematocara 6 0.7 11.5 19.4 

Tropheus 13 0.6 5.6 10.2 

Xenotilapia 16 0.3 5.5 9.2 
 

Table S2.5. Cichlid_CR within-genera K2P distances for all genera with at least three 

species in the reference database.  
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Figure S2.1. Neighbour-joining trees produced for each marker. Trees are broken up 

into separate sections; a (red), b (green) and c (blue), representing the trees in 

Figures S2.2 to S2.12. Sections a and b include cichlid species only while section c 

includes non-cichlid species only.  

MiFish 12S-V5

Cichlid_CR16s_Teleo

= Tree a = Tree b = Tree c
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Figure S2.2. MiFish neighbour-joining tree a. The black triangle represents a further 

extension of the tree shown in Figure S2.3. 

Petrochromis trewavasae

Lobochilotes labiatus
Petrochromis macrognathus
Petrochromis sp. 'giant'
Petrochromis ephippium

Petrochromis sp. 'red'
Limnotilapia dardennii
Petrochromis sp. 'moshi yellow'
Pseudosimochromis curvifrons

Lamprologus sp. 'ornatipinnis congo'
Lamprologus sp. 'ornatipinnis zambia'

Limnochromis staneri
Petrochromis sp. 'kazumbae'

Astatotilapia paludinosus

Petrochromis sp. 'polyodon texas'
Limnochromis abeelei
Pseudosimochromis babaulti
Pseudosimochromis babaulti 'south'
Petrochromis sp. 'kipili brown'

Cyphotilapia frontosa
Cyphotilapia sp. '5−bar frontosa'

Cyphotilapia gibberosa

Tropheus brichardi
Tropheus sp. 'brichardi kipili'
Tropheus sp. 'lukuga'
Tropheus sp. 'morago'
Tropheus sp. ' kirschfleck'
Tropheus sp. 'black'

Tropheus sp. 'mpimbwe'
Tropheus moorii
Tropheus annectens

Tropheus polli
Tropheus sp. 'red'

Tropheus sp. 'lunatus'

Ctenochromis horei
Gnathochromis pfefferi

Orthochromis mazimeroensis
Orthochromis sp. 'red'

Orthochromis uvinzae
Boulengerochromis microlepis

Petrochromis sp. 'macrognathus rainbow'

Simochromis diagramma
Xenotilapia caudafasciata

Petrochromis sp. 'orthognathus ikola'
Petrochromis orthognathus

Haplochromis sp. 'chipwa'
Haplochromis stappersii

Astatotilapia burtoni

Gnathochromis permaxillaris
Ctenochromis benthicola

Limnochromis auritus
Paracyprichromis sp. 'tembwe'

Perissodus eccentricus
Plecodus multidentatus

Benthochromis horii
Benthochromis sp.  'horii mahale'
Benthochromis melanoides
Benthochromis tricoti

Haplotaxodon microlepis
Plecodus elaviae

Perissodus microlepis
Plecodus straeleni

Plecodus paradoxus

Paracyprichromis sp. 'brieni south'

Neolamprologus longicaudata
Triglachromis otostigma

Callochromis macrops
Callochromis melanostigma

Callochromis pleurospilus
Enantiopus melanogenys

Xenotilapia singularis
Xenotilapia ochrogenys

Xenotilapia sp. 'kilesa'
Xenotilapia spilopterus

Xenotilapia spilopterus 'north'
Xenotilapia sima

Xenotilapia ornatipinnis
Xenotilapia boulengeri
Xenotilapia flavipinnis
Xenotilapia nigrolabiata

Ophthalmotilapia heterodonta
Ophthalmotilapia sp. 'paranasuta'
Ophthalmotilapia ventralis
Cyathopharynx foae

Ophthalmotilapia sp. 'white cap'
Cyathopharynx furcifer

Ophthalmotilapia boops
Ophthalmotilapia nasuta

Xenotilapia sp. 'papilio sunflower'
Cardiopharynx schoutedeni

Xenotilapia nasus
Asprotilapia leptura

Xenotilapia longispinis
Grammatotria lemairii

Microdontochromis tenuidentata
Microdontochromis rotundiventralis

Xenotilapia bathyphilus
Xenotilapia sp. 'papilio katete'

Cunningtonia longiventralis
Lestradea stappersii

Lestradea perspicax
Ectodus descampsii
Ectodus sp. 'north'

Paracyprichromis brieni
Reganochromis calliurus

Baileychromis centropomoides
Paracyprichromis nigripinnis

Cyprichromis sp.'dwarf jumbo'
Cyprichromis microlepidotus
Cyprichromis sp. 'kibishi'

Cyprichromis sp. 'jumbo'
Cyprichromis coloratus

Cyprichromis leptosoma
Cyprichromis pavo

Cyprichromis zonatus
Petrochromis horii

Interochromis loocki
Petrochromis fasciolatus

Eretmodus cyanostictus
Spathodus erythrodon

Tanganicodus irsacae
Spathodus marlieri
Eretmodus marksmithi

Orthochromis sp. 'chomba'

Petrochromis famula
Petrochromis polyodon
Greenwoodochromis christyi

0.02
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Figure S2.3. MiFish neighbour-joining tree b. The black triangle represents a further 

extension of the tree shown in Figure S2.4. 
 

Tangachromis dhanisi
Tropheus duboisi

Astatoreochromis straeleni
Pseudosimochromis marginatus
Pseudosimochromis margaretae

Astatotilapia paludinosus

Tilapia rendalli

Bathybates minor
Tylochromis polylepis

Bathybates fasciatus

Bathybates graueri
Bathybates vittatus

Bathybates ferox
Bathybates hornii

Hemibates stenosoma

Oreochromis tanganicae
Oreochromis tanganicae fish farm

Oreochromis malagarasi
Oreochromis niloticus

Trematocara stigmaticum
Trematocara marginatum
Trematocara nigrifrons

Trematocara macrostoma
Trematocara zebra

Trematocara unimaculatum

Neolamprologus brevis
Neolamprologus sp. 'brevis magara'

Neolamprologus calliurus
Lamprologus kungweensis

Neolamprologus multifasciatus

Neolamprologus falcicula
Neolamprologus sp. 'gracilis tanzania'
Neolamprologus niger

Neolamprologus sp. 'kombe'
Neolamprologus olivaceous
Neolamprologus savoryi

Neolamprologus sp. 'falcicula mahale'

Neolamprologus toae
Neolamprologus nigriventris

Neolamprologus pectoralis
Neolamprologus bifasciatus
Neolamprologus cylindricus

Neolamprologus mustax
Neolamprologus sexfasciatus

Neolamprologus tretocephalus

Neolamprologus sp. 'cygnus'
Neolamprologus timidus

Neolamprologus buescheri

Lepidiolamprologus cunningtoni
Neolamprologus christyi

Neolamprologus tetracanthus
Neolamprologus furcifer
Neolamprologus sp. 'furcifer ulwile'

Neolamprologus obscurus

Chalinochromis brichardi
Chalinochromis popelini
Julidochromis sp. 'unterfels'
Chalinochromis sp. 'ndobhoi'

Chalinochromis cyanophleps
Chalinochromis sp. 'bifrenatus'

Julidochromis ornatus
Julidochromis sp. 'kombe'
Julidochromis transcriptus

Neolamprologus modestus
Neolamprologus mondabu

Neolamprologus prochilus
Variabilichromis moorii

Neolamprologus petricola

Neolamprologus devosi
Neolamprologus leleupi 'longior'

Telmatochromis brachygnathus
Telmatochromis temporalis

Telmatochromis sp. 'shell'

Telmatochromis bifrenatus
Telmatochromis brichardi

Telmatochromis sp. 'lufubu'
Telmatochromis sp. 'dhonti north'
Telmatochromis dhonti
Telmatochromis sp. 'dhonti twiyu'

Julidochromis marlieri 'south'
Julidochromis sp. 'regani south'
Julidochromis marlieri
Julidochromis regani

Neolamprologus brichardi
Neolamprologus pulcher

Neolamprologus helianthus
Neolamprologus marunguensis

Neolamprologus gracilis

Neolamprologus splendens
Neolamprologus crassus

Telmatochromis sp. 'longola'
Telmatochromis vittatus

Neolamprologus chitamwebwai
Neolamprologus walteri

Julidochromis dickfeldi
Julidochromis marksmithi

Lepidiolamprologus kendalli

Lepidiolamprologus sp. 'meeli kipili'
Lamprologus ocellatus

Neolamprologus meeli
Lepidiolamprologus attenuatus
Neolamprologus variostigma

Neolamprologus hecqui
Lepidiolamprologus kamambae

Lepidiolamprologus elongatus
Lepidiolamprologus mimicus
Neolamprologus boulengeri
Neolamprologus pleuromaculatus

Altolamprologus calvus
Altolamprologus sp. 'compressiceps shell'

Altolamprologus compressiceps
Lamprologus speciosus

Lepidiolamprologus profundicola
Lamprologus callipterus

Neolamprologus fasciatus
Lamprologus meleagris

Neolamprologus similis
Neolamprologus sp. 'caudopunctatus kipili'

Neolamprologus ventralis
Neolamprologus caudopunctatus

Neolamprologus leloupi
Neolamprologus sp. 'ventralis stripe'

Lamprologus laparogramma
Lamprologus ornatipinnis

Lamprologus signatus
Neolamprologus sp. 'eseki'

Xenochromis hecqui

0.02
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Figure S2.4. MiFish neighbour-joining tree c. 
 

 

Cyphomyrus discorhynchus
Marcusenius stanleyanus

Gnathonemus longibarbis
Mormyrops anguilloides

Limnothrissa miodon
Stolothrissa tanganicae

Polypterus congicus
Polypterus ornatipinnis

Tetraodon mbu
Distichodus fasciolatus

Distichodus sexfasciatus
Citharinus gibbosus

Chelaethiops congicus
Hydrocynus vittatus
Hydrocynus goliath

Brycinus imberi
Bryconaethiops macrops

Micralestes humilis
Micralestes stormsi

Micralestes acutidens
Brycinus grandisquamis

Labeobarbus sp.
Mesobola sp.

Labeo congoro
Labeo lineatus

Labeo weeksii
Labeo cylindricus

Acapoeta tanganicae
Labeobarbus caudovittatus

Enteromius sp.

Enteromius kerstenii
Opsaridium sp.

Raiamas moorii
Opsaridium ubangiense

Synodontis ilebrevis
Synodontis irsacae
Synodontis petricola

Synodontis polli
Synodontis tanganyicae

Synodontis nigromaculatus
Synodontis lucipinnis

Synodontis multipunctatus
Auchenoglanis occidentalis

Clarias sp.
Malapterurus tanganyikaensis

Clarias gariepinus
Bagrus docmak

Chiloglanis kazumbei
Enteromius eutaenia

Schilbe intermedius
Phractura lindica

Amphilius sp.
Chiloglanis asymetricaudalis

Chiloglanis igamba
Chiloglanis orthodontus

Chiloglanis micropogon
Clarias theodorae

Phyllonemus brichardi
Phyllonemus sp. 'A'

Phyllonemus sp. 'B'
Phyllonemus typus
Phyllonemus sp. 'C'

Phyllonemus filinemus
Lophiobagrus aquilus

Chrysichthys grandis
Lophiobagrus cyclurus

Lophiobagrus brevispinis
Bathybagrus tetranema

Chrysichthys sianenna
Chrysichthys platycephalus

Chrysichthys brachynema
Chiloglanis productus

Mastacembelus ophidium
Mastacembelus platysoma

Mastacembelus apectoralis
Mastacembelus ellipsifer

Mastacembelus albomaculatus
Mastacembelus flavidus
Mastacembelus tanganicae

Mastacembelus cunningtoni
Mastacembelus moorii

Mastacembelus micropectus
Mastacembelus plagiostomus

Mastacembelus zebratus
Protopterus aethiopicus

Kneria sp.
Lamprichthys tanganicanus

Lacustricola pumilus
Lates angustifrons
Lates mariae
Lates microlepis

Lates stappersii
Lates niloticus

0.02
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Figure S2.5. 12S-V5 neighbour-joining tree a. The black triangle represents a further 

extension of the tree shown in Figure S2.6. 

Tropheus polli

Cyprichromis sp. 'kibishi'

Orthochromis mazimeroensis
Orthochromis sp. 'red'

Haplochromis sp. 'chipwa'
Haplochromis stappersii

Orthochromis uvinzae
Tropheus sp. 'black'

Petrochromis macrognathus
Petrochromis orthognathus
Petrochromis trewavasae
Astatotilapia burtoni
Petrochromis sp. 'kipili brown'
Petrochromis sp. 'polyodon texas'
Petrochromis sp. 'macrognathus rainbow'

Neolamprologus leloupi
Tylochromis polylepis

Bathybates graueri
Bathybates minor
Bathybates vittatus
Bathybates fasciatus
Bathybates ferox

Bathybates hornii

Boulengerochromis microlepis

Oreochromis malagarasi
Oreochromis tanganicae fish farm

Tilapia rendalli
Oreochromis niloticus

Oreochromis tanganicae

Neolamprologus sexfasciatus
Neolamprologus tretocephalus

Petrochromis sp. 'giant'
Petrochromis ephippium
Petrochromis polyodon

Neolamprologus toae

Neolamprologus falcicula
Neolamprologus multifasciatus

Telmatochromis sp. 'shell'
Neolamprologus mustax

Neolamprologus prochilus

Lepidiolamprologus cunningtoni
Neolamprologus tetracanthus

Lepidiolamprologus kendalli
Lamprologus meleagris
Neolamprologus similis

Neolamprologus sp. 'kombe'
Neolamprologus cylindricus

Neolamprologus bifasciatus
Neolamprologus sp. 'falcicula mahale'
Neolamprologus nigriventris
Neolamprologus olivaceous
Neolamprologus savoryi

Astatotilapia paludinosus
Neolamprologus pectoralis

Neolamprologus longicaudata

Gnathochromis pfefferi
Orthochromis sp. 'chomba'

Neolamprologus niger
Neolamprologus ventralis

Petrochromis horii
Pseudosimochromis babaulti
Pseudosimochromis babaulti 'south'

Cyphotilapia gibberosa
Tropheus sp. 'morago'
Tropheus sp. ' kirschfleck'
Petrochromis famula
Petrochromis sp. 'kazumbae'
Tropheus annectens
Tropheus sp. 'lukuga'

Pseudosimochromis marginatus
Pseudosimochromis margaretae

Astatoreochromis straeleni
Ctenochromis horei
Tropheus sp. 'lunatus'
Interochromis loocki
Lobochilotes labiatus
Petrochromis sp. 'orthognathus ikola'
Simochromis diagramma
Tropheus sp. 'brichardi kipili'
Tropheus sp. 'red'

Plecodus elaviae
Plecodus paradoxus

Petrochromis sp. 'red'
Tropheus sp. 'mpimbwe'
Petrochromis sp. 'moshi yellow'
Limnotilapia dardennii
Petrochromis fasciolatus
Pseudosimochromis curvifrons
Tropheus brichardi
Tropheus moorii

0.02
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Figure S2.6. 12S-V5 neighbour-joining tree b. The black triangle represents a further 

extension of the tree shown in Figure S2.7. 
 
 

Cyphotilapia frontosa
Cyphotilapia sp. '5−bar frontosa'
Haplotaxodon microlepis
Perissodus eccentricus
Perissodus microlepis
Plecodus straeleni

Neolamprologus sp. 'eseki'
Neolamprologus chitamwebwai

Neolamprologus modestus
Julidochromis marlieri 'south'
Julidochromis sp. 'regani south'
Julidochromis regani
Neolamprologus helianthus
Neolamprologus petricola
Neolamprologus walteri
Telmatochromis bifrenatus
Xenochromis hecqui
Telmatochromis brachygnathus
Telmatochromis brichardi
Telmatochromis sp. 'lufubu'
Telmatochromis sp. 'dhonti north'
Telmatochromis dhonti
Telmatochromis sp. 'dhonti twiyu'
Telmatochromis temporalis

Trematocara zebra
Mastacembelus albomaculatus

Trematocara marginatum
Trematocara nigrifrons
Trematocara stigmaticum

Trematocara macrostoma
Neolamprologus devosi

Neolamprologus sp. 'cygnus'

Julidochromis transcriptus
Neolamprologus leleupi 'longior'
Neolamprologus brevis
Neolamprologus sp. 'brevis magara'
Neolamprologus calliurus
Neolamprologus christyi
Neolamprologus furcifer
Neolamprologus sp. 'furcifer ulwile'
Neolamprologus obscurus
Variabilichromis moorii

Hemibates stenosoma
Neolamprologus buescheri

Neolamprologus sp. 'caudopunctatus kipili'
Trematocara unimaculatum

Lamprologus lemairii
Neolamprologus caudopunctatus

Chalinochromis brichardi
Chalinochromis popelini
Julidochromis dickfeldi
Julidochromis sp. 'unterfels'
Julidochromis marksmithi
Chalinochromis sp. 'ndobhoi'
Lamprologus ornatipinnis
Lamprologus sp. 'ornatipinnis zambia'

Chalinochromis cyanophleps
Lamprologus kungweensis

Chalinochromis sp. 'bifrenatus'
Neolamprologus sp. 'ventralis stripe'

Lamprologus laparogramma
Lamprologus signatus

Lamprologus sp. 'ornatipinnis congo'
Lepidiolamprologus kamambae

Julidochromis ornatus
Lepidiolamprologus mimicus
Julidochromis sp. 'kombe'
Neolamprologus meeli
Lepidiolamprologus attenuatus
Neolamprologus hecqui
Lepidiolamprologus elongatus
Neolamprologus variostigma
Neolamprologus boulengeri
Neolamprologus pleuromaculatus

Lepidiolamprologus sp. 'meeli kipili'
Lepidiolamprologus profundicola

Neolamprologus brichardi

Eretmodus marksmithi
Tanganicodus irsacae
Spathodus marlieri

Eretmodus cyanostictus
Spathodus erythrodon

Lamprologus callipterus
Lamprologus speciosus
Altolamprologus calvus
Altolamprologus compressiceps
Altolamprologus sp. 'compressiceps shell'

Neolamprologus fasciatus
Neolamprologus sp. 'gracilis tanzania'

Neolamprologus gracilis
Neolamprologus marunguensis
Neolamprologus mondabu
Neolamprologus pulcher
Neolamprologus splendens

Neolamprologus crassus
Lamprologus ocellatus

Limnochromis auritus

Benthochromis horii
Benthochromis melanoides
Benthochromis tricoti

Benthochromis sp.  'horii mahale'
Neolamprologus timidus
Telmatochromis sp. 'longola'
Telmatochromis vittatus

Julidochromis marlieri
Plecodus multidentatus

Cyprichromis sp. 'kibishi'
Cyprichromis zonatus

Xenotilapia spilopterus
Xenotilapia spilopterus 'north'

Xenotilapia bathyphilus
Xenotilapia sima
Grammatotria lemairii

Xenotilapia nigrolabiata
Xenotilapia ornatipinnis

Xenotilapia nasus

Cardiopharynx schoutedeni
Cyathopharynx foae

Cyathopharynx furcifer
Ophthalmotilapia boops
Ectodus descampsii
Ophthalmotilapia heterodonta
Ophthalmotilapia sp. 'paranasuta'
Ophthalmotilapia ventralis
Ophthalmotilapia sp. 'white cap'
Xenotilapia caudafasciata
Ectodus sp. 'north'
Xenotilapia sp. 'papilio katete'

Ophthalmotilapia nasuta
Enantiopus melanogenys

Microdontochromis rotundiventralis
Callochromis macrops

Xenotilapia sp. 'papilio sunflower'
Callochromis melanostigma
Callochromis pleurospilus

Asprotilapia leptura
Microdontochromis tenuidentata

Cunningtonia longiventralis
Lestradea perspicax

Lestradea stappersii

Xenotilapia longispinis
Xenotilapia flavipinnis

Xenotilapia boulengeri
Xenotilapia singularis
Xenotilapia sp. 'kilesa'
Xenotilapia ochrogenys

Baileychromis centropomoides
Reganochromis calliurus

Tangachromis dhanisi
Ctenochromis benthicola
Cyprichromis sp. 'jumbo'
Gnathochromis permaxillaris
Cyprichromis sp.'dwarf jumbo'
Cyprichromis coloratus
Cyprichromis microlepidotus

Cyprichromis leptosoma
Greenwoodochromis christyi
Cyprichromis pavo
Limnochromis abeelei
Limnochromis staneri
Triglachromis otostigma
Paracyprichromis nigripinnis
Paracyprichromis sp. 'tembwe'

Paracyprichromis brieni
Paracyprichromis sp. 'brieni south'

Tropheus duboisi

0.02
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Figure S2.7. 12S-V5 neighbour-joining tree c. 

Limnothrissa miodon
Stolothrissa tanganicae

Mastacembelus albomaculatus
Mastacembelus flavidus
Mastacembelus tanganicae
Mastacembelus cunningtoni

Mastacembelus apectoralis
Mastacembelus zebratus
Mastacembelus ellipsifer
Mastacembelus ophidium

Mastacembelus moorii
Mastacembelus plagiostomus

Mastacembelus micropectus

Mastacembelus platysoma

Lamprichthys tanganicanus
Lacustricola pumilus

Lates microlepis
Lates stappersii
Lates angustifrons
Lates mariae

Lates niloticus

Bagrus docmak
Chiloglanis micropogon

Chiloglanis kazumbei

Synodontis ilebrevis
Synodontis multipunctatus

Synodontis tanganyicae
Synodontis irsacae
Synodontis lucipinnis
Synodontis nigromaculatus
Synodontis petricola
Synodontis polli

Chiloglanis productus
Auchenoglanis occidentalis

Chiloglanis igamba
Chiloglanis orthodontus
Chiloglanis asymetricaudalis

Chrysichthys brachynema
Amphilius sp.

Enteromius eutaenia
Schilbe intermedius

Clarias sp.
Clarias theodorae

Labeo congoro
Labeo lineatus
Labeo weeksii

Acapoeta tanganicae
Labeobarbus caudovittatus

Labeo cylindricus
Labeobarbus sp.

Enteromius sp.
Opsaridium sp.

Opsaridium ubangiense
Raiamas moorii

Mesobola sp.
Malapterurus tanganyikaensis

Distichodus fasciolatus
Distichodus sexfasciatus

Citharinus gibbosus
Polypterus congicus

Polypterus ornatipinnis

Cyphomyrus discorhynchus
Gnathonemus longibarbis

Marcusenius stanleyanus
Mormyrops anguilloides

Protopterus aethiopicus

Micralestes humilis
Micralestes stormsi
Micralestes acutidens

Chelaethiops congicus
Hydrocynus goliath
Hydrocynus vittatus

Bryconaethiops macrops
Brycinus imberi

Brycinus grandisquamis

Lophiobagrus brevispinis
Lophiobagrus cyclurus
Lophiobagrus aquilus

Phyllonemus sp. 'C'

Phyllonemus brichardi
Phyllonemus typus

Bathybagrus tetranema
Chrysichthys grandis
Chrysichthys platycephalus
Phyllonemus filinemus
Phyllonemus sp. 'A'

Chrysichthys sianenna
Phyllonemus sp. 'B'

Phractura lindica
Kneria sp.

Tetraodon mbu

0.02
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Figure S2.8. 16s_Teleo neighbour-joining tree a. The black triangle represents a 

further extension of the tree shown in Figure S2.9. 

Tropheus moorii
Petrochromis sp. 'moshi yellow'

Tropheus sp. 'morago'
Tropheus annectens

Tropheus sp. 'brichardi kipili'

Petrochromis famula
Simochromis diagramma

Tropheus sp. 'lukuga'
Lobochilotes labiatus

Tropheus sp. 'mpimbwe'
Tropheus sp. ' kirschfleck'

Petrochromis sp. 'red'
Petrochromis sp. 'kazumbae'

Petrochromis sp. 'giant'
Petrochromis polyodon

Petrochromis ephippium

Petrochromis macrognathus

Petrochromis sp. 'polyodon texas'
Petrochromis sp. 'macrognathus rainbow'
Petrochromis sp. 'kipili brown'

Petrochromis trewavasae

Neolamprologus leloupi

Cunningtonia longiventralis
Lestradea perspicax

Lestradea stappersii
Ectodus descampsii

Ectodus sp. 'north'

Cyathopharynx foae
Cyathopharynx furcifer
Ophthalmotilapia heterodonta
Ophthalmotilapia ventralis

Ophthalmotilapia sp. 'white cap'
Ophthalmotilapia sp. 'paranasuta'

Cardiopharynx schoutedeni
Ophthalmotilapia nasuta

Ophthalmotilapia boops
Bathybates minor

Baileychromis centropomoides
Reganochromis calliurus
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Figure S2.9. 16s_Teleo neighbour-joining tree b. The black triangle represents a 

further extension of the tree shown in Figure S2.10. 
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Neolamprologus chitamwebwai
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Neolamprologus helianthus
Telmatochromis sp. 'dhonti twiyu'

Telmatochromis brichardi
Telmatochromis bifrenatus

Neolamprologus gracilis
Telmatochromis sp. 'lufubu'
Telmatochromis dhonti

Julidochromis sp. 'regani south'
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Neolamprologus devosi
Telmatochromis sp. 'shell'

Telmatochromis temporalis
Telmatochromis brachygnathus

Grammatotria lemairii
Neolamprologus leloupi
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Figure S2.10. 16s_Teleo neighbour-joining tree c. 
 
 

Mastacembelus ellipsifer
Mastacembelus plagiostomus
Mastacembelus micropectus

Mastacembelus platysoma
Mastacembelus zebratus

Mastacembelus cunningtoni
Mastacembelus moorii

Mastacembelus apectoralis
Mastacembelus albomaculatus
Mastacembelus tanganicae

Mastacembelus flavidus
Mastacembelus ophidium

Tetraodon mbu
Ctenopoma muriei

Amphilius sp.
Amphilius jacksonii

Phractura lindica

Chiloglanis productus
Chiloglanis kazumbei

Chiloglanis igamba
Chiloglanis orthodontus

Chiloglanis asymetricaudalis

Chiloglanis micropogon

Auchenoglanis occidentalis
Malapterurus tanganyikaensis

Phyllonemus brichardi
Phyllonemus sp. 'B'

Phyllonemus filinemus
Phyllonemus sp. 'A'

Phyllonemus sp. 'C'
Phyllonemus typus

Chrysichthys grandis
Chrysichthys platycephalus
Bathybagrus tetranema

Lophiobagrus brevispinis
Lophiobagrus cyclurus

Lophiobagrus aquilus
Chrysichthys sianenna

Bagrus docmak
Chrysichthys brachynema

Clarias sp.
Tanganikallabes sp.

Tanganikallabes mortiauxi
Clarias theodorae

Clarias gariepinus
Synodontis lucipinnis
Synodontis petricola

Synodontis tanganyicae
Synodontis ilebrevis

Synodontis irsacae
Synodontis polli

Synodontis multipunctatus
Synodontis nigromaculatus

Schilbe intermedius
Distichodus fasciolatus

Distichodus sexfasciatus
Citharinus gibbosus

Zaireichthys brevis

Opsaridium sp.
Raiamas moorii

Protopterus aethiopicus

Labeobarbus sp.
Enteromius kerstenii

Enteromius miolepis
Enteromius eutaenia

Labeo congoro
Labeo weeksii

Labeo lineatus
Labeo longipinnis
Acapoeta tanganicae

Labeobarbus caudovittatus
Labeo cylindricus

Opsaridium ubangiense

Enteromius sp.
Enteromius lineomaculatus

Limnothrissa miodon
Stolothrissa tanganicae

Cyphomyrus discorhynchus
Gnathonemus longibarbis

Marcusenius stanleyanus
Mormyrops anguilloides

Polypterus congicus
Polypterus ornatipinnis

Micralestes humilis
Micralestes stormsi

Micralestes acutidens
Brycinus grandisquamis
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Figure S2.11. Cichlid_CR neighbour-joining tree a. The black triangle represents a 

further extension of the tree shown in Figure S2.12. 
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Figure S2.12. Cichlid_CR neighbour-joining tree b. 
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3 Testing the performance of environmental DNA 
metabarcoding for surveying highly diverse 
tropical fish communities: A case study from Lake 
Tanganyika. 

3.1 Abstract 

Environmental DNA (eDNA) metabarcoding provides a highly sensitive 

method of surveying freshwater fish communities. Despite this, previous 

studies have largely been restricted to temperate ecosystems. Due to limited 

sequence availability and potential variation in the ability of barcodes to 

distinguish between fish species in tropical ecosystems, the effectiveness of 

metabarcoding methods for surveying tropical fish communities from eDNA 

samples remains uncertain. To address this, we applied an eDNA 

metabarcoding approach to survey Lake Tanganyika’s (LT) species rich littoral 

fish communities. As this system contains many closely related species, 

particularly the cichlid fishes, we used four primer sets, including a cichlid-

specific primer (Cichlid_CR). Over two field seasons eDNA samples were 

collected alongside visual survey data. In situ results demonstrated wide 

variability in the taxonomic resolution of assignments by each marker with 

Cichlid_CR enabling more species-level assignments for the cichlid fishes. 

Multiple primer sets achieved identifications to species and species complexes 

for 109 teleost taxa, including 84 cichlids. A number of likely false positive 

assignments were identified representing current limitations in the resolution 

of some primers and the reference database. While species richness 

estimates of cichlids from eDNA samples underrepresented the site diversity 

compared to visual surveys, there were improved detections of non-cichlid 

teleost species. The study substantiates the potential of eDNA metabarcoding 

for surveying diverse tropical fish communities, and highlights areas for future 

improvements.  
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3.2 Introduction 

Freshwaters globally represent highly productive and biologically diverse 

ecosystems, with much of this diversity centred in the tropics (Collen et al. 

2014). Aquatic habitats in South America, Central and Eastern Africa, and 

South-East Asia contain the highest species richness and endemicity across 

all major freshwater taxonomic groups (excluding crayfish), highlighting the 

importance of these regions for global freshwater diversity (Tisseuil et al. 

2013).  As well as hotspots of diversity, tropical freshwaters have also been 

focal points of development and as a result face a broad range of stressors 

(Strayer and Dudgeon 2010). This has resulted in rates of biodiversity decline 

in freshwaters surpassing that in both terrestrial and marine ecosystems, with 

extinction rates of freshwater fishes in the twentieth century exceeding that of 

all other vertebrate groups (Burkhead 2012, Collen et al. 2014). The recent 

Freshwater Living Planet Index reports average recorded population declines 

since 1970 in the Neo- and Afrotropics have been 94% and 75% respectively 

(WWF 2018). This exceeds terrestrial declines and highlights the substantial 

pressures on species within tropical freshwater ecosystems. 

Species richness and evenness measures underpin our understanding 

of biological diversity and our ability to monitor their responses to 

anthropogenic stressors. These measures are reliant on the accurate 

detections of species as they assume survey data is representative of the 

community sampled (Buckland et al. 2011). Therefore variation in the 

detectability of species due to differing behaviours or across habitat types can 

lead to inaccuracies in diversity measures (Gotelli and Colwell 2011). 

Traditional methods of surveying freshwater ecosystems all impose biases on 

datasets often relating to the size and activity of individuals (Jackson and 

Harvey 1997). As a result, the survey method used has been shown to 

significantly influence the diversity values obtained from sites (Deacon et al., 

2017; Jackson & Harvey, 1997; Oliveira, Gomes, Latini, & Agostinho, 2012). 

To help overcome these individual biases, applying multiple methods for 

surveying fish communities has been widely advocated (Kubecka et al. 2009).  

Recently, environmental DNA (eDNA) metabarcoding has been shown 

to be a sensitive and cost effective method of surveying freshwater 
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communities (Hänfling et al. 2016, Valentini et al. 2016, Evans et al. 2017). 

Comparisons with other survey methods have demonstrated how eDNA 

metabarcoding data can complement traditional approaches often leading to 

increased detection of species and improved species richness estimates 

(Deiner, Bik, Mächler, et al. 2017). Despite this, current applications of eDNA 

metabarcoding within freshwaters have been largely restricted to temperate 

ecosystems, with few published studies within tropical freshwaters, but see 

Lopes et al. (2017), Cilleros et al. (2019) and Sales et al. (2019). Potential 

variability in the effectiveness of these methods across temperate and tropical 

ecosystems could result from differences in the ecology of eDNA (Strickler et 

al. 2015, Eichmiller et al. 2016), variation in the detectability of rare species 

within highly diverse tropical fish communities, the existence of taxonomic 

problems for some fish taxa (Decru et al. 2016) and the ability of markers to 

distinguish between closely related species in tropical ecosystems (Pereira et 

al. 2013, Breman et al. 2016). A recent application of eDNA metabarcoding 

within tropical South American streams highlighted the potential of this method 

for surveying diverse fish communities, while also demonstrating some current 

limitations in the detection of species compared to studies within temperate 

ecosystems (Cilleros et al. 2019). Still in its infancy as a method, there remains 

a need to test eDNA metabarcoding methods across a wider range of complex 

tropical ecosystems to better understand the potential of these approaches for 

surveying freshwater fish diversity globally. 

 Limiting factors preventing the application of eDNA metabarcoding 

within tropical systems include difficulties collecting and preserving samples 

within remote locations, incomplete taxonomic descriptions for many fish 

groups resulting in cryptic biodiversity (Decru et al., 2016; Sales et al., 2018), 

and the limited availability of sequences within public databases for tropical 

fish species, particularly for the commonly used 12s and 16s mitochondrial 

gene regions. Due to the extensive molecular and taxonomic work undertaken 

on Lake Tanganyika’s (LT) fish fauna (Salzburger, Van Bocxlaer, & Cohen, 

2014; and refs therein), most fish groups in this system are well studied and 

there is also a good availability of DNA samples and sequences from museum 

and research group collections. As a result, LT provides an ideal tropical 

system with which to test eDNA metabarcoding methods. 
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LT contains an exceptional fish diversity with over 400 species, most of 

which are endemic to the basin (Salzburger et al. 2014). A key feature of LT’s 

fish fauna is that much of its diversity emerged through in situ evolutionary 

radiations, including radiations of cichlid fishes with 241 known species (Day 

et al. 2008, Takahashi and Koblmüller 2011, Muschick et al. 2012, Ronco et 

al. 2019), catfishes (e.g. Day and Wilkinson 2006, Peart et al. 2014) and 

mastacembelid spiny eels (Brown et al. 2010), with the latter non-cichlid 

groups containing far fewer species. The high levels of sequence similarity 

between closely related and young species emerging from rapid evolutionary 

radiations can make accurate barcode identifications challenging (Salzburger 

2018). For example, a recent study of LT cichlid fishes showed the taxonomic 

resolution of the traditional COI barcoding region was limited in some cases to 

species complexes and genera (Breman et al. 2016). As with other large 

freshwater lakes, much of LT’s fish diversity is found within the littoral zone 

(Vadeboncoeur et al. 2011). The local species richness of fish communities is 

particularly high within littoral rocky habitats where as many as 60 fish species, 

including 54 cichlids, having been identified within a multi-year 10 X 40m 

quadrat survey (Takeuchi et al. 2010), and 49 cichlid species identified at one 

site in Mahale National Park (Britton et al. 2017). As such, accurate and 

consistent surveying of species within this habitat poses significant challenges, 

with methods often reliant on labour-intensive SCUBA visual surveys or gill 

netting, although see Widmer et al., (2019) who recently utilized video 

technology for surveying LT cichlid fishes. 

The high local diversity and large number of closely related and young 

species within LT’s littoral habitat poses a number of challenges to eDNA 

metabarcoding methods, many of which will be encountered across other 

tropical ecosystems. Through undertaking and comparing eDNA 

metabarcoding and visual surveys we addressed the following questions: 1) 

Can eDNA metabarcoding methods accurately identify LT cichlid fishes down 

to species level? 2) How effective is eDNA metabarcoding at detecting non-

cichlid teleost species within the LT littoral habitat? 3) Are eDNA species 

richness estimates and detection rates comparable to visual survey data?  
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3.3 Methods 

3.3.1 Study site 

Sampling was undertaken within the Kigoma region of LT in Tanzania (Figure 

3.1), representing a well-studied and easily reachable area of the Lake. The 

fish species along this coastline are well described (Konings 2015), with 

surveys of the littoral fish communities having previously been carried out in 

2015 (Britton et al. 2017). Two field seasons were undertaken to LT in 

September-October 2016 and May-June 2017 during which both visual survey 

data and eDNA samples were collected. In total, visual survey data and eDNA 

samples were collected across 21 sites along a 42km stretch of coastline 

(Figure 3.1 with site GPS coordinates in Table S3.1). This area contains a wide 

range of coastline types including Kigoma, a large town with a population of 

over 200,000, coastal villages as well as sections of deforested coastline or 

young forest. The area also includes Gombe stream National Park, though 

sampling did not occur within the protected area.  
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Figure 3.1. Map of the site locations in both field seasons. Site numbers increase 

from 1 to 21 increasing from south to north. Green circles are sites surveyed in 2016, 

yellow diamonds represent sites surveyed in 2017 only and red triangles are sites 

surveyed in both years. The red box highlights the location of the study area within 

LT. Maps were created with QGIS v3.2. The base map is GoogleTM Terrain map. 
 

3.3.2 Visual surveys 

Surveys were focussed along areas of rocky habitat, as this contains the most 

diverse littoral fish fauna (Salzburger et al. 2014). The structure of littoral 

communities have been shown to differ over very fine spatial scales, 

particularly across depths of one to fifteen metres (Takeuchi et al. 2010). To 

capture this a survey methodology following Britton et al. (2017) was adopted 

in which a series of ten stationary visual surveys were undertaken at each site 
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at depths of five and ten metres (Figure 3.2). Five surveys were undertaken at 

each depth, with individual surveys separated by 30 metres. This design has 

previously been shown to accurately capture the diversity of LT’s littoral cichlid 

communities (Britton et al. 2017).   

Visual surveys followed a stationary design in which divers identify the 

number of fish species within an imaginary cylinder extending from the bottom 

to the water surface during a fixed period of time (Bohnsack and Bannerot 

1986). This design enables the simple, fast and reproducible collection of fish 

community data. At each site, a 10m tape measure was laid down at either five 

or ten metres depth, extending away from the coastline. Divers positioned 

themselves at the midpoint of the tape measure and waited one minute 

enabling fish to settle. Over a period of eight minutes, all fish to enter the 

cylinder of five metre radius were identified and their abundance counted. 

When large groups of fish were present, their abundance was estimated to the 

nearest 50 individuals. Records of fish communities were written on a dive 

slate and copied on return to the dive boat. Fish species were identified 

according to Konings (2015) and Eschmeyer et al. (2018), with only 

established species being recognised. The records of both divers were 

compared to ensure accurate measures. 
 

 

 

 

 

 

 

 

 
Figure 3.2. Visual survey design. Boxes represent site locations along the coastline 

with surveys represented by circles. Five surveys were undertaken at five metres 

depth and five at ten metres. Individual surveys were separated by a distance of 30m. 

The eDNA water sample was collected at the central 5m survey point highlighted in 

grey.  
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3.3.3 eDNA sample collection 

Prior to undertaking the visual surveys, a 10-litre water sample was collected 

from the mid-survey point at a depth of five metres using a collapsible 

container (Figure 3.3a). Containers used for collecting the sample were rinsed 

with 50% bleach solution followed by lake water at the collection site. Divers 

remained one metre off the bottom to prevent kicking up sediment that could 

alter the eDNA within the water column. They also wore nitrile gloves to reduce 

the potential of contaminating the sample with their own DNA. Samples were 

stored on ice within a cooler box while the surveys were undertaken. Water 

samples were filtered later in the day within 12 hours of collection. On 

collection of the water sample the container lid was not opened between being 

placed in the cooler box and filtering.  

Each eDNA sample consisted of a 1.5 litre sub-sample of the 10 litre 

water sample, vacuum-filtered onto filter paper that was then preserved. In 

2016 one eDNA sample was collected per a site, while in 2017 three filter 

replicates were collected from the same 10 litre water sample. Prior to filtering 

the work surface was cleaned with 50% bleach solution and nitrile gloves were 

worn throughout the filtering process. Each 1.5 litre sample was vacuum-

filtered onto sterile 47mm diameter 0.45µm pore size cellulose nitrate filter 

paper contained within 250ml disposable Thermo Scientific™ Nalgene™ 

Analytical Test Filter Funnels (Figure 3.3b). Pressure was maintained at a 

constant level with a Nalgene™ hand operated vacuum pump. Samples were 

then folded inwards three times and placed within a 2ml Eppendorf tube. In 

2016, this tube was stored immediately at -18°C, transported back to the UK 

at >-80°C using a dry shipper then stored at -70°C until extraction. In 2017, 

samples were fully submerged in 95% molecular grade ethanol at room 

temperature until returning to the UK after which they were stored at -20°C. 

Eppendorf tubes were not opened between sample collection and extraction. 

A filtration blank was collected between the filtration of every five samples to 

monitor for potential contamination. This involved filtering 1.5L of bottled water 

following the same procedure as above. 
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Figure 3.3. Collection of a 10 litre water sample (a) and the equipment used for 

pressure filtering the water sample (b).  

 

3.3.4 DNA extraction 

Filters were extracted using the Qiaqen DNeasy® Blood & Tissue kit following 

a modified protocol in combination with a Qiagen QIAshredder. This was 

based on  the methods of Goldberg et al. (2011) and Lacoursière-roussel et 

al. (2016) with preliminary tests run on aquarium and practice LT eDNA 

samples.  

All extractions were undertaken within a class 2 safety cabinet located 

in a dedicated pre-PCR room. Prior to starting extractions, the safety cabinets, 

pipettes and racks were UV-irradiated for a minimum of 30 minutes and then 

cleaned with 50% bleach solution. Filter tips were used for all pipetting to 

reduce the risk of cross-contamination. Filter papers were removed from their 

1.5ml microcentrifuge tubes, opened up and torn into small parts (5mm X 

5mm) with tweezers before being placed in a fresh 2ml Eppendorf tube. The 

2017 samples were then stored within the safety cabinet for a minimum of five 

hours to ensure the ethanol had evaporated from the filter paper. 450µl of ATL 

buffer and 50µl of Proteinase K were added to each tube containing a filter. 

These tubes were vortexed and incubated at 56°C overnight for a minimum of 

12 hours.  

Following lysis, as much liquid was pipetted from each tube and placed 

into a new 2ml microcentrifuge tube. The remaining filter paper was then 
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placed within a QIAshredder spin column and centrifuged at 11,000rpm for two 

minutes. The buffer separated from the filter paper was then combined with 

the previously pipetted lysis buffer. 500µl AL buffer was added to each tube 

which were then vortexed immediately and incubated at 56°C for ten minutes. 

500µl molecular grade ethanol was added to each tube, vortexing immediately. 

The solution was then added to a spin column and centrifuged at 800RPM for 

1 minute. Due to the volume of liquid this had to be repeated two more times 

for each sample using the same spin column. 500µl AW1 buffer was added to 

each column and centrifuged at 8000rpm for one minute followed by 500µl of 

AW2 buffer with a centrifuge step of 11000rpm for three minutes.  

Spin columns were then placed in capless 1.5ml microcentrifuge tubes, 

and eluted with 100µl AE buffer. After 5 minutes at room temperature the tubes 

were centrifuged at 800rpm for one minute. This step was then repeated to 

produce a second elution. The DNA concentration of each sample’s 1st elution 

was measured on a Qubit 3.0 with the Qubit dsDNA HS assay kit. The 

extraction method was kept the same for all samples and filter controls. For 

the extraction controls smaller volumes of reagents were used, following the 

standard protocols for the Qiagen DNeasy Blood & Tissue kit. These were 

180µl ATL buffer, 20µl Proteinase K, 200µl AL buffer, 200µl 100% ethanol, 

500µl AW1 buffer and 500µl AW2 buffer. All extracts were stored at -20°C until 

amplification.  

 

3.3.5 PCR optimisation  

To optimise the efficiency of the PCR reactions and to reduce the potential 

impact of inhibitors within each sample, temperature gradient and dilution 

experiments were undertaken. For the temperature gradient annealing 

temperatures in the range of 57°C to 68°C were tested. High temperatures 

were tested as recommended for use with the QIAGEN Multiplex master mix 

(57oC-63oC) and to prevent secondary non-specific amplification at 

unexpected lengths that had been observed on gels of preliminary PCRs run 

on eDNA samples from LT. Based on the results shown in Figure 3.4 all 

primers were given an annealing temperature of 60oC as increasing the 

temperature had little impact on band strength. Further testing on eDNA 



 110 

samples however, showed non-specific amplification with the MiFish primer 

set. As a result, a second temperature gradient test was undertaken on eDNA 

samples (Figure 3.5) resulting in an annealing temperature of 63oC being 

selected for this primer set as this reduced secondary banding.  

 

 
Figure 3.4. PCR temperature gradients undertaken for each primer set on a 

Haplotaxodon microlepis DNA extract (M2030). The left hand ladder is NEB 100bp 

and the right hand one is NEB 50bp. The gap represents two separate PCR and gel 

runs. The -C header represents a non-template control sample.  
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Figure 3.5. MiFish temperature gradient undertaken on eDNA samples. Samples 

from one to three are S216, S417b and S517b and NTC is a non-template negative 

control. 

 

Template DNA dilutions are a commonly used and effective way of reducing 

the impact of inhibitors on PCRs, however they do result in an inevitable loss 

of sensitivity (Schrader et al. 2012). As a result, it is important to test the impact 

of dilution levels on PCR amplification prior to implementation within the main 

protocol. We performed PCR dilution gradient experiments using the MiFish 

primer pair on three eDNA samples from LT and visualised the PCR 

amplification across these dilutions on a 2% agarose gel stained with ethidium 

bromide (Figure 3.6). 20µl reactions were undertaken consisting of 10µl 

Qiagen Multiplex mater mix, 3µl template DNA (1:1 to 1:50 dilutions), 0.5µl of 

each primer (10µM) and 6 µl H2O. Thermal conditions were 95°C for 15 mins, 

40 cycles of 94°C for 30s, 63°C for 90s and 72°C for 60s followed by 72°C for 

5 mins. As no decrease in band strength was observed across all three 

samples between 1:1 and 1:10 dilutions, 1:10 template DNA dilutions for PCRs 

with all four primer pairs was used. This dilution level has also been adopted 

by previously published eDNA metabarcoding studies within aquatic 

ecosystems (Port et al. 2016, Andruszkiewicz, Starks, et al. 2017).  
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Figure 3.6. Dilution PCR test run with the MiFish primers on three LT eDNA sample 

extracts. From one to three the samples are S616, S417b and S1717b. Dilutions of 

each sample are 1:1, 1:5, 1:10, 1:25 and 1:50, -C was a non-template control with 

ddH2O and a NEB 100bp ladder was used.  

 

3.3.6 PCR amplifications.  

The MiFish-U, 12S-V5, 16s_Teleo and Cichlid _CR primers tested in Chapter 

two were used with PCRs for each primer set undertaken independently (Riaz 

et al. 2011, Miya et al. 2015). Two-step PCRs with Illumina adapters were 

undertaken for each sample. The first PCR reaction (PCR1) amplifies the DNA 

using primer pairs with Illumina TruSeq adapters tailed on the 5’ end of each 

primer, forward (5’-3’ TCTACACGTTCAGAGTTCTACAGTCCGACGATC) 

and reverse (5’-3’ GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT). A 

second shorter PCR (PCR2) was then undertaken to attach the remaining 

adaptor sequence including both the region that binds to the flow cell as well 

as the sample-specific tags. To reduce the chance of contamination all PCR1 

mixtures were set up within a class 2 safety cabinet. Prior to starting the safety 

cabinets, pipettes, ice box and racks were UV-irradiated for a minimum of 30 
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minutes and then cleaned with 50% bleach solution. PCRs were setup on ice, 

and 8 strip PCR tubes containing individual caps were used to prevent cross-

contamination between samples. Filter tips were used for all pipetting to further 

reduce the risk of contamination.  

The PCR1s were undertaken in four replicates for each sample, which 

were then pooled prior to PCR2. PCR1s had a reaction volume of 20µl 

consisting of 10µl Qiagen Multiplex master mix, 3µl template DNA diluted 1:10 

with RNase-free water, 0.5µl of each primer (10µM) and 6µl RNase-free water. 

Thermal conditions were 95°C for 15 mins, 40 cycles of 94°C for 30s, 60/63°C 

for 90s, 72°C for 60s followed by 72°C for 5 mins. A negative control using 

RNase-free water was included for each batch of 11 samples to monitor for 

contamination. Filter and extraction controls were amplified in individual 20µl 

reactions for each primer under the same conditions as samples. Following 

pooling, 5µl of product per sample was visualised on a 2% agarose gel stained 

with ethidium bromide to check for amplification and no contamination in the 

negative PCR control. All filter and extraction controls were included in the 

further steps irrespective of bands being present or not.  

Following pooling, 60µl of pooled product per sample was cleaned with 

a 1:1 ratio of AMPure XP beads and eluted with 40µl of low TE buffer, while 

15µl of the filter and extraction controls was cleaned with a 15µl TE buffer 

elution. PCR2 reactions were undertaken in 20µl volumes and set up with 96-

well plates. Unique tag combinations were used for each sample. PCR2 

primers were IDT TruGrade DNA Oligos which are manufactured using 

methods that reduce cross-contamination during primer manufacture and 

therefore limit index cross-talk between samples. PCR2 reaction conditions 

were 10µl of Qiagen Multiplex Master mix, 8µl pooled template DNA and 1µl 

of each primer (1µM). The thermal conditions were 95°C for 15 mins, 10 cycles 

of 98°C for 10s, 65°C for 30s and 72°C for 30s followed by 72°C for 5 mins.  

2µl of PCR2 product for each sample was quantified using a FLUOstar Optima 

(Promega). Based on these results samples were pooled into groups of 8 with 

50ng of DNA added to each pool. The volume of each pool was then made up 

to 50µl with low TE buffer. For controls with very low DNA concentrations, 5µl 

was added to each pool. Pools were cleaned with AmPure XP beads this time 

using a two-step process of 0.5X followed by 0.9X bead concentrations. 0.5X 
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will bind any unwanted large fragments to the beads which are then discarded, 

with smaller fragments remaining in the supernatant. The 0.9X bead 

concentration then binds the desired DNA fragments to the beads with 

unwanted small fragments, including primer dimer, remaining in the 

supernatant. The beads were eluted in 15µl of low TE buffer.  

 

3.3.7 Library quantification and sequencing 

The Illumina tagged DNA concentration of each pool was quantified using the 

KAPA Library Quantification Kit, that provides qPCR-based quantification on 

100, 1000 and 10,000-fold dilutions of the sample. DNA fragment sizes within 

12 samples were investigated using an Agilent 2100 Analyser with the DNA 

12000 kit. This indicated primer dimer in some of the pools. As a result, the 

MiFish and 12S-V5 samples were pooled as well as the 16s_Teleo and 

Cichlid_CR samples and 80µl of each pool was run on a BluePippin with a 

selection range of 210bp to 800bp. A second check with the Agilent 2100 

Analyser demonstrated the primer dimer had been successfully removed by 

the BluePippin run. The Final pools were checked with both the KAPA Library 

Quantification Kit and on the QUBIT 3.0 using the dsDNA HS assay and diluted 

to a concentration of 4nM based on these results.  

Libraries were sequenced on an Illumina MiSeq platform at the Sheffield 

Children’s Hospital Next Generation Sequencing Facility. The MiFish and Riaz 

pool was sequenced on a 150bp Paired-End sequencing run and a 250bp 

Paired-End run was used for the 16s_Teleo and Cichlid_CR pool. A 10% PhiX 

spike-in was included on both runs to increase the sequence complexity.   

 

3.3.8 Sequence data analysis 

A series of combined Shell and Perl Scripts were used for each step of the 

bioinformatic analysis. The steps involved are shown in Figure 3.7. Reads 

were demultiplexed by sample using Illumina bcl2fastq conversion software 

and converted to FASTQ files. Sequence quality for individual samples was 

assessed using FastQC with summary statistics for each run visualised with 

MultiQC (Ewels et al. 2016). The raw reads were quality filtered with the 
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removal of Illumina sequence adapters, low quality sequences and sequence 

tails with a quality less than Q20 using Trimmomatic v0.36 (ILLUMINACLIP: 

TruSeq3-PE-2.fa:2:30:12; SLIDINGWINDOW:10:20; MINLEN:50) (Bolger et 

al. 2014). The quality filtered paired-end reads were then aligned using FLASH 

v1.2.11 (Magoč and Salzberg 2011) with the output files converted from Fastq 

to Fasta using the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). 

Poor alignment percentages for the 2X150bp sequence data were originally 

observed. This was thought to likely be due to the 150bp MiSeq run 

overrunning the short 12S-V5 amplicon that can impact the alignment of paired 

reads (H.Hipperson Pers. Comm.). As a result, the 12S-V5 and MiFish primers 

were analysed separately with the 12S-V5 raw reads trimmed to 90bp prior to 

running trimmomatic using Fastx_Toolkit. This was found to greatly increase 

the percentage of 12S-V5 reads successfully aligned.  

 

 

Figure 3.7. Steps involved in the bioinformatic analysis. The top row refers to the 

filtering and alignment of reads while the bottom shows the steps involved in 

clustering and taxonomic assignment.  

 

Primers were identified and removed allowing for one mismatch in the primer 

sequence with the trim.seqs command in Mothur v1.37.1 (Schloss et al. 2009). 

Reads containing ambiguous bases or with unexpected lengths were also 

removed during this step. Demultiplexed sequences were then dereplicated 

using the fastx-uniques command in USEARCH v9.2.64 (Edgar 2010). 

Chimera detection and removal packages such as UNOISE or DADA2 were 
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not used due to difficulties detecting chimeras from short amplicons (<300bp) 

and those derived from sequences with closely related parents (Taberlet et al. 

2018b). Trial runs of the UNOISE 2 package led to very large losses of 

sequences (>90%) that on observation contained sequences with high 

sequence counts that were not likely to be chimeras. As sequencing error 

including that caused by chimeras can be greatly reduced with high MOTU 

copy number thresholds such as 10+ reads or 0.005% of total sequences 

within a sample, this approach was preferred and applied in the later analysis 

steps (Bokulich et al. 2013, Alberdi et al. 2018).  

 

3.3.9 Taxonomic assignment 

Clustering thresholds used for the creation of molecular operational taxonomic 

units (MOTUs) can have a significant impact on the outputs of metabarcoding 

pipelines (Alberdi et al. 2018). Typically 97% remains the most commonly used 

clustering threshold with a range from 95-100% (Kunin et al. 2010). More 

conservative clustering thresholds risk over clustering species, and therefore 

underrepresenting the true diversity while high thresholds can lead to MOTU 

inflation as a result of intraspecific variability and remaining unfiltered 

sequencing errors and chimeras (Kunin et al. 2010). Alternatively other studies 

have reported little impact of clustering threshold on the community structure 

or ecological conclusions derived from metabarcoding datasets (Clare et al. 

2016, Botnen et al. 2018). In these cases, the abundant MOTUs were 

sufficiently phylogenetically distinct from one another that they were 

unaffected by the different clustering thresholds used. LT’s fishes pose a 

number of challenges when assigning MOTUs. Firstly, the large number of 

closely related species mean that interspecific variability within the target gene 

regions is low. As a result, conservative thresholds could easily cluster species 

together, reducing the taxonomic resolution of the barcodes used and 

underrepresenting the true diversity. Secondly, significant population 

structuring has been identified within a number of the lake’s fish species 

(Wagner and McCune 2009), and as a result increased intraspecific variability 

is expected for these species particularly within the highly variable control 

region.  
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Swarm v2 clustering threshold was selected as this produces fine scale 

MOTUs reducing the risk of over clustering (Mahé et al. 2015). This approach 

is free from both a global threshold or input-order dependency, such as MOTU 

size for the UCLUST algorithm (Edgar 2010), clustering MOTUs using iterative 

single linkages with a local clustering threshold (Mahé et al. 2014). A fastidious 

option that involves a second round of clustering mapping low abundant 

singleton and doubleton MOTUs onto closely related larger ones was also 

included to prevent under-clustering and data loss (Mahé et al. 2015). A default 

clustering threshold of d=1 was used, referring to the number of base 

mismatches allowed within clusters.  

Following clustering, MOTUs with a read count smaller than three were 

removed (following Hänfling et al. 2016). Remaining MOTUs were 

taxonomically assigned with Blast+ searches against the local reference 

database for each region, followed by the NCBI nt database. Blast matches 

were constrained by a percentage similarity of at least 90%, an e-value less 

than 10-5 and a match length at least 90% of the simplified region for each 

amplicon. Taxonomies were then further filtered and assigned to MOTUs with 

MEGAN v6.11.6 based on primer-specific identity thresholds of 97% for 

16s_Teleo and Cichlid_CR, and 98% for MiFish and 12S-V5, using default 

parameters (LCA Algorithm = naive),  apart for a minimum score of 200 (150 

for 12S-V5), a minimum e-value of 10-10, a top percent of 2, and a Min Support 

of 1 (Huson et al. 2016).  

To investigate the likely identity of unassigned MOTUs a secondary 

blast search was undertaken against the NCBI nucleotide database with taxa 

assigned using the same methods as for the local reference database. Taxa 

assigned at this stage to previously unassigned reads were not included within 

the final dataset from which species richness estimates were derived.  

 

2.8 Error filtering and final eDNA matrix assignment 

To reduce the impact of false positives, the maximum read count for each 

MOTU found in any of the filter or extraction negative controls was subtracted 

from the read counts for the respective MOTUs within the LT and aquarium 

samples. MOTUs were then grouped together by their assigned taxonomy. 

Taxonomic assignments with a sample read count below 0.15% were 
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removed. This was based on read counts within the aquarium samples, 

removing any assignments to species not found within the aquarium, except 

potential misidentifications to close relatives by the MiFish marker. Taxonomic 

assignments from each primer set were aggregated together to form a final 

matrix. Those at a higher level than species or species complex were removed.  

 

3.3.10 Statistical analysis 

All statistical analysis was undertaken in RStudio v1.1.453 (RStudio Team 

2015). Total matrices were converted to presence-absence for comparisons 

between year, filter replicates and survey methods. Visual survey rarefaction 

curves were produced using iNEXT v2.0.17 (Hsieh et al. 2016). Accumulation 

curves for the eDNA samples and site species richness values were calculated 

using Vegan v2.5.4. eDNA accumulation curves were calculated for 2017 sites 

only as these contained three filter replicates per site. Site species richness 

values were calculated using the Vegan R package and Sørenson dissimilarity 

values with betapart v1.5.0 (Baselga and Orme 2012, Oksanen et al. 2012). 

The community compositions of species richness estimates derived from the 

eDNA and visual surveys were statistically compared with Analysis of 

Similaritiy (ANOSIM) tests (method=jaccard, binary=TRUE) using Vegan 

v2.5.4. 

 

3.4 Results 

3.4.1 Visual surveys 

A total of 945 detections representing 63 species were made across the visual 

surveys, including 55 cichlid and 8 non-cichlid species. Interpolated and 

extrapolated sampling curves showed clear plateauing at the majority of sites, 

demonstrating sufficient sampling completeness in both field seasons (Figures 

S3.1 & S3.2).  
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3.4.2 Sequence data 

In total 11.5 million and 8.6 million paired-end reads were obtained from the 2 

X 150bp and 2 X 250bp MiSeq runs respectively. Following the bioinformatic 

filtering steps shown in Tables S3.2 and S3.3, a total of 9.1 million reads 

remained across the four primer sets. 5.1 million reads were assigned to the 

MiFish primer set with the other three primers ranging between 952 thousand 

and 1.7 million reads. Low read counts were identified for some samples with 

each primer set (MiFish = 6, 12S-V5 = 7, 16s_Teleo = 2 and Cichlid_CR = 2), 

that were ultimately removed. These were not consistent across the samples 

apart from replicates for site 2 and 18 in 2017 that had very low extract DNA 

concentrations (<2ng/µl). Following filtering (Table S3.2), mean sequencing 

depths per a site were 155,208 in 2016 (one filter replicate) and 531,267 in 

2017 (with three filter replicates). Mean LT sample depths for each marker 

were: 108,362 reads for MiFish, 36,880 for 12S-V5, 25,787 for 16s_Teleo and 

19,198 for Cichlid_CR. Rarefaction curves for the 2017 eDNA samples 

showed little plateauing demonstrating limited sampling completeness and 

suggesting sequencing depth may not be sufficient at some sites (Figure 3.8). 

Of the 19 filter and extraction controls sequenced, no contamination was 

identified within the negative controls for any of the species within the local 

reference database. The secondary NCBI blast search did identify human 

assigned 12S-V5 (N=5) and 16s_Teleo (N=3) reads within some of the field 

filter controls likely resulting from the collecting or filtering of eDNA samples in 

the field as these were not present in any of the DNA extraction negative 

controls. 

 Taxa from 12 fish families within the reference database were assigned 

to MOTUs (Figure 3.9). Cichlidae dominated both the MOTU and read counts 

of all four primer sets, largely reflecting their abundance within the littoral 

habitat. The MiFish primer set showed a high specificity to fishes with 96.9% 

of reads assigned to sequences within the reference database.  For the 12S-

V5, 16s_Teleo and Cichlid_CR markers 47.2%, 49.4% and 32.5% of reads 

respectively remained unassigned. The secondary blast search against the 

NCBI nt database demonstrated the majority of these reads were assigned to 

Vertebrata, primarily Hominidae, for the 12S-V5 and 16s_Teleo primer sets 
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(Figure 3.9). For Cichlid_CR, 86% of unassigned reads matched to LT cichlid 

sequences not included within the local reference database. This likely reflects 

intraspecific variability within the Cichlid_CR barcode not accounted for within 

the reference database for which there is currently one sequence per species. 

Species level assignments to MOTUs made by the local reference and NCBI 

databases were found to differ in 34.5% of cases with species in different 

genera assigned to 3.5% of MOTUs. To ensure the accuracy of identifications, 

MOTUs with only NCBI assignments were therefore not included within the 

final dataset.  
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Figure 3.8. Rarefaction curves for the 2017 eDNA samples. Points represent diversity 

estimates derived from each of the four markers for any of the three filter replicates 

(N=12). Number of replicates for some samples were reduced due to the removal of 

samples with low read counts. 
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Figure 3.9. Families to which MOTUs and sequence reads were assigned (top) and 

families to which unassigned MOTUs and sequences were assigned with a secondary 

blast search against the NCBI nt database (bottom).  
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3.4.3 Aquarium samples 

All four markers consistently identified Neolamprologus longior, which is by far 

the most abundant fish species within the ZSL tank (Table S3.4). 

Julidochromis dickfeldi species level assignments were made by the MiFish 

and Cichlid_CR markers for the Julidochromis sp. within the tank. The 

remaining assignments however were limited to genus, tribe or family level, 

with no read assignments corresponding to Altolamprologus calvus or 

Haplotaxodon microlepis for the Cichlid_CR marker. The MiFish marker also 

made two erroneous assignments to close relatives of species found within the 

aquarium shown below the dashed line in Table S3.4. The aquarium samples 

highlight the challenges identifying taxa down to species level with varying 

taxonomic resolutions achieved across all four primer sets.  

 

3.4.4 Lake Tanganyika samples 

The majority of MOTUs and reads were assigned to taxonomic levels above 

species and species complex for the three universal fish primers (Figures 3.10 

& 3.11). 37.1%, 40.9% and 34.2% of total reads were identified to species level 

by the MiFish, 12S-V5 and 16s_Teleo markers respectively. 39.2% of 12S-V5 

reads were assigned to family level, greater than all three other markers 

(MiFish = 27.6%, 16s_Teleo = 6.7% and Cichlid_CR = 0.01%). A much higher 

proportion of MOTUs and reads were assigned to species level by Cichlid_CR 

with 81.2% of MOTUs and 76.6% of reads assigned to species level 

respectively.  
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Figure 3.10.  Relative proportion of MOTUs assigned to each taxonomic level for all 

four markers.  Complex is species complex representing a group of species with 

identical barcode sequences. 
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Figure 3.11. Relative proportion of sequence reads assigned to each taxonomic level 

for all four primer sets.  Complex is species complex representing a group of species 

with identical barcode sequences. 

 
Within the final eDNA dataset 645 detections of 109 species or species 

complexes (N=8) were made across the eDNA samples in both years, 

including 84 cichlids and 25 non-cichlids. No species level assignments were 

made for Clarias catfishes, so only the genus assignment was included. Of the 

84 cichlid species identified, 19 were unlikely to be found along the surveyed 

range, based on previous coastline survey data and Konings (2015). These 

species represented 7.6% of site occurrences within the eDNA dataset with 16 

species occurring three or less times. Only three of the mis-assigned species 

had nearest neighbour K2P distances greater than 2% with a mean of 1.37% 
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within their identifying markers. This demonstrates they all had close genetic 

relatives within the reference database. Similar to the aquarium samples, 

these were considered to be erroneous assignments likely representing false 

positives. As a result, they were removed from further analysis for comparisons 

with the visual survey data.    

 Of the 65 remaining cichlid identifications 31 (48%) were made by one 

marker, 19 (29%) by two, 9 (14%) by three and 6 (9%) by four markers (Figure 

3.12a). A total of 44 cichlid species were detected by Cichlid_CR, 33 by 

16s_Teleo, 29 by MiFish and 14 by 12S-V5. The Cichlid_CR primer set also 

detected the most unique cichlid species with 17 independent identifications. 

Of the 25 non-cichlid identifications eight were made by all three markers, with 

16s_Teleo (N=19) and MiFish (N=18) detecting more species than 12S-V5 

(N=11) (Figure 3.12b). Only two of the 19 erroneous species identifications 

were made by more than marker (Figure 3.12c). Of the remaining 

identifications three were made by MiFish, two by 12S-V5, seven by 16s_Teleo 

and five by Cichlid_CR.  
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Figure 3.12. Primer detections of fish species within the eDNA dataset. Identifications 

are split into cichlid fishes only (a), non-cichlid fishes (b) and likely false positives (c). 
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3.4.5 eDNA sample comparison 

No relationship was identified between species richness estimate and the 

standardised read counts of samples (Spearman rho = -0.14, p=0.058, N=180) 

or sites (Spearman rho =0.19, p=0.35, N=27). Filter replicates collected at sites 

in 2017 showed limited similarity in species detected (Figure 3.13). In total, 

53% of species detections were made by one filter, 23% by two and 24% by 

three. A significant negative correlation was identified between total site 

species richness and the percent of species identified in only one biological 

replicate (Spearman rho = -0.70, p=0.015, N=12), with a significant positive 

correlation also identified between site species richness and the percent of 

species identified in three biological replicates (Spearman rho = 0.80, p = 

0.002, N=12).  

 

 

Figure 3.13. Percentage of species identified in each of the three filter replicates 

collected at sites in 2017. 
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3.4.6 eDNA field season comparison 

The use of multiple filter replicates in the 2017 field season resulted in 

increased eDNA species richness estimates for each site compared to 2016. 

Mean eDNA species richness estimates across all sites were 17.1 in 2016 and 

28.3 in 2017 while the six sites surveyed in both years had a mean species 

richness estimate of 13.0 in 2016 and 27.7 in 2017. Sørenson dissimilarity 

comparisons of the 2016 and 2017 species richness estimates derived from 

each site therefore showed limited similarity ranging between 0.37 and 0.85 

(Table 3.1). The nestedness component dominated at four sites compared to 

species turnover as a result of the lower species richness estimates derived 

from the 2016 samples compared to 2017.  

 

 

Table 3.1. Comparison of species detected from eDNA samples in 2016 and 2017 for 

the six sites surveyed in both years. Total species richness is the total number of 

species recorded at each site over both years. Beta.sor = total Sorenson dissimilarity, 

beta.sim = Simpson pair-wise dissimilarity measuring species turnover, beta.sne = 

dissimilarity accounting for species nestedness. 

 

3.4.7 Comparison of eDNA and visual survey site diversity estimates 

Across all surveys a total of 103 species were detected; with 50 species (43 

cichlids and 7 non-cichlids) detected by both methods; 40 (22 cichlids and 18 

non-cichlids) by the eDNA method only; and 13 (12 cichlids and 1 non-cichlid) 

by the visual surveys only. Species compositions detected by the eDNA and 

visual survey methods were found to significantly differ (ANOSIM, R = 0.611, 

P = 0.001). Visual survey species richness estimates were consistently higher 

compared to those derived from the eDNA samples in both years (Figure 

3.14).This was largely due to a reduced detection of cichlids at each site, with 

 
Site Total species richness Shared species 2016 only 2017 only beta.SOR beta.SIM beta.SNE 

2 11 3 0 8 0.57 0.00 0.57 
3 25 2 1 22 0.85 0.33 0.52 
4 51 14 3 34 0.57 0.18 0.39 

10 42 14 3 25 0.50 0.18 0.32 

11 33 14 6 13 0.40 0.30 0.10 
12 24 11 7 6 0.37 0.35 0.02 
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a number of commonly observed species missing from or underrepresented 

within the eDNA dataset. For example, Lamprologus callipterus, 

Lepidiolamprologus attenuatus and Perrisodus microlepis that had 26, 26 and 

27 site occurrences within the visual survey data respectively were not present 

within the eDNA dataset. A reduced number of detections per species was 

also consistently observed within the eDNA data compared to the visual survey 

dataset (Figure 3.15). As a result, no relationship was identified between the 

number of site detections made by the visual and eDNA surveys for species 

detected by both methods (Figure S3.3). 

The eDNA dataset consistently detected a greater number of non-

cichlid species at each site compared to the visual survey data particularly in 

2017 (Figure S3.14c). Across the 2016 and 2017 field seasons a mean of 3.9 

and 8.3 non-cichlid species respectively were detected per site within the 

eDNA dataset compared to 2.0 and 3.3 respectively from the visual surveys. 

In total, a greater number of non-cichlid species detected with in the eDNA 

samples (N=25) compared to the visual surveys (N=8). This includes an 

increased number of detected species within the Mastacembelus spiny eel, 

Synodontis and claroteid catfish radiations, as well as of other catfishes (e.g. 

Malapterurus tanganyikaensis, Tanganikallabes mortiauxi), Lates species, the 

lake’s two freshwater herring species (Limnothrissa miodon and Stolothrissa 

tanganicae) and Acapoeta tanganicae. Observed Barbus sp. (possibly a 

misidentification of Acapoeta tanganicae) assigned to genus level at sites in 

2017 was the only non-cichlid detected by the visual surveys not included in 

the eDNA dataset.  
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Figure 3.14. Species richness estimates from the individual surveys (boxplots), total 

site estimates from the ten surveys (blue squares) and from the eDNA samples (red 

triangles). The top, middle, and bottom rows shows total species richness for: all fish, 

cichlid species; non-cichlid species respectively. 
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Figure 3.15. The number of detections per species across the eDNA and visual 

survey datasets. Each point represents a species. Total number of sites across both 

field seasons = 27.  

 

Species detections for the eDNA and visual survey methods showed 

limited similarity at each site (Table 3.2). In 2016, an average of 22% of species 

detected at each site were found within the eDNA and visual survey datasets, 

21% were in the eDNA data only and 57% in the visual survey data only. In 

2017 the number of species detected by both survey methods at each site 

increased to 27% with 26% detected by the eDNA data only and 46% by the 

visual survey only. As a result, mean Sørenson dissimilarity values of 0.66 and 

0.59 were detected across 2016 and 2017 respectively, demonstrating this 

difference in composition. Some of this variation was driven by the lower 

species richness estimates obtained from the eDNA samples resulting in an 
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increased proportion of the Sørenson dissimilarity driven by species 

nestedness. At most sites however, this difference was caused by species 

turnover due to the large proportion of species only detected by either one of 

the eDNA and visual survey methods. 

 
 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

 

 

 

Table 3.2. Comparisons of site species richness estimates from the eDNA and visual 

surveys.  Beta.Sor is the Sørenson dissimilarity between estimates, Beta Sim. is the 

Simpson pair-wise dissimilarity measuring species turnover and beta Sne. is the 

dissimilarity accounting for species nestedness. Total SR is the combined species 

richness estimate from both survey methods. Site descriptions state the site number 

followed by the survey year (16 = 2016; 17 = 2017).  

Site Total 
SR 

Shared 
Species 

eDNA 
Unique 

Visual 
Unique 

Beta 
Sor.  

Beta 
Sim.  

Bet 
Sne. 

S1_16 37 7 9 21 0.68 0.56 0.12 

S2_16 35 2 1 32 0.89 0.33 0.56 

S3_16 34 1 2 31 0.94 0.67 0.28 

S4_16 48 6 11 31 0.78 0.65 0.13 

S5_16 43 9 10 24 0.65 0.53 0.13 

S6_16 44 11 10 23 0.6 0.48 0.12 

S7_16 30 1 3 26 0.94 0.75 0.19 

S8_16 40 11 10 19 0.57 0.48 0.09 

S9_16 32 7 8 17 0.64 0.53 0.11 

S10_16 40 7 10 23 0.7 0.59 0.11 

S11_16 40 11 9 20 0.57 0.45 0.12 

S12_16 37 14 4 19 0.45 0.22 0.23 

S13_16 47 14 15 18 0.54 0.52 0.02 

S14_16 46 15 10 21 0.51 0.4 0.11 

S15_16 47 16 12 19 0.49 0.43 0.06 

S2_17 43 6 5 32 0.76 0.45 0.3 

S3_17 49 12 12 25 0.61 0.5 0.11 

S4_17 64 26 22 16 0.42 0.38 0.04 

S10_17 52 14 24 14 0.58 0.5 0.08 

S11_17 51 13 14 24 0.59 0.52 0.08 

S12_17 46 12 5 29 0.59 0.29 0.29 

S16_17 62 19 19 24 0.53 0.5 0.03 

S17_17 62 24 19 19 0.44 0.44 0 

S18_17 44 6 3 35 0.76 0.33 0.43 

S19_17 46 11 4 31 0.61 0.27 0.35 

S20_17 57 18 16 23 0.52 0.47 0.05 

S21_17 58 13 22 23 0.63 0.63 0.01 
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3.5 Discussion 

This study has demonstrated the potential of eDNA metabarcoding for 

surveying highly diverse and complex fish communities as well as detecting 

closely related species within evolutionary radiations. The use of multiple 

primers enabled species level detections to be made within the highly diverse 

and complex cichlid fishes, particularly due to the improved resolution of the 

Cichlid_CR marker. The three universal fish markers also enabled the 

improved detection of non-cichlid species compared to the visual surveys, 

representing a potential immediate benefit of incorporating eDNA methods 

alongside traditional surveys within LT. The chapter also highlights current 

limitations and potential sources of false positive detections within the data, 

with recommendations for further improvements that will be discussed below. 

The capacity for eDNA metabarcoding to detect recently diverged species 

within LT, highlights the ability of this method for surveying fish communities 

even within diverse tropical systems and therefore freshwater fish diversity 

globally.  

 

3.5.1 Species level identifications 

Species level identifications were made by all four primer sets, however the 

proportion of reads and MOTUs assigned to species level differed greatly. An 

increased proportion of Cichlid_CR assigned reads and MOTUs were 

identified to species level compared to the 12s and 16s markers, likely as a 

result of the increased interspecific divergences identified in Chapter two. The 

other three markers showed limited taxonomic resolution with over 50% of 

reads assigned to genus level or above. Due to the large number of genera 

containing multiple species within LT and its littoral habitats, species level 

identifications are largely required to be ecologically informative. As a result, 

reads assigned to higher taxonomic levels represent lost information, limiting 

the number of detections from these primer sets. 

Nevertheless, the eDNA samples resulted in a greater number of 

species identifications compared to the visual surveys, with 90 species 

identified in total (excluding false positives).  There is a strong depth gradient 
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in the community structure of LT’s littoral fish communities and as a result 

significant changes in species composition can occur over small spatial scales 

(Takeuchi et al. 2010). A number of the cichlid species identified only in the 

eDNA dataset are more commonly found in either the wave washed habitat 

such as Pseudosimochromis curvifrons, Tanganicodus irsacae and Spathodus 

erythrodon at depths above those surveyed, as well as deep water habitats 

including Benthochromis horii, Xenotilapia caudafasciata and two 

Trematocara species at depths below the visual surveys (Konings 2015). 

Furthermore, longitudinal variation in community composition is heavily 

influenced by substrate type (e.g. rocky, sandy, muddy) (Widmer et al. 2019). 

While all eDNA samples were collected in rocky habitats, some additional 

species more commonly found within sandy habitats including Cardiopharynx 

schoutedeni, Lestradea stappersii and a number of Xenotilapia species were 

detected. The lake’s two freshwater herring species; Limnothrissa miodon and 

Stolothrissa tanganyicae, which are pelagic were also identified within the 

samples. These examples suggest the scales of detection within the eDNA 

samples likely extend beyond the local littoral habitat surveyed. eDNA studies 

in similar coastal marine and lentic freshwater systems have shown fine scaled 

detection for fish communities, with longer barcodes such as the Cichlid_CR 

primer potentially reducing the scales of detection further (Hänfling et al. 2016, 

Port et al. 2016, Andruszkiewicz, Starks, et al. 2017). This is likely to vary 

across ecosystems however, with processes including lake mixing and 

stratification theoretically influencing the scales of detection (Deiner et al. 

2017). For example, seasonal upwelling common in LT could result in the 

transportation of deep-water eDNA into the littoral habitat. Sampling across 

depths and habitat boundaries as well as investigating transport and 

degradation rates within LT would enable scales of detections to be further 

investigated.  

Of the 19 detected species considered to be likely false positives 17 

were identified by individual primers, of which 10 occurred at only one site and 

six at two or three sites.  Neolamprologus caudopunctatus and Xenotilapia sp. 

‘papilio sunflower’ assignments were made by two markers with occurrences 

at 11 and 8 sites respectively, therefore not adhering to the lower confidence 

levels expected from false positive assignments. Due to the large number of 
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closely related species with low interspecific genetic distances, particularly 

within the 12s and 16s markers, the potential for mis-assignments is increased. 

This is highlighted by the low nearest neighbour genetic divergences for each 

mis-assigned species within their identifying markers. For example, 

Cyphotilapia gibberosa likely represents a mis-assignment by MiFish to 

Cyphotilapia frontosa, a species common along the surveyed coastline. 

Similarly, Xenochromis hecqui identified by 16s_Teleo has only a 1.4% genetic 

divergence within this marker from Haplotaxodon microlepis as well as being 

closely related to Perissodus microlepis, both of which were frequently 

observed within the visual surveys. In these cases, it is possible the limited 

interspecific genetic distances for some markers increases the likelihood of 

erroneous assignments resulting in false positive identifications. Erroneous 

assignments to close relatives were also identified by Cilleros et al. (2019) 

within tropical South American streams. These findings demonstrate the 

potential for assignment errors within complex tropical communities containing 

closely related taxa often with limited sequence availability in reference 

databases. The use of stringency thresholds for inclusion in the final eDNA 

dataset such as Evans et al. (2017), could be applied to reduce assignment 

errors with low confidence levels, such as those detected by only one marker 

or filter replicate. This was not applied in this study due to the loss of true 

detected species that could result from higher stringencies and the potential 

bias against inclusion in the dataset for closely related species that can only 

be identified down to species level by one or two of the markers.   

With only one sequence present for each species in the reference 

databases, taxonomic assignments did not take into account intraspecific 

variability within LT’s fish species. These identifications therefore assume a 

barcoding gap exists in which interspecific divergences between species are 

higher than intraspecific divergences within species. Such a barcoding gap 

has been shown not to be present across all organisms, with exceptions 

previously demonstrated across multiple species (Meyer and Paulay 2005, 

Ward et al. 2005, Meier et al. 2006, Wiemers and Fiedler 2007). As many fish 

species in LT have reduced interspecific distances, with distinct population 

structuring also identified in some (Sefc et al. 2007, Wagner and McCune 

2009), it is likely an overlap in interspecific and intraspecific distances exists 
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for certain taxa. A divergence overlap would violate the present assumption of 

a barcoding gap for all of LT’s fish species and could lead to erroneous species 

identifications from the eDNA metabarcoding data in the form of false negative 

or false positive identifications. For example, overlapping intraspecific and 

interspecific divergences between two closely related species could lead to 

DNA from one species erroneously being assigned to another within the 

reference database leading to a false positive detection. Where insufficient 

sequence data exists in the database, false negatives could occur if a DNA 

sequence has diverged sufficiently from the reference sequence for a species 

such that it no longer meets the MEGAN thresholds for taxonomic assignment. 

Further improvements within the reference database will enable assessments 

of interspecific and intraspecific divergences to be made for LT’s species (e.g. 

using the SPIDER R package (Brown et al. 2012)), and in turn enable more 

accurate identifications to be made.  

 A number of similarities exist in the detection of some non-cichlid 

species by the eDNA and visual survey methods. Commonly observed species 

including Lamprichthys tanganicanus, Mastacembelus moori and 

Mastacembelus platysoma were all regularly detected within the eDNA data, 

while Lates mariae, that was only observed within the 2017 visual surveys, 

only occurs in the eDNA data within this year as well. Overall however, the 

eDNA samples showed an improved detection of non-cichlid species at sites 

compared to the visual surveys, with the use of filter replicates in 2017 

resulting in an increase in the number of species detected. The improved 

detections of species within the catfish and mastacembelid eel radiations, 

demonstrated the effectiveness of eDNA metabarcoding for distinguishing 

between closely related species within these groups. While an increased 

number of detections were made by all three primer sets, a number of species 

were still identified by one or two markers with Synodontis species only 

assigned to MOTUs by 16s_Teleo. Building on the findings of earlier eDNA 

metabarcoding studies surveying fish communities (Evans et al. 2017, Stat et 

al. 2017), the use of multiple primer sets enables the improved detection of 

both cichlid and non-cichlid species.  

Many of the non-cichlid species only detected in the eDNA samples are 

likely to be underrepresented within the visual surveys due to their behavioural 
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habits. For example, the claroteine catfishes (e.g. Chrysichthys sianenna, 

Lophiobragrus cyclurus and Bathybagrus tetranema) are largely nocturnal 

(Peart et al. 2014) and many Mastacembelus species live in the substrate or 

within the complex rocky environment (Brown et al., 2011). In comparison, the 

territorial nature of many cichlid fishes means they are less shy towards 

SCUBA divers, a behaviour that has been shown to positively bias the 

detection of fish species within visual survey data (Bozec et al., 2011). These 

behaviours are therefore likely to result in the positive bias of cichlids and 

underrepresentation of many non-cichlids within visual surveys. Many of the 

species present only in the eDNA dataset are also wider ranging with lower 

local abundances than the majority of cichlid species in the littoral habitat and 

are therefore much less likely to be consistently recorded by the stationary 

visual surveys. Similarly species that commonly exist in schools, such as 

Lamprichthys tanganicanus, are likely to have biased detection rates from the 

visual surveys (Pais and Cabral 2018), explaining why this species was more 

commonly detected within the eDNA data. As the eDNA survey method is less 

influenced by species behaviour, its combined use alongside visual surveys 

holds the potential to help overcome some of these survey biases particularly 

for the often more genetically distinct non-cichlid teleost species. This could 

therefore represent an immediate benefit of incorporating an eDNA 

metabarcoding approach within survey methodologies of LT’s littoral fish 

communities.  

 The eDNA survey method also effectively identified a number of pelagic 

non-cichlid species of particular importance to local fisheries. This includes the 

pelagic clupeids; Limnothrissa miodon and Stolothrissa stappersii, as well as 

Lates species, particularly Lates stappersii and a complex including Lates 

micolepis, Lates mariae and Lates angustifrons. The two clupeid species and 

Lates stappersii represent the most exploited fisheries with fishing intensities 

in the region increasing (Kimirei et al. 2008). Current catch-rate data is 

currently insufficient to inform fisheries management within the region (Van 

Zwieten et al. 2002), with significant seasonal variation in regional abundance 

shown for these species (Kimirei and Mgaya 2007, Plisnier et al. 2009). As a 

result, there is a need to better understand the population structure, 

abundance and distribution of these species within LT (De Keyzer et al. 2019). 



 139 

Limnothriss miodon and Lates stappersii also inhabit the littoral region more 

frequently than Stolothrissa stappersii (Coulter 1991), a behaviour that could 

have important consequences for their population structure and therefore 

fisheries management (De Keyzer et al. 2019). The sensitive detection of 

these taxa to species level by the eDNA metabarcoding in this study 

demonstrates the potential of this approach for providing a cost effective and 

accurate way of monitoring these fisheries in the lake and producing data that 

could help address these outstanding knowledge gaps. More targeted survey 

designs also have the potential to identify population structure within species 

from eDNA samples (Parsons et al. 2018, Adams et al. 2019). eDNA 

metabarcoding could therefore represent an effective method of monitoring 

LT’s pelagic fish species in the future.  

 

3.5.2 Filter replicate similarity  

Limited similarity between filter replicates at each site in 2017 was observed, 

as has been previously reported (Andruszkiewicz, Starks, et al. 2017), 

however in this case true biological replicates were collected rather than filter 

replicates from a larger individual water sample. Sites with a more diverse 

species richness estimate had an increased percentage of species identified 

in three filter replicates and a lower percentage of species detected in one filter 

replicate. Similarity between replicates is therefore greater at sites with a 

higher species richness. The limited similarity at low diversity sites likely results 

from inconsistencies surrounding the preservation, amplification or 

sequencing of one or more filter replicates at these sites, leading to variable 

species detections. The optimisation of methods would likely lead to an 

improved similarity between replicates as observed at sites that detected a 

greater number of species (e.g. sites 17 and 21). For example, while the 

storage of cellulose-nitrate filter papers in ethanol at -20oC has been shown to 

be effective for eDNA preservation (Hinlo et al. 2017), recent research has 

demonstrated the use of lysis buffer or drying in silica gel can give more 

consistent community composition estimates from lake eDNA samples 

(Majaneva et al. 2018) and therefore likely filter replicates.  
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3.5.3 Species richness estimates 

While detecting more species overall, the eDNA samples consistently 

produced lower site species richness estimates compared to the visual 

surveys. Similarly, the community composition of species richness estimates 

from the eDNA and visual survey methods were also found to largely differ. 

Dissimilar fish assemblage patterns were also detected between eDNA 

metabarcoding and traditional survey approaches across diverse tropical 

streams in French Guiana (Cilleros et al. 2019). Much higher similarities 

between eDNA and traditional methods at sites have been reported within 

temperate ecosystems (Pont et al. 2018), largely due to the high detection 

sensitivity of eDNA metabarcoding methods within these ecosystems 

(Hänfling et al. 2016, Valentini et al. 2016, Evans et al. 2017). In LT, this 

difference results from consistently observed cichlid species either not being 

detected or being underrepresented within the eDNA dataset, with a lower 

number of detections per species overall compared to the visual surveys. 

While limitations in eDNA detections could be caused by PCR bias or 

the taxonomic resolution of individual markers, in this instance it is likely 

derived from under sampling due to the sequencing depth used as well as 

limitations in the reference database, particularly for the Cichlid_CR marker. 

Despite the sample sequencing depth being comparable to that used in other 

eDNA metabarcoding studies (e.g. Li et al., 2019; Yamamoto et al., 2017) the 

exceptional diversity of LT’s littoral habitat compared to these systems means 

a larger sequencing depth is likely required to get closer to saturation of 

species detection (Figure 3.8). Two eDNA metabarcoding studies recently 

published focusing on Guianese tropical streams sequenced PCR replicates 

separately with sample sequencing depths of over 400,000 reads per sample 

(Cantera et al. 2019, Cilleros et al. 2019). As the diversity of LT is twice that 

identified in Guianese streams, a sequencing depth at least comparable to 

these studies is likely required to obtain accurate species richness estimates 

for LT. These results demonstrate increased sequencing depths are likely 

required when undertaking eDNA metabarcoding studies within highly diverse 

tropical ecosystems.  
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 Despite detecting low intraspecific divergence percentages overall, 

CO1 barcoding efforts within LT did identify increased intraspecific variability 

within some species (Breman et al. 2016), particularly those found to already 

have distinct mitochondrial lineages within sub-basins of the lake (Nevado et 

al. 2009). While the selected barcodes are shorter than the CO1 marker used 

in this study, the gene regions are comparatively more variable demonstrating 

the potential for unaccounted for intraspecific variability. For example, 

Altolamprologus compressiceps that was observed within 26 sites surveyed 

was largely underrepresented within the eDNA dataset with only two site 

detections by MiFish. This species shows little genetic structuring except for a 

divergent mitochondrial clade within the northern populations of the lake 

(including Mwamgongo and Kigoma region populations), likely resulting from 

hybridisation (Koblmüller et al. 2017). As the Altolamprologus compressiceps 

reference sequence is not derived from a specimen within the northern clade 

found along the surveyed coastline, there is unlikely to be a sufficiently high 

percentage identity match with MOTUs for taxonomies to be assigned by the 

Cichlid_CR marker. When the Altolamprologus compressiceps sequence was 

aligned with sequences from Koblmuller et al. (2017) (Muscle algorithm with 

Geneious v10.2.6), the reference database sequence most closely aligned 

with specimens collected in the south of the lake at Kalambo lodge, part of the 

southern clade (>99% similarity), and had a similarity (percentage of identical 

bases across marker) of only 91% with specimens collected in Mwamgongo 

along the surveyed range within the lake’s northern clade. As a result, the 

Altolamprologus compressiceps Cichlid_CR sequence within the reference 

database is unlikely to assign to species inhabiting the northern region of the 

lake surveyed in this chapter. This could also be a reason for the lack of 

representation of other commonly observed species with large lake ranges 

such as Lamprologus callipterus, Lepidiolamprologus attenuatus and 

Perrisodus microlepis. Adding further sequences, accounting for intraspecific 

geographic variation within the reference database would help to overcome 

this.  

Further expansion of the reference database with the addition of 

regional samples of LT species could improve the number and resolution of 

species detections, particularly with Cichlid_CR for which a significant 
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proportion of MOTUs remain unassigned. Using publicly available control 

region sequences could enable this, however the observed discrepancies in 

taxonomic assignments between NCBI and the local reference database 

highlight the challenges of using public databases. These contain verified and 

unverified sequences, that can lead to the presence of ambiguous 

assignments (Shum et al. 2017). Similarly, due to a number of taxonomic 

changes to LT’s fishes within recent years, the NCBI taxonomy is not up-to-

date for many sequences. These issues could be overcome in the future 

through providing a comprehensive dataset of verified NCBI sequences with 

reliable references as demonstrated by Shum et al. (2015). The inclusion of 

these sequences and obtaining further sequences from sample collections 

could reduce the number of unassigned MOTUs, likely improving the 

resolution and number of detections from the eDNA samples. There is also the 

potential to investigate the biodiversity of sites using a taxonomy-free 

approach more focused on the diversity of MOTUs. This could be challenging 

however due to the likely intraspecific variability within the markers for cichlid 

species (particularly Cichlid_CR). There would be the risk of oversplitting 

species with substantial population structuring if it was assumed MOTUs 

reflected true species, or indeed undersplitting for some markers with 

insufficient taxonomic resolution.  

 

 

 

 

 

3.6 Supporting Information 
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Table S3.1. Site GPS decimal coordinates. 
 

 

 

 

 

Site S E 
1 4.92054 29.60578 
2 4.91761 29.59550 
3 4.90866 29.59713 
4 4.90413 29.59471 
5 4.89927 29.59522 
6 4.89963 29.60040 
7 4.89648 29.61127 
8 4.88771 29.61187 
9 4.87905 29.62057 

10 4.86468 29.60933 
11 4.85646 29.60867 
12 4.84765 29.60797 
13 4.84109 29.61061 
14 4.82752 29.60434 
15 4.81263 29.60856 
16 4.80200 29.59945 
17 4.79692 29.59910 
18 4.75521 29.60419 
19 4.55776 29.64644 
20 4.55303 29.64740 
21 4.54558 29.64896 

 

 2X 150bp MiSeq 2 X 250bp MiSeq 

Data filtering Steps MiFish 12S-V5 16s_Teleo Cichlid_CR 

Original sequences 11,571,124 8,628,579 

Trimming reads to 90bp for 12S-V5 read alignment - 11,571,124 - 

Trimmomatic quality filtering 8,762,321 11,087,499 7,062,892 

FLASH read alignment 6,284,847 5,061,527 5,836,929 

MOTHUR length filtering & demultiplexing 5,445,802 4,738,932 3,481,522 1,958,671 

SWARM filtering of MOTUs with < 3 reads 5,365,348 3,539,203 2,535,498 1,411,661 

BLAST filtering of unnassigned MOTUs 5,198,167 1,734,705 1,338,628 953,164 

Removal and subtraction of negative controls 5,187,275 1,709,581 1,338,168 953,077 

Removal of taxa with abundance < 0.15% 5,171,103 1,707,872 1,335,315 952,903 

Removal of problematic samples (low read/OTU count) 5,170,976 1,707,784 1,335,315 952,721 
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Table S3.2. Total read counts across each of the bioinformatic filtering steps. Dashes 

show the analysis step was not undertaken for that dataset. Columns are separated 

by both sequencing run and primer set. 

 

 

 

 
Table S3.3. OTU counts and number of taxa identified during clustering and 

taxonomic assignment. Taxa represent unique assignments at any taxonomic level. 

Dashed line represents conversion from MOTU counts to assigned taxa.   

 

 

 

 

  MiFish 12S-V5 16s_Teleo Cichlid_CR 
Total No. MOTUs 6498 1798 6684 6991 
No. MOTUs assigned to taxa (97/98% threshold) 2736 449 5003 2640 
No. MOTUs following negative control subtraction and removal 2731 444 4836 2639 

No. assigned taxa 140 50 130 74 

No. assigned taxa following 0.15% error threshold removal 82 44 94 66 

No. species IDs in final matrix 51 28 60 50 
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Aquarium Species MiFish 12S-V5 16s_Teleo Cichlid_CR 

Altolamprologus calvus Lamprologini Lamprologini Altolamprologus sp. - 

Haplotaxodon microlepis Perissodini Cichlidae Cichlidae - 

Julidochromis sp. Julidochromis dickfeldi/marksmithi Lamprologini Lamprologini Julidochromis dickfeldi 

Lepidiolamprologus 

kendalli Lepidiolamprologus sp. Lamprologini Lepidiolamprologus sp. Lepidiolamprologus sp. 

Neolamprologus leleupi  Neolamprologus longior Neolamprologus longior Neolamprologus longior Neolamprologus longior 

Error Neolamprologus sp. 'caudopunctatus kipili'       

 
Perissodus eccentricus 

   
 

Table S3.4. The taxonomic assignments made with each primer pair for the aquarium samples. An assignment is counted if it exists within any 

one of the five aquarium samples. All five species are cichlids, with Haplotaxodon microlepis within the Perissodini tribe and the other four species 

within Lamprologini. 
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Figure S3.1. 2016 visual survey rarefaction curves for the 10 visual surveys 

undertaken at each site. Dashed line represents the extrapolated diversity estimates 

calculated with iNEXT (Hsieh, Ma, & Chao, 2016). 
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Figure S3.2. 2017 visual survey rarefaction curves for the 10 visual surveys 

undertaken at each site. Dashed line represents the extrapolated diversity estimates 

calculated with iNEXT (Hsieh et al., 2016). 
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Figure S3.3. The relationship between the number of site detections made by the 

visual and eDNA surveys for species detected by both methods. Correlation statistics 

derived from Spearman’s correlation tests.  
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4 Improving eDNA metabarcoding diversity 
estimates for Lake Tanganyika’s cichlid fish 
communities.  

4.1 Abstract 

eDNA metabarcoding represents a highly sensitive method of surveying fish 

communities across a range of freshwater ecosystems. The methods applied 

in eDNA metabarcoding studies have varied greatly however with notable 

differences in marker choice, PCR replicates, sequencing depth and 

sequencing platform. Due to the higher diversity and complexity of tropical fish 

communities compared to temperate ones, there is the potential for variations 

in study design to have a more dramatic impact on diversity estimates obtained 

from eDNA metabarcoding studies. Here, we test three factors that could 

strongly influence the outcomes of eDNA metabarcoding studies, focussing on 

sequencing depth, reference database completeness and taxonomic 

assignment thresholds. Sequencing depth is shown to have a large impact on 

diversity estimates obtained from eDNA samples in LT, outweighing the use 

of additional markers and reference database expansions. While higher 

bioinformatic stringency thresholds reduced the number of false positives 

within the dataset, some remained even at high thresholds. High thresholds 

also reduced species richness estimates, with the loss of likely true detections. 

This study demonstrates the need for higher sequencing depths when 

undertaking eDNA metabarcoding studies in diverse tropical systems 

compared to temperate ones, as well as highlighting the importance of 

reference database completeness on the detection of species. These 

methodological advancements greatly improved cichlid diversity estimates 

compared to Chapter three, resulting in cichlid species richness estimates 

exceeding those obtained from the visual survey data.  As a result, combining 

eDNA and visual survey methods has the potential to greatly improve diversity 

estimates for diverse tropical fish communities such as those within LT’s littoral 

habitat.   
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4.2 Introduction 

eDNA metabarcoding has been widely confirmed as a highly sensitive method 

for surveying freshwater fish communities across a range of temperate 

ecosystems, with detection rates often exceeding comparative traditional 

survey methods (Civade et al. 2016, Valentini et al. 2016, Li et al. 2019). As a 

result, eDNA metabarcoding has the potential to revolutionise our ability to 

accurately survey and monitor fish communities helping overcome current 

limitations in traditional survey methods (Deiner, Bik, Mächler, et al. 2017). 

These include low detection rates of individual surveys, low throughput as 

methods are costly or labour-intensive and potential taxonomic 

inconsistencies resulting from misidentifications (e.g. cryptic taxa, juveniles, 

identifier experience). Through helping to overcome these limitations, 

incorporating eDNA metabarcoding methods into survey methodologies will 

enable more accurate diversity estimates to be obtained for fish communities 

across a range of freshwater ecosystems.  

 Higher freshwater fish diversities as well as potential differences in the 

ecology of eDNA, means the effectiveness of eDNA metabarcoding cannot be 

assumed to be the same in tropical ecosystems compared to temperate ones. 

Early studies using eDNA methods within tropical systems also suggest 

applications of these approaches within the tropics could be more challenging. 

For example, a number of species-specific eDNA studies have identified lower 

than expected detection rates compared to traditional survey methods 

(Bellemain et al. 2016, Simpfendorfer et al. 2016). Furthermore, early 

applications of eDNA metabarcoding methods within Lake Tanganyika 

(Chapter three), Guianese streams (Cilleros et al. 2019) and a Brazilian river 

catchment (Sales et al. 2019) have all identified current limitations that prevent 

accurate local species richness estimates for fish communities being obtained 

from these systems. eDNA metabarcoding can be more effective at detecting 

species at larger scales however, with a higher number of species identified 

overall compared to visual methods in Chapter three and more comprehensive 

fish assemblages obtained from eDNA metabarcoding methods at regional 

scales compared to traditional ones within Guianese streams (Cilleros et al. 

2019). The ability to detect higher numbers of species at these larger scales, 
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suggests a potential for eDNA metabarcoding to make accurate species 

richness estimates at finer spatial resolutions. This could be achieved by 

optimising methods to improve the sensitivity of eDNA metabarcoding at finer 

scales, through enabling the consistent sequencing of target DNA within 

samples and the accurate assignment of taxonomies to resulting MOTUs.  

While studies have consistently demonstrated the effectiveness of 

eDNA metabarcoding for surveying temperate freshwaters, the field, 

laboratory and bioinformatic workflows undertaken to achieve this vary widely. 

The wide use of eDNA and metabarcoding methods has resulted in a broad 

range of approaches being applied across each step of the eDNA 

metabarcoding workflow (Goldberg et al. 2016). These variations have the 

potential to greatly influence the sensitivity and overall sampling completeness 

of eDNA metabarcoding studies (Zinger et al. 2019). The impact of these 

variations could be more pronounced in diverse tropical systems where high 

local diversities compared to their temperate counterparts are more likely to 

result in the presence of false negatives within diversity estimates when the 

sensitivity of eDNA metabarcoding methods are reduced.  

The eDNA capture methodology can greatly influence the results of 

metabarcoding studies (Deiner et al. 2015) with key considerations including 

the filtering methodology (Spens et al. 2017, Majaneva et al. 2018), the volume 

of water filtered (Machler et al. 2016, Cantera et al. 2019) and the preservation 

method (Hinlo et al. 2017, Sales et al. 2019). Through filtering larger volumes 

of water per a site, eDNA from an increased number of rare species is likely to 

be collected. For example, Cantera et al. (2019) identified filtering between 34 

and 68 litres of water per a site improved species richness estimates, while 

increasing filtered volumes further up to 340 litres provided little additional 

diversity information. Filtering larger volumes of water can therefore lead to 

improved species detection within tropical systems up to a maximum of 64 

litres. An alternative approach can be to collect multiple filter replicates at each 

site. Collecting three per a site has become increasingly common (Port et al. 

2016, Andruszkiewicz, Starks, et al. 2017, Sigsgaard et al. 2017), with as many 

as 15 per site (total volume = 3.75 litres) recommended (Grey et al. 2018). As 

a result, increasing the volume of water filtered per a site improves the 

sensitivity of metabarcoding methods up to a point, however the approach 
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adopted will inevitably be influenced by field site properties such as water 

turbidity, water collection depth, site location and site access.  

The sensitivity of eDNA metabarcoding approaches can be greatly 

influenced by each step of the laboratory pipeline including extraction 

methodology (Deiner et al. 2015), marker choice (Collins et al. 2019), PCR 

replicates (Ficetola et al. 2015, Alberdi et al. 2018), library preparation (Schnell 

et al. 2015) and the sequencing technology used (Divoll et al. 2018, Singer et 

al. 2019). For example, Valentini et al. (2016) improved the number of species 

detected from eDNA samples collected by Thomsen et al. (2012), through 

improving molecular protocols, particularly marker choice and sequencing 

depth. Of particular importance are the number of PCR replicates as well as 

the sequencing depth used within eDNA studies (Smith and Peay 2014, 

Alberdi et al. 2018). Increasing replicates and depth, help address the low 

amount of target DNA within eDNA samples as well as the stochastic nature 

of the PCR process (Ficetola et al. 2015). Similar to increasing your survey 

number using traditional methods, increasing both replicate number and 

sequencing depth, ultimately results in an increase in sampling depth. As a 

result, varying both sequencing depth and PCR replicate number have been 

shown to significantly influence the outputs of metabarcoding methods (Alberdi 

et al. 2018). Despite this, both the number of PCR replicates and sequencing 

depth varies greatly across eDNA metabarcoding studies ranging between two 

and twelve per a sample (Ficetola et al. 2015).  Ultimately, the required amount 

of replication is strongly dependent on the detection probabilities of the 

surveyed taxa. Due to the high diversity of tropical freshwaters containing a 

large number of rare species, it is likely higher replication and sequencing 

depths are therefore required to obtain accurate and consistent species 

richness measures.   

Finally bioinformatic filtering and taxonomic assignment methods can 

also influence the accuracy and sensitivity of diversity estimates from eDNA 

metabarcoding studies (Evans et al. 2017). The quality of the reference 

database is particularly critical as missing taxa or genetic diversity can limit the 

detection of species resulting in false negatives. This is particularly likely within 

tropical ecosystems where sequence availability within public databases 

remains poor (Sales et al. 2019). Within reference databases it is not only 
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necessary to account for the species present within the surveyed ecosystem, 

but also the intraspecific variability within species. As was identified in Chapter 

three, accounting for only interspecific diversity within a reference database 

may not be sufficient as intraspecific variability may be considerable in many 

species. This is particularly the case when using markers within highly variable 

regions such as the control region that may often be necessary to distinguish 

between closely related species in diverse tropical systems. Within Lake 

Tanganyika, fine scaled population structuring has been identified across a 

number of species that will contribute to increased levels of intraspecific 

genetic variation within these species (Sefc et al. 2007, Wagner and McCune 

2009). As a result, the inclusion or multiple sequences per species to help 

account for this intra-specific variability would be expected to improve the 

detection of species within the eDNA samples.  

Data filtering steps form a critical part of the bioinformatic analysis of 

metabarcoding datasets and are essential for obtaining accurate results. 

Filtering of low-quality and low-abundance reads are universally applied to 

remove erroneous sequences from the data (Deiner, Bik, Mächler, et al. 2017). 

Less consistently applied are the criteria set for species assignment (Evans et 

al. 2017). Low stringent approaches that accept all detections as true may 

increase the sensitivity of the results while also introducing error as false 

positives remain. Higher stringency methods (i.e. requiring multiple detections 

across PCR replicates, filter replicates or markers) can help reduce this error, 

though can also result in the removal of true taxa creating false negatives. As 

sequencing depth and number of PCR replicates increase, so does the 

potential of artificially inflating diversity estimates through incorporating 

sequence artefacts derived from tag jumping or PCR and sequencing error 

(Alberdi et al. 2018). Therefore, the stringency assignment threshold required 

could differ across ecosystems and study designs. Testing multiple taxonomic 

assignment stringency thresholds enables the optimisation of this process for 

a particular sequencing run, helping to improve the accuracy of results so they 

best reflect the true species richness of the surveyed ecosystem (Evans et al. 

2017).  

This chapter tests the impact of sequencing depth, reference database 

completeness and bioinformatic filtering stringency on species richness 
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estimates derived from eDNA metabarcoding within LT. We ask: 1) Do 

increased sequencing depths result in improved cichlid species richness 

estimates for LT’s diverse littoral fish communities? 2) Do reference database 

expansions improve the detection of cichlid species from eDNA 

metabarcoding methods? 3) How do bioinformatic stringency thresholds 

impact the accuracy and sensitivity of species richness estimates derived from 

eDNA metabarcoding data? 

 

4.3 Methods 

4.3.1 Reference database expansion 

For this study three reference databases were used. A local database identical 

to that in Chapter three, an expanded database containing additional 

sequences derived from NCBI as well as a regional database containing only 

sequences (including additional NCBI sequences) for species previously 

observed within the littoral habitat of the surveyed region.  

For the expansion of the reference database, sequences were obtained 

from NCBI. Additional sequences were restricted to those identified within 

visual surveys of the region as well as the eDNA data collected in Chapter 

three. Sequences were downloaded from NCBI with Geneious v10.2.6, with 

only sequences included in published studies accepted. Sequences were then 

aligned with Muscle, and a neighbour-joining tree produced using Geneious 

v10.2.6 tree builder. New sequences were checked to ensure they were 

suitably positioned within the tree, either clustered with sequences of the same 

or closely related species. Any suspected erroneous sequences that were 

thought to be potential mis-assignments were removed.  

Additional Haplotaxodon microlepis and Perissodus microlepis 

sequences were obtained from samples collected in Mahale National Park and 

Kigoma respectively. Control region sequences of 470bp were also obtained 

using the L-Pro-F (AACTCTCACCCCTAGCTCCCAAAG) and TDK-D 

(CCTGAAGTAGGAACCAGATG) primers (Meyer et al. 1994, Lee et al. 1995). 

PCRs were undertaken in 15µl reactions consisting of 0.6µl DNA extract, 7.5µl 

BioLine MyTaq Mastermix, 0.5µl of each primer (10µM) and 5.9µl ddH2O. The 
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thermal conditions were 95°C for 1 min followed by 35 cycles of 95°C for 30s, 

54°C for 30s and 72°C for 90s, finishing with a final step of 72°C for 5 min. 

PCRs were checked on a 1% agarose gel stained with ethidium bromide. PCR 

products were purified and Sanger sequenced on a 3730xl DNA Analyser 

(Applied Biosystems) by the UCL sequencing facility. Generated sequences 

were assembled, trimmed based on an error probability limit of 0.05, and 

visually checked within Geneious V10 (Kearse et al. 2012). A full list of 

additional sequences included in the expanded and regional databases is 

shown in Table S4.1. 

 The regional reference database represents a subset of the expanded 

database including only species previously observed within the surveyed 

littoral habitat (Britton et al. 2017, Doble et al. 2020, Ruber et al. unpub.). A full 

list of species included in the regional reference database is shown in Table 

S4.2. This was created to reduce MOTUs assigned to higher levels as a result 

of true taxa present at surveyed sites being difficult to distinguish from close 

relatives that do not inhabit the surveyed region. This is particularly likely in 

LT, where a number of sister-species demonstrate either a north versus south 

distribution or an east versus west distribution within the lake (Ronco et al. 

2019). This pattern reflects both the patchy distribution of habitats within LT, 

often separated by dispersal barriers, as well as historic lake level fluctuations 

where during low water levels the lake was subdivided into three sub-basins 

enabling allopatric speciation to occur (Salzburger et al. 2014). As a result, the 

closest relative of many species within the LT basin is often different from their 

closest relative within a surveyed ecosystem.  

 Furthermore, a number of species with very similar, but distinct barcode 

sequences were grouped together into complexes for the expanded database. 

As a result, these complexes differed from those in Chapter three where 

species within a complex all had identical sequences. These were considered 

where a large proportion of MOTUs were assigned to genus level, even if some 

species level identifications were made. All species within complexes either 

inhabit different regions of the lake are closely related sister taxa, or likely 

represent geographical variants of each other rather than distinct species. 

Justifications for each grouping are below and are supported by the findings 

of previous publications. The high similarity of Cichlid_CR marker sequences 
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for these species within the reference database is highlighted by their positions 

within the neighbour joining trees in Figures S2.11 and S2.12.  

 

4.3.1.1 Ophthalmotilapia-Cyathopharynx species complex 

Cyathopharynx furcifer and Cyathopharynx foae formed a complex as well as 

Ophthalmotilapia paranasuta, Ophthalmotilapia heterodonta and 

Ophthalmotilapia sp. ‘white cap’. These species inhabit the Opthalmotilapia-

Cyathopharynx complex, a group of eight very closely related and young taxa 

within the Ectodiini tribe (Breman et al. 2016). Cyathopharynx furcifer and 

Cyathopharynx foae represent distinct colour morphs with lake-wide 

distributions. While morphological and genetic data supports their separation 

as distinct species (Takahashi and Hori 2012), they are highly similar to one 

another with only limited sympatry. Survey data of the Kigoma  and Gombe 

coastline have observed only Cyathopharynx furcifer along this section of 

coastline (Britton et al. 2017).  

Ophthalmotilapia sp. ‘paranasuta’ and Opthalmotilapia sp. ‘white cap’ 

have been proposed as potential species (Ronco et al. 2019), that are both 

closely related to Ophthalmotilapia heterodonta that has a wide lake 

distribution. Ophthalmotilapia sp. ‘paranasuta’ inhabits the Kigoma region 

(alongside Ophthalmotilapia nasuta), however this has often been observed 

as Ophthalmotilapia heterodonta in some surveys (Britton et al. 2017), while 

Opthalmotilapia sp. ‘white cap’ has not been observed along the surveyed 

range. Identifications of these three species within the complex will therefore 

likely represent Ophthalmotilapia paranasuta.  

 

4.3.1.2 Lestredea stappersi & Lestredea perspicax complex 

This grouping resulted from genus level assignments made to MOTUs for 

these two species. While categorised as distinct species (Ronco et al. 2019), 

they have been recommended to be merged into one species (Konings 2015), 

with only Lestredea perspicax recorded in the surveyed habitat. 

 

4.3.1.3 Cyprichromis species complex 

 Two species of Cyprichomis; Cyprichromis sp. ‘dwarf jumbo’ and 

Cyprichromis microlepidotus that both inhabit the surveyed coastline were 
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merged into a complex. While the marker was able to distinguish both species, 

a large proportion of MOTUs were assigned to genus level, resulting from their 

high sequence similarity.  

 

4.3.1.4 Lamprologini species complexes 

Four Lamprologini species complexes were formed. The first was between 

Julidochromis regani and Juliochromis marlieri, representing sister taxa (Day 

et al. 2007), with only Julidochromis regani found in the surveyed habitat. The 

second contains Neolamprologus brevis and Neolamprologus calliurus. While 

considered distinct, they are closely related forming a subclade with each other 

(Sturmbauer et al. 2010), and were grouped to prevent genus-level 

assignments. Neolamprologus brevis has been widely observed within the 

surveyed range while Neolamprologus calliurus has not. The third complex 

includes Chalinochromis sp. ‘ndobhoi’ and Chalinochromis brichardi. A 

number of MOTUs were assigned to the former species, that is now 

considered a geographical variant of Chalinochromis brichardi with a much 

larger lake range (Konings 2015, Ronco et al. 2019), including the surveyed 

coastline. As a result, these assignments were considered accurate with both 

species grouped as a species complex. 

 Finally, Neolamprologus chitamwebwai and Neolamprologus walteri, 

two very  closely related yet currently considered distinct species (Verburg and 

Bills 2007) were grouped together. They are also closely related to and often 

considered an ecomorph of Neolamprologus falcicula (Konings 2015). While 

the Cichlid_CR marker can distinguish between the two species, analysis of 

the local reference database assignments from Chapter three demonstrated a 

substantial number of MOTUs were assigned to both species and therefore 

genus level. As a result, these two species were grouped into a complex for 

the expanded and regional databases remaining distinct from Neolamprologus 

falcicula, as they remain valid species (Ronco et al. 2019).  

 

4.3.2 eDNA samples 

In total, 24 samples collected across six sites in 2017 were selected for 

sequencing (see Chapter three for collection method). These were samples 



 158 

from sites 3, 4, 10, 11, 16, 17, 20 and 21. Only 2017 samples were selected 

as three filter replicates per site were collected in this year. The samples 

chosen were from the six most diverse sites identified in Chapter three. All 

samples had been stored at -20oC since extraction. 

 

4.3.3 Mock community and aquarium samples 

Aquarium eDNA samples collected from the Lake Tanganyika cichlid tank at 

the ZSL aquarium and a mock community sample were amplified and 

sequenced alongside the field samples. Two aquarium sample extracts (three 

PCR replicates of each) were selected from the aquarium samples in Chapter 

three. A separate aquarium-specific reference database was created, 

including sequences for all species found within the aquarium 

(Altolamprologus calvus, Haplotaxodon microlepis, Julidochromis sp., 

Lepidiolamprologus kendalli and Neolamprologus longior) and all 

Julidochromis species within LT as no visual species level identification has 

been made. Additional NCBI sequences for these species were also included 

(details in Table S4.3).  

The mock community was made up of seven cichlid species found 

within African freshwaters and not Lake Tanganyika (except for Coptodon cf. 

rendalli). The seven species selected are shown in Table 4.1. DNA extract 

concentrations were quantified with a Nanodrop and pooled including 100ng 

of DNA for each species. Both the aquarium and mock community PCR 

reaction conditions were the same as for the field samples below, apart from 

only 35 cycles were undertaken to account for the higher DNA concentration 

compared to the eDNA samples.  

 
Table 4.1. Species and samples included in the mock community.  

Species Sample Location
Alcolapia latilabris AF122 Lake Natron, Tanzania
Oreochromis angolensis SAIAB F203 Angola
Oreochromis lepidurus AMNH263330 Lower Congo
Sarotherodon galilaeus GT U1B1 Lake Albert, Uganda
Coptodon cf. rendalli T7 E10 Lake Nala, Tanzania
Tilapia brevimanus TB3 Rokel River, Sierra Leone
Tylochromis leonensis TL3 Rokel River, Sierra Leone



 159 

4.3.4 PCR amplification 

Six PCR1 replicates were undertaken per sample, giving a total of 18 

replicates per a site. PCR1 reactions had a total volume of 25µl, consisting of 

12.5µl Qiagen Multiplex master mix, 3µl template DNA, 1µl of each primer 

(10µM) and 7.5µl RNase-free water. The Cichlid_CR primer set was used with 

Illumina TruSeq adapters tailed on the 5’ end (Table 4.2). Thermal conditions 

were 95°C for 15 mins, 40 cycles of 94°C for 30s, 60°C for 90s, 72°C for 60s 

followed by 72°C for 5 mins. A negative control was included for each batch of 

amplifications (N=8), performed under the same conditions as the sample 

extracts. PCR1 products were then cleaned with 1 X AMPure XP beads to 

remove any small fragments and unbound primer.  

 

 

Name Sequence 

Cichlid_CR_F TCTACACGTTCAGAGTTCTACAGTCCGACGATCCCTACCCCTAGCTCCCAAAG 

Cichlid_CR_R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTGATGGTGGGCTCTTACTACA 

 

 

Table 4.2. Forward and reverse Cichlid_CR primers used within the PCR1 reactions. 

The primers are shown in bold with Illumina TruSeq adapters tailed on the 5’ end.  

 

Unique PCR2 primer combinations (of Fi5 and Ri7 primers) were attached to 

each PCR1 replicate, enabling them to be identified and separated in the 

bioinformatic analysis. This differs from Chapter three where PCR1 replicates 

were pooled prior to PCR2. This allows for the assessment of PCR consistency 

and species detection probabilities for species within filter replicates and at 

each site (Ficetola et al. 2015, Valentini et al. 2016, Pont et al. 2018). PCR2 

primers were IDT TruGrade DNA Oligos, manufactured with methods that 

reduce cross-contamination during primer manufacture and therefore limit 

index cross-talk between samples. A volume of 20µl was used for each 

reaction consisting of 10µl Qiagen Multiplex master mix, 8µl cleaned template 

DNA and 1µl of each primer (2µM). The thermal conditions were 95°C for 15 

mins, 12 cycles of 98°C for 10s, 65°C for 30s and 72°C for 30s followed by 

72°C for 5 mins. The DNA concentration of PCR2 products was quantified 
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using a FLUOstar Optima, and then pooled into groups of twelve and cleaned 

again with 1X AMPure XP beads and eluted in 20µl of low TE buffer.  

 

4.3.5 Library quantification and sequencing 

Libraries were quantified using the KAPA Library Quantification Kit run on a 

QuantStudio 12K (Applied Biosystems) and with a Qubit 3.0 Fluorometer (HS 

reagents). Samples were pooled based on these results, to an equimolar 

concentration of 20nM, and then diluted to 4nM with low TE buffer. Both the 

20nM and 4nM pools were run on a Tapestation using high sensitivity D1000 

ScreenTape to identify the sample fragment size. The 4nM was then finally 

quantified with the KAPA Library Quantification kit to confirm the concentration 

of the final pool. Libraries were sequenced on an Illumina MiSeq 250bp Paired-

End sequencing run at the Sheffield Children’s Hospital Next Generation 

Sequencing Facility. A 20% PhiX spike-in was included to increase the 

sequence complexity of the run. In total, 164 samples were sequenced, 

comprising 144 PCR replicates (from 24 eDNA samples and eight sites), six 

aquarium replicates, six mock community replicates and eight PCR negative 

controls.  

 

4.3.6 Bioinformatic analysis 

Sequences were analysed using the same series of shell scripts detailed in 

Chapter three, with the same thresholds unless stated below. Briefly reads 

were quality checked with FastQC and MultiQC. They were then trimmed with 

Trimmomatic v0.36 to remove any low quality sequences and sequence tails 

(Bolger et al. 2014). Reads were aligned with FLASH v1.2.11 (Magoč and 

Salzberg 2011) and primers removed allowing for one mismatch with Mothur 

v1.37.1 (Schloss et al. 2009). Sequences were dereplicated using the fastx-

uniques command in USEARCH v9.2.64 and clustered with Swarm v2 (Mahé 

et al. 2015). At this point any occurrences with a read count less than five were 

removed from the dataset, compared to a threshold of three in Chapter three. 

A more stringent threshold was used due to the high MOTU count within the 

sequence data, likely a result of the high variability in the marker region.  
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 Blast + searches were undertaken against the remaining MOTUs using 

the three local reference databases (local, expanded and regional), with 

taxonomies assigned using MEGAN v6.11.6 (same parameters as Chapter 

three) (Huson et al. 2016). To reduce the impact of false positives, the 

maximum read count for each MOTU found in any of the filter or extraction 

negative controls was subtracted from the read counts for the respective 

MOTUs within the LT, mock community and aquarium samples. MOTUs were 

then grouped together by their assigned taxonomy. Taxonomic assignments 

with a sample read count below 0.05% were removed, with the threshold 

empirically determined to remove all mock community species assignments 

from the LT samples and LT species assignments from the mock community 

samples. Assignments at a taxonomic level above species/species complex 

were removed from each matrix. Finally, any species known not to occur along 

the surveyed coastline were also removed from the local and expanded 

matrices. As the regional reference database only includes species known to 

occur within the surveyed region, this step was not undertaken with this matrix. 

 

4.3.7 Statistical analysis 

All statistical analysis was undertaken in RStudio v1.1.453 (RStudio Team 

2015). To investigate if the sequencing depth of PCR replicates was sufficient, 

read count rarefaction curves were produced for the expanded data using the 

rarecurve command in Vegan v2.5.4. Rarefaction curves and sample 

coverage plots were produced for each site with the iNEXT v2.0.19 package 

using the occupancy community datasets obtained with the local, expanded 

and regional reference databases. Sample coverage is calculated as the 

proportion of the total number of individuals in a community that belong to the 

taxa present within a sample (Chao and Jost 2012). Further diversity analysis 

was undertaken in vegan v.2.5.4, with Sorenson dissimilarity measures 

calculated with Betapart v1.5.1. The percentage of species detected in one 

two of three filter replicates were statistically compared with one-way ANOVAs. 

Percentage values were logit transformed prior to running tests.  

Statistical comparisons of the community composition of species 

richness estimates from the visual surveys and eDNA data across different 
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sequencing runs and reference databases (local, expanded and regional) 

were compared using Analysis of Similarity (ANOSIM) tests (method=jaccard, 

binary=TRUE) using Vegan v2.5.4. A mixed effects model was used to 

investigate the effects of reference database type and sequence run on 

species richness estimates. This analysis was undertaken using the lme4 v1.1-

21 R package with reference database type and sequence run set as fixed 

predictors, and sampling site set as a random variable. Significance values for 

explanatory variables were obtained through running a Tukey post-hoc test.  

To investigate eDNA scales of detection as well as the most accurate 

scales of comparison with the visual data, survey site data was split into five 

subsets; (1) the site scale with a maximum of 60m between visual surveys and 

eDNA samples; (2) the central three survey points with a maximum of 30m 

between surveys and eDNA samples, (3) the central survey points where 

eDNA samples were collected; (4) all surveys at 5m depth; (5) all surveys at 

10m depth. Three stringency thresholds were tested based on Evans et al. 

(2017). Low stringency accepted all species detections within any of the PCR 

replicates as true. The medium stringency required detections in at least two 

PCR replicates to count as a detection at a site, while the higher stringency 

threshold required detections in two PCR replicates in at least two filter 

replicates to be accepted as a positive detection.  

 

4.4 Results 

4.4.1 Sequence run statistics 

The Illumina MiSeq run produced a total of 10,788,265 reads with a mean of 

66,671 reads per a PCR replicate (across all LT, aquarium and mock 

community samples). Following the filtering steps shown in Table 4.3 a total of 

4,859,160 reads remained with an average of 31,148 per a PCR replicate. The 

LT filter replicates had a mean sequencing depth of 167,687 reads while the 

eight sites had a mean depth of 503,061 reads with the expanded dataset.  
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Analysis Filtering Steps Read Total PCR replicate mean 

MiSeq sequence run 10,788,265 66,671 

Trimmomatic filtering 9,204,628 58,953 

FLASH alignment 8,821,849 56,503 

Mothur 8,425,913 53,967 

Cluster & read count <5 removal 6,328,193 40,534 

Removal of unassigned reads 4,907,001 31,455 

Subtraction of negative control reads 4,862,478 31,170 

0.05% copy threshold 4,859,160 31,148 
 

Table 4.3. Summary of read counts for each bioinformatic filtering step. Sample 

means are across all LT, aquarium and mock community samples. Following 

taxonomic assignment, total and PCR replicate read counts are for the expanded 

reference database as this obtained the highest counts of the three databases.  
 

4.4.2 Aquarium and mock community detections 

Three of the aquaria read count replicates all from the same filter sample were 

very low (<200) so were removed. The other three replicates had a mean read 

count of 128,591 reads per sample with the local and expanded databases 

and 137,777 reads per sample with the aquarium-specific reference database. 

Both the aquarium specific and more extensive reference databases identified 

similar species, detecting Neolamprologus longior and Julidochromis dickfeldi. 

The aquarium specific database also detected Lepidiolamprologus kendalli, 

while with the lake-wide databases these MOTUs were assigned to genus 

level (Lepidiolamprologus sp.) or erroneously assigned to Neolamprologus 

boulengeri. Haplotaxodon microlepis was not detected in any of the samples, 

with Altolamprologus calvus detected in one sample with all three datasets, 

however this fell below the 0.05% copy number threshold. As a result, the use 

of an aquarium-specific reference database including multiple sequences per 

species enabled the additional detection of Lepidiolamprologus kendalli, 

however it was still not sufficient to detect all taxa within the aquarium.  

 The mock community samples had an average read count of 74,058 

across all six replicates. All seven mock community species were identified to 

species level in each of the six replicates with their relative abundances shown 
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in Figure 4.1. Overall, read abundances varied substantially across the seven 

species with Alcolapia latilabris representing 35% of the total mock community 

reads and Sarotherodon galilaeus only 3.96%. The read abundance did 

however remain consistent across filter replicates for each of the mock 

community species. 

 

 
Figure 4.1. Relative read abundance of the seven mock community species across 

the six PCR replicates. Overall includes the total abundance of reads across all six 

replicates. 

 

4.4.3 LT species detections from eDNA samples 

The additional sequences included within the expanded and regional 

reference databases led to an improved number of MOTU and read 

assignments compared to the local database (Figure 4.2). 61.9% of reads 

were assigned by the local database increasing to 77.4% for the expanded 

database. While the regional database only included sequences for observed 

species within the surveyed habitat, very little difference was observed 

between the number of assigned MOTUs and reads compared to the 

expanded database with 75.6% of reads assigned to taxa. A large increase in 

the proportion of Lamprologini reads was observed between the local and 

expanded databases from 15.6% to 28.5% of reads. This reflects the large 
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number of additional Lamprologini sequences added to the expanded 

reference database, as well as the abundance of species of this tribe within 

the littoral habitat. While a number of sequences were also included for 

species within the tribe Tropheini a small increase in the relative proportion of 

reads assigned was observed increasing from 19.4% 20.3% for the local and 

regional databases respectively. Over 50% of MOTUs remained unassigned 

across all three databases. These accounted for a lower proportion of the total 

read count, demonstrating the majority of these contained a low number of 

reads. Some low read count MOTUs will represent forms of sequencing or 

PCR error, however in this case they also likely demonstrate issues clustering 

sequences within the highly variable polymorphic control region. As with 

Chapter three some of these MOTUs will also remain unassigned due to 

limitations with the reference databases.   

   

 

Figure 4.2. Proportion of MOTUs and sequence reads assigned to taxa within the 

three reference databases. Assignments are grouped into cichlid tribes. Mock 

represents species within the mock community only.  
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A higher percentage of assignments were made to species level by the 

regional reference database (93.3%) compared to the local (70.4%) and 

expanded (85.6%) databases (Table 4.4). The species identified as well as the 

total number of detections varied across the three local reference databases 

(local, expanded and regional). In total 320 site detections of 71 species were 

made using the local reference database, 370 detections of 75 species with 

the expanded database and 355 detections of 64 species by the regional 

database (see Tables S4.4 to 4.6). Ten and Eight of the species assignments 

by the local and expanded reference databases respectively were for species 

not found along the surveyed coastline so were removed (for species see 

Tables S4.4 and S4.5). As with Chapter three these were assumed to 

represent false positive assignments and were removed. Following this, 280 

site detections of 61 species were obtained from the local database with 342 

detections of 67 species by the expanded database. As a result, the expanded 

reference database identified the highest number of species overall, with the 

most site detections made by the regional database.   

 

 

 
 
 
 
 
 
 
 
 

Table 4.4. Percentage of reads assigned to each taxonomic level by the local, 

expanded and regional reference databases.   
 

Comparisons of the total detection rates for species across the three reference 

databases show the expanded and regional datasets have improved detection 

rates for a number of species compared to the local dataset (Figure 4.3). All 

improved detection rates with the expanded reference database result from 

species with additional sequences included, except for Neolamprologus 

chitamwebwai/walteri and Ophthalmotilapia sp. ‘paranasuta’/heterodonta/sp. 

  Reference Database 
Taxonomic Assignment Level  Local Expanded Regional 
Species 70.4 85.6 93.3 

Genus 26.1 12.0 4.8 

Tribe 3.4 2.4 1.9 

Family  0.1 0.1 0.1 
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‘white cap’ where improved detection rates have resulted from the grouping of 

these species as described in section 4.2.1.  

Similarly, the regional dataset had increased detection rates compared 

to the local one for species both with additional NCBI species and those 

without. The removal of close relatives not found within the surveyed range 

enabled species level assignments to be made where previously higher-level 

assignments were made with the local database. This removal of species also 

results in higher detection rates for a number of species in the regional dataset 

compared to the expanded one. The exceptions to this are the increased 

detections of the Ophthalmotilapia sp. ‘paranasuta’/heterodonta/sp. ‘white cap’ 

complex with the expanded database compared to Ophthalmotilapia sp. 

‘paranasuta’ with the regional database due to some MOTUs assigning to the 

Ophthalmotilapia heterodonta sequence not included in the regional dataset. 

Furthermore, the expanded database made likely true taxonomic assignments 

to species not included in the regional database as they have not been 

observed within the littoral habitat and likely inhabited the surrounding deep 

water, sandy and wave-washed habitats. These species all had low total 

detection rates of less than 0.1 within the expanded dataset however. While 

species-specific differences in detection rates were identified between the 

local, expanded and regional datasets, overall no significant difference in 

detection rates was observed (ANOVA, F value = 2.13, P = 0.121).  As a result, 

while the regional dataset shows improved detection rates for individual 

species observed within the surveyed habitat, overall differences in species 

detection rates between each reference database remained limited.  
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Figure 4.3. Comparisons of the total detection rates across all site PCR replicates for 

each of the three reference databases. Species with additional NCBI sequences in 

the expanded and regional databases are represented by blue triangles while those 

without are red circles. The dashed line represents a 1:1 line for comarison in all plots.  

Where the resolutions of detection differed between databases (between species and 

species complexes), the individual species assignments were directly compared to 

their respective complex. E.g. the Opthalmotilapia sp. ‘paranasuta’ assignments 

made by the regional database were compared with Opthalmotilapia sp. 

‘paranasuta’/heterodonta/sp. ‘white cap’ complex assignments made by the 

expanded database.  
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4.4.4 eDNA replicate similarity 

In total, 45.7% of species at each site were identified within three filter 

replicates, 25.7% in two and 28.6% in one with the local dataset (Figure S4.1). 

With the expanded dataset, the percentage of species identified in three 

replicates increased to 50.9%, with 23.7% detected in two and 25.4% within 

one. For the regional dataset, 50.7% of species were identified within three 

replicates, 25.6% within two and 23.7% within one. As a result, the improved 

number of detections within the expanded and regional dataset resulted in an 

increase in filter replicate similarity with a greater proportion of species 

identified within three replicates compared to the local dataset. Despite these 

subtle differences when comparing the three reference databases there was 

no significant difference in the percentage of species detected in one (ANOVA, 

F value =1.18, P =0.328), two (ANOVA, F value =0.265, P =0.770) or three 

(ANOVA, F value =0.478, P =0.626) filter replicates. As a result, the reference 

database used did not significantly influence the number of filter replicates 

species were detected in at each site.  

 

4.4.5 eDNA species richness estimates 

Site species richness estimates were highest using the regional dataset with a 

mean of 44.4, compared to 42.8 with the expanded dataset and 35.0 with the 

local dataset. Community compositions from the local dataset differed 

significantly from both the expanded (ANOSIM, R = 0.322, P = 0.001) and 

regional (ANOSIM, R = 0.445, P = 0.001) dataset. The larger R value suggests 

this difference is greater between the local and regional datasets compared to 

the local and expanded. There was no significant distance between the 

expanded and regional estimates though, with the very low R value 

demonstrating very limited differences between community compositions 

(ANOSIM, R = 0.028, P = 0.341). Despite these differences, species richness 

estimates all far exceeded those obtained in the previous sequencing run, with 

means of 25.4 across all four primers and 13.1 with Cichlid_CR only (Figure 

4.4). When the previous control region sequence data was assigned 

taxonomies with the expanded and regional databases the mean species 

richness estimates increased to 19.4 and 20.1 respectively. As a result, 
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species richness estimates from the new sequencing run were higher than 

from the previous run across all three reference databases (Figure 4.5). The 

community compositions of site species richness estimates from each 

sequencing run differed significantly for the local (ANOSIM, R = 0.585, P = 

0.001), expanded (ANOSIM, R = 0.513, P = 0.001) and regional (ANOSIM, R 

= 0.365, P = 0.001) datasets. The mixed-effects model demonstrates that 

when accounting for site, both the sequence run and reference database have 

significant effects on the species richness estimates obtained, with the 

sequence run accounting for a greater proportion of the variation (Table 4.5). 

 

 

  

 

Figure 4.4. Site cichlid species richness estimates obtained from eDNA samples with 

the previous run in Chapter three (red) and the recent sequencing run using all three 

reference databases (blue). The previous run estimates are divided into those 

obtained with all four markers as well as the Cichlid_CR marker only. The new species 

richness estimates are split into those obtained with the local, expanded and regional 

reference databases.  
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Figure 4.5. Site species richness estimates from the previous sequence run in 

Chapter three (red) and new sequence data (blue) resulting from assignments made 

with the local, regional and expanded reference databases.  

 

 

 

 

Mixed-effects model:    
 Estimate SE t 
Expanded Reference Database (intercept) 19.67 1.84 10.67 
Local Reference Database -7.38 1.09 -6.79 
Regional Reference Database 0.88 1.09 0.81 
Sequence Run 23.42 0.89 26.38 
    
Post-Hoc test:    
 Chisq P  
Reference_Database 69.52 <0.0001   
Sequence Run  696.11 <0.0001   

 
Table 4.5. Results of mixed effects model  and Tukey’s post-hoc test comparing the 

effect of reference database type and sequence run on site species richness 

estimates.  
 

Previous New

Local Expanded Regional Local Expanded Regional

10

20

30

40

50

Reference Database

Sp
ec

ie
s 

R
ic

hn
es

s 
Es

tim
at

e



 172 

Sequencing depth was sufficient for the majority of PCR replicates with clear 

plateauing observed within read count rarefaction curves within the vast 

majority of replicates (Figure S4.2). Interpolated and extrapolated rarefaction 

plots for each of the eight sites demonstrate good sampling depth with 

substantial plateauing of the curve across the three databases (Figure 4.6). 

While the detected and predicted species richness estimates differ at each site 

for the three reference databases, the sampling completeness as indicated by 

the gradient of the accumulation curve remains largely consistent. Sufficient 

depth is also supported by sampling coverage plots, with clear plateauing at 

each site (Figure S4.3). On average an estimated sample coverage of 97.5% 

was achieved after 18 replicates with the regional dataset suggesting a 

sampling deficit overall of only 2.5% (Table S4.7). The results also 

demonstrate the large number of technical replicates required to make 

accurate species richness estimates. For example, on average the use of only 

one replicate at each site would detect only 37.9% of species, with at least 13 

replicates required to detect over 95% of species identified in the new 

sequencing run. When attempting to obtain accurate species richness 

estimates from species rich ecosystems, it is therefore important to ensure 

sufficient ecological and technical replicates, and sequencing depth are used.  
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Figure 4.6. Interpolated and extrapolated rarefaction curves for each of the eight sites 

surveyed. Curves are separated by the three reference databases (local, expanded 

and regional). Each sampling unit represents a PCR replicate from one of the three 

filter replicates at each site. 
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Pairwise site Sørenson dissimilarity comparisons made between species 

richness estimates obtained from the original sequence run (all markers and 

Cichlid_CR only) and those from the new sequence data with the local, 

expanded and regional databases are shown in Table 4.6. Sørenson 

dissimilarity values between estimates derived from the Cichlid_CR marker on 

both sequencing runs are dominated by species nestedness. This is due to the 

much higher species richness estimates obtained for each site from the new 

run with all three reference databases. The low proportion resulting from 

species turnover demonstrates the very low number of detections made by the 

Cichlid_CR marker in the original run that are not also present in the new 

sequence data. An increased proportion of the Sørenson dissimilarity is driven 

by species turnover when comparing estimates derived from the new 

sequence data with those from all four markers on the original run. This is due 

to species assignments made by the 12s and 16s markers not being detected 

by the Cichlid_CR marker. Additional sequences in the expanded and regional 

reference databases reduced the proportion of dissimilarity resulting from 

species turnover as these enabled the detection of species such as 

Neolamprologus brichardi that was previously only detected by MiFish in the 

original sequencing run.  

 

 

 All Primers Original Cichlid_CR Original 

New Run Sørenson Turnover Nestedness Sørenson Turnover Nestedness 

Local 0.398 0.281 0.117 0.500 0.060 0.440 

Expanded 0.412 0.204 0.209 0.563 0.042 0.521 

Regional 0.413 0.185 0.228 0.583 0.057 0.526 
 
Table 4.6. Mean pairwise Sørenson dissimilarity values for site species richness 

estimates obtained from the original and new sequencing runs. The original run is 

seperated into site species richness estimates derived from all four primer sets as 

well as Cichlid_CR only. Estimates from the new run are split by reference database 

type (local, expanded or regional). Sørenson dissimilarity values are seperated into 

turnover and nestedness components.   
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4.4.6 Impact of bioinformatic stringency thresholds on species richness 

estimates.  

Increased stringency thresholds caused similar reductions in species richness 

estimates across all three reference databases (Table S4.8). This was largely 

due to the loss of rarer species within the dataset that could reflect either false 

positives or a loss in sensitivity (Figures S4.4 to S4.6). Large declines were 

observed across all three reference databases however, including the regional 

dataset that only includes species observed along the surveyed coastline. The 

number of false positive detections by the local and expanded databases were 

reduced at higher stringency thresholds, however the occurrences of some 

species particularly Xenotilapia sp. ‘papilio sunflower’ Telmatochromis 

brichardi and Cyprichromis sp. ‘kibishi’ remained. As a result, while higher 

stringency thresholds reduced the number of false positives some still 

remained with the likely loss of true detections due to lower species richness 

estimates.   

 

4.4.7 eDNA comparisons with visual survey data 

As the regional database showed an improved detection of observed species 

in the littoral habitat compared to the local and expanded databases, this was 

used for comparisons with the visual survey data. The low stringency eDNA 

site species richness estimates had lower average Sørenson dissimilarity 

values with each of the visual survey subsets compared to the datasets filtered 

at medium and high stringencies (Table S4.9). Species richness estimates 

from the low stringency eDNA data were also most similar to those from the 

visual survey data at the site scale rather than any data subset (Table S4.9, 

Figure S4.7). A mean Sørenson dissimilarity values of 0.297 was calculated 

compared to values ranging between 0.317 and 0.395 for the other three 

scales. The majority of this difference was driven by species turnover, due to 

differences in species compositions derived from the two methods (Figure 

S4.7). The larger dissimilarity between the eDNA estimate and that derived 

from the central survey point was largely driven by species nestedness. This 

is due to the lower diversity estimates obtained from the two central visual 

surveys compared to the eDNA samples, rather than differences in detected 
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species. As a result, the eDNA and visual survey data was most similar at the 

site level, with all following comparisons between the eDNA and visual surveys 

made at this scale.  

 Across all eight sites 69 cichlid species were identified in total, 45 by 

both methods, 19 by the eDNA samples only and five by the visual surveys 

only (Figure 4.7). Overall the eDNA samples therefore detected more species 

(N=64) than the visual surveys (N=50) across the eight sites. The five species 

observed but not included in the eDNA data are: Ectodus descampsii, 

Eretmodus marksmithi, Neolamprologus tetracanthus, Perissodus straeleni 

and Petrochromis ephippium which represent species from multiple tribes 

within the lake. Site species richness estimates obtained from the eDNA 

samples also exceeded the visual surveys at all sites apart from site three with 

a mean species richness of 44.4 compared to 35.1 respectively. In total 54.8% 

of species identifications at sites were made by both methods, 31.6% by eDNA 

only and 13.6% by the visual surveys only (Table 4.7). As a result, the 

community compositions of eDNA and visual survey site species richness 

estimates were found to significantly differ (ANOSIM, R = 0.734, P = 0.001) 

across all sites. The high R value demonstrates these communities 

substantially differ from one another.  

 

 
Figure 4.7. Number of species detected by the eDNA and visual surveys. 
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eDNA Visual
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    Detected Species Beta Diversity  
Site Total SR Shared eDNA Unique Visual Unique beta.SOR beta.SIM beta.SNE 

S3 45 21 10 14 0.36 0.32 0.04 

S4 52 36 14 2 0.18 0.05 0.13 

S10 55 21 29 5 0.45 0.19 0.26 

S11 56 31 21 4 0.29 0.11 0.17 

S16 50 27 13 10 0.30 0.27 0.03 

S17 51 33 14 4 0.21 0.11 0.11 

S20 52 28 15 9 0.30 0.24 0.06 

S21 50 28 14 8 0.28 0.22 0.06 
 

Table 4.7. The similarity of species detections at each site between the eDNA and 

visual survey methods. Includes Sørenson dissimilarity (beta.SOR) values for each 

site as well as the two components of this dissimilarity; species turnover (beta.SIM) 

and species nestedness (beta.SNE).  
 

The relationship between the number of site detections made by the eDNA 

and visual datasets for species identified by both methods was found to be not 

significant (Spearman rho = 0.19, p=0.21, N=45). Figure 4.8 however, 

demonstrates a number of common species were regularly detected (with six 

or more detections) by both methods. In total 10 species had an identical 

number of detections; 16 species were detected more frequently by the visual 

surveys and 19 were detected more frequently within the eDNA data. 

Chalinochromis brichardi remains underrepresented within the eDNA dataset, 

only detected at one site compared to seven in the visual survey data. 

Neolamprologus brichardi was also detected in the four southernmost sites 

(3,4,10 &11), while not being detected once in the more northern sites (16,17, 

20 & 21). As Neolamprologus brichardi were regularly observed in seven of 

the eight sites surveyed, the lack of detection in the four northernmost sites 

could be due to remaining reference database limitations.  
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Figure 4.8. The total number of site detections made by the eDNA and visual data for 

species detected by both methods (N=45). The size of each point reflects the number 

of species. The dashed line represents a 1:1 line for comparison.  
 

4.5 Discussion 

Sequencing depth is shown to greatly improve species richness estimates 

obtained from the eDNA data, exceeding those derived from the visual survey 

data. The addition of publicly available sequences to the reference database 

(expanded and regional) also increased both the number of identified species 

as well as the number of detections from the eDNA samples, though not to the 

same extent as sequencing depth. The inclusion of only species observed 

along the surveyed coastline increased the number of detections through the 

removal of sister taxa located in other regions of the lake from the reference 

database. While higher bioinformatic stringency thresholds helped to reduce 

the number of false positive assignments, more stringent thresholds also 
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resulted in substantially reduced species richness estimates that were less 

similar to the visual survey data than lower stringency estimates.  

 

4.5.1 Sequencing depth 

Cichlid species richness estimates were greatly improved with the new 

sequence data compared to the original run in Chapter three. While 

sequencing depths used in Chapter three are comparable to those used in 

other eDNA metabarcoding studies (e.g. Li et al., 2019; Yamamoto et al., 

2017) the exceptional diversity of LT’s littoral habitat compared to these 

temperate systems means larger depths are required to get closer to 

saturation of species detection. Two eDNA metabarcoding studies recently 

published focusing on Guianese tropical streams had sequencing depths of 

over 400,000 reads per sample pre-filtering (Cantera et al. 2019, Cilleros et al. 

2019). As the diversity of LT is twice that identified in Guianese streams, high 

sequencing depths such as those used in these studies are likely required to 

obtain sufficient sampling depth. Furthermore, depths required to make 

accurate species richness estimates will often exceed those for the purpose of 

detecting specific taxa or measuring the dissimilarity between communities. 

For example, Grey et al. (2018) calculated 40,000 reads per sample were 

required to estimate community dissimilarity across samples, while species 

richness estimates from 150,000 reads yielded ~80% of the estimated species 

richness of samples.  

While in Chapter two 1:10 dilutions of template DNA were used to 

prevent PCR inhibition, this is unlikely to be necessary in areas of LT where 

water quality is good as no noticeable PCR inhibition was observed in this 

chapter where dilutions did not take place. Not diluting the samples will have 

also increased the sensitivity of each PCR as ten times more template DNA 

was ultimately included in each reaction. This decision should be study-

specific however, as even in LT the water quality and turbidity are known to 

vary considerably both spatially and temporally (Langenberg et al. 2002). As a 

result, areas with higher water turbidity (e.g. at river mouths in LT) may still 

require a template dilution for PCR reactions or the use of an inhibitor removal 

step (e.g. QIAGEN Powerclean Pro Kit) following DNA extraction. 
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This study had an average sequencing depth of 167,687 reads per 

sample and 503,061 reads per site post filtering and taxonomic assignment. 

Plateauing of rarefaction curves and chao species richness estimates with 

increased sampling depth across and within individual PCR replicates, showed 

the number of replicates used were sufficient to capture the diversity within the 

eDNA samples. On average, 13 replicates (363,321 reads) were required to 

detect 95% of the identified species and the predicted sampling completeness 

with the regional dataset. The use of either one (average 27,947 reads) or 

three replicates (average 83,843 reads) at each site would on average result 

in only 37.9% and 62.1% of the species detected being identified, substantially 

underrepresenting the diversity of the eDNA samples. As a result, when using 

eDNA metabarcoding methods for surveying diverse fish communities it is 

necessary to use increased replicates and sequencing depths compared to 

those often applied in temperate ecosystems to produce accurate species 

richness estimates.  

 Higher sequencing depths and PCR replicates per site increased the 

mean Cichlid_CR site species richness estimates from 13.1 in the previous 

run to 35.0 species in the new run. This resulted in the detection of additional 

taxa with 60 species identified by the local database in the new sequencing 

run compared to only 36 in the previous one. Trematocara zebra (one site 

detection), a deepwater species not found in the littoral habitat was the only 

species detected in the original run not included in the new sequence data. 

The increased depth also improved the detection rates of species with 31 of 

the 35 species detected in both datasets having an increased number of 

detections in the new run, three having the same number and 

Boulengerochromis microlepis having one more detection in the original run 

(eight compared to seven). A number of common species, particularly 

Lepidiolamprologus elongatus, Neolamprologus brevis, Neolamprologus 

furcifer, Petrochromis famula, Tropheus brichardi and Tropheus duboisi all 

saw large increases in the number of site detections within the new data. As a 

result, increasing the sequencing depth improved species richness estimates 

due to the improved detection of more abundant species as well as an increase 

in the number of rarer species identified. Increasing sequencing depth has 

been previously shown to improve the accuracy of species richness measures 
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from eDNA metabarcoding methods (Grey et al. 2018), however no known 

study has demonstrated its impact on species richness estimates for diverse 

fish communities.  

 

4.5.2 Reference database 

Including additional sequences led to the improved detection of a number of 

species, however the overall impact on species richness estimates was less 

than sequencing depth. Additional sequences within the expanded and 

regional reference databases resulted in significant differences in the 

community compositions of species richness estimates at sites compared to 

those obtained with the local reference database. A particular increase in the 

number of Lamprologini assignments made by the expanded and regional 

databases was observed with improved detections of commonly observed 

Lamprologus callipterus, Altolamprologus comressiceps and Lamprologus 

lemairii species. A large proportion of the additional Lamprologini sequences 

were derived from Day et al. (2007) where samples were collected along the 

surveyed coastline in Kigoma. These sequences will therefore better reflect for 

the local genetic variability found within many of these species along the 

surveyed coastline resulting in improved detections. This highlights the 

importance of accounting for regional intraspecific variation for species within 

reference databases. While there were slight variations in the species detected 

by the regional and expanded reference databases these were limited to a 

small number of species, and as a result there was no significant difference 

between site species richness estimates derived from these reference 

databases.  

  Reference database limitations influencing the accuracy of taxonomic 

assignments in eDNA metabarcoding studies have been widely reported 

(Sinniger et al. 2016, Stat et al. 2017, Cilleros et al. 2019, Sales et al. 2019). 

Missing sequences have also been identified as the source of false negatives 

and positives within eDNA metabarcoding data from Guianese streams 

(Cilleros et al. 2019). False negatives result from true MOTUs not being 

assigned a taxonomy, while false positives arise from MOTUs being 

erroneously assigned to a close relative of the true species as it’s either 
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missing from the reference database or insufficient intraspecific variability is 

accounted for. Barcode identification accuracy has been shown to increase as 

reference database completeness improves with a decline in the number of 

unassigned and falsely assigned taxa (Wilkinson et al. 2017). Similar to 

Cilleros et al. (2019) a number of false positive detections remained in the local 

and expanded datasets, likely representing false assignments to close 

relatives. No reduction in the number of false positives was observed between 

the local and expanded datasets, except for the loss of Neolamprologus 

calliurus and Ophthalmotilapia sp. ‘white cap’ as these were grouped into 

species complexes for the expanded reference database.  

While the expanded database represents a first step to including more 

sequences within the LT reference database, limitations in the number of 

publicly available sequences means many species still remain 

underrepresented with only one sequence per species. As the Cichlid_CR 

marker is located within the highly variable control region, there is likely 

substantial regional intraspecific variability for most species. The low 

interspecific genetic distances between closely related species and population 

structuring identified in a number of littoral cichlid species (Sefc et al. 2007, 

Wagner and McCune 2009) means there is the potential for interspecific and 

intraspecific divergences to overlap for a number of species. While within-

population sequence variation for cichlid species remains underrepresented in 

the reference database, there is the potential erroneous assignments could 

occur in the form of false negatives or positives. As a result,  the inclusion of 

sequences from multiple individuals per a species are likely required within the 

reference database to account for genetic variation within the Cichlid_CR 

marker. 

While this would require a large number of reference sequences, the 

reduced cost of sequencing barcodes on NGS platforms (Wilkinson et al. 2017, 

Taberlet et al. 2018c) could enable this to be achieved with relatively limited 

resources. The sample collections for many species across the Tanzanian and 

Zambian coastlines are good, however limitations remain for a number of 

species with particular deficits along the Democratic Republic of Congo 

coastline. Further reference database expansions are required in the future to 

improve the results of eDNA metabarcoding surveys in LT.  
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4.5.3 Assignment stringency thresholds 

Adopting more stringent assignment thresholds similar to Evans et al. (2017) 

also resulted in a reduced number of false positive detections. Despite this, at 

high stringencies where species were required to be detected in multiple PCR 

and filter replicates, some false positive detections remained. Therefore, while 

using higher thresholds increases the confidence of assignments due to their 

consistency across PCR and filter replicates, it does not remove error from the 

dataset altogether. Higher stringencies also resulted in substantial reductions 

in species richness estimates across all three reference databases. These 

include the loss of some likely true detections of rarer species whose DNA is 

likely in very low abundance within eDNA samples. Species richness estimates 

from higher thresholds also had a lower similarity to estimates derived from 

the visual survey data, suggesting some of these lost species likely reflected 

true detections. While higher stringency thresholds have been effectively 

applied in published metabarcoding studies, where species are required to 

occur in multiple PCR or filter replicates (e.g. Port et al. 2016), within more 

diverse tropical ecosystems this could result in the loss of true detections of 

rare species (Alberdi et al. 2018). Evans et al. (2017) have also previously 

shown the use of too high a bioinformatic stringency threshold can result in the 

underrepresentation of species estimates, with their highest assignment 

threshold resulting in the loss of three species identified by traditional sampling 

methods. As a result, higher stringencies can result in a loss in sensitivity of 

the eDNA metabarcoding data while not fully removing false positives from the 

dataset.  

The most effective method of overcoming false positive detections was 

the use of a regional-specific database. As this only included species 

previously observed within the surveyed habitat, there wasn’t the potential for 

erroneous assignments to species not found within the surveyed range. The 

removal of sister taxa or close relatives not found within the surveyed ranges 

also improved the proportion of assignments made to species level and 

detection rates of some species such as Neolamprologus boulengeri with only 

one site detection in the expanded database and six in the regional one. This 
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was due to the removal of Neolamprologus pleuromaculatus and 

Neolamprlogus hecqui not found in the surveyed region of the lake that could 

couldn’t be distinguished from Neolamprologus boulengeri for most MOTUs 

within the expanded dataset resulting in higher level assignments. As a result, 

the use of a regional specific database can provide more sensitive species 

detections with reduced risks of false positives. One drawback is this could 

only be accurately applied to well surveyed regions that are relatively limited 

within LT and other tropical freshwaters. Without a good knowledge of the fish 

communities present within a region the production of regional datasets could 

result in false negatives if species found in the surveyed range were left off the 

database. Changes in the distribution of species over time would also be 

missed if they were not observed using traditional survey methods. Similarly, 

the local and expanded databases also detected species likely found in deeper 

water or more sandy habitats along the coastline that were not present within 

the regional reference database. This could potentially be overcome using  a 

multi-step process in which blast searches are undertaken against a region-

specific reference database followed by a lake-wide database, similar to 

methods adopted by Valentini et al. (2016) where assignments were 

undertaken against a local database followed by the EMBL European 

Nucleotide Archive.  

 

4.5.4 Comparison with visual data 

The improved species richness estimates led to increased similarities with the 

visual survey data compared to those obtained in Chapter three. A mean 

Sørenson dissimilarity value of 0.297 was observed demonstrating the broad 

similarities between estimates with over 80% of detections by the visual 

surveys also being present within the eDNA data. Similarities were highest for 

comparisons made between the eDNA and visual survey data at the site scale. 

Along with the detection of deep water and sandy species by the local and 

expanded databases, this supports larger scales of detection from the eDNA 

samples in LT of at least 60m. While untested in tropical lakes, scales of 

detection as fine as 60 to 100m have been detected in coastal systems (Port 

et al. 2016) with the spatial structuring of species identified in temperate lakes 
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(Handley et al. 2019). Previous applications of species-specific approaches 

have shown lower detection rates in tropical systems, with the ability of current 

eDNA metabarcoding studies to detect local diversities in tropical freshwaters 

limited by the completeness of reference databases (Cilleros et al. 2019, Sales 

et al. 2019). The improved site species richness estimates show it is possible 

to detect high local diversities from eDNA metabarcoding data within tropical 

systems that are comparable to traditional methods. While there was no 

correlation between the number of site detections made by the eDNA and 

visual survey methods, a number of common species were frequently detected 

by both methods. 

 Overall combining both eDNA and visual survey methodologies 

resulted in improved species richness estimates at the site scale and across 

the surveyed region. As a result, incorporating eDNA metabarcoding methods 

alongside visual survey approaches, such as quadrat (Takeuchi et al. 2010), 

stationary (Britton et al. 2017) or camera surveys (Widmer et al. 2019), holds 

the potential to improve our ability to monitor the diversity of LT’s littoral fish 

diversity, determine species distributions across the lake and better 

understand the ecology of this highly complex system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 186 

4.6 Supporting Information 

 

Species 
Sequence 
ID Species 

Sequence 
ID 

Altolamprologus compressiceps KX396244 Julidochromis regani JN119338 
Altolamprologus compressiceps KX396245 Lamprologus callipterus Z30010 
Altolamprologus compressiceps EF462319 Lamprologus callipterus Z30011 
Altolamprologus compressiceps KX396104 Lamprologus callipterus Z30012 
Altolamprologus compressiceps KX396106 Lamprologus callipterus Z30013 
Altolamprologus compressiceps KX396099 Lamprologus callipterus EF462320 
Altolamprologus compressiceps KX396100 Lamprologus callipterus AF400718 
Altolamprologus compressiceps KX396101 Lamprologus lemairii AY559934 
Asprotilapia leptura AF400701 Lamprologus lemairii EF462333 
Asprotilapia leptura Z21732 Lamprologus lemairii FJ706196 
Chalinochromis brichardi EF462294 Lamprologus ornatipinnis EF462322 
Chalinochromis brichardi Z30006 Lamprologus ornatipinnis FJ706176 
Ctenochromis horei AY929987 Lamprologus ornatipinnis FJ706211 
Ctenochromis horei GQ995826 Lepidiolamprologus attenuatus EF462335 
Ctenochromis horei GQ995827 Lepidiolamprologus attenuatus EF462336 
Cyathopharynx furcifer AY338979 Lepidiolamprologus cunningtoni DQ054919 
Cyathopharynx furcifer AY338980 Lepidiolamprologus cunningtoni AY574599 
Cyathopharynx furcifer AY338981 Lepidiolamprologus cunningtoni FJ706193 
Cyathopharynx furcifer AY338982 Lepidiolamprologus cunningtoni HM135109 
Cyathopharynx furcifer AY338983 Lepidiolamprologus elongatus EF462329 
Cyathopharynx furcifer AY338986 Lepidiolamprologus elongatus EF462330 
Cyathopharynx furcifer AY615431 Lepidiolamprologus elongatus FJ706195 
Cyathopharynx furcifer AY615432 Lobochilotes labiatus JX402406 
Cyathopharynx furcifer AY615439 Lobochilotes labiatus JX402407 
Cyathopharynx furcifer AY615433 Lobochilotes labiatus AF400733 
Cyathopharynx furcifer AY615440 Microdontochromis tenuidentata AF400705 
Cyathopharynx furcifer AY615445 Neolamprologus furcifer EF462311 
Cyathopharynx furcifer AY615438 Neolamprologus furcifer Z30026 
Cyathopharynx furcifer AY615443 Neolamprologus boulengeri EF462316 
Cyathopharynx furcifer AY615447 Neolamprologus brevis EF462324 
Cyathopharynx furcifer AY615448 Neolamprologus brevis EF462326 
Cyathopharynx furcifer AY615437 Neolamprologus brevis EF462325 
Cyathopharynx furcifer AY615441 Neolamprologus brichardi AF438785 
Cyathopharynx furcifer AY615442 Neolamprologus brichardi EF137278 
Cyathopharynx furcifer AY615436 Neolamprologus brichardi EF137279 
Cyathopharynx furcifer AY615434 Neolamprologus brichardi EF137280 
Cyathopharynx furcifer AY615435 Neolamprologus brichardi EF137273 
Cyathopharynx furcifer AY615446 Neolamprologus brichardi EF137274 
Cyathopharynx furcifer AY615444 Neolamprologus brichardi EF137295 
Cyphotilapia frontosa AF400732 Neolamprologus brichardi AP006014 
Cyprichromis zonatus AY740295 Neolamprologus brichardi AF400721 
Ectodus descampsii AF400703 Neolamprologus brichardi NC_009062 
Grammatotria lemairii AF400704 Neolamprologus mondabu EF462303 
Haplotaxodon microlepis EF437532 Neolamprologus mondabu EF462304 
Haplotaxodon microlepis EF437533 Neolamprologus savoryi AF438778 
Haplotaxodon microlepis EF437534 Neolamprologus savoryi AF438780 
Haplotaxodon microlepis EF437535 Neolamprologus savoryi EF462309 
Haplotaxodon microlepis This Study Neolamprologus tetracanthus EF462282 
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Species 
Sequence 
ID Species 

Sequence 
ID 

Haplotaxodon microlepis This Study Neolamprologus tetracanthus FJ706206 
Julidochromis regani EF462290 Neolamprologus toae EF462283 
Neolamprologus toae EF462284 Plecodus paradoxus EF437538 
Neolamprologus toae AF400723 Plecodus paradoxus EF437539 
Neolamprologus tretocephalus EF462281 Plecodus paradoxus EF437540 
Ophthalmotilapia nasuta Z96007 Pseudosimochromis babaulti GQ995893 
Ophthalmotilapia nasuta Z96009 Pseudosimochromis babaulti GQ995895 
Ophthalmotilapia nasuta Z96010 Pseudosimochromis babaulti GQ995894 
Oreochromis tanganicae AY929940 Simochromis diagramma GQ995899 
Paracyprichromis nigripinnis AY740282 Simochromis diagramma GQ995900 
Paracyprichromis nigripinnis AY740283 Simochromis diagramma GQ995901 
Perissodus microlepis GU573822 Pseudosimochromis marginatus KF205366 
Perissodus microlepis GU573823 Pseudosimochromis marginatus GQ995898 
Perissodus microlepis GU573824 Pseudosimochromis marginatus GQ995896 
Perissodus microlepis GU573825 Pseudosimochromis marginatus GQ995897 
Perissodus microlepis This Study Spathodus erythrodon AF400708 
Perissodus microlepis This Study Tanganicodus irsacae AF400709 
Perissodus microlepis AF400730 Telmatochromis temporalis AY559876 
Petrochromis ephippium AY301959 Telmatochromis temporalis KX286421 
Petrochromis famula GQ995838 Telmatochromis temporalis KX286420 
Petrochromis famula GQ995839 Telmatochromis temporalis KX286419 
Petrochromis famula GQ995840 Telmatochromis temporalis KX286418 
Petrochromis famula GQ995841 Tropheus brichardi AY929973 
Petrochromis famula GQ995842 Tropheus brichardi AY930022 
Petrochromis famula GQ995843 Tropheus brichardi GQ995926 
Petrochromis fasciolatus GQ995902 Tropheus duboisi KF205346 
Petrochromis fasciolatus GQ995909 Tropheus duboisi KF205348 
Petrochromis fasciolatus GQ995910 Tropheus duboisi KF205350 
Petrochromis fasciolatus GQ995903 Tropheus duboisi GQ995915 
Petrochromis fasciolatus GQ995905 Tropheus duboisi GQ995916 
Petrochromis orthognathus GQ995847 Tylochromis polylepis NC_011171 
Petrochromis orthognathus GQ995846 Xenotilapia bathyphilus AY339027 
Petrochromis orthognathus GQ995848 Xenotilapia bathyphilus AY339028 
Petrochromis orthognathus GQ995849 Xenotilapia boulengeri AY339029 
Petrochromis orthognathus GQ995850 Xenotilapia flavipinnis AY339030 
Petrochromis polyodon GQ995858 Xenotilapia flavipinnis AY339031 
Petrochromis polyodon GQ995859 Xenotilapia flavipinnis AY339032 
Petrochromis polyodon GQ995860 Xenotilapia flavipinnis AY339033 
Petrochromis polyodon GQ995861 Xenotilapia flavipinnis AY339034 
Petrochromis polyodon GQ995862 Xenotilapia spilopterus AY339040 
Petrochromis trewavasae GQ995844 Xenotilapia spilopterus AY339041 
Petrochromis trewavasae GQ995845 Xenotilapia spilopterus AY339042 
Plecodus paradoxus EF437537 Xenotilapia spilopterus AY339043 

 
 

Table S4.1. Additional sequences added to the expanded and regional reference 

databases. All are derived from NCBI except for those that say ‘This Study’ in the 

Sequence ID column that were sequenced separately. In total 182 sequences for 53 

species were added.  
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Altolamprologus compressiceps Lepidiolamprologus cunningtoni Petrochromis fasciolatus 

Asprotilapia leptura Lepidiolamprologus elongatus Petrochromis orthognathus 

Aulonocranus dewindti Lepidiolamprologus profundicola Petrochromis polyodon 

Bathybates fasciatus Lestradea perspicax Petrochromis sp. 'kazumbae' 

Benthochromis horii Limnotilapia dardennii Plecodus paradoxus 

Boulengerochromis microlepis Lobochilotes labiatus Plecodus straeleni 

Callochromis macrops Microdontochromis rotundiventralis Pseudosimochromis babaulti 

Callochromis pleurospilus Neolamprologus boulengeri Simochromis diagramma 

Chalinochromis brichardi Neolamprologus brichardi Pseudosimochromis marginatus 

Ctenochromis horei Neolamprologus chitamwebwai Spathodus erythrodon 

Cyathopharynx furcifer Neolamprologus falcicula Tanganicodus irsacae 

Cyphotilapia frontosa Neolamprologus furcifer Telmatochromis bifrenatus 

Cyprichromis coloratus Neolamprologus mondabu Telmatochromis dhonti 

Cyprichromis microlepidotus Neolamprologus niger Telmatochromis temporalis 

Cyprichromis sp.'dwarf jumbo' Neolamprologus savoryi Telmatochromis vittatus 

Cyprichromis zonatus Neolamprologus tetracanthus Tropheus brichardi 

Ectodus descampsii Neolamprologus toae Tropheus duboisi 

Eretmodus marksmithi Neolamprologus tretocephalus Tylochromis polylepis 

Gnathochromis pfefferi Neolamprologus walteri Xenotilapia bathyphilus 

Grammatotria lemairii Ophthalmotilapia nasuta Xenotilapia boulengeri 

Haplotaxodon microlepis Ophthalmotilapia sp. 'paranasuta' Xenotilapia flavipinnis 

Interochromis loocki Ophthalmotilapia ventralis Xenotilapia longispinis 

Julidochromis regani Oreochromis tanganicae Enantiopus melanogenys 

Neolamprologus brevis Paracyprichromis brieni Xenotilapia ochrogenys 

Lamprologus callipterus Paracyprichromis nigripinnis Xenotilapia sima 

Lamprologus lemairii Perissodus microlepis Xenotilapia spilopterus 

Lamprologus ornatipinnis Petrochromis ephippium Microdontochromis tenuidentata 

Lepidiolamprologus attenuatus Petrochromis famula   
 

 

Table S4.2. Species included within the regional reference database. This included 

all cichlid species identified along the surveyed region by this study, Britton et al. 

(2017) and Widmer et al. (2019). Total number of species = 83.  
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Species Sequence ID Species Sequence ID 

Altolamprologus calvus AF400716 Haplotaxodon microlepis EF437529 

Altolamprologus calvus DQ054913 Haplotaxodon microlepis EF437530 

Altolamprologus calvus EF462318 Haplotaxodon microlepis EF437531 

Altolamprologus calvus FJ706186 Julidochromis dickfeldi EF462292 

Altolamprologus calvus FJ706187 Julidochromis regani EF462290 

Haplotaxodon microlepis EF437532 Julidochromis regani JN119338 

Haplotaxodon microlepis EF437533 Lepidiolamprologus kendalli DQ054941 

Haplotaxodon microlepis EF437534 Lepidiolamprologus kendalli DQ054942 

Haplotaxodon microlepis EF437535 Lepidiolamprologus kendalli EF462331 

Haplotaxodon microlepis This Study Neolamprologus leleupi EF462313 

Haplotaxodon microlepis This Study     
 

Table S4.3. Additional NCBI sequences included within the aquarium-specific 

reference database.  
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  Site 

Species 3 4 10 11 16 17 20 21 

Asprotilapia leptura 0 1 1 1 0 0 1 1 

Astatotilapia burtoni 0 0 1 0 0 0 0 0 

Aulonocranus dewindti 0 1 1 1 1 1 1 0 

Bathybates fasciatus 0 0 0 0 0 0 1 0 

Boulengerochromis microlepis 1 1 1 1 1 1 1 0 

Callochromis melanostigma 0 0 1 1 0 0 0 0 

Chalinochromis brichardi/sp. 'ndobhoi' 0 1 0 0 0 0 0 0 

Ctenochromis horei 0 0 1 1 1 1 1 0 

Cyathopharynx furcifer/foae 1 1 1 1 1 1 1 1 

Cyphotilapia frontosa 0 1 0 1 0 1 1 1 

Cyprichromis microlepidotus 0 1 0 0 0 0 0 0 

Cyprichromis sp.'dwarf jumbo' 1 1 1 1 0 1 1 1 

Enantiopus melanogenys 0 0 1 0 1 1 1 0 

Gnathochromis pfefferi 0 0 0 1 1 1 1 0 

Grammatotria lemairii 1 1 1 0 1 0 0 0 

Haplotaxodon microlepis 1 1 1 0 1 1 0 0 

Interochromis loocki 0 1 1 0 1 1 1 1 

Julidochromis regani 0 1 1 0 1 1 0 1 

Lamprologus lemairii 0 1 0 0 0 1 1 1 

Lamprologus ornatipinnis 0 0 0 0 1 0 0 0 

Lepidiolamprologus cunningtoni 0 0 1 0 0 0 0 0 

Lepidiolamprologus elongatus 0 0 1 1 1 0 1 1 

Lepidiolamprologus profundicola 0 1 1 1 0 1 1 1 

Lestradea stappersii 0 1 1 1 1 0 0 1 

Limnotilapia dardennii 1 1 1 1 1 1 1 1 

Lobochilotes labiatus 1 1 1 1 1 1 1 1 

Neolamprologus boulengeri 0 0 0 0 0 1 0 0 

Neolamprologus brevis 0 0 1 1 1 0 1 1 

Neolamprologus chitamwebwai 0 0 1 0 1 0 0 0 

Neolamprologus falcicula 0 0 0 0 1 1 1 1 

Neolamprologus furcifer 1 1 1 1 1 1 1 1 

Neolamprologus niger 1 1 1 0 0 1 0 1 

Neolamprologus toae 0 1 0 1 1 1 1 1 

Neolamprologus tretocephalus 0 0 1 0 0 0 0 0 

Neolamprologus walteri 1 1 1 1 1 1 1 1 

Ophthalmotilapia nasuta 1 1 0 0 0 1 0 1 

Ophthalmotilapia sp. 'paranasuta' 1 1 0 1 1 1 1 0 

Oreochromis tanganicae 0 0 1 1 0 0 0 0 

Paracyprichromis brieni 1 1 0 0 0 1 1 1 

Petrochromis famula 1 1 1 1 1 1 1 1 

Petrochromis fasciolatus 0 1 1 0 0 1 1 1 
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  Site 

Species 3 4 10 11 16 17 20 21 

Petrochromis orthognathus 0 1 1 1 1 1 0 1 

Petrochromis sp. 'kazumbae' 1 1 1 1 1 1 1 1 

Pseudosimochromis babaulti 1 1 1 1 1 1 1 1 

Pseudosimochromis curvifrons 0 1 0 0 0 0 0 0 
Pseudosimochromis 
marginatus/margaretae 1 1 0 1 1 1 1 1 

Simochromis diagramma 1 1 1 1 1 1 1 1 
Tangachromis dhanisi/Spathodus 
erythrodon 0 0 0 0 0 0 1 0 

Tanganicodus irsacae 1 1 0 1 0 1 1 1 

Telmatochromis bifrenatus 1 1 1 1 1 1 1 1 

Telmatochromis dhonti 0 1 0 1 1 0 1 1 

Trematocara stigmaticum 0 0 1 0 1 0 1 0 

Tropheus brichardi 1 0 1 1 1 1 1 1 

Tropheus duboisi 1 1 0 1 0 1 0 1 

Tylochromis polylepis 0 0 1 0 0 0 0 0 

Xenotilapia bathyphilus 0 1 1 1 0 0 0 0 

Xenotilapia flavipinnis 1 1 1 1 0 0 1 1 

Xenotilapia longispinis 0 0 1 1 0 0 0 0 

Xenotilapia nasus 0 0 0 0 0 0 1 0 

Xenotilapia sima 0 0 1 0 0 0 0 0 

Xenotilapia spilopterus 1 1 1 1 1 1 1 1 

Cyprichromis sp. 'kibishi' 1 1 1 0 0 0 0 0 

Neolamprologus calliurus 0 0 1 1 1 0 1 1 

Neolamprologus meeli 0 0 1 1 1 1 0 1 

Neolamprologus pleuromaculatus 0 0 0 0 1 1 0 0 

Ophthalmotilapia sp. 'white cap' 1 1 0 0 1 1 1 1 

Oreochromis malagarasi 0 1 1 0 0 0 0 0 

Petrochromis macrognathus 1 0 0 1 0 0 0 1 

Telmatochromis brichardi 0 1 0 0 1 1 1 1 

Telmatochromis sp. 'lufubu' 0 0 0 0 0 0 1 0 

Xenotilapia sp. 'papilio sunflower' 1 1 1 1 1 1 1 1 

 
Table S4.4. Species detected at each site with the local reference database. Species 

below the dashed line were removed as they do not occur along the surveyed 

coastline. 
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  Site 

Species 3 4 10 11 16 17 20 21 

Altolamprologus compressiceps 0 0 1 1 1 1 0 1 

Asprotilapia leptura 1 1 1 1 1 0 1 1 

Astatotilapia burtoni 0 0 1 0 0 0 0 0 

Aulonocranus dewindti 0 1 1 1 1 1 1 0 

Boulengerochromis microlepis 1 1 1 1 1 1 1 0 

Callochromis melanostigma 0 0 1 1 0 0 0 0 

Chalinochromis brichardi/sp. 'ndobhoi' 0 1 0 0 0 0 0 0 

Ctenochromis horei 0 0 1 1 1 1 1 0 

Cyathopharynx furcifer/foae 1 1 1 1 1 1 1 1 

Cyphotilapia frontosa 0 1 0 1 0 1 1 1 

Cyprichromis sp.'dwarf jumbo'/microlepidotus 1 1 1 1 0 1 1 1 

Enantiopus melanogenys 0 0 1 0 1 1 1 0 

Gnathochromis pfefferi 0 0 0 1 1 1 1 0 

Grammatotria lemairii 1 1 1 1 1 1 0 0 

Haplotaxodon microlepis 1 1 1 0 1 1 1 1 

Interochromis loocki 0 0 1 0 0 1 1 1 

Julidochromis regani/marlieri 0 1 1 1 1 1 0 1 

Lamprologus callipterus 1 1 1 1 1 1 1 1 

Lamprologus lemairii 0 1 1 1 1 1 1 1 

Lamprologus ornatipinnis 0 0 0 0 1 0 0 0 

Lepidiolamprologus attenuatus 0 1 1 1 1 1 1 0 

Lepidiolamprologus cunningtoni 1 1 1 1 1 1 0 0 

Lepidiolamprologus elongatus 1 1 1 1 1 1 1 1 

Lepidiolamprologus profundicola 0 1 1 1 0 1 1 1 

Lestradea perspicax/stappersii 0 1 1 1 1 0 0 1 

Limnotilapia dardennii 1 1 1 1 1 1 1 1 

Lobochilotes labiatus 1 1 1 1 1 1 1 1 

Microdontochromis tenuidentataus 0 0 1 1 0 0 0 0 

Neolamprologus boulengeri 0 0 0 0 0 1 0 0 

Neolamprologus brevis/calliurus 0 0 1 1 1 0 1 1 

Neolamprologus brichardi 1 1 1 1 0 0 0 0 

Neolamprologus chitamwebwai/walteri 1 1 1 1 1 1 1 1 

Neolamprologus falcicula 0 0 0 0 1 1 1 1 

Neolamprologus furcifer 1 1 1 1 1 1 1 1 

Neolamprologus mondabu 1 1 1 1 1 1 0 0 

Neolamprologus niger 1 1 1 0 0 1 0 1 

Neolamprologus savoryi 0 1 0 1 0 1 1 1 

Neolamprologus toae 0 1 0 1 1 1 1 1 

Neolamprologus tretocephalus 0 1 1 0 0 0 0 0 

Ophthalmotilapia nasuta 1 1 1 0 0 0 0 0 
Ophthalmotilapia sp. ‘paranasuta’/heterodonta/sp. ‘white 
cap’ 1 1 0 1 1 1 1 1 



 193 

  Site 

Species 3 4 10 11 16 17 20 21 

Oreochromis tanganicae 0 0 1 1 0 0 0 0 

Paracyprichromis brieni 1 1 0 0 0 1 1 1 

Perissodus microlepis 0 1 1 1 0 1 1 1 

Petrochromis famula 1 1 1 1 1 1 1 1 

Petrochromis fasciolatus 0 0 0 0 0 1 1 1 

Petrochromis orthognathus 0 1 1 1 1 1 0 1 

Petrochromis sp. 'kazumbae' 1 1 1 1 1 1 1 1 

Pseudosimochromis babaulti 1 1 1 1 1 1 1 1 

Pseudosimochromis curvifrons 0 1 0 0 0 0 0 0 

Pseudosimochromis marginatus 1 1 0 1 1 1 1 1 

Simochromis diagramma 1 1 1 1 1 1 1 1 

Tangachromis dhanisi/Spathodus erythrodon 0 0 0 0 0 0 1 0 

Tanganicodus irsacae 1 1 0 1 0 1 1 1 

Telmatochromis bifrenatus 1 1 1 1 1 1 1 1 

Telmatochromis dhonti 0 1 0 1 1 0 1 1 

Telmatochromis temporalis 1 1 1 1 1 1 0 1 

Trematocara stigmaticum 0 0 1 0 1 0 1 0 

Tropheus brichardi 1 1 1 1 1 1 1 1 

Tropheus duboisi 1 1 0 1 0 1 1 1 

Tylochromis polylepis 0 0 1 0 0 0 0 0 

Xenotilapia bathyphilus 0 1 1 1 0 0 0 0 

Xenotilapia flavipinnis 1 1 1 1 0 0 1 1 

Xenotilapia longispinis 0 0 1 1 0 0 0 0 

Xenotilapia nasus 0 0 0 0 0 0 1 0 

Xenotilapia sima 0 0 1 0 0 0 0 0 

Xenotilapia spilopterus 1 1 1 1 1 1 1 1 

Cyprichromis sp. 'kibishi' 1 1 1 0 0 0 0 0 

Neolamprologus meeli 0 0 1 1 1 1 0 0 

Neolamprologus pleuromaculatus 0 0 0 0 1 1 0 0 

Oreochromis malagarasi 0 1 1 0 0 0 0 0 

Petrochromis macrognathus 1 0 0 1 0 0 0 1 

Telmatochromis brichardi 0 1 0 0 1 1 1 1 

Telmatochromis sp. 'lufubu' 0 0 0 0 0 0 1 0 

Xenotilapia sp. 'papilio sunflower' 1 1 1 1 1 1 1 1 
 

Table S4.5. Species detected at each site with the expanded reference database. 

Species below the dashed line were removed as they do not occur along the surveyed 

coastline. 
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  Site 

Species 3 4 10 11 16 17 20 21 

Altolamprologus compressiceps 0 0 1 1 1 1 0 1 

Asprotilapia leptura 1 1 1 1 1 0 1 1 

Aulonocranus dewindti 0 1 1 1 1 1 1 0 

Benthochromis horii 0 1 0 0 0 0 1 1 

Boulengerochromis microlepis 1 1 1 1 1 1 1 0 

Callochromis melanostigma 0 0 1 1 0 0 0 0 

Chalinochromis brichardi 0 1 0 0 0 0 0 0 

Ctenochromis horei 0 0 1 1 1 1 1 0 

Cyathopharynx furcifer 1 1 1 1 1 1 1 1 

Cyphotilapia frontosa 0 1 0 1 0 1 1 1 
Cyprichromis sp.'dwarf 
jumbo'/microlepidotus 1 1 1 1 0 1 1 1 

Gnathochromis pfefferi 0 0 0 1 1 1 1 0 

Grammatotria lemairii 1 1 1 1 1 1 0 0 

Haplotaxodon microlepis 1 1 1 0 1 1 1 1 

Interochromis loocki 0 0 1 0 0 1 1 1 

Julidochromis regani 0 1 1 1 1 1 0 1 

Lamprologus callipterus 1 1 1 1 1 1 1 1 

Lamprologus lemairii 0 1 1 1 1 1 1 1 

Lamprologus ornatipinnis 0 0 0 0 1 0 0 0 

Lepidiolamprologus attenuatus 0 1 1 1 1 1 1 0 

Lepidiolamprologus cunningtoni 1 1 1 1 1 1 0 0 

Lepidiolamprologus elongatus 1 1 1 1 1 1 1 1 

Lepidiolamprologus profundicola 0 1 1 1 0 1 1 1 

Lestradea perspicax 0 1 1 1 1 0 0 1 

Limnotilapia dardennii 1 1 1 1 1 1 1 1 

Lobochilotes labiatus 1 1 1 1 1 1 1 1 

Microdontochromis tenuidentataus 0 0 1 1 0 0 0 0 

Neolamprologus boulengeri 0 1 1 1 1 1 1 0 

Neolamprologus brevis 0 0 1 1 1 0 1 1 

Neolamprologus brichardi 1 1 1 1 0 0 0 0 

Neolamprologus chitamwebwai/walteri 1 1 1 1 1 1 1 1 

Neolamprologus falcicula 0 1 1 1 1 1 1 1 

Neolamprologus furcifer 1 1 1 1 1 1 1 1 

Neolamprologus mondabu 1 1 1 1 1 1 0 0 

Neolamprologus niger 1 1 1 0 0 1 0 1 

Neolamprologus savoryi 0 1 0 1 0 1 1 1 

Neolamprologus toae 0 1 0 1 1 1 1 1 

Neolamprologus tretocephalus 0 1 1 0 0 0 0 0 

Ophthalmotilapia nasuta 1 1 1 1 0 1 0 0 

Ophthalmotilapia sp. ‘paranasuta’ 1 1 0 1 1 1 0 1 

Oreochromis tanganicae 0 0 1 1 0 0 0 0 
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  Site 

Species 3 4 10 11 16 17 20 21 

Paracyprichromis brieni 1 1 0 0 0 1 1 1 

Perissodus microlepis 0 1 1 1 0 1 1 1 

Petrochromis famula 1 1 1 1 1 1 1 1 

Petrochromis fasciolatus 0 0 0 0 0 1 1 1 

Petrochromis orthognathus 0 1 1 1 1 1 0 1 

Petrochromis sp. 'kazumbae' 1 1 1 1 1 1 1 1 

Pseudosimochromis babaulti 1 1 1 1 1 1 1 1 

Pseudosimochromis marginatus 1 1 0 1 1 1 1 1 

Simochromis diagramma 1 1 1 1 1 1 1 1 

Spathodus erythrodon 0 0 0 0 0 0 1 0 

Tanganicodus irsacae 0 1 0 1 0 1 1 1 

Telmatochromis bifrenatus 1 1 1 1 1 1 1 1 

Telmatochromis dhonti 0 1 1 1 1 1 1 1 

Telmatochromis temporalis 1 1 1 1 1 1 0 1 

Tropheus brichardi 1 1 1 1 1 1 1 1 

Tropheus duboisi 1 1 0 1 0 1 1 1 

Tylochromis polylepis 0 0 1 0 0 0 0 0 

Xenotilapia bathyphilus 0 1 1 1 0 0 0 0 

Xenotilapia flavipinnis 1 1 1 1 0 0 1 1 

Xenotilapia longispinis 0 0 1 1 0 0 0 0 

Xenotilapia ochrogenys 0 0 1 0 1 0 1 0 

Xenotilapia sima 1 1 1 1 1 1 1 1 

Xenotilapia spilopterus 1 1 1 1 1 1 1 1 
 

Table S4.6. Species detected at each site with the regional reference database.  
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Replicate Average SR % detected sp. Sample Coverage 

1 17.2 0.379 0.595 

2 23.8 0.528 0.742 

3 27.9 0.621 0.811 

4 30.8 0.689 0.852 

5 33.1 0.742 0.880 

6 35.0 0.784 0.899 

7 36.5 0.820 0.915 

8 37.9 0.850 0.926 

9 39.0 0.876 0.936 

10 40.0 0.899 0.943 

11 40.8 0.919 0.950 

12 41.6 0.936 0.955 

13 42.3 0.952 0.960 

14 42.9 0.966 0.963 

15 43.5 0.979 0.967 

16 44.0 0.979 0.970 

17 44.4 0.990 0.972 

18 44.9 1.000 0.975 

Est. (36) 48.7 - 0.994 
 

Table S4.7. The average species richness for each technical replicate (N=18) across 

all sites for the regional dataset as well as the average estimated diversity (Est. (36)) 

extrapolated across 36 replicates. The % detected sp. represents the average 

proportion of the detected species within each replicate. Estimated sample coverage 

was calculated with iNEXT, 
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  Local Expanded Regional 

Site Low Medium High Low Medium High Low Medium High 

3 24 17 9 31 23 12 31 23 12 

4 39 32 17 47 37 25 50 40 27 

10 41 35 22 49 40 27 50 42 30 

11 35 28 16 48 39 24 52 43 25 

16 33 23 11 39 31 16 40 35 17 

17 36 30 18 45 38 24 47 42 28 

20 38 27 16 43 33 17 43 35 18 

21 34 23 13 40 30 14 42 31 14 

Total 61 53 42 67 60 49 64 60 50 

Total False Pos. 10 7 5 8 6 4 - - - 
 
Table S4.8. Species richness estimates derived from the three reference databases 

(local, expanded & regional) with each assignment stringency threshold (low, medium 

& high). ‘Total’ represents the total species richness estimate across all sites. ‘Total 

False Pos.’ represents the total number of erroneously assigned species deemed 

false positives across all sites.  
 
 
 
 
 
 

  Stringency 
  Low Medium High 
Site Total 0.297 0.314 0.445 
Central 0.395 0.401 0.460 
Central 3 0.317 0.323 0.429 
5m Depth 0.339 0.355 0.464 

10m Depth 0.341 0.350 0.433 
 
Table S4.9. Mean Sørenson dissimilarity values between site species richness 

estimates obtained from the eDNA data at different stringencies and the visual survey 

dataset at different spatial scales. 
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Figure S4.1. Percentage of species identified in each of the three filter replicates for 

assignments made by the local (a), expanded (b) and regional (c) reference 

databases. 
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Figure S4.2. Read count rarefaction plots for each PCR replicate at each site. Line 

colour identifies which of the three filter replicates PCRs were from.  
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Figure S4.3. Interpolated and extrapolated sample coverage plots for each site 

separated by reference database (local, expanded and regional). Each sampling unit 

represents a PCR replicate from one of the three filter replicates at each site. 
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Figure S4.4. Number of detections for each species made by the local reference 

database across each of the assignment stringency thresholds. Species below the 

dashed line represent likely false positives.  
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Figure S4.5. Number of detections for each species made by the expanded reference 

database across each of the assignment stringency thresholds. Species below the 

dashed line represent likely false positives.  
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Figure S4.6. Number of detections for each species made by the regional reference 

database across each of the assignment stringency thresholds. 
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Figure S4.7. Sørenson dissimilarity values (top) between species richness estimates 

at each site from the eDNA data and visual survey data at five separate scales, as 

well as the two components of this dissimilarity; species turnover (middle) and species 

nestedness (bottom).  
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5 Conclusions 

5.1 Summary 

This thesis tests eDNA metabarcoding methods in one of the world’s most 

locally diverse and complex freshwater fish communities, representing an 

initial application of these methods within the tropics as well as a great lake 

system. The three main components of this work comprise the establishment 

of a novel reference database across key metabarcoding regions for fish 

species within the Lake Tanganyika (LT) basin, that was used for the in silico 

testing of published primer sets and design of a novel cichlid-specific primer 

set (Cichlid_CR) in Chapter two; a first application testing eDNA 

metabarcoding methods within LT in situ in Chapter three; and finally testing 

the impact of increased sequence depth, reference database completeness 

and bioinformatic stringencies on the results of eDNA metabarcoding studies 

within a species rich freshwater system in Chapter four. This work has 

demonstrated the capacity of eDNA metabarcoding for surveying highly 

diverse tropical fish communities such as those found in LT, as well as 

highlighting key methodological considerations that should be employed when 

designing eDNA metabarcoding studies within similar systems. 

 Chapter two developed a novel species list for fish species within the 

LT basin as well as a reference database across three mitochondrial gene 

regions (12s rRNA, 16s rRNA and Control Region). Construction of the 

database highlighted the diversity of fishes across the LT basin with 431 

species included. Despite the high diversity and remoteness of this system 

sequences were obtained for 83% of fish species known to occur within the 

basin. This enabled a complete in silico analysis of two newly designed primer 

sets (Cichlid_CR and 16s_Teleo) as well as two previously published primers 

(12S-V5 and MiFish-U). Results demonstrated all four primer sets were highly 

conserved across the lake’s fishes (Cichlid_CR across the cichlids only), with 

potential bias limited to individual species for each marker and the Synodontis 

catfishes for 12S-V5. Interspecific genetic divergences varied greatly across 

each primer set with the Cichlid_CR marker demonstrating substantially larger 

Kimura-2-Parameter (K2P) genetic distances for the cichlid fishes compared 
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to the three other universal fish makers. This highlighted the potential of 

Cichlid_CR for obtaining an increased taxonomic resolution of detections for 

the cichlid fishes with limited genetic divergences. K2P distances for 

16s_Teleo and MiFish were both higher across the cichlid and non-cichlid 

fishes compared to 12S-V5. While unable to distinguish between a number of 

cichlid species within the reference database, they were able to distinguish 

between the majority of species in non-cichlid teleost families. Due to 

variations in the taxonomic resolutions of markers across the lake’s fishes it 

was concluded eDNA metabarcoding methods within LT should apply a multi-

marker approach, as recently recommended for diverse tropical systems 

(Cilleros et al. 2019), to help overcome limitations within individual markers.  

 For Chapter three, two field seasons were undertaken to LT (Kigoma 

region, Tanzania) to collect eDNA samples and visual survey data (via 

SCUBA) across 21 sites. Using the four markers tested in Chapter two, eDNA 

samples were amplified and sequenced across two Illumina MiSeq runs. The 

taxonomic resolution of assignments made to MOTUs varied considerably 

across markers, demonstrating similar patterns to Chapter two. The 

Cichlid_CR marker was able to identify 76.6% of reads to species level, while 

the other markers ranged between 34.2% and 40.9% of reads. As a result, 

Cichlid_CR detected the highest number of cichlid species, however unique 

cichlid species identifications were made by each marker. A high proportion of 

unassigned Cichlid_CR reads were shown to be derived from LT cichlid 

species through a secondary blast search against the NCBI nt database. As 

only one sequence per a species was included within the reference database, 

these unassigned reads were likely derived from intraspecific variability within 

the Cichlid_CR marker not accounted for within the reference database. As a 

result, the performance of the Cichlid_CR marker and potentially the three 

universal fish markers was likely inhibited by this limitation in the reference 

databases used. The number of unique fish species identifications made by 

each marker demonstrated the benefits of using multiple primer sets in diverse 

tropical systems, resulting in an increased number of fish species detected.  

 Despite an increased number of species detected overall, comparisons 

of site species richness estimates derived from the eDNA and visual survey 

data, showed eDNA estimates consistently underestimated the observed fish 
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diversity. Lower detection rates of cichlid species largely explained this, with a 

number of commonly observed species either being underrepresented or 

missing from the eDNA dataset. These underestimates were likely derived 

from the sequencing depth used, as rarefaction plots showed sampling 

completeness was likely insufficient, as well as reference database limitations. 

The eDNA data did, however, demonstrate the improved detection of fish 

species from other families compared to the visual survey data. These 

improved detection rates result from the increased genetic distances between 

many of these species making species level detections more achievable from 

eDNA, as well as behavioural characteristics (e.g. nocturnal, substrate-

dwelling) of a number of species resulting in them likely being 

underrepresented within the visual dataset. The ability to detect some of these 

challenging to survey species from eDNA samples, helps overcome limitations 

in traditional methods and could represent an immediate benefit of 

incorporating eDNA metabarcoding methods into survey designs of the lake’s 

fishes.  

 Chapter four built on these findings to test if increases in sequencing 

depth, reference database expansions and the use of different taxonomic 

assignment stringency thresholds improved the detection of cichlid species 

within the eDNA metabarcoding dataset. Samples from eight sites (N=24) 

were amplified and sequenced with the Cichlid_CR marker on an additional 

Illumina MiSeq run. Analysis demonstrated higher sequencing depths resulted 

in a dramatic increase in the cichlid species richness estimates obtained from 

the eDNA samples. While reference database expansions also led to the 

improved detection of species, particularly a number of common species 

missing from the data in Chapter three, the increased sequencing depth 

resulted in a larger number of additional species detected. Higher sequencing 

depths with the Cichlid_CR marker also had a greater impact on cichlid 

species richness estimates than the addition of multiple primer sets, likely due 

to the improved performance of Cichlid_CR for detecting cichlid species 

compared to the three universal fish primer sets. While higher taxonomic 

assignment stringencies reduced the number of false-positive detections of 

cichlid species, they did not remove them entirely. Site species richness 

estimates at high stringencies were also found to differ more from the visual 
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survey data than those obtained at lower thresholds. The use of a regional-

specific reference database, only including species previously observed within 

the surveyed habitat, removed false positives entirely as well as improving the 

number of detections of cichlid species within the eDNA dataset. Cichlid site 

species richness estimates obtained from the new sequencing data exceeded 

those obtained from the visual survey data. At each site 54.8% of species were 

identified by both methods, 31.6% by the eDNA data only and 13.6% by the 

visual survey data only. These improved estimates compared to the visual 

survey data highlight the capacity of eDNA metabarcoding for surveying 

tropical fish communities, even those containing high local diversities and large 

numbers of closely related species within evolutionary and adaptive radiations. 

 

5.2 Recommendations 

5.2.1 eDNA metabarcoding studies within tropical ecosystems 

This study demonstrates the impact of sequencing depth on diversity 

estimates obtained from eDNA metabarcoding within diverse tropical systems. 

Within LT, a minimum of 13 replicates (>350,000 reads post filtering) are 

required to detect 95% of the predicted sampling depth at each site. Assuming 

three filter replicates are collected per a site, this would therefore require 4-5 

PCR replicates per filter. Across other tropical systems the ratio of filter to PCR 

replicates will vary, as they will be heavily dependent on the ecosystem 

surveyed and the research question. Based on the findings of this study high 

sequencing depths are required for diverse ecosystems as shown in Chapter 

four, Cantera et al. (2019) and Cilleros et al. (2019).  

 The use of group-specific markers within highly variable regions is an 

effective method of improving the taxonomic resolution of assignments for 

closely related species within radiations from eDNA samples. These can then 

be used in combination with more conserved markers enabling the detection 

of species across a broader range of teleost families. For the detection of 

cichlid fishes within LT the use of the Cichlid_CR marker is recommended as 

this provides sufficient taxonomic resolution. With an appropriate sequencing 

depth, it is possible to detect a large number of cichlid species exceeding 
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visual survey estimates. For broader fish diversity estimates the MiFish-U 

marker is recommended, as Chapter three showed it provides increased 

taxonomic resolution than 12S-V5 as well as higher specificity compared to 

the other two universal fish primer sets with a much higher proportion of reads 

derived from target fish species.  

 As highlighted in this study reference database completeness is 

essential for the reliable detection of species. Complete coverage would 

include sequences for all species within the surveyed habitat, as well as 

sufficient sequences per a species to account for intraspecific variability within 

the population. Curated databases are also preferable over direct use of public 

databases as the potential for error derived from mis-identifications or poorly 

described taxonomies is higher within complex tropical ecosystems. eDNA 

metabarcoding studies within LT specifically could benefit from the use of 

regional-specific reference databases, ideally containing sequences from 

samples collected within the region. This could be applied effectively in well-

surveyed regions of the lake such as Kigoma and sections of the Zambian 

coastline where littoral fish compositions and distributions are well studied. 

This approach does run the risk of missing true detections of species not 

known to occur in the surveyed region however, particularly in understudied 

regions of LT (e.g. the Democratic Republic of Congo coastline). In these 

areas, lake-wide reference databases will be preferable, with the use of higher 

stringency bioinformatic filtering thresholds helping to reduce the possibility of 

false-positives within the dataset. As false positives are likely to occur even at 

high stringencies, care interpreting the results would be needed.  

 

5.2.2 Survey designs of Lake Tanganyika’s littoral fish communities 

Lake Tanganyika represents a highly diverse ecosystem containing at least 

431 fish species of which many are endemic. It also represents an ecosystem 

facing increasing anthropogenic pressures (Britton et al. 2017, 2019). 

Mismanagement of an other East African great lake; Lake Victoria, resulted in 

very fast declines in fish diversity with dramatic shifts in community structure 

in the past (Hecky et al. 2010). As a result, it is important to develop survey 

methodologies that will enable the monitoring of LT’s fish communities, helping 
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to inform management decisions as well as their response to anthropogenic 

pressures.  The diversity and complexity of this system, along with well-known 

challenges of surveying fish communities, ensures it is unlikely any one 

approach will provide complete and accurate diversity information at required 

scales. Through combining multiple survey approaches, and embracing new 

methodological approaches, there is the potential to greatly improve our ability 

to monitor LT’s fish communities.  

The incorporation of eDNA metabarcoding alongside traditional methods 

can improve species detection rates, helping to overcome inherent biases and 

limitations of current survey designs. This could be achieved through the 

improved or complementary detection of species, the identification of taxa to 

lower taxonomic levels or the targeting of separate taxonomic groups (Deiner, 

Bik, Mächler, et al. 2017). Within LT, eDNA metabarcoding has the potential 

to contribute to diversity estimates in each of these ways. Closely related and 

cryptic taxa within LT can be challenging to identify down to species level in 

the field (e.g. Synodontis catfishes). Complementing visual surveys with eDNA 

metabarcoding data could help improve the resolution of detections for these 

species or confirm uncertain identifications at sites where necessary. 

Furthermore, the diversity of species with wide ranging life histories in LT 

means differing survey methods could be used to target separate fish groups. 

For example, observational methods that are effective at surveying territorial 

cichlid species could be combined with eDNA metabarcoding methods to help 

identify more elusive taxa likely to be underrepresented within visual surveys. 

These include nocturnal catfishes or mastacembelid spiny eels that live within 

the sediment or under rocks. While both visual and eDNA metabarcoding 

methods are effective at detecting cichlid species, they will inevitably 

encompass differing biases affecting their detection rates. As a result, 

estimates derived from both methods are likely to represent improvements on 

those derived from any individual method alone, as found in Chapter four. 

Therefore combining eDNA metabarcoding methods with a visual survey 

design; either SCUBA (Britton et al. 2017) or camera-based (Widmer et al. 

2019), will help to improve site species richness estimates of both cichlid and 

non-cichlid species. While it is important to base survey designs around the 

question of interest or management objectives, there are a large range of 
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scenarios in which incorporating eDNA metabarcoding methods into survey 

designs could help improve diversity estimates for LT’s fish communities.  

 

5.3 Future directions 

This work opens the door for future eDNA research within LT that could benefit 

both conservation and management efforts in the lake itself, as well as eDNA 

metabarcoding applications more broadly. Future research directions include 

work that would improve the accuracy of eDNA metabarcoding diversity 

estimates in LT, as well as help make diversity estimates more informative and 

ecologically meaningful.  

 

5.3.1 Measures of abundance 

eDNA within the environment has been linked to the biomass of species across 

a number of studies within mesocosms (Takahara et al. 2012, Lacoursière-

Roussel, Rosabal, et al. 2016), lakes (Lacoursière-Roussel, Côté, et al. 2016) 

and rivers (Doi et al. 2017). As a result, there is the potential to obtain 

measures of abundance for species from eDNA metabarcoding data, providing 

more information on community structure than occupancy measures. This 

relationship is complicated by potential variations in the ecology of eDNA, the 

stochastic nature of the PCR process and the amount of DNA handling 

required in eDNA metabarcoding laboratory protocols (Deiner, Bik, Mächler, 

et al. 2017). Despite this, fish community relative abundance estimates from 

eDNA metabarcoding methods have been shown to correlate with traditional 

rank abundance estimates across a number of UK lakes (Hänfling et al. 2016, 

Li et al. 2019). While current evidence remains limited, there remains the 

potential to obtain relative abundance estimates from eDNA metabarcoding 

data.  

 eDNA abundance measures are difficult to verify within the natural 

environment as they rely on treating the results of at least one traditional 

survey method as true. As all methods have their associated biases, treating 

one method as the benchmark with which to test the other is not accurate 
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(Shelton et al. 2019). For example, visual SCUBA survey methods have biases 

attached with the inconsistent responses of fish species to divers affecting 

detection rates (Dickens et al. 2011). Within LT however, visual survey 

methods are likely to provide near accurate measures of relative abundance 

for cichlid species within the littoral habitat. The majority of species show 

limited response to SCUBA divers, with territorial species remaining relatively 

stationary in their territory enabling more accurate counting. As a result, both 

the detection rate of species as well as their relative abundance within surveys 

should provide reliable measures of local species abundance with which to 

test eDNA methods. Further work could therefore be undertaken to determine 

the relationship between abundance measures obtained from the eDNA and 

visual survey datasets using the sequence data obtained in Chapter four. Early 

analysis has identified a significant relationship between the number of 

standardised reads and the detection rate of species at sites (Figure 5.1) (glm, 

binomial distribution. estimate = 1.461, p < 1.17x10-10). A similar relationship 

has been identified by Pont et al. (2018) demonstrating species with higher 

read counts are more frequently detected at sites within the eDNA data.  

 

 
Figure 5.1. Relationship between the number of standardised reads and detection 

rate using the sequence data from Chapter four (glm model, binomial distribution).  
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To test the relationship between read and observed abundance for species 

within the surveyed habitat, preliminary comparisons have been made with the 

visual survey data. Analysis of the relationship between standardised 

observed and eDNA read counts at sites demonstrated a weak but significant 

relationship (Pearson rho = 0.29, p=1.4x10-5), with wide variance in the 

distribution of the data (Figure 5.2). This suggests a broad relationship 

between observed and eDNA abundance measures, though substantial 

variation in this relationship still exists at the community level. The relative 

abundance of species within the eDNA and visual datasets varies greatly 

(Figure 5.3). As a result, the relationship between abundance measures could 

vary at the species level. Cichlid species also show wide variations in life 

history traits such as breeding strategy (open, substrate and mouthbrooders) 

and trophic level that in turn could also influence this relationship. As a result, 

further work investigating this relationship is required with the current data to 

see if there is the potential to extract measures of abundance from the current 

eDNA metabarcoding data within LT.  

 

 
Figure 5.2. Relationship between the visual survey individual count and eDNA read 

abundance measures. 
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Figure 5.3. Relative sequence and observed abundance of detected species across 

all sites within the regional eDNA and visual datasets from Chapter four. 

eDNA Visual

3 4 10 11 16 17 20 21 3 4 10 11 16 17 20 21
Xenotilapia spilopterus

Xenotilapia sima
Xenotilapia ochrogenys
Xenotilapia longispinis
Xenotilapia flavipinnis

Xenotilapia bathyphilus
Tylochromis polylepis

Tropheus duboisi
Tropheus brichardi

Telmatochromis temporalis
Telmatochromis dhonti

Telmatochromis bifrenatus
Tanganicodus irsacae
Spathodus erythrodon

Simochromis diagramma
Pseudosimochromis marginatus

Pseudosimochromis babaulti
Petrochromis sp. 'moshi yellow'/ephippium

Petrochromis sp. 'kazumbe'/polyodon
Petrochromis orthognathus

Petrochromis fasciolatus
Petrochromis famula
Perissodus straeleni

Perissodus microlepis
Paracyprichromis brieni

Oreochromis tanganicae
Ophthalmotilapia sp. 'paranasuta'

Ophthalmotilapia nasuta
Neolamprologus tretocephalus

Neolamprologus toae
Neolamprologus tetracanthus

Neolamprologus savoryi
Neolamprologus niger

Neolamprologus mondabu
Neolamprologus furcifer

Neolamprologus falcicula
Neolamprologus chitamwebwai/walteri

Neolamprologus brichardi
Neolamprologus brevis

Neolamprologus boulengeri
Microdontochromis tenuidentataus

Lobochilotes labiatus
Limnotilapia dardennii

Lestradea perspicax
Lepidiolamprologus profundicola

Lepidiolamprologus elongatus
Lepidiolamprologus cunningtoni
Lepidiolamprologus attenuatus

Lamprologus ornatipinnis
Lamprologus lemairii

Lamprologus callipterus
Julidochromis regani
Interochromis loocki

Haplotaxodon microlepis
Grammatotria lemairii

Gnathochromis pfefferi
Eretmodus marksmithi

Ectodus descampsii
Cyprichromis sp.'dwarf jumbo'

Cyphotilapia frontosa
Cyathopharynx furcifer

Ctenochromis horei
Chalinochromis brichardi

Callochromis macrops/melanostigma
Boulengerochromis microlepis

Benthochromis horii
Aulonocranus dewindti

Asprotilapia leptura
Altolamprologus compressiceps

Site

Sp
ec

ie
s

Relative Abundance (%) 20 40 60



 215 

5.3.2 Ecology of eDNA 

An understanding of the ecology of eDNA within a study system helps aid the 

interpretation of eDNA metabarcoding data. For example, it can inform the 

likely sources of eDNA, as well as the temporal scales of detection. A number 

of studies have investigated eDNA persistence times within aquatic 

ecosystems (Collins et al. 2018), however there have been no known 

applications within tropical freshwaters. As a result, work investigating eDNA 

persistence times within LT would help inform the interpretation of eDNA 

detections within the lake itself, as well as our broader understanding of DNA 

persistence times within tropical freshwaters. Persistence experiments use a 

range of methodologies maintaining eDNA within an aquarium or mesocosm 

environment that replicate natural conditions as closely as possible over a set 

period of time. Through collecting eDNA samples from this water at regular 

intervals and quantifying the target DNA within these samples with a qPCR 

assay, it is possible to calculate persistence or degradation rates within the 

water. Target species DNA can be obtained from housing individuals within 

the aquarium prior to initiating the experiment (Jo et al. 2017, Collins et al. 

(2018)), transferring water from an ecosystem into the aquarium (Thomsen, 

Kielgast, Iversen, Møller, et al. 2012) or indeed using a mixture of both 

(Andruszkiewicz, Sassoubre, et al. 2017). These experiments also require the 

use of a qPCR assay that can accurately quantify the target species DNA 

within the aquarium over time. No known species-specific qPCR assays have 

been developed for LT’s fish species. Lamprichthys tanganicanus represents 

the most abundant non-cichlid species within the littoral habitat for which 

aquarium populations also exist. With no close relative in the lake designing a 

species-specific assay would be less challenging than for an individual cichlid 

species. Otherwise a number of abundant cichlid species with wide 

distributions in the littoral habitat could be selected. Due to limited interspecific 

distances between cichlid species and high intraspecific distances within 

some, particularly those with high levels of population structuring, designing 

species-specific assays could be challenging. Targeting highly variable 

mitochondrial gene regions such as the control region or CO1 could help 

achieve this. There is therefore the potential to undertake a degradation 
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experiment within this system, providing valuable information on the temporal 

scales of detection within LT and persistence times within tropical freshwaters. 

Understanding the DNA collected within eDNA filter samples, provides 

information on its origin, state and fate, as well as helping to inform eDNA 

capture and analysis methods (Barnes and Turner 2016). This can be 

achieved through undertaking sequential filtering experiments, where water 

samples are passed through a series of water filters of differing sizes (Turner 

et al. 2014). These filters are then extracted and quantified with qPCR 

separately, providing information on the relative abundance of DNA captured 

by each of the mesh sizes used. Few studies have investigated the particle 

size distribution in natural systems with no application within tropical 

freshwaters. The state of eDNA across systems and organisms could vary due 

to differing shedding, transport, degradation and settling rates (Barnes and 

Turner 2016). As a result, undertaking of a sequential filtering study targeting 

one or more species within LT’s littoral habitat could help inform future study 

designs (e.g. primer choice) within the lake and wider tropical systems.  

 

5.3.3 Scales of detection 

Species richness measures provide an estimate of the number of species 

within a given area. As a result, for richness estimates to be valuable to 

researchers and managers scales of detection need to be well defined. 

Comparisons of eDNA and visual survey site species richness estimates in 

Chapter four suggested scales of detection within LT were not less than 60m 

as estimates were most similar at the site scale. Fine scales of detection within 

lakes are possible due to low transport and high degradation rates enabling 

eDNA metabarcoding methods to detect the spatial structure of fish species 

and communities within these ecosystems (Handley et al. 2019). Fine scales 

of detection as low as 60-100m between habitats within coastal marine 

ecosystems have also been demonstrated (Port et al. 2016, Jeunen et al. 

2019), highlighting fine scales of detection are even possible in large open 

water systems.  

 The structure of LT’s littoral fish communities are highly influenced by 

depth and substrate type. As a result, high rates of species turnover are 
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recorded at fine spatial scales along depth and habitat complexity gradients 

(Hori et al. 1993, Konings 2015). It would therefore be possible to investigate 

scales of detection within LT through sampling along a depth gradient as well 

as across habitat boundaries (e.g. between rocky and sandy habitats), to 

calculate at what scale eDNA metabarcoding methods detect the observed 

turnover in fish communities. The use of a nested survey design would enable 

species turnover to be investigated at multiple scales (Marsh and Ewers 2013). 

For example, transects running across a rocky and sandy habitat boundary 

could collect samples at the boundary and at distances of 20m, 50m, 100m 

and 200m from this in either direction along the shoreline. The use of a Nansen 

metal water sampler (e.g. Thomsen et al. (2016)) would enable a similar 

design to be achieved across differing depths. Through undertaking sampling 

across multiple sites a sufficient sample size could be collected, with samples 

amplified using the Cichlid_CR primer set and sequenced on one or two 

Illumina MiSeq (2X250bp) runs following the laboratory protocols outlined in 

Chapter four. The fine-scaled turnover of fish communities within LT could 

therefore provide a unique opportunity to investigate eDNA scales of detection 

within lake ecosystems. 

 

5.3.4 Reference database expansions 

Complete and accurate reference databases for the LT would contain 

sequences for each fish species within the region, with a sufficient number to 

account for all genetic variation present across populations in the basin. 

Despite the relatively large proportion of species with sequences in the current 

reference databases, some limitations remain. As widely discussed in 

Chapters three and four, this relates to species currently missing from the 

databases as well as the limited number of sequences per a species 

preventing intraspecific variability to be accounted for. As a result, efforts 

should be made to obtain sequences for all species, with samples collected 

from individuals across species ranges within the basin. This is particularly the 

case for the cichlid fishes, where low interspecific genetic divergences require 

markers such as Cichlid_CR to be designed in highly variable mitochondrial 

gene regions. To account for intraspecific variability it would ultimately be 
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necessary to obtain sequences for multiple individuals of each species 

collected across LT at a regional scale. While this would take the required 

number of sequences into the thousands, the ability to pool samples in large 

numbers onto NGS runs, would reduce the cost per a sample substantially and 

enable this sequencing to be achieved with limited resources. The main effort 

would be the collection of samples from individuals across the lake that have 

been identified by taxonomists with group-specific expertise. Within LT there 

is the potential to achieve this due to the large amounts of research attention 

and expertise that exists for the lake’s fishes, with sample collections 

undertaken across large sections even in remote regions such as the 

Democratic Republic of Congo coastline (van Steenberge et al. 2011). This 

would require a collaborative effort from researchers working across the lake 

and could be logistically very feasible in the future.   

While major fish groups within the lake such as the cichlid fishes, 

Mastacembelidae spiny eels, Synodontis catfishes and Claroteidae catfishes 

have been well studied, there are a number of fish groups within the LT basin 

that remain poorly described. Taxonomic uncertainty exists around a number 

of widespread species (e.g. species within the families Alestidae, Amphilidae, 

Cyprinidae, Clariidae and Mochokidae), that likely reflect species complexes 

rather than individual species. For example, recent studies into some of these 

genera and complexes across Africa have identified a number of new species 

(Friel and Vigliotta 2011, Thomson et al. 2015, Van Ginneken et al. 2017). It is 

therefore likely new research into these groups within the LT basin would result 

in the identification and description of currently unknown taxa, particularly 

across the basin’s river catchments. While taxonomies remain incomplete for 

these groups, it will not be possible to obtain accurate and complete reference 

databases that are representative of the populations present within the LT 

basin. As a result, there remains a need for further taxonomic work to be 

undertaken on a number of LT’s fish groups, as well as Africa’s freshwater 

fishes more broadly.  
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