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Abstract 

 

The cyprinid Labeo victorianus is endemic to Lake Victoria, East Africa, and has 

experienced a population collapse mainly due to over-fishing and predation by introduced 

species. It was once the basis for one of the greatest fisheries on fresh-water migratory 

species in the world, but is now considered only a remnant of pre-1960’s levels. To study 

genetic diversity and population structure in L. victorianus, microsatellite markers were 

utilised. Microsatellite markers are commonly highly variable and offer a high degree of 

resolution for comparing populations. No microsatellite markers are available specifically 

for L. victorianus. Instead, markers developed for other cyprinid fishes were tried out. Out 

of 24 microsatellite loci evaluated, ten were chosen for further analysis.  Population 

samples of L. victorianus were  collected over a large portion of its geographical range. 

Genetic differentiation was found to be low, but separate genetic groupings were found. 

One in a population introduced in the isolated Dyombe Dam, one in the Mara River, one in 

the Kagera River, and a grouping along the Lake Victoria shoreline stretching from the 

northeast at Sio River to the south at Mwanza. There were signs of L. victorianus being 

divided into fresh-water migratory groupings and stationary populations. Analyses were 

made using samples of L. fuelleborni and L. cylindricus for comparison and microsatellite 

cross-amplification tests. Results were tentatively considered to corroborate the species 

status of L. fuelleborni. 

 

 

 

Sammanfattning 

 

Cypriniden Labeo victorianus är endemisk för Viktoriasjön i Östafrika och har genomgått 

en populationskollaps huvudsakligen orsakad av överfiske och predation av introducerade 

arter. Den har utgjort grunden för ett av världens största  fiskerier på sötvattenvandrande 

arter, men anses numera bara vara en spillra av nivåerna innan 1960-talet. För att studera 

genetisk diversitet och populationsstruktur hos L. victorianus användes 

mikrosatellitmarkörer. Mikrosatellitmarkörer är ofta högvariabla och möjliggör 

högupplösta jämförelser mellan populationer. Inga mikrosatellitmarkörer finns specifikt 

utvecklade för L. victorianus. Istället gjordes försök med markörer som utvecklats för 

andra cyprinider. Av 24 mikrosatellitloci som utvärderades valdes tio för vidare analys. 

Populationstickprov av L. victorianus samlades från en stor del av artens 

utbredningsområde. Den genetiska differentieringen fanns vara låg, men separata genetiska 

grupperingar upptäcktes – en population införd i den isolerade dammen Dyombe Dam, en i 

Marafloden, en i Kagerafloden och en gruppering längs Viktoriasjöns strandlinje med 

utbredning från Siofloden i nordväst till Mwanza i söder. Tecken på att L. victorianus är 

uppdelad i sötvattensvandrande grupperingar och stationära populationer fanns. Analyser 

gjordes på stickprov av L. fuelleborni och L. cylindricus för jämförelse och test på 

mikrosatellitkorsamplifikation. Resultaten användes för att med reservation stödja L. 

fuellebornis artstatus. 
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Introduction 

 

Lake Victoria 

 

The vast catchment of Lake Victoria covers parts of the East African countries of Burundi, 

Kenya, Rwanda, Tanzania and Uganda. It is the world's second largest lake, and supports 

the world's largest freshwater fishery. Around 30 million people live around the lake, 

relying on it  for their sustenance through agriculture, fishing or transport (Kayombo and 

Jorgensen 2006). Riparian municipalities around Lake Victoria are experiencing an annual 

population growth rate of above 6%, which makes them rank among the fastest growing 

residential areas in the world (ibid.). 

Before the introduction of the Nile perch (Lates niloticus), the water hyacinth (Eichhornia 

crassipes), eutrophication, and an increasingly efficient fishing industry, the fisheries drew 

on hundreds of species. Now only three species are harvested in significant numbers: a 

native pelagic minnow (Rastrineobola argentea), and the introduced Nile perch and Nile 

tilapia (Orechromis niloticus) (Kaufman 1992, Ogutu-Ohwayo 1990). The effects of the 

Nile perch on Lake Victoria species diversity can only be described as catastrophic, with 

studies on Nile perch-mediated extinction of haplochromine cichlid fishes reaching 

numbers of over 200 endemic species eradicated (e.g. Witte et al. 1992). The mass 

extinction of endemic species is not limited to haplochromine cichlids, but also e.g. the 

catfish Xenoclarias eupogon, (Goudswaard and Witte 1997), so the situation calls for a 

concerted scientific effort to describe the biological diversity in the area in order to 

ameliorate organized conservation efforts, governmental or otherwise. 

 

Studies on the geological history of Lake Victoria has led to a debate among evolutionary 

biologists and geologists about a proposed event of desiccation, in which the lake was 

decimated to no more than residual pools between the last glaciation (ca 17.000 years ago),  

and whether or not the endemic fauna of Lake Victoria evolved after the latest refilling 

(Johnson et al. 1996, Stager and Johnson 2008 versus e.g. Fryer 2001 2004). Studies 

analyzing mtDNA sequences of East African cichlids show that most extant lineages arose 

around 100.000 to 200.000 years ago (Meyer et al. 1990, Nagl et al 2000, Verheyen et al. 

2003). The predecessors of the modern endemic cichlid fauna possibly survived the lake 

drying out in satellite lakes and wetlands as places of refuge. Today some species are 

surviving in such enclosed systems, and thus escaping anthropogenic influence in the Lake 

Victoria Region, including the introduction of the Nile perch (Mwanja 2004). Findings that 

the endemic cichlid "species flock" could be monophyletic or derived from one ancestral 

species (Meyer et al. 1990) further emphasizes the possibility that the extant cichlids in 

Lake Victoria have in fact been residing there since their first radiation event. 

Johnson et al. (1996) present geological data that challenge the notion that there would 

have been moisture enough to even make up the proposed, small satellite lakes in the 

Victoria basin during the desiccation. They offer the alternative that the endemic, diverse 

cichlid species evolved in the last 12.000 years, a hypothesis that has since been 

corroborated by Seehausen (2002). However, Johnson et al.'s claim does not go 

undisputed: Fryer (2001) points out several opposing arguments - e.g. that not only cichlid 

fishes in Lake Victoria would have undergone this extremely rapid speciation, but also 

members of seven other families of fishes, Clariidae, Mochokidae, Mastacembelidae, 

Characide, Mormyridae, Cyprodontidae and Cyprinidae, to which Labeo victorianus 

belongs. 
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Labeo (Pisces: Cyprinidae)  

 

The main subject species in this study is L. victorianus, part of the L. forskalii species 

group (sensu Reid 1985), a pan-African taxon comprising around 19-24 species. Labeo 

victorianus is locally known as ningu and is a much appreciated food resource for the 

people of the Lake Victoria Region. 

 

Labeo victorianus is endemic to the Lake Victoria catchment. It is a migratory species that 

spends most of its life in the lake and ascends the rivers to breed during the two rainy 

seasons, where it spawns in lateral flood pools and flooded marshland (Cadwalladr 1965). 

Due to its appreciated taste it has long been the target of artisanal fishing, and has declined 

drastically in numbers with increasing fishing pressure. In the past, it was widely 

distributed in the shallow shoreline waters of Lake Victoria and its tributary rivers 

(Greenwood 1966), but during the course of forty years it has gone from being the basis for 

the world's most important fishery of a potamodromous (i.e. migrating within freshwater to 

spawn) species (Cadwalladr 1965) to being limited to small catches at river inlets 

(Rutaisire and Booth 2005). This is illustrated in 204 metric tonnes of L. victorianus being 

caught in Ugandan waters between 1966-1967 (after the onset of the collapse), 20 tonnes 

between 1976-1977, and the species being all but absent from catches by 1986 (Balirwa et 

al. 2003). Factors leading to the collapse of the L. victorianus fishery include a transition 

from low-efficiency subsistence-based fishing methods utilizing basket traps, hooks and 

seine nets of papyrus to the introduction of higher yielding methods such as flax gillnets in 

1905, and on to synthetic fiber nets and the use of outboard engines in the early 1950’s 

(Ogutu-Ohwayo 1990). Restrictions on mesh size were lifted in 1961, and the resulting 

widespread use of small-diameter mesh gillnets led to higher short-term yields because of 

the ability to catch smaller individuals. This had a detrimental effect on yield in the long 

run due to the over-cropping of juveniles (ibid.). 

 

The genus Labeo is known for its members' ability to exploit the cover of algal slime 

(biofilm or “aufwuchs”) ubiquitous on substrates such as rocks, logs, sand and even 

aquatic animals such as hippopotami, owing to their fleshy sucker lips (Reid 1985). They 

putatively form an important factor for limiting algal growth in Lake Victoria and its 

tributaries. Additionally, the importance of L. victorianus in this specialist niche should be 

stressed due to its status of the only confirmed species of Labeo in Lake Victoria 

(Greenwood 1966, Reid 1985). 

 

There are signs that L. victorianus has a population structure divided in potamodromous 

members, for which the species is known, and riverine subpopulations that spend their 

whole life cycle upriver (Ojwang et al. 2007). Studying mtDNA control region sequences 

of the two extant Ugandan allopatric populations of L. victorianus in the rivers Kagera and 

Sio, Rutaisire et al. (2005) argued that a number of haplotypes had disappeared after a 

large panmictic population that spanned the entire lake system was decimated by over-

fishing and other anthropogenic factors. They found that there were few shared haplotypes 

between populations, so the riverine populations showed signs of having been isolated and 

as a consequence genetically differentiated. 

 

Local extinction of the potamodromous form is an increasingly likely prospect, seeing as 

how the local fisheries utilize a method of gill-netting river mouths when L. victorianus 

swims upstream to spawn, particularly as the gravid females are considered a delicacy. 

Targeting the juveniles in flood pools and by deep trapping from river banks as they are 

hatched exacerbates the situation (Ogutu-Ohwayo 1990). Selective pressures on size at 

gonadal maturation have been shown in a comparison between the shallow Sio River at the 
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Ugandan-Kenyan border and the deep and wide Kagera River separating Uganda and 

Tanzania (Rutaisire and Booth 2005). Larger rivers should also be expected to host more 

of the potamodromous form, due to the stable and protective migratory route being offered. 

IUCN recognizes the status of L. victorianus on the Red List as Least Concern (Bayona 

2006), so the organization does not consider it to be under any immediate threat, but the 

great loss in numbers is still reason enough for measures to be taken, as the Red List 

measures the risk of extinction with other taxa on a global level. 

 

Also included in this study are samples from two other Labeo species: L. fuelleborni and L. 

cylindricus – both part of the L. forskalii species group. 

In Lake Edward, the resident Labeo population that is morphologically similar to L. 

victorianus has been assigned to L. fuelleborni (Reid 1985). This species is described from 

Lake Rukwa, an alkaline lake about 600 km south of Lake Victoria, but can also be found 

in the Malagarasi River, Lake Tanganyika, and Lakes Edward and George (ibid.). It 

resembles L. victorianus not only in morphology, but also in ecological traits such as its 

potamodromous spawning. Indeed, Reid (1985) speculates that L. fuelleborni could be a 

form of L. victorianus based on these similarities and makes the reservation that meristics 

(i.e. counting features such as fin rays) can be misleading. He states that the differences 

could be stemming from the dissimilar aquatic conditions of Lake Victoria and Lake 

Rukwa, where the type individual for L. fuelleborni was found. Based on the scant 

research, he left it described as a separate species. By studying its genetic structure in 

comparison to that of L. victorianus, valuable knowledge could be garnered that would 

indicate whether or not it deserves its status as species. 

 

Labeo cylindricus is a common and widely distributed species in East African rivers and 

lakes (Reid 1985, Weyl and Booth 1999) and has also been found to be potamodromous 

(Weyl and Booth 1999). Its inclusion in this study is based on the general lack of genetic 

data for this species and the fact that its status of bycatch is now being reconsidered, as it is 

now potentially considered an untapped resource for fisheries (Weyl and Booth 2004). 

 

Inhabitants of sub-Saharan Africa rely heavily on fish as a source of protein, but are 

experiencing a drop in per capita intake while fisheries report higher catch figures of the 

three main present-day species, as fishing has gone from an artisanal fishery to an export 

industry based on the Nile perch Lates niloticus (Balirwa 2007). Due to the generally low 

intake of protein in sub-Saharan Africa some claim that investment in local aquaculture 

could be beneficial to the situation in the area (e.g. Heck et al. 2007, Hishamunda and 

Ridler 2006). Fish farming was introduced in Uganda in 1953 as a means to counter 

declining catches and to increase protein intake (Balirwa 2007). However, with the current 

focus on Nile perch as one of the most important export commodities in East Africa (ibid.) 

this sorely needed source of protein is largely kept from locals. Surveys have been 

conducted that show 70% of the lacustrine Nile perch catch to be juveniles, which could 

indicate that the Nile perch is now being over-exploited (Balirwa et al. 2003), so a scenario 

in which Nile perch fisheries can not meet demands is now emerging – something which 

already Ogutu-Ohwayo (1990) warned against. 

 

According to Reid (1985) members of the genus Labeo in Africa make up for 16.4% of the 

African ichtyofauna, comprising around 80 species, and yet very little molecular research 

has been done on this taxon. A study of L. victorianus has been made using allozyme data 

in conjunction with morphometrics (Charo 2001). Mwanja (2000) conducted a study on 

Labeo and Tilapia using randomly amplified polymorphic DNA (RAPD) and 

microsatellite markers. Analysis of mtDNA sequence divergence has shown signs that L. 

victorianus has existed for longer than the latest complete desiccation of Lake Victoria, as 
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sequences has shown a high degree of divergence, and as such must have been allowed to 

mutate during a longer time (Rutaisire et al. 2004). The same mtDNA sequences were used 

by Rutaisire et al. (2005) to study genetic differentiation, concluding that further studies 

should be performed using samples taken from the entire geographic range and by analysis 

of biparentally inherited markers. 

 

Microsatellite markers are composed of short nucleotide sequences that repeat in multiples 

of one to six base pairs, and the primary mode of variation is in the number of these repeats 

(Ellegren 2004). Microsatellites are widely used in population genetics to reveal population 

structure on account of several benefits. One is their high variability, which allows for 

high-resolution analysis of recent events within and between populations. Microsatellite 

sequences are usually nested within non-coding DNA, which bypasses the negative 

selection effects of mutations linked with changes in protein function in an exon (ibid.). 

This means that they can be expected to evolve as a neutral marker (Avise 1994). Another 

reason for why microsatellites have seen such widespread use is that they can easily be 

studied using polymerase chain reaction technology (PCR) in the laboratory to amplify 

markers by many orders of magnitude (O’Connell and Wright 1997). 

 

Providing data on genetic diversity in Labeo may supply the fundamental information 

needed for aquaculture attempts to locate stock with a higher degree of genetic diversity. 

This is highly desirable in minimizing the effects of the strain progenitor bottleneck, with 

genetically impoverished strains possibly losing tolerance to disease and the ability to 

adapt to new environments due to inbreeding events or limited numbers of founder 

individuals (Li et al. 2004). With information on any genetic differentiation within L. 

victorianus comes a cursory view of where conservation efforts could be directed. A large 

group of panmictic populations need less supportive action than an isolated grouping with 

unique genetic values. Using genetic marker studies in the conservation of endangered 

species has yielded many positive results (Haig 1998). 

 

The aim of the present study is to make use of highly variable microsatellite markers to 

elucidate the presence of any genetic differentiation between samples of L. victorianus 

with origins spanning the whole circumference of Lake Victoria. 
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Materials and methods 

 

Sampling and DNA extraction 

 

For this study, a total of 734 individuals of L. victorianus, 48 individuals of L. fuelleborni 

and 48 individuals of L. cylindricus were used. These were collected either through 

electrofishing or purchased at a local fishmonger. Clips from the caudal fins were taken 

and preserved in ethanol. Localities and dates of sampling are described in Table 1 and 

Figure 1. 

 
Table 1 

Sampling locations 

Locality Date ID Notes  

     

1.    Sio River, Busia 2005-02-15 S   

2.    Nzoia River, Uranga Bridge 2005-02-16 N   

3.    Yala Bridge 2005-02-03 Ya   

4.    Yala Bridge 2005-03-17 Yb   

5.    Dyombe Dam 2005-01-30 D Man-made dam. Limited or no access to Sondu River.  

6.    Kuja River, Ranen 2005-02-18 K   

7.    Migori River, Migori Town 2005-02-17 M   

8  .  Mara River, upstream 2005-02-25 MR   

9.    Mara River, Kichwa Tembo  2005-02-17 M2a   

10.  Mara River, Kichwa Tembo 2006-09-13 M2b   

11.  Mbalageti River, Lamadai Market 2005-03-14 MB   

12.  Mwanza Fish Market 2005-03-12/13 MW   

13.  Muwumba River, Sofia Town 2005-03-07 MU   

14.  Echambo, Kinyankole 2006-09-05 E   

15.  Ishasha River 2005-03-05 LfI L. fuelleborni  

16.  Parkera River 2006-09-15 LcP L. cylindricus  
 

 

 
Fig. 1 

Sampling locations of L. victorianus, L. fuelleborni and L. cylindricus in the Lake Victoria Region, East Africa. 
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Genomic DNA was extracted using a salt purification protocol (Paxton et al. 1996), 

optimized for approximately 10-30 mg tissue. To lyse the cell membranes, the tissue was 

submerged in 340 µl  SET-buffer, 12.5 µl proteinase K (10mg/ml) and 20 µl SDS (20%) 

and subsequently incubated in 55°C for 2 hours. 300 µl of NaCl (6M) was added, and the 

sample vortexed for 20 seconds followed by 10 minutes of centrifugation at 13 000 rpm. 

600 µl of the supernatant was transferred to a new tube, 150 µl of Tris (0.01M pH 8.0), and 

750 µl freezer-cold 2-propanol added prior to at least 30 minutes of precipitation. The 

sample was then centrifuged for 15 minutes at 10 700 rpm. The supernatant was discarded 

through decantation, leaving the DNA pellet affixed to the bottom of the tube. The pellet 

was then washed with 1 ml 70% cold EtOH and centrifuged for 10 minutes at 10 700 rpm. 

After drying overnight, the pellet was dissolved in 100 µl TE-buffer (pH 7.6) and stored in 

4°C, while DNA-analyses were performed. 

 

Primers 

 

Primers developed for related cyprinid species were tested for cross-amplification 

efficiency. Resource species for the primers used in this study are: Barbodes goniotus 

(Kamonrat et al. 2002), Campstoma anomalum (Dimsoski et al. 2000), Cyprinus carpio 

(Croojimans et al. 2005), Hypophtalmichtys molitrix (Gheyas et al. 2006) and Labeo rohita 

(Das et al. 2005). 

Included in this study are 10 microsatellite loci chosen among 24 loci tested for cross-

species amplification and tentative size ranges recorded (Carlsson unpublished). Details on 

which primers were used in this study can be found in Table 2, and data for the final set of 

primers can be found in Table 3. 

 
Table 2 

All primers considered for use in the present study. Underlined loci were included in multiplex PCR-reactions. 
 

Locus code Primer sequence Repeat motif Reference  

 

Bgon17 F-TTACAAGGGGTTACATACTG AC Kamonrat et al. (2002) 

 R-CAGTCTCATATTTGAAAGCAG 

Bgon22 F-TCTTGTTGATCACACGGACG TCC ibid. 

 R-GTGACTGTATCAATGAGTCTG 

Ca12 F-GTGAAGCATGGCATAGCACA (TAGA)n(CAGA)n(TAGA)n Dimsoski et al. (2005) 

 R-CAGGAAAGTGCCAGCATACAC 

Hmo26 F-GATTTCAGGCACATTGCTTATCT GT Gheyas et al. (2006) 

 R-GAGCGTTTCTCATTTGTACTTATTTT 

Hmo34 F-GTTCCCTGAGGCTTTACAA GT ibid. 

 R-GGGTCATTATCCTCTCACTTT 

Hmo36 F-ATCGGAGGAGTGCTGTTCAGTCTGGA GT ibid. 

 R-ACGATTGTTGCCGAACGGGTTGAT  

Hmo37 F-CACAGCGGAGGGGCAAAGGTC GTGTGA ibid. 

 R-GGACGCCGTGTGACTGGAGATTTT 

Lr1 F-GACCCTTAACCCTTGACCTT TG Das et al. (2005) 

 R-TGGGATAATGCAGGGAAAAC 

Lr3 F-ATCTGGCTGCCTATTCACC TG ibid. 

 R-CATCGGCGACTGCACTGGA 

Lr10 F-GATCTTCAGCGCCAGCGTG CA ibid. 

 R-GAGGACCTGCCCAGCATG 

Lr12 F-CACCGCTGCTGTCCATCA CA ibid. 

 R-AGGTCGGCCAGATACACG 

Lr14a F-GATCAACTGCTGCCACAC CA ibid. 

 R-GGTTTGTTGTTCCCATGTG 

Lr14b F-TCACATGGGAACAACAAACC CA ibid. 

 R-CCGCCGCTTACCCATCAC 

Lr21 F-GATCAGAGGGTCAATGTGG CA ibid. 

 R-CAGCAGAGTACTATGGAAGA 

Lr24 F-CAAGGCCAAAAGTGTCCAT TG ibid. 

 R-AGGAAATTGGTAAAGTGTTTC 

Lr26 F-CCAGGGAGCTGCTAAGAAT TG ibid. 

 R-AGCGCTTCATGCAGTCTAC 

MFW1 F- GTCCAGACTGTCATCAGGAG CA Croojimans et al. (2005) 

 R-GAGGTGTACACTGAGTCACGC 

MFW2 F-CACACCGGGCTACTGCAGAG CA ibid. 

 R-GTGCAGTGCAGGCAGTTTGC 

MFW9 F-GATCTGCAAGCATATCTGTCG  CA  ibid. 

 R-ATCTGAACCTGCAGCTCCTC 

MFW15 F-CTCCTGTTTTGTTTTGTGAAA CA ibid. 

 R-GTTCACAAGGTCATTTCCAGC 

MFW17 F- CTCAACTACAGAGAAATTTCATC CA ibid. 

 R- GAAATGGTACATGACCTCAAG 

MFW19 F- GAATCCTCCATCATGCAAAC CA ibid. 

 R- GCACAAACTCCACATTGTGCC 

MFW24 F- GCTCCAGATTGCACATTATAG CA ibid. 

 R- CTACACACACGCAGAGCCTTTC 

MFW26 F-CCCTGAGATAGAAACCACTG CA ibid. 

 R-CACCATGCTTGGATGCAAAAG 
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Table 3 

Primers selected for multiplex PCR-reactions of samples. * = Locus excluded from data analysis. NA = Number of alleles (L. victorianus/L. fuelleborni/L. cylindricus). Dye = Name of the fluorescent 

dye  molecule attached to the 5’-end of the F-strand of the primer. Multiplex reactions were done in two sets of six primer pairs each. 
 

Locus code Primer sequence Repeat motif NA Size range (bp)   Dye Included in Reference 

    L. victorianus L. fuelleborni L. cylindricus  multiplex no.   

          

Bgon22 F-TCTTGTTGATCACACGGACG CCT 4/1/2 98-109 100 97-100 HEX 2 Kamonrat et al. (2002) 

 R-GTGACTGTATCAATGAGTCTG         

Hmo26 F-GATTTCAGGCACATTGCTTATCT GT 5/1/3 101-112 101 101-107 HEX 1 Gheyas et al. (2006) 

 R-GAGCGTTTCTCATTTGTACTTATTTT         

Hmo36 F-ATCGGAGGAGTGCTGTTCAGTCTGGA GT 2/3/3 396-405 392-405 398-405 NED 2 ibid. 

 R-ACGATTGTTGCCGAACGGGTTGAT         

Lr3 F-ATCTGGCTGCCTATTCACC TG 9/6/7 133-149 127-149 131-147 FAM 2 Das et al. (2005) 

 R-CATCGGCGACTGCACTGGA         

Lr10* F-GATCTTCAGCGCCAGCGTG CA - - - - FAM 1 ibid. 

 R-GAGGACCTGCCCAGCATG         

Lr12 F-CACCGCTGCTGTCCATCA CA 42/6/12 156-238 154-166 158-222 HEX 1 ibid. 

 R-AGGTCGGCCAGATACACG         

Lr14b F-TCACATGGGAACAACAAACC CA 29/5/5 167-222 165-171 165-179 FAM 2 ibid. 

 R-CCGCCGCTTACCCATCAC         

Lr21 F-GATCAGAGGGTCAATGTGG CA 51/5/13 157-231 155-186 167-196 NED 2 ibid. 

 R-CAGCAGAGTACTATGGAAGA         

Lr24 F-CAAGGCCAAAAGTGTCCAT TG 2/4/7 140-149 140-158 138-160 HEX 2 ibid. 

 R-AGGAAATTGGTAAAGTGTTTC         

MFW9* F-GATCTGCAAGCATATCTGTCG CA - - - - NED 1 Croojimans et al. (2005) 

 R-ATCTGAACCTGCAGCTCCTC         

MFW15 F-CTCCTGTTTTGTTTTGTGAAA CA 3/1/1 147-149 149 149 FAM 1 ibid. 

 R-GTTCACAAGGTCATTTCCAGC         

MFW26 F-CCCTGAGATAGAAACCACTG CA 3/1/2 92-98 92 92-94 FAM 1 ibid. 

 R-CACCATGCTTGGATGCAAAAG         
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Design of multiplex PCR-reactions 

 

Multiplex PCR-reactions are a way of drastically decreasing laboratory work and costs of 

performing separate reactions and fragment analysis for every locus included in the study. 

Several loci can be analyzed in the same time as it would take to analyze one single locus, 

provided that the loci do not exhibit allele fragment sizes that overlap. When the primers 

were first tested for cross-amplification in the studied species, cursory size ranges were 

recorded and compared to see which ones had no overlapping allele sizes. These were then 

ordered with fluorescent dye molecules attached to the 5’-end. In fragment analysis the 

sequencing machine detects the different wave-lengths of light emitted by the dye 

molecules and separates the signal into distinct channels. This allows for primer pairs 

producing fragments of overlapping size to be pooled, provided that they have been 

marked with different dyes. Details on which multiplex any given locus was part of can be 

found in Table 3. 

During the initial stage of multiplex design and optimizing, protocols utilizing separate 

reagents at varying PCR cycler settings were used. For a reaction volume of 10 µl, the 

following was used: 1 µl Taq-buffer (10x to equal 1x in final reaction volume), 0.8 µl 

MgCl (25 mM; 2 mM in final conc.), 0.3 µl dNTP (2.5 mM; 0.75 mM in final conc.), 0.3 

µl of each primer per direction (10 µM; 3 µM in final conc.), 0.1 µl BSA (20 mg/ml; 2 

mg/ml in final conc.), 0.05 µl Taq-polymerase (5 U/µl; 0.5 U/final reaction), 4.35 µl 

ddH2O, and 1 µl template DNA. 

Comparisons were done between PCRs using undiluted (~10 ng/µl) and 10x diluted 

template DNA. DNA diluted 10x was found to give more satisfactory results. PCR cycler 

settings were made up of an initial 94°C, 2 minute denaturation step followed by 30-45 

cycles of a denaturation step at 94°C for 30 s, an annealing step at locus-specific optimal 

temperatures ranging between 50-61°C for 30-45 s and an elongation step at 72°C for 30 s. 

A final elongation step at 72°C for 5 min ended the program. 

After several optimizing runs using the protocol mentioned above, a high degree of failed 

microsatellite locus amplification was noted, and so another method was opted for.  

Consistent amplification for most loci was achieved using QIAGEN Multiplex Kit and so 

the previous protocol was discarded. For a reaction volume of 10 µl, the following was 

used: 5 µl PCR-mix (2x), 3 µl RNase-free H2O, 0.05 µl of each primer per direction (10 

µM; 0.5 µM in final conc.), an extra volume of  RNase-free H2O to make up the 10x 

primer mix referred to in the QIAGEN manual (0.4 µl for 6 primer pairs), and 1 µl 

template DNA (diluted 10x). PCR cycler settings differed from the previous protocol to 

comply with the manufacturers' instructions: an initial 15 minute step at 95°C to activate 

the polymerase, followed by 35 cycles of a denaturation step at 94°C for 30 s, an annealing 

step at 57°C for 90 s and an elongation step at 72°C for 60 s. A final elongation step at 

60°C for 30 min ended the program. Reactions were carried out alternating between three 

different PCR cyclers: ABI GeneAmp PCR System 2700; Eppendorf Mastercycler 

Gradient and a VWR UnoCycler Thermal Cycler. 

 

Data analysis 

 

The fluorescently marked amplification products were diluted 10x, of which 1 µl per PCR 

sample was added to 0.15 µl MegaBACE ET-ROX 400 Size Standard and 8.85 µl ddH2O 

to produce a MegaBACE analysis mixture. The analysis was carried out using a 

MegaBACE 1000 DNA Analysis System coupled with the software MegaBACE Fragment 

Profiler Version 1.2 (bundled in MegaBACE Genetic Profiler Version 1.2; ©Amersham 

Biosciences 2003). Allele sizes were scored manually by examining the validity of each 

peak. 
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There were differences in fragment size decimal truncation between runs (possibly because 

of slight differences in size standard calibration) that initially led to alleles that were scored 

with a ±1 bp error. This was solved after making comparisons between allele sizes scored 

in the original runs and those scored separately in control runs. Genotype assignments were 

tested with additional MegaBACE runs for a total of 150 individuals with two independent 

sets of genotyping. The purpose of this was to corroborate or dismiss alleles showing up in 

data analysis as ambiguous or weak signals, to examine the repeatability of aberrant 

alleles, e.g. those that did not match the pattern of repeat motifs, and to repeat partially 

(e.g. locus-wise) failed amplifications to bolster sample sizes for analysis. Loci Lr10 and 

MFW9 were excluded from data analysis because of amplification difficulties and 

ambiguous interpretations stemming from low signal strength coupled with stuttering in 

the case of Lr10 and plentiful artifacts often as intense as the allele peaks themselves in the 

case of MFW9. 

 

Generally, the use of 10 loci is a commonly accepted degree of accuracy in modern 

ecological studies (Evanno et al. 2005). The data for further analysis constituted samples 

with at least 9 successfully amplified loci. The present data set would loose too many 

samples if individuals in which one locus has failed to amplify were excluded. However, 

the resulting data set contains less than 1.5% missing data overall, effectively making this a 

study using 10 loci. For locus- and sample-wise values of missing data, see Table 4. 

 

For values of allelic range, allele count, mean alleles per locus, unbiased heterozygosity, 

observed heterozygosity EXCEL MICROSATELLITE TOOLKIT 3.1.1 was used (Park 

2001). Unbiased heterozygosity is calculated in the software using Nei's method (1978). 

Calculations of F-statistics were performed according to Weir and Cockerham (1984) 

using FSTAT 2.9.3 (Goudet 2001). Pairwise FST values between populations were 

estimated with P-values obtained after 2400 permutations. Estimates of FIS were done to 

detect any deficiencies in heterozygosity, i.e. departures from Hardy-Weinberg equilibrium 

(HWE), based on 160.000 permutations, with Bonferroni corrections to balance for 

multiple tests. For the sake of comparison, checking for departures from HWE was also 

done using GENALEX 6 (Peakall and Smouse 2006), which instead of calculating 

significance levels for FIS uses a χ
2
-test. The authors warn that any results should be treated 

with care, and especially if sample sizes are smaller than 50 individuals. The same 

software was used to conduct a Principal Component Analysis (PCA), which plots 

population samples on a matrix with axes either representing covariance or distance. In 

essence, the PCA is a multivariate analysis that uses data distributed over multiple 

dimensions and explains as much of the variation within the data as possible in fewer 

dimensions (vide GENALEX 6 docum.). Analyses were made on pairwise FST values to 

signify genetic distance between populations. To increase the resolution within populations 

of L. victorianus, principal component analyses were done on those samples separately. 

 

To check for presence of null alleles the program MICRO-CHECKER 2.2.3 (Van 

Oosterhout et al. 2004) was used. Null alleles are alleles that failed to amplify for one 

reason or another. This could be owing to point mutations in the primer binding sites or 

large insertions or deletions between the binding site and the repeat array but also from 

such factors as allelic dropout, i.e. larger alleles failing to amplify even though smaller 

alleles show up in analysis in heterozygous individuals. Analyses were made with 1000 

randomizations and a 95% confidence interval. 

 

To obtain values of allelic richness (sensu El Mousadik and Petit 1996), FSTAT was used. 

Allelic richness is a measure that is independent of sample size, and is useful in comparing 

the number of observed alleles in a population to this corrected value for an indication of 
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Table 4 

Measures of genetic diversity. Populations S to E = Labeo  victorianus; LfI = L. fuelleborni; LcP = L. cylindricus. He = Expected heterozygosity according to Nei (1978). Ho = Observed heterozygosity. 

H/W departure as  calculated in GENALEX with χ2-test. ns = not significant. * = P<0.05. ** = P <0.01. *** = P<0.001. Significance of Fis calculated in Fstat based on 160.000 randomisations with an 

indicative adjusted nominal (5%) for one table: 0.00031. Missing data listed as proportion of failed instances of genotyping of total genotypes. SD = Standard deviation. MNA = Mean number of alleles. 
 
Population S N Ya Yb D K M MR M2a M2b MB MW MU E LfI LcP 

Pop. Code 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Sample size n = 35 n = 36 n = 32 n = 60 n = 40 n = 42 n = 41 n = 48 n = 41 n = 39 n = 42 n = 41 n = 47 n = 44 n = 47 n = 42 

  

Bgon22 

Allelic range 100 100 100 100 100 100 100 100 100-109 100 100 98-109 100-109 100-109 100 97-100 

# alleles 1 1 1 1 1 1 1 1 2 1 1 3 3 2 1 2 

He 0 0 0 0 0 0 0 0 0.0244 0 0 0.0485 0.0830 0.0666 0 0.0470 

Ho 0 0 0 0 0 0 0 0 0.0244 ns 0 0 0.0488 ns 0.0851 ns 0.0227*** 0 0.0476 ns 

Fis - - - - - - - - 0.000 ns - - -0.006 ns -0.025 ns 0.661 ns - -0.012 ns 

Missing data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

  

Hmo26 

Allelic range 103-112 103-109 103-109 101-107 103-107 101-107 103-107 103-109 103-109 103-107 101-112 103-109 103-107 103-107 101 101-107 

# alleles 4 3 3 3 2 3 2 3 3 2 5 3 2 2 1 3 

He 0.5354 0.5129 0.5174 0.4940 0.4747 0.5161 0.4553 0.4998 0.4851 0.4379 0.5832 0.5164 0.4971 0.4728 0 0.1869 

Ho 0.4286 ns 0.5556 ns 0.5000 ns 0.3667 ns 0.3000* 0.4524 ns 0.4878 ns 0.5000 ns 0.4634 ns 0.4211 ns 0.5476 ns 0.7073 ns 0.3191* 0.2791** 0 0.0800*** 

Fis 0.202 ns -0.084 ns 0.034 ns 0.259 ns 0.371 ns 0.125 ns -0.072 ns -0.000 ns 0.045 ns 0.039 ns 0.062 ns -0.376 ns 0.361 ns 0.413 ns - 0.577 ns 

Missing data 0 0 0 0 0 0 0 0 0 0.026 0 0 0 0.023 0 0.405 

  

Hmo36 

Allelic range 403-405 403-405 405 403-405 403-405 403-405 403-405 403-405 403-405 403-405 403-405 403-405 403-405 403-405 392-405 398-405 

# alleles 2 2 1 2 2 2 2 2 2 2 2 2 2 2 3 3 

He 0.2687 0.1093 0 0.1460 0.1246 0.0494 0.0749 0.3454 0.4443 0.3453 0.3121 0.2867 0.1018 0.0666 0.6257 0.5411 

Ho 0.3143 ns 0.1143 ns 0 0.1569 ns 0.1316 ns 0.0500 ns 0.0769 ns 0.1042*** 0.5500 ns 0.3333 ns 0.2857 ns 0.2927 ns 0.1064 ns 0.0682 ns 0.7447 ns 0.2821*** 

Fis -0.172 ns -0.046 ns - -0.075 ns -0.057 ns -0.013 ns -0.027 ns 0.701 -0.242 ns 0.035 ns 0.086 ns -0.021 ns -0.045 ns -0.024 ns -0.193 ns 0.482 ns 

Missing data 0 0.029 0 0.150 0.025 0.048 0.024 0 0.024 0 0 0 0 0 0 0.071 

  

Lr3 

Allelic range 135-141 133-141 133-141 133-143 135-141 133-141 133-141 133-141 133-141 133-149 133-141 133-141 135-141 135-151 127-149 131-147 

# alleles 4 5 5 6 4 5 5 5 5 6 5 5 4 8 6 7 

He 0.6244 0.5509 0.5719 0.6884 0.7288 0.6403 0.6941 0.6982 0.6808 0.6827 0.6563 0.7046 0.5447 0.6782 0.5516 0.7909 

Ho 0.6571 ns 0.5833 ns 0.4688*** 0.6500 ns 0.6750 ns 0.6905 ns 0.7805 ns 0.7083 ns 0.7073 ns 0.7692 ns 0.6905 ns 0.8049 ns 0.5745 ns 0.6818 ns 0.5532 ns 0.6429 ns 

Fis -0.053 ns -0.060 ns 0.183 ns 0.056 ns 0.075 ns -0.079 ns -0.126 ns -0.015 ns -0.039 ns -0.129 ns -0.053 ns -0.144 ns -0.055 ns -0.005 ns -0.003 ns 0.189 ns 

Missing data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

  

Lr12 

Allelic range 166-211 166-209 168-214 158-215 174-215 174-209 178-215 178-211 178-222 178-217 168-209 174-238 178-233 156-210 154-166 158-222 

# alleles 17 17 20 22 13 17 16 17 20 16 19 21 14 18 6 12 

He 0.9164 0.8983 0.9226 0.9108 0.8731 0.9283 0.9076 0.8673 0.8867 0.8741 0.9260 0.9152 0.8424 0.8749 0.7447 0.8465 

Ho 0.9429 ns 0.7778 ns 0.7500 ns 0.8667 ns 0.6750 ns 0.8333 ns 0.8537 ns 0.8723 ns 0.7500*** 0.8718*** 0.8571 ns 0.9000 ns 0.6809*** 0.6364 ns 0.7021*** 0.2857*** 

Fis -0.029 ns 0.136 ns 0.190 ns 0.049 ns 0.229 ns 0.103 ns 0.060 ns -0.006 ns 0.156 ns 0.003 ns 0.075 ns 0.017 ns 0.193 ns 0.275 0.058 ns 0.665 

Missing data 0 0 0 0 0 0 0 0.021 0.024 0 0 0.024 0 0 0 0 

  

Lr14b 

Allelic range 171-206 173-218 167-212 173-204 171-195 173-212 167-199 173-222 171-218 173-222 171-195 171-218 173-200 173-199 165-171 165-179 

# alleles 14 15 13 10 5 11 13 17 12 13 13 15 10 10 5 5 

He 0.8297 0.7863 0.8133 0.7702 0.6449 0.6245 0.7865 0.8129 0.7621 0.8149 0.7846 0.7975 0.8081 0.8057 0.2336 0.6934 

Ho 0.6765* 0.6571 ns 0.6129*** 0.7167 ns 0.6500 ns 0.5122 ns 0.6585 ns 0.7708** 0.7632*** 0.5385* 0.5952*** 0.8750 ns 0.7872 ns 0.6512* 0.1915*** 0.4500*** 

Fis 0.187 ns 0.166 ns 0.250 ns 0.070 ns -0.008 ns 0.182 ns 0.164 ns 0.052 ns -0.001 ns 0.342 0.244 ns -0.099 ns 0.026 ns 0.194 ns 0.182 ns 0.354 ns 

Missing data 0.029 0.028 0.031 0 0 0.024 0 0 0.073 0 0 0.024 0 0.023 0 0.048 
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Table 4 continued 
 

Lr21                                 

Allelic range 163-231 157-221 163-223 167-212 167-229 163-225 163-211 167-223 167-223 167-217 163-215 161-227 167-225 155-231 155-186 167-196 

# alleles 21 26 18 12 11 24 16 17 14 13 17 24 17 31 5 13 

He 0.8315 0.9382 0.8690 0.6504 0.7541 0.8804 0.7535 0.8436 0.7874 0.7516 0.8264 0.8500 0.8959 0.9130 0.5877 0.6067 

Ho 0.5714*** 0.8333 ns 0.7813 ns 0.5208*** 0.5500** 0.6905*** 0.4500*** 0.8125 ns 0.7317 ns 0.7692** 0.6190 ns 0.8049* 0.8085 ns 0.8182*** 0.4043** 0.4048*** 

Fis 0.316 0.113 ns 0.102 ns 0.201 ns 0.273 ns 0.218 0.406 0.037 ns 0.072 ns -0.024 ns 0.253 ns 0.054 ns 0.099 ns 0.105 ns 0.315 ns 0.336 ns 

Missing data 0 0 0 0.200 0 0 0.024 0 0 0 0 0 0 0 0 0 

  

Lr24 

Allelic range 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-149 140-158 138-160 

# alleles 2 2 2 2 2 2 2 2 2 2 2 2 2 2 4 7 

He 0.2882 0.2218 0.1190 0.1815 0.2756 0.2303 0.2701 0.0412 0.1187 0.0506 0.2303 0.1978 0.0824 0.1084 0.5589 0.7754 

Ho 0.2857 ns 0.1389* 0.1250 ns 0.1333* 0.1750* 0.1667 ns 0.2683 ns 0.0417 ns 0.0250*** 0*** 0.0714*** 0.2195 ns 0.0851 ns 0.1136 ns 0.5106 ns 0.4762** 

Fis 0.009 ns 0.377 ns -0.051 ns 0.267 ns 0.368 ns 0.279 ns 0.007 ns -0.011 ns 0.791 ns 1.000 ns 0.693 ns -0.111 ns -0.034 ns -0.049 ns 0.087 ns 0.389 

Missing data 0 0 0 0 0 0 0 0 0.024 0 0 0 0 0 0 0 

  

MFW15 

Allelic range 149 149 149 145-149 149 149 149 149 149 149 149 149 149 149 149 149 

# alleles 1 1 1 3 1 1 1 1 1 1 1 1 1 1 1 1 

He 0 0 0 0.0332 0 0 0 0 0 0 0 0 0 0 0 0 

Ho 0 0 0 0.0333 ns 0 0 0 0 0 0 0 0 0 0 0 0 

Fis - - - -0.004 ns - - - - - - - - - - - - 

Missing data 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

  

MFW26 

Allelic range 92-98 92-98 92-98 92-98 92-98 92-98 92-98 92-98 92-98 92-98 92-98 92-98 92-94 92-94 92 92-94 

# alleles 3 3 3 3 3 3 3 3 3 3 3 3 2 2 1 2 

He 0.3438 0.2762 0.4814 0.3259 0.2347 0.4657 0.4041 0.3629 0.3604 0.3899 0.3633 0.1260 0.4139 0.3553 0 0.0244 

Ho 0.3125 ns 0.2286 ns 0.1667** 0.3500 ns 0.1842* 0.3333** 0.2500 ns 0.3125 ns 0.3902 ns 0.4054 ns 0.3500 ns 0.1316 ns 0.3617 ns 0.2273* 0 0.0244 ns 

Fis 0.092 ns 0.175 ns 0.659 ns -0.075 ns 0.218 ns 0.287 ns 0.384 ns 0.140 ns -0.084 ns -0.040 ns 0.037 ns -0.045 ns 0.127 ns 0.363 ns - 0.000 ns 

Missing data 0.086 0.028 0.250 0 0.050 0.214 0.024 0 0 0.051 0.048 0.073 0 0 0.021 0.024 

  

TOTAL                                 

  

He 0.4638 0.4294 0.4295 0.4200 0.4111 0.4335 0.4346 0.4471 0.4550 0.4347 0.4682 0.4443 0.4269 0.4341 0.3302 0.4512 

He SD 0.1064 0.1138 0.1185 0.1033 0.1033 0.1104 0.1081 0.1113 0.1032 0.1072 0.1063 0.1118 0.1096 0.1152 0.0984 0.1099 

Ho 0.4189 0.3889 0.3405 0.3794 0.3341 0.3729 0.3826 0.4122 0.4405 0.4109 0.4017 0.4785 0.3809 0.3498 0.3106 0.2694 

Ho SD 0.0265 0.0258 0.0269 0.0202 0.0237 0.239 0.0241 0.0225 0.0247 0.0250 0.0240 0.0248 0.0224 0.0228 0.0214 0.0223 

Fis 0.098 ns 0.096 ns 0.210 0.097 ns 0.189 0.141 0.121 ns 0.079 ns 0.032 ns 0.056 ns 0.144 -0.078 ns 0.109 ns 0.196 0.060 ns 0.406 

  

MNA/locus 6.90 7.50 6.70 6.40 4.40 6.90 6.10 6.80 6.40 5.90 6.80 7.90 5.70 7.80 3.30 5.50 

MNA SD 7.46 8.70 7.41 6.59 4.22 7.91 6.30 7.13 6.55 5.82 6.88 8.69 5.79 9.78 2.16 4.22 

Mean Allelic Richness 5.97 6.53 6.15 4.93 4.03 5.88 5.25 5.35 5.33 5.12 6.00 6.34 4.99 6.24 2.96 4.88 

Missing data 0.011 0.008 0.028 0.035 0.010 0.029 0.010 0.002 0.015 0.008 0.005 0.012 0 0.005 0.002 0.055 
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sample size bias. The same program was used to ascertain that the tested loci were not in 

linkage disequilibrium in order to trust the validity of further analyses. Most common 

microsatellite analysis methods depend on loci to have evolved independently from each 

other. P-values for the presence of genotypic disequilibrium were based on 900 

permutations, with FSTAT performing sequential Bonferroni corrections to balance for 

multiple tests (vide Rice 1989). 

 

In order to identify genetically homogenous groups of individuals, or clusters, a model-

based Bayesian approach implemented in the software STRUCTURE 2.1 (Pritchard et al. 

2000, Falush et al. 2003) was used. STRUCTURE attempts to sort individual genotypes 

into geographical groupings referred to as clusters. The clustering process is independent 

from any prior geographical information that could be associated with the samples, e.g. 

sampling sites. The process is used to bypass any biased structuring of data that could stem 

from sampling strategy and uncover any hidden population structure. Clusters are in 

essence groupings of genetically similar individuals, the number of which is presumed to 

be K clusters. The value of K is a variable of the model and has to be defined a priori. Each 

individual is represented by an ancestry vector, Q, which is the proportion of that 

individual’s genome that originated from each of the K clusters. Grouping individuals into 

clusters is done using a Markov chain Monte Carlo (MCMC) method, and the burn-in 

period for each run was set to 100.000 with the chain continuing for 100.000 steps. The 

program was run with K ranging between 2 to 18, which would allow for a number of 

clusters equal to the total number of sampled populations (16), while still allowing for 

hidden substructuring to emerge. After finding that no loci were in linkage disequilibrium 

(see Results), the program was run assuming independent allele frequencies and allowing 

admixture between populations, which the authors recommend for most analyses. 

STRUCTURE outputs the robustness of the data X (the genotyped individuals), given the 

number of clusters K, as an estimate of ln Pr(X | K). Ideally the value of ln Pr(X | K), which 

is a negative, should be as high as possible at the true value of K, but as the authors 

themselves point out, the value K is an ad hoc statistic, and that data sets derived from 

natural systems do not always behave according to the models the program is based upon 

(vide STRUCTURE 2 docum.). This could show itself as the value of ln Pr(X | K) never 

reaching an optimal K, and thus a derivative statistic first proposed by Evanno et al. 

(2005). This statistic, ∆K,  was based on data simulations using STRUCTURE on an 

artificial data set with a pre-defined value of K. Evanno et al. (ibid.) also make it a point to 

define ∆K as being an ad hoc statistic, based on an already fickle K. The rationale for using 

this statistic is that the authors found that ∆K displays its highest value on the true value of 

K. ∆K is based on the second order of change of ln Pr(X | K), which for brevity’s sake is 

called L(K). The mean likelihood L(K) was plotted over 10 runs per K (Fig. 4A). The 

absolute value of the second order of change with respect to L(K), |L’’(K)| was plotted in 

Fig. 4B. For each value of K the standard deviation of L(K) was calculated, which leads to 

calculating ∆K = m |L’’(K)| / s[L(K)], which expands to m[ |L(K + 1) – 2L(K) + L(K-1)| ] / 

s[L(K)] with m being the mean of |L’’(K)|, the absolute value of the second order of change 

in L(K), and s being the standard deviation of successive L(K) values over 10 runs. Values 

of ∆K were plotted in Fig. 4C. 
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Results 

 

Genetic diversity 

 

There was no indication of linkage disequilibrium in any locus, so all loci could be 

considered independent for further analyses. 

All loci were polymorphic when taking all populations into account, although both Bgon22 

and MFW15 were found to be monomorphic for most populations, with only population 

Yb being polymorphic for MFW15. Polymorphic loci range from having only 2 alleles 

(Lr24 in L. victorianus) to as many as 51 (Lr21 in L. victorianus) (Table 3). In L. 

fuelleborni (LfI) there were four monomorphic loci (Bgon22, Hmo26, MFW15 and 

MFW26), and in L. cylindricus (LcP) there was one (MFW15). Both L. fuelleborni and L. 

cylindricus had private alleles unique to the species. Populations of L. victorianus showed 

values of mean allelic richness in a range between 4.03 and 6.53 while L. fuelleborni 

displayed a lower 2.96 (Table 4). The same diversity indicator for L. cylindricus showed 

4.88. 

 

Departures from the Hardy-Weinberg equilibrium based on χ
2
-tests of He and Ho were 

found in all loci except the almost monomorphic MFW15, but most were found in Lr21, 

Lr14b and Lr24 with 10, 9 and 7 departures, respectively. Several of these departures were 

highly significant (P < 0.01 or 0.001, Table 4). 

 

Significant measures of FIS at between 0.218 and 0.701 were found in five loci, of which 

Lr12 and Lr21 displayed two per locus. Measured over all ten loci, six populations 

displayed significant FIS values between 0.141 and 0.210 in L. victorianus and 0.406 in L. 

cylindricus. There was a discrepancy in where significant departures from HWE were 

detected with the χ
2
-test in GENALEX and where loci displayed significant values of FIS. 

 

Checking for null alleles and other scoring errors with MICRO-CHECKER led to signs of 

null alleles in several loci: L. victorianus gave positive indications for loci Hmo26, Lr12, 

Lr14b, Lr21 and Lr24, but Lr12, Lr14b and Lr21 show the most instances of error 

indications with all three loci showing positive results for six populations. These three loci 

are the most variable of the ten and display much higher allele counts than the others. 

Analysis of L. cylindricus showed the same loci as in L. victorianus displaying possible 

null alleles with the addition of Lr3, but L. fuelleborni showed only Lr21. Analyses 

showed shortages of some heterozygote genotypes, of which the allele sizes were mostly 

the same when compared between population samples. These were found in most size 

classes. An excess of homozygosity was found in most size classes, thereby ruling out 

large allele dropout. There where no significant signs of gaps in recorded allele sizes, 

which would have indicated scoring errors due to stuttering. Genotypes were not corrected 

using the resulting adjusted genotype frequencies due to the minor corrections suggested 

by the offered adjustment algorithms. 

 

Population structure 

 

Pairwise FST analysis showed low values from -0.0019 (not significant) to 0.0777 between 

populations of L. victorianus, while there were higher levels of differentiation between LfI 

and population samples of L. victorianus (0.3935-0.4482) and LcP and population samples 

of L. victorianus (0.2874-0.3425) (Table 5). The pairwise FST value between LfI and LcP 

was found to be 0.2859. 

Some populations stand out as showing higher proportions of significant pairwise FST 

values, among which population D is significantly differentiated from all others.  
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Table 5 

Pairwise Fst values for all populations. Significance based on 2400 permutations with an indicative adjusted nominal level (5%) for one table: 0.000417. ns = not significant 

  N Ya Yb D K M MR M2a M2b MB MW MU E LfI LcP 

S  0.0018 ns  0.0076 ns  0.0075 ns  0.0291  0.0158 ns  0.0071 ns  0.0176  0.0251  0.0241 -0.0053 ns  0.0012 ns  0.0572  0.0447  0.4005  0.2941 

N    0.0070 ns  0.0241  0.0437  0.0115 ns  0.0236 ns  0.0196  0.0396  0.0332  0.0059 ns  0.0107 ns  0.0621  0.0503  0.4300  0.3206 

Ya      0.0146 ns  0.0430  0.0086 ns  0.0085 ns  0.0319  0.0503  0.0422  0.0139 ns  0.0326 ns  0.0609  0.0469  0.4427  0.3425 

Yb        0.0170  0.0154 ns  0.0006 ns  0.0285  0.0388  0.0364  0.0074 ns  0.0173 ns  0.0598  0.0459  0.4139  0.3326 

D          0.0323  0.0161  0.0635  0.0716  0.0777  0.0306  0.0321  0.0674  0.0529  0.4264  0.3305 

K            0.0123 ns  0.0274  0.0410  0.0420  0.0066 ns  0.0330  0.0471  0.0497  0.4328  0.3297 

M              0.0382  0.0514  0.0541  0.0099 ns  0.0222 ns  0.0613  0.0456  0.4123  0.3278 

MR                0.0004 ns -0.0008 ns  0.0108  0.0165  0.0585  0.0531  0.4185  0.3067 

M2a                 -0.0019 ns  0.0158  0.0298  0.0701  0.0703  0.4205  0.2966 

M2b                    0.0203  0.0286  0.0735  0.0746  0.4317  0.3189 

MB                      0.0078 ns  0.0517  0.0448  0.3935  0.2874 

MW                        0.0533  0.0436  0.4048  0.2972 

MU                          0.0100 ns  0.4482  0.3330 

E                            0.4412  0.3242 

LfI                              0.2859 
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The Mara River group (MR, M2a and M2b) display significant values when compared to 

all populations except themselves. MU and E show the same pattern, in that they only fail 

to show significant FST values when compared to each other. 

 

Results of PCA showed a clustering pattern with populations LfI and LcP being clearly 

separated from population samples of L. victorianus. Principal coordinate analyses from 

both  covariance and distance matrices showed the same clustering patterns, albeit with 

higher resolution and more variation explained on the two first axes of the plot using a 

distance matrix rather than a covariance matrix. Therefore only the plot derived from the 

distance matrix is reproduced in Fig. 2. Population samples of L. victorianus are clearly 

separated from LfI and LcP. PCA made only on samples of L. victorianus increases the 

resolution of the groupings (Fig. 3). E and MU form a grouping; D stands alone; MR, M2a 

and M2b form a group, and the rest gather in a last grouping. 
 

 
 

Fig. 2 

Genetic distance of population samples as shown by a principal coordinate analysis (PCA) based on a distance matrix 

with standardized data. Coordinate axis 1 explains 88.41% of variation and axis 2 explains 9.37% of variation. 
 

 
 

Fig. 3 

Genetic distance of Labeo victorianus population samples as shown by a principal coordinate analysis (PCA) based on a 

distance matrix with standardized data. Coordinate axis 1 explains 59.17% of variation and axis 2 explains 40.83% of 

variation, which in total explains 100%. 
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STRUCTURE analysis showed that data could be grouped into clusters of individuals – the 

number and likelihood of which were determined by varying the input value of K. The 

mean likelihood values of K, L(K), were plotted from runs in STRUCTURE, which gave a 

curve with no real plateau (signifying the most probable number of clusters in the dataset) 

before K = 15 (Fig. 4A). Standard deviation increased from 0.25 to 2.50 from K = 2 to K = 

7, after which it increased to 79.26 to 176.64 from K = 8 to K = 18. The absolute value of 

the second order of change, which is divided by the standard deviation of L(K) to garner 

∆K, peaks at K = 13 (Fig 4B). When plotting ∆K, the curve appeared to be bimodal with 

the highest value found at K = 3 (∆K = 347.53), after which no such high values appeared, 

but with a smaller peak at K = 7 (∆K = 16.26). Apart from these two peaks, there is an 

even smaller peak at K = 13 (difficult to see on the graph), when K = 12 gives ∆K = 2.11, 

K = 13 gives ∆K = 2.72, and  K = 14 gives ∆K = 2.15 (Fig. 4C). 

 
A. B. 

 
 

C. 

Fig. 4 

(A) Mean values of ln likelihood L(K) ± SD over 10 

successive runs per K in STRUCTURE. The model used is 

with independent  allele frequencies and allows for 

admixture between populations. (B) |L’’(K)|, the absolute 

value of the second order of change of L(K) ± SD over 10 

successive runs per K in STRUCTURE. (C) ∆K = m |L’’(K)| 

/ s[L(K)]. 
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Discussion 

 

Determining the appropriate sample size for statistical population biology analysis is not 

trivial. O’Connell and Wright (1997) state that a minimum sample size of 50 or more 

individuals should be used with loci of five to ten alleles to allow for resampling of alleles 

in highly variable loci. Indeed, it has been reported that studies using 10 loci in chinook 

salmon Oncorhynchus tshawytscha have needed sample sizes between 100 to over 200 

individuals to correctly record 90% of alleles in the population (Banks et al. 2000). 

Kalinowski (2000) suggests that studies on genetic distance should be made using larger 

sample sizes if populations are found to be genetically similar, i.e. when pairwise FST 

values are small. Arguably, then it is warranted choosing to include those individuals that 

had no more than one locus failing to amplify, as has been done in the present study, over 

significantly decreasing the sample size of certain populations. In fact, with less than 1.5% 

missing data overall, effectively 10 loci have been analyzed. 

 

The signs of null alleles detected with MICRO-CHECKER would be possible to attribute 

to the compromising nature of sample sizes that do not fulfill all prerequisites for the 

algorithms used. These indications of null alleles could generally be isolated (in samples of 

L. victorianus) to three loci – Lr12, Lr14b and Lr21 – loci that are extremely variable when 

compared to the other seven included in this study (see Table 3). The rationale could be 

that some expected heterozygote genotypes failed to be included because of the limited 

sample sizes used for these highly variable loci. If it could be argued that a study using the 

same number of loci in a migratory fish as in Banks et al. (2000) needed over 100 

individuals to record 90% of alleles in loci ranging from 3.7 to 10.8 alleles per locus, there 

is plenty of leeway in the current dataset for statistic deviations for these three loci. 

 

Using only primers developed for other species holds problems concerning interpreting 

measures of genetic diversity. Comparing He levels of Labeo with those of the original 

species in the primer articles show consistently lower genetic diversity. Due to the primers 

having been developed for maximum variability in the original species, it should come as 

no surprise that cross-amplification analyses seldom lead to higher variability. The 

homozygote excess denoted by the significant FIS values observed in some loci could be 

taken as further evidence for this factor playing a part in this study. However, it is more 

likely that this homozygote excess is the result of other factors such as non-random mating 

and/or cohort effects, i.e. a hidden sub-structuring at the sampled site. This would mean 

that there is a possible Wahlund effect at work – individuals from separate age classes or 

mating classes, forming separate subpopulations, being sampled. The Bayesian clustering 

method used in STRUCTURE could be utilized to detect this cryptic substructuring by 

assigning individuals from the same locality to separate clusters. 

 

The use of FIS to detect departures from HWE is to be preferred over the χ
2
-test performed 

in GENALEX as the authors themselves recommend for sample sizes under 50 individuals 

per population. Were the χ
2
-test to be used, it would have led to suspicions of more null 

alleles in the tested populations, owing to the presence of 42 locus-wise departures from 

HWE as compared to 8 departures using FIS. 

 

Allelic richness measured across loci show L. victorianus population samples and the 

sample of L. cylindricus (LcP) to have neither especially high nor low diversity, but the 

sampled L. fuelleborni (LfI) is on a lower level. This is probably due to its four 

monomorphic loci, and calls for further study using other primers specifically aimed at 

discerning genetic diversity within that species. 
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Values of pairwise FST show quite low levels of genetic differentiation between 

populations of L. victorianus, with the two other species clearly separating themselves 

from both each other and the main study species. The results seem to indicate the existence 

of three distinct groupings of L. victorianus, with a fourth grouping displaying low, 

insignificant values of pairwise FST when compared within the group. This would indicate 

some level of admixture. These results and the clustering patterns from the PCA indicate 

the same results: Population D is a separate grouping; samples taken from Mara River 

make up one group; Samples MU and E, which both originate in Kagera River, but were 

sampled with an interval of 18 months, make up one group. The rest, S, N, Ya, Yb, K, M, 

MB and MW make up the last grouping. A notable thing about this last group is that it is 

made up of localities that stretch across a very large proportion of Lake Victoria’s 

shoreline – from the Ugandan-Kenyan border in the northeast to Mwanza on the southern-

most shore of the lake. There is, therefore, reason to believe that there is some level of 

migration between riverine systems – perhaps from fish that, when spawning, go up rivers 

other than the river of hatching. Some localities that lie geographically between localities 

that exhibit admixture are kept genetically differentiated. Fish in population D were 

collected in a man-made dam in which L. victorianus had been introduced. The body of 

water has limited or no access to the nearby Sondu River (Oenga  pers. comm.). This 

isolation coupled with the small population size contained within the dam could explain its 

differentiated status through genetic drift. Sampling sites for the populations showing a 

higher degree of admixture are to be found no more than 30 km from the shores of Lake 

Victoria. The sampling localities for the Mara River group are to be found approximately 

150 km upstream. This could be a signature of riverine, i.e. non-migratory, populations as 

considered by Rutaisire et al. (2005) and Ojwang et al. (2007). The same goes for 

populations MU and E, two temporally separated samples from the same sampling location 

in the wide and deep Kagera River. Both the Mara group and the pair from Kagera River 

show consistent grouping even though both localities have sampling events separated by 

around 1.5 years. There could still be potamodromous populations further downriver that 

display a higher degree of similarity with other geographical groupings, but the present 

sampling scheme prevents this theory from being tested. 

 

Evanno et al. (2005) suggest that a bimodal distribution of ∆K signifies a hierarchy of 

genetic structuring. For the present data set, the results garnered seem to indicate a general 

clustering of three groups at the highest level, with a lower level structure of seven clusters 

gathered from the maxima when plotting ∆K (Fig. 4C). It could also be argued that there is 

a signal, albeit weak when comparing with those at K = 3 and 7, that suggests that the 

samples divide into thirteen clusters (K = 13). This is detectable when plotting ∆K (Fig. 

4C), but seen more clearly when investigating the maximum value of |L’’(K)| (Fig. 4B). 

One could suspect that the three highest level genetic groupings adhere to the species 

delineations of L. victorianus, L. fuelleborni and L. cylindricus, but what contradicts that 

assumption is that no runs assign the three accepted species to three disparate clusters at K 

= 3 (Fig. 5). In fact, the model fails to separate LfI from LcP until K = 8, and then only in 

one of ten runs. Freely interpreting the MCMC chain to not accurately finding the states in 

which LfI separate from LcP, one could add an extra cluster to the two lower optimal 

numbers of K found when plotting ∆K – this extra cluster to represent the splitting of the 

two problematic populations – and end up with numbers of optimal K at K = 4 and 8, 

respectively. The information garnered from pairwise FST values and PCA seems to 

indicate six separate clusters – a result which does not coincide with any of the suggested 

options gathered from the STRUCTURE analysis. Visualizing the ancestry vector Q as 

bars representing individuals with the coloured portions representing the proportion of that 

individual’s genome being from a cluster of a given colour presents us with a way to 

recognize clusters by eye (Fig. 5). Representations of Q displaying the populations under 
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the premise of an extra cluster having been added would be misleading, as the calculations 

would have been performed using the wrong variable. The conclusion is that this 

STRUCTURE output is inconclusive to this study at high or intermediate levels of 

structuring hierarchy in this specific case. For further discussion on population structure in 

this data set, PCA and pairwise FST values are used. Considering the weak indication of a 

peak of ∆K at K = 13 means that STRUCTURE could possibly detect the inclusion of 

samples taken at duplicate localities at a later time (Yb, M2b and E). It would therefore 

have assigned each sampling locality to a separate cluster, which seems to be the most 

attractive assignment option. The problems encountered at lower values of K could have 

been avoided if the MCMC chain had successfully divided populations LfI and LcP, and so 

after the first instance of separating those two populations, the next best clustering 

occurred at this level of sampling location-specific structuring. 

 

 
Fig. 5 

Ancestry vectors Q drawn with each individual as one line at K = 3, 7 and 13 as gathered from peaks in ∆K. Each colour 

represents the proportion of the individual’s genome that stems from the cluster designated as that colour. Colours cycle 

after six clusters (i.e. there are two separate clusters designated as being red at K = 7). Populations LfI and LcP fail to 

separate until K = 8. 

 

The samples that were taken from the same locality with a time interval of 1.5 months in 

Ya and Yb, 1.5 years in M2a and M2b, and 1.5 years in MU and E, all show grouping with 

their “twin” sample. This could be perceived as evidence that any further genetic 

structuring in L. victorianus requires a longer time scale to show any clearly visible signal 

in microsatellite studies. 

 

The inclusion of L. fuelleborni in this study is mainly to be seen as a pilot study on a 

species with little to no genetic information available. Seeing as Reid (1985) is careful with 

defining it as a species separate from L. victorianus, the addition of molecular data to the 

background material for sorting out its species status is yet another step on the way. This 

study shows that the sampled population is genetically well separated from the other Labeo 

samples included herein. Albeit it is a study based on microsatellite markers, not a single 

analysis puts the sample of L. fuelleborni together with any sample of L. victorianus. 

Indeed, pairwise FST values, PCA and Bayesian clustering all show that it is at least as 

genetically distinct from the ningu as the ningu is from sampled individuals of L. 

cylindricus. 

 

To conclude, though population samples of L. victorianus are weakly differentiated, there 

is evidence for three of the population samples showing separation from a potamodromous 

grouping, displaying a degree of admixture, that stretches in geographical distribution from 

Sio River in the north, to the waters around Mwanza in the south. The large rivers of Mara 

and Kagera show signs of harboring stationary populations of L. victorianus. It would still 

be necessary to examine the other waterways included in this study at sites further upriver 
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to see whether or not smaller rivers also display stationary populations. Considering the 

future situation of the potamodromous form, there is not enough data presented in the 

current study to ascertain the vitality of these populations. Surveys on migration and 

population size are necessary to provide us with information on how these patterns of 

population structure should be further interpreted. There is a possibility that the effects of 

overfishing and population decimation have yet to show themselves in studies on this level 

of genetic variation. The degree of gene flow between populations influences how quickly 

signs appear of e.g. a bottleneck stemming from the population collapse in the 1960’s. 

With the knowledge of the drastic decrease in numbers of L. victorianus in the last century 

it would only seem prudent to continue studying this species, for when considering the 

ecological crisis of the Lake Victoria Region, it would be tragic if, to paraphrase Ojwang et 

al. (2007), the large migratory populations, for which Lake Victoria was once famous, 

would be no more. 
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