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ABSTRACT

The Orange-Fish and Cookhouse tunnels that are@pannajor inter-basin water
transfer scheme (IBT) act as a pathway for seVstakpecies from the Orange River
system to enter the Great Fish and Sundays Rigersg in South Africa. These include
Labeo capensis andL. umbratus. Labeo capensis was restricted to the Orange River
system before the inter-basin water transfer schieaieo umbratus occurred naturally

in the Orange River and in southern flowing rivgstems. Previous studies showed that
the two species hybridise in Hardap Dam, locateal tiibutary of the Orange River
system in Namibia. There are also unconfirmed tspafrhybrids from Darlington Dam

on the Sundays River system.

The aim of the thesis was to confirm hybridisatiloidardap Dam, assess whether
hybridisation betweeh. capensis andL. umbratus has occurred in Darlington Dam and
to gain a better understanding of the diversittheke two species. Morphology
(morphometrics and meristics), a nuclear S7 ingnath the mitochondrial cytochronbe
gene were used to assess for hybridisation. A 66ta¥5 specimens were analysed from

across the geographical range of the two species.

The two species could be distinguished using mar@tocs (dorsal fin base, inter-
orbital width and operculum to eye distance) andisties (lateral line, origin of the
dorsal fin to lateral line, origin of the pelviafto lateral line and caudal peduncle scale

counts) characters. Hybrids from Hardap and Datidinglams were placed between the



two species clustersabeo umbratus from the Orange River and southern flowing rivers
formed a single cluster. The two species could bésdistinguished from each other with
six nuclear DNA mutations and hybrids were hetegozy at such sites in both dams.
Labeo umbratus populations from the Orange River and southemiflg rivers (Gouritz,
Gamtoos, Sundays, Bushmans, Great Fish and Nafmmomd a single lineage. Analysis
of mitochondrial DNA, however, revealed thatumbratus populations from the Orange
River and southern flowing rivers were two lineates differ from each other by 5
mutationsLabeo capensis could be differentiated from both these linea@#=sng
maternally inherited, mitochondrial DNA did not eal hybridisation, but ten specimens
with L. capensis haplotypes were found in the Darlington Dam. Indég@ Dam,

however, it appears that orlly capensis mitochondrial DNA haplotypes persist, despite
morphological and nuclear DNA analysis suggestiag both morphs and hybrids of the

two species occur.

The genetic integrity of thedabeo species has therefore been compromised in at least
Hardap and Darlington dams. The Great Fish and &nplopulations are considered to
be under threat of complete introgression. TheRiaer and Slagboom Dam populations
that were isolated before the IBTs have to remsotated to protect the genetic integrity

of the southern lineage af umbratus in these two systems.

Keywords: Freshwater fish; conservation; Hardap Paarlington Dam; inter-basin
water transfer schemes; hybridisation; intrograssmorphology; nuclear DNA,

mitochondrial DNA



Chapter 1. General Introduction

1.1 Importance of the study

The genetic integrity of many freshwater fishes Ihesn affected by hybridisation
(Bolnick, 2009; Scribneet al., 2001). Hybridisation is the process whereby geaky
distinct species breed and produce intermediated¢Rhymer and Simberloff, 1996). It
seems to be especially prevalent in freshwatee$&igBillington, 2003) and according to
Winfield and Nelson (1991) and Scribretial. (2001), the speciose Cyprinidae is the fish
family with the most records of hybridisation (Gast al., 2004). Hybridisation mostly
occurs between closely related species (Alleneaf., 2001). Hybridisation can happen
in a way that individuals of hybridising populatiorierbreed with each other and this
leads to hybrids backcrossing with one or both mpatespecies, often referred to as

introgression (Rhymer and Simberloff, 1996)

Hybridisation can be caused naturally or by antbgemic events (Scribnet al., 2001).
Natural hybridisation happens due to range ovestagxpansion of species distribution
into other habitats. For example, this would haapgened naturally in fish species after
Pleistocene glaciations (Scribretral., 2001). As landscapes deglaciated, connectivity
between aquatic habitats would have been restor@d@ecies that were isolated in
glacial refugia would have mixed, leading to hyiwation (Hewitt, 1996; Hubbs, 1955).
More recently however Scribnetral. (2001) estimated that nearly 50% of hybridisation

events are being driven by anthropogenic impaats) as aquaculture activities, species



introductions or translocations and loss or alteradf habitat. Dam walls, for example,
can limit spawning habitats by preventing migratadrspecies (Gaigher and Bloemhof,
1975) resulting in forced sharing of spawning hatisiand resultant inbreeding.

Introduction of alien species is the main causkybiidisation and can cause extinction

of indigenous species in the recipient river sys(@wozlanet al., 2010).

When Allendorfet al. (2001) set conservation guidelines concerningidgbthey
recognized that hybridisation can happen natuallye influenced by anthropogenic
events. They recognised three final stages of tigation (which they called
“hybridisation types” :

1) Hybridisation without introgression, which happéecause F1 hybrids are sterile.
2) Widespread introgression, which is hybridisatileat results in a hybrid swarm where
some of the parental species still exist somewinettee river tributaries.

3) Complete admixture, which is hybridisation wattmybrid swarm where few, if any

pure populations remain and there does not appdser any selection against the hybrids.

1.2 Impact of inter-basin water transfer schemes

The distribution of fish and other freshwater origars have been affected by inter-basin
water transfer schemes (IBTs). An IBT allows tremsiocation of water from a donor
river system across a certain distance, usuallyavimnel to a recipient river system
(Snaddon, 1999). In South Africa, IBTs were mainlyit for irrigation purposes in semi-

arid areas and to generate hydro-electricity (Davi®€93). When the IBTs were planned,

2



the focus was on the economic value of them, rdtfaar the ecological and social
impacts (Snaddon, 1999). Now they affect the edesysiegatively by introducing
aquatic species, notably fishes (resulting in germ@ntamination, predation and
competition), invertebrates and algae which becpests themselves or vectors of
parasites in the recipient system. IBTs can alsdribute to soil erosion and change the
chemistry and sediment load of the water in therewt river system (Daviedt al.,

1992). According to Slabber (2007), there are 2mM8Ts in southern Africa.

The Orange-Fish (completed in 1975) and Cookhotmmpleted in 1978) tunnels, act as
a pathway for several fish species from the OrdRiger system to reach the Great Fish
and Sundays River systems (Cambray and Jubb, 1BR&3e species include the Orange
River mudfishLabeo capensis (Smith, 1846) and moggkhbeo umbratus (Smith, 1846)
Labeo capensis only occur naturally in the Orange River systerke(®n, 2001)Labeo
umbratus is not confined to the Orange River system, bstdraindigenous distribution
that includes southern flowing rivers from the Gtain the west to the Nahoon in the
east (Gaigher and Bloemhof, 1975). Other specegsibre translocated through the
IBTs areLabeobarbus aeneus, Austroglanis sclateri andClarias gariepinus. Some

species were also introduced deliberately to imprangling (e.gClarias gariepinus,
Cyprinus carpio, Micropterus salmoides, Lepomis macrochirus, Tilapia sparrmanii and

salmonids).



1.3 Introduction of the two study species

Labeo is a large complex genus of carp-like (cyprinighés with sucker-like lips (Reid,
1985). There are sixabeo groups L. gregorii, L. macrostoma, L. umbratus, L. niloticus,

L. coubie and L. forskalii) recognised in Africa (Reid, 1983)abeo capensisandL.
umbratus belong to the.. umbratus group withL. seeberi andL. rubromaculatus. Labeo
species are called mudfishes because of theirdegkloped mouth suited to scrub algae,
diatoms and detritus from sediments (Skelton, 200he present study concentrates on
the two species that occur in sympatry in the OeaRiyer system —i.é,abeo capensis

(Fig 1.1) and_abeo umbratus (Fig 1.2)

Fig. 1.1Labeo capensis from Darlington Dam (photograph by O. L. F. We§buth

African Institute for Aquatic Biodiversity SAIAB)



Fig. 1.2Labeo umbratus from Darlington Dam (photograph by O. L. F. We§AIAB).

The two species occupy different ecological nigi@@ambray and Jubb, 1977) and this
may be due to their different mouth forrhgbeo capensis has a terminal mouth while
umbratus has a subterminal onleabeo capensis prefers habitats with fast flowing water
while L. umbratus prefers slow flowing water (tributaries and dargMylder, 1973).

They both feeds on algae and detritus accordir@kédton (1986) and this has been
confirmed with stable isotopes (Winker, unpublisiiD thesis). Both species are highly
fecund with eggs that hatch within 24 hours (Skeltt©86).Labeo capensis does not
undertake extensive spawning migrations, but spawmundated grass on the sides of
river banks while migrating upstream in the mawreri(lateral migration)Labeo

umbratus migrate upstream in the channels or large trilegao flooded areas in the
Orange River system (longitudinal migration) (Muld&973). Cambray (1991) reported
lateral and longitudinal migration in umbratus from the Gamtoos River system. There,
they spawn on flooded gravel and vegetation whaod find shelter is abundant for the
young. Both species may spawn at the same timer sndéar environmental conditions

(when the rivers floods in summer) (Tomassbal., 1984).
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1.4 Problem statement

The introduction ot. capensis to the Great Fish and Sundays river systems fham t
Orange River may lead to hybridisation, possiblgause of modified habitats or because
the natural. umbratus population have not been in contact wlitlcapensis before the
inter-basin water transfer occurred (Fig 1.3). &md, the two species may utilise the
same areas for spawning. Introgression is poskddl@eerL. umbratus populations from
the Orange, Great Fish and Sundays River systenesiniroduced.. umbratus andL.
capensis were initially restricted to the upper reacheshef Great Fish River system
because of the Grassridge dam (Laurenson and Ha&&%).Labeo capensis was first
discovered in the Great Fish River in 1975 andpibygulation was still relatively small by
1983 (Laurensost al., 1989). According to Laurensahal. (1989), this showed that it
had not adapted well in its new environment andviddals apparently do not reach
maturity. In 2007, however, this species has beearded from the middle reaches of the
Great Fish River system and in the Sundays rivetesys. Further, it may be hybridising

with L. umbratusin Darlington Dam (O. Weyl, personal communication)

Labeo capensis andL. umbratus are reported to hybridise in Hardap Dam (Namibia)
(Gaigher and Bloemhof, 1975; Van Vuurgral., 1989 and 1990). These studies used
morphology and allozymes to differentiate betwdenttvo species and hybrids. It is not
clear how they identified pure versus hybrid indivalsa priori, since they did not
sample localities having only pure populations.gBar and Bloemhof (1975) also

mention that hybrids between the two species weteanfined to Hardap dam, because



of records from the Caledon River (citing an OrakRgee State Nature Conservation
report from 1972/73) and from the Gariep dam (gitnpersonal communication with Dr.
Kas Hamman). However, these claims could not béiegby them because no

reference was made to voucher specimens. Van Vaetn(1989) concluded that

hybrids could not be identified based on morpholalpne.

Great Fish
River

Sundays IBT 2
River

Darlington
Dam

Fig. 1.3The map showing inter-basin water transfer scheifigdss) and the river

systems involved. IBT 1 = Orange Fish tunnel, IBan2l 3 = Cookhouse tunnels.



There are further problems with the analyses uakert in these two studies. Apart from
not being clear about which criteria their speaiestifications were based on, they only
analysed samples from two localities. One of thesalities was Hardap Dam itself.
They therefore did not study enough reference @djouls to represent the overall
variation of these two species across the OrangerRystem and therefore could not
characterise pure populations accurately. Furtheen@aigher and Bloemhof, (1975)
and Van Vuureret al. (1989) lumped data and analysed populations. @igepot

analyse the specimens separately, so there is nofkaowing whether their original

classification was correct.

Concerns have being raised about the genetic ityegrd introgression of potentially
unique genetic lineages bf capensis andL. umbratus, due to the Orange-Fish and
Cookhouse tunnels (Cambray and Jubb, 1977; Launesrsth Hocutt, 1985; Laurensen
al., 1989), but there is currently no clear evidetoceonfirm that hybridisation or
introgression has indeed occurred apart for unooefil reports for Darlington Dam (O.
Weyl, personal communication, SAIAB). Given that@ge RiveL. capensis andL.
umbratus can hybridise in Hardap Dam (Van Vuurmral., 1989 and 1990; Gaigher and
Bloemhof, 1975), one can expect that they coulerbreed in the Great Fish and

Sundays River systems as well (Fig 1.3).



1.5 Aims of the study and hypothesis investigated

The aim of the study was to differentiate betwkecapensis andL. umbratus species,
using morphology (morphometrics and meristics) gewetics (mitochondrial
cytochromeb and nuclear S7 introns), to identify hybrids, dimgs advise conservation
authorities on how to best manage the genetic sityenf these two species in relation to

existing inter-basin transfer schemes.

To achieve this, the following hypotheses wereet#st
1. Labeo capensis andL. umbratus can be distinguished from each other
morphologically and genetically.
2. Labeo umbratus from different river systems have been historicablated.
3. Labeo capensis andL. umbratus do indeechybridise in Hardap and Darlington
dams.
4. Morphometrics, meristics, nuclear DNA and mitochaaldDNA are all useful

procedures for identifying hybrids successfully.

The thesis is presented in six chapters. The gem&raduction (Chapter 1) is followed
by a general chapter on methodology (Chapter &.tlMoLabeo species are then
assessed for variation in morphology (Chapter @¢lear DNA (Chapter 4) and
mitochondrial DNA (Chapter 5). Finally, the morpbgical and genetic approaches are
all combined to do an overall assessment of thetgemtegrity ofL. capensis andL.

umbratus populations (Chapter 6).



Chapter 2: General materials and methods

2.1 Research design and sampling

A total of 371 fish specimens were collected frofidcalities inseverriver systems
across the geographic distributional rangels. @ipensis andL. umbratus (Table 2.1) in
southern Africa. The largest number of sites wak@Orange River system due to its

large size and because of the known hybridisatidghe Hardap Dam (Fig 2.1).

Localities in the Orange River system

A ten day sampling survey was done in January 28108ariep Dam (previously the
Hendrik Verwoerd Dam) in the Orange River systefmisTdam has a surface area of 352
km? (SANCOLD, 2009) and is mostly populated hgbeobarbus aeneus and Labeo
capensis (Ellender 2009, MSc thesis; Winker, unpublishedRhesis).Labeo umbratus
was difficult to collect as they were not abundd@mwenty-ninelL. capensis of a range of
sizes (6-35 cm) and twenty-twd. umbratus (9-40 cm) which were mostly juveniles,
were collected from different areas in the dammtwrease the chances of finding hybrids
if any existed and to sample as much diversity @ssiple An additional field trip was
done at Gariep Dam in May 2008 for five days ta@éase the number &f umbratus
samples adding twelve specimembe samples collected on these surveys were ased f

the preliminary study (see Chapters 3 and 5).
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Hardap Dam (Namibia), Onseepkans (lower Orange)kambneiland (middle Orange)
were visited from 8 to 11 October 2008. Hardap Deas built in 1962 and has a surface
area of 25 krh (SANCOLD, 2009). Suspected puke capensis, pureL. umbratus and
hybrids were collected from this dam (N = 8Only L. capensis were found and
collected from the middle (N = 11) and lower (N %) Ireaches of the Orange River
system. Ter.. umbratus specimens were collected from the Brak Riveritatary of the

middle Orange River.

No L. capensis andL. umbratus were collected from the Barrage (near locality@ Z1)

in the Vaal River, despite two days of gill nettiingre. Howevell,.. capensis specimens

(N = 28) were collected in the riffles below theriae as this places are close to the type
locality of the neotypes for the two specieabeo umbratus specimens (N=15) were
collected from the Vaal Dam, where they were mdémenaant tham.. capensis. The Vaal
Dam was built in 1938 and has a surface area abappately 322.755 km

(SANCOLD, 2009).

Great Fish River system localities

The Kat River Dam was surveyed in May 2008 and isp&rts of suspected pute
umbratus (N = 27) were collected. This has a surface afeéalon’ (SANCOLD, 2009).
The dam is on the Kat River, a tributary of the &r&ish River. Specimens were
collected from the dam, because it was built bef@®&s in 1969, which raises the

possibility that the fish represents the originatunal stock from the Great Fish River

11



system. Another dam visited in this river systens Wwake Arthur (1924) with the surface
area of 8.9 krh(SANCOLD, 2009) which is in the Tarka River (trthuy of Great Fish
River). However, nd.. umbratus specimens were found, possibly because the dam had

dried completely in the past (according to locahfars).

Sundays River system localities

Three day sampling surveys were done on a mon#sistio Darlington Dam (built
1922), from April to October 2008. It has a surfacea of 34.5 ki(SANCOLD, 2009)
and 66 specimens were collected. Very few specirakeagspected pule capensis

were found in Darlington Dam, despite considera&fiert. Most of them were from one
area in the dam (some were collected by Dr Olaf W&ther dams visited in this river
system were Slagboom (1955) and Van Rynevelds@5)1They were also surveyed,
because they were built before the IBTs, which m#ey could contain pure
populations of indigenous. umbratus. Van Ryneveldspas Dam is located near Graaff-
Reinet and has a surface area of k@3 (SANCOLD, 2009). No specimens bf
umbratus were found in Van Ryneveldspas Dam, probably bez#ihad dried out
completely in the past similar to Lake Arthur. Haxwee suspected pute umbratus (N =
17) were collected from the Slagboom Dam that newyelpresentative of the original
stock from the Sundays River system. The dam iheWit River, tributary of the
Sundays River below Darlington Dam, and has a sarégea of 34.5 kifSANCOLD,

2009).
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Localities in other southern flowing river systems

The Bushmans River system was sampled at Amakrat@eGeserve on the 4th
November 2008 and 17 specimens were collected.ir@pes (N = 8) were collected by
Olaf Weyl above and below the Nahddam in the Nahoon River system. Two localities
were sampled in the Gamtoos River system at time Kdont Pellier and the Perdegat
pool near Steytlerville in December 2008 and 1T spens were collected. Two

localities were also sampled in the Gouritz Riwatem at Stompdrift Dam and "Die

Poort" in December 2008 and 21 specimens wereatetle

13



QO sampling site

200km
——

Fig 2.1 A map of southern Africa showing the areas wharees were collected in
dams (1-Hardap, 5-Gariep, 7-Vaal, 9-Kat River, 1dgBoom and 12-Darlington) and
rivers (2-Onseepkans on the Orange, 3-Kanoneilant®Orange, 4-Brak, 6-Vaal, 8-

Nahoon, 10-Bushmans, 13-Gamtoos and 14-Gouritz)
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study species) collected at each locality.

Table 2.1A list of locality information showing the numbef fish specimens (of both

Locality River system Number of specimens Co-ordinates
collected and analysed Latitude S/N Longitude W/E
Hardap Dam Orange 81 24°28'11.3" 17 °47' 51.9"
Onseepkans Orange 14 28° 44" 14.5' 19 °18' 14/4"
Kanoneiland Orange 11 28° 38'05.7" 21 °05' 20.3"
Brak Orange 10 31° 32' 26.4" 22 °20" 35.01
Gariep Dam Orange 10 30° 38' 38.2" 25 °33'50.9"
8 30° 38'41.6" 25 °46' 49.2"
11 30° 36' 65.9" 25 °47' 35.5"
1 30° 35'37.8" 25°31'49.8"
6 30°41'92.9" 25 °44' 93.5"
11 30° 38' 10.6" 25°32' 36.1"
2 30° 38'42.5" 25°31'24.5"
2 30°43'12.9" 25 °43'02.3"
9 30° 42'84.5" 25°43'47.3"
3 30° 39'80.4" 25 °44' 08.2"
Vaal River Orange- Vaal 28 26° 45' 57.6" 27 °4Q0956
Vaal Dam Orange- Vaal 15 26° 51' 58.9" 28 °10'14.3
Kat River Dam Great Fish 27 32° 33'46.5" 26 °4504
Darlington Dam Sundays 32 33°10'82.2" 25 °07' 93.0"
13 33°11'00.7" 25°10'11.0"
21 33°11'32.3" 25°09'75.2"
Slaghoom Dam Sundays 17 33°22'31.1 25 °40' 454"
Amakhala game Bushmans 17 33°31'02.5" 26 °07' 29.2"
reserve
East London Nahoon 8 32°54'18.4" 27 °48' 32.2"
Gamtoos Gamtoos 12 33°18'41.8 24 °20' 50.0"
7 33°13'38.5 24 °09' 15.0"
Gouritz Gouritz 15 33°30'42.3" 22 °36' 14.2"
6 33°58'34.8" 21 °39'19.0"

15



2.2 Survey gear

Passive gear

Most specimens were collected using gill nets ) (30m long and 1.5m deep with
mesh panels of 44, 60, 75, 100 and 144 mm). Gifl were deployed using a boat in
different bays of dams and along steep banks icdke of riversThey were placed at a
depth of about 3m. The depth was acquired usimghdihder orby testing the depth
with a weighted rope. The gill nets were deployethe late afternoon and were left
overnight. They were then retrieved early in themm@. Fish were removed carefully
from the gill nets to try and avoid damage to thecgmens before preservation. Other
gears used were fyke nets (Fig 2.3), which werd usth otter guards when left

unattended or without otter guards when they wadeuconstant observation.

Fig 2.2Gill nets as shown in the picture (Gariep Dam, &as€Cape Province, South

Africa) were used for sampling in deeper habitpto{ograph by E. R. Swartz, SAIAB).
16



Fig 2.3Fyke nets as shown in the picture (Lake ArthuhaaSundays River system,
Eastern Cape Province, South Africa) were useddopling in relatively shallow

habitats (photograph by E. R. Swartz, SAIAB).

Active gear

Active gears like throw-, D- (Fig 2.4 A) and seirfEig 2.4 B) nets were used to actively
collect specimens. Electric fishing was used inlEmavater bodies (shallow runs and

riffles of smaller rivers).

2.3 Voucher and tissue sample preservation

Prior to preservation, a piece of fresh muscleigss a fin clip was cut on the right side
of each individual and placed in a 1.5ml tube ciomg 99 % ethanol. These tubes were

later transferred to a -80CP° freezer for long-tstorage after the ethanol was replaced.

17



Voucher specimens were tagged with labels thaespaond with the genetic samples and
were then fixed in 10% formalin. The body cavitysaajected with 10% formalin to
improve preservation of the whole specimen. Thesevaer transferred through a
gradient of concentrations (to prevent rapid deatydn minimise body shape changes) to
an eventual 70% ethanol for long term preservatipecimens are kept at SAIAB

waiting to be accessioned.

Fig 2.4 Other netting methods included the use of a Daseteen in photograph A (Great
Fish River, Eastern Cape Province, South Africa) @aseine net as seen in photograph B
(Lake Arthur in the Sundays River system, EasteaapelProvince, South Africa)

(photographs taken by E. R. Swartz, SAIAB).

18



Fig 2.5Electric fishing as seen in the photograph (Wes@ape Province, South Africa)
was used to collect specimens in shallow habitdtetpgraph by K. Magellan, Rhodes

University).
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2.4 Genetic analysis in the laboratory

DNA extraction

DNA was extracted using a Promega purificationXismall piece of tissue was placed
in a 1.5 ml tube and mixed with 600ul of EDTA/ lysiolution and 15ul of Proteinase K
to break down the tissue. The solution was incubfiel-3 hours at 55°C to speed up
digestion and was stirred with a vortex after e\@ymin until the tissue was completely
digested. RNAse (3 ul) was added to the solutiarechwith a vortex and then the
solution was incubated for 15-30 mins at 37°C. &roprecipitation solution (200 pul)
was added, stirred with a vortex for 20 sec andqaaon ice for 5min to isolate DNA.
The solution was centrifuged for 5 min at 13000d®60om. The precipitated proteins
formed a white pellet at the bottom of the tubee TiQuid mixture was removed from the
tube into a clearly labelled 1.5 ml tube containg@§ pl isopropanol. The solution was
centrifuged for 2 min to force the DNA to form dlpeat the bottom of the tube and the
supernatant was decanted. DNA was washed with 660rpom-temperature ethanol
(70%) twice and supernatant was decanted in bathstens. The DNA was air dried for
10-15 mins and rehydrated with 100 pl of rehydragolution and stored in a -20°C
freezer. Before Polymerase Chain Reaction (PCR),d extracted DNA mixed with 2
ul of Bromophenol Blue was visualised by loadingnta 1% agarose gel containing
Ethidium Bromide. Gel electrophoresis was used.&+20 min at 100 mV while
submerged in 1X TBE buffer. The gel was then viseal under ultra-violet light (UVP

Translluminator), to verify the quality of the DN&xtracted.
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Polymerase chain reaction (PCR)

Polymerase chain reaction is described generatky It specific temperature and
primer usage are described in chapters 4 and Safipéification of DNA involved three
steps. Step 1 is the initial denaturation. The PE&Rtion requires a single-stranded
template. A high temperature is required for dersion, the splitting of double-stranded
template DNA into single-strands. The denaturatemperature was set to 92 °C or 95
°C for 1-2 mins. Step 2 was 35 cycles of denatomadt 92 °C or 95 °C for 30 sec,
annealing at 55 °C or 58 °C for 30-60 sec and exbenat 72 °C for 60 sec. The
temperature must be lowered for primers to annegpecific locations (primers
complements) depending on which primers are usdadglannealing. During the
extension step, which requires the temperature indreased to 72 °C, taq polymerase
adds nucleotides (adenosine, thymine, guanine wodine) contained in a solution of
dNTPs. Lastly, one cycle of extension at 72 °C kegslired for 10 min. The final product
was viewed after gel electrophoresis as describedea(section 2.4.1) to determine if the

DNA amplified or not.

DNA purification

Most of the PCR products were sent to Macrogent{Sidarea) for purification and
sequencing, while others were purified using thadgick PCR Purification kit. PB
buffer (500 pl) was added to PCR products befonegogoured into a QIAquick column

to bind amplified DNA to the filter of the columnBE buffer (750 pl) was used to wash
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the DNA. Thereafter, the column was placed in &llad 1.5 ml tube and 50 ul EB

buffer was poured into the column to elute the DNA.

DNA sequencing

Cycle sequencing was performed in 20 pl volumesatomg 2 ul of purified DNA
template, 3 pl of buffer, 2 pl of one of the aboventioned cytochromie primers (m13F
for cytochrome oxidase subunit I) and 2 pl of ABiIskh Big dye Terminator Cycle
Sequencing Ready Reaction Kit (Southern Cross 8imtglogy). A microcentrifuge tube
(0.6 ml) was prepared containing 1 pl of 3M sodagetate (NaOAc) with pH 4.6, 1 pl
of 0.25 M EDTA with pH 8 and 50 ul of 99 % ethaigtOH). After the cycle
sequencing product was added, the mixture wagdtmth a vortex and left for an hour
to precipitate. After the solution was centrifugedallow the DNA to form a pellet at the
bottom of the tube, the supernatant was decantdianarded. The pellet was washed
with 250 pl of 70 % ethanol and the supernatantagasn discarded. The pellet was then
dried at 60 °C for 5-8 mins. These products wen¢ teRhodes University Micro

biology laboratory for sequencing.

Sequence analysis

Sequences were edited manually in Lasergene v.3gjMan (DNA Star, Inc., Madison,

WI) to check for mistakes and ambiguity codes vamsigned to heterozygous positions.
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Chapter 3: The use of morphology to differentiate btween

Labeo capensis, L. umbratus and hybrids of the two species

3.1 Introduction

Labeo capensis (Smith, 1841) andl. umbratus (Smith, 1841) are two large cyprinids
closely resembling each other. They are believduktsister species (Reid, 1985) with
several morphological characters that overlap betvbem (Van Vuurest al., 1990).
Smith (1841) originally described the two speciakirng themAbrostomus capensis and
Abrostomus umbratus. The exact type localities for these two speciresnat known

(Reid, 1985), because Smith (1841) only gave arge®mn of the broad area where the
type material was from. He described the localigyevthe specimen & Capensis was
found as many rivers of the Cape Colony, soutimnéoQrange River, and féx. umbratus
as north to the Orange River. Smith (1841) distisiged between the two species mainly
on the basis of differences in lateral line scalents (scales size). However, the type
specimens now appear to be lost (Reid, 1985). Allwgrto Reid (1985), Smith’s African
specimens were sent to the United Kingdom and swrtteem made it to the British
Museum of Natural History (BMNH), while others wateposited into the collection of
the Musée d"Histoire Naturelle Paris (MHNP). Noeypcalities for designated precisely
by Smith (1841). This deficiency was remedied tme@xtent by Boulenger (Reid,

1985).
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According to Reid (1985), Boulenger placed bothcggsein the genulsabeo and he
described neolectotypes for them from eight specgéL. capensis from one locality

and six specimens &f umbratus from four localities. These are housed in the BMNH
Boulenger’s redescription &f capensis (Smith) highlighted 44-50 lateral line scales, 20-
24 scales around the caudal peduncle, 10-11 dargalwith the anal fin nearly reaching
the caudal fin. The redescriptionlafumbratus emphasized 58-65 lateral line scales, 30-
34 scales around the caudal peduncle, 8-10 dagsiwith the anal fin not reaching the
caudal fin. Boulenger’s diagnosis of the two spgeias accepted by Gilchrist and
Thompson (1913), Du Plessis (1963), Jubb (1967)Reid (1985). When Reid (1985)
revised the Africaiabeo species, he assigned neotypes for both speciestfr®
collection of neolectotypes specimens describeBdayenger from the Vaal River,
Vredeford Road, Orange River colony, southern Af(22° 07°S; 22 ° 07°E). The two
neotype specimens were selected based on then@upendition and because they had

a precise type locality (Reid, 1985).

Reid (1985) was able to distinguish between 13viddals ofL. capensisand 17
individuals ofL. umbratus with both morphometric (ratio of head length, maebital
width, eye diameter, pectoral fin length and dofisebase) and meristic characters
(number of scales, vertebrae and dorsal fin r&¥e. Vuurenet al. (1990) also compared
populations of the two species by morphological msgaom Hardap Dam in Namibia
(33 L. capensisand 30L. umbratus) and the Vaal Barrage in South Africa (50 each)l a
found that of the characters used by Reid (1985) thhe caudal pedunclecale, dorsal

fin spine and lateral line scale counts were ugefdistinguishing between the two
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species, but the lateral line scale count of Hatdajmbratus overlapped with that of the

two populations oL. capensis.

Gaigher and Bloemhof (1975) and Van Vuueeal. (1989) conducted studies intended
to identify hybrids in Hardap Dam. Gaigher and Bidwf (1975) compared ten
specimens of each species which they suspectesipare and ten specimens of
suspected hybrids. To distinguish between the thopelations they counted the number
of scales between lateral line and the origin efdbrsal fin, between the lateral line and
origin of the pelvic fin, along the lateral linecaaround the caudal peduncle. They also
used morphometric characters expressed as a pageenitstandard length, namely head
length, preopecular length, operculum length, iotéital width, inter nasal width, dorsal
fin length and anal fin length. They found that thiermediate forms had some
characters that were closerltocapensis (dorsal fin length, anal fin length, origin of
dorsal fin to lateral line distance, origin of pel¥in to lateral line distance and lateral
line scale counts), some that were similal.tambratus (head length and the distance
between the orbit and preopecular length) and gbatewvere intermediate between the
two species (operculum length, inter nasal length@udal peduncle scale counts). One
of the specimens that they identifiedLasimbratus had a lateral scale count of 46, which

is close to that df. capensis.

Van Vuurenet al. (1989) used morphometric (standard length, bapthd head length,
eye diameter and head width) and meristic (lateraland caudal peduncle scales, dorsal

and anal fin spines and rays, gill-rakers and beste) characters to identify hybrids in
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Hardap Dam. They found no significant differencetieen the three populations in gill-
rakers, vertebrae and spines and rays of the em&imilar to Gaigher and Bloemhof
(1975), they also found that the intermediate fowese closer td.. capensis with

regards to some characters (lateral line scaledarshl fin spine counts), closerlto
umbratus in others (eye diameter, head width and head famd)some characters were
intermediate between the two species (positiom@iouth, number of scales around the
caudal peduncle and head length). However thed®@udid not have a clearly defined
classification system for pure fish and hybrids #rel did not analyse specimens

individually.

For these reasons, an attempt was made to morptallgglifferentiate betweehabeo
populations using samples from a wider range dadllbes, and by applying multivariate
analysis to simultaneously consider the variatiosaveral characters and thereby assess
the similarities between individual samples (Turb®99). Multivariate analysis has been
used successfully to assess morphological variatidishes, e.g. cyprinids (McElroy and
Douglas 1995 and Freyheffal., 2005) and brown trout (Hermi@gal., 2009) to assess
the morphological variation. In the present studgre specimens are analysed across a
range of localities that are more representativib®foverall distribution of the two
species, than in previous studies. Populations a&samed to be pure when there were
no previous reports of hybridisation. Areas wheykridisation was suspected (i.e.
Hardap and Darlington dams) were not classifigdiori as in previous studies, but
rather compared to pure populations that have bleessified after analysis was done.

Individuals were analysed separately and data ner&umped and analysed as
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populations as was the case with Gaigher and Bloé®75) and Van Vuurest al.

(1989).

The aim of this chapter was to assess which mooggincdl and meristic characters could
be used to reliably identifly. capensis andL. umbratus and to reassess whether
morphology is useful in identifying hybrids. Thdléaving hypotheses were tested based
on the overall thesis hypotheses outlined in Chidpte

1) L. capensisandL. umbratus can be distinguished using morphology.

2) The two species hybridise in Hardap and Darlingtams.

3) Morphology can be used to identify hybrids.

3.2 Materials and methods

Sampling

A total of 275 specimens &f umbratus (N = 115),L. capensis (N = 60) and from
suspected hybrid populations (N = 100) were asddssanorphological variation.
Specimens were analysed from across the geogregige ofl.. umbratus andL.

capensis (Chapter 2, Table 2.1). Without access to theewotype specimens for both
species at the British Museum of Natural Histope@mens were collected at or as close
as possible to the type locality in the Vaal Ri(feeid 1985). Measurements of

specimens were taken after fixation in 10% formalua transfer to 70% ethanol through
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a gradient of 10% and 50% ethanol to prevent rdptdydration and shrinkage of the

specimens.

Character measurements and counts

An initial analysis was done on tdn umbratus and tenL. capensis specimens of
different sizes from Gariep Dam to determine iffie characters or a combination of
characters can be used to distinguish these twoiespeA total of 45 morphometric
characters were measured, including the morphometraracters used in previous
studies (Gaigher and Bloemhof, 1975; Reid, 198%k4uand Lagler, 1947; Van Vuuren
et al., 1989; Van Vuuremt al., 1990). Measurements greater than 20cm were tasieg

a plastic measuring tape to the nearest 1mm, wlnge less than 20cm were taken using

Helios Vernier callipers to an accuracy of the reaf.1mm.

The morphometric characters were:
1. Standard length
2. Dorsal fin length
3. Dorsal fin base length
4. Caudal peduncle depth
5. Caudal peduncle length
6. Posterior dorsal fin to dorsal caudal fin base
7. Pectoral fin length, pelvic fin length

8. Pectoral fin to pelvic fin length
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9. Anal fin length

10. Anal fin base length

11.Pectoral fin to anterior anal fin
12.Pectoral fin to posterior anal fin

13. Pelvic fin to anterior anal fin

14.Pelvic fin to posterior anal fin

15. Anterior dorsal fin to pectoral fin

16. Posterior dorsal fin to pectoral fin

17. Anterior dorsal fin to pelvic fin

18. Posterior dorsal fin to pelvic fin

19. Anterior dorsal fin to anterior anal fin
20.Posterior dorsal fin to anterior anal fin

21. Anterior dorsal fin to posterior anal fin
22.Posterior dorsal fin to posterior anal fin
23.Pectoral fin to ventral caudal fin base

24, Pectoral fin to dorsal caudal fin base
25.Pelvic fin to ventral caudal fin base
26.Pelvic fin to dorsal caudal fin base
27.Anterior anal fin to dorsal caudal fin base
28. Anterior anal fin to ventral caudal fin base
29.Posterior anal fin to dorsal caudal fin base
30. Posterior anal fin to ventral caudal fin base

31.0Operculum to pre-operculum
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32.Operculum to eye
33.Head length

34.Eye to snout length

35. Eye diameter

36. Inter-orbital width
37.Snout to anterior anal fin
38.Snout to posterior anal fin
39. Snout to pectoral fin

40. Snout to pelvic fin
41.Snout to posterior dorsal fin
42.Snout to anterior dorsal fin
43.Eye to nostrils

44. Left to right nostrils

Of these, characters 2, 6-32, 34, 35 and 37-44shaall distances that could not be
measured accurately or that were not significamesg were excluded from further

analysis.

A total of 14 meristic characters were recordedligsecting microscope had to be used

to do counts for smaller specimens. X-rays wererna&f 10 specimens to count the

vertebrae and to do more accurate counts of rayspines.
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The meristic characters were:

8.

9.

Number of scales along the lateral line

. Number of scales between the lateral line and miogithe dorsal fin

Number of scales between the lateral line and mofithe pelvic fin
Number of scales between the lateral line and mgianal fin
Scales around the caudal peduncle

Dorsal fin spines

Pectoral fin spines

Pelvic fin spines

Anal fin spines

10.Dorsal fin rays

11.Pectoral fin rays

12.Pelvic fin rays

13. Anal fin rays

14.Number of vertebrae

Meristic characters 4 and 6-14 were not signifiadifferent between the two species
and were excluded from further analysis. Both tleephometric and meristic datasets
were checked for errors by graphing the ratiosefmh character against standard length.
Outliers were re-measured or counted. Those ositliret remained unchanged after re-
measurement or counting were included in the aiglps the specimens were of
different sizes, the percentage ratio of each dwaragainst standard length was

calculated to eliminate the effect of size befdedistical analysis (Reist, 1985).
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In an initial evaluation, all 44 morphometric andlrheristic characters were compared
between ter.. capensis and terL. umbratus from the Gariep Dam. Only a few showed
variation between the two species. These charaatelshe characters that Reid (1985)
suggested were diagnostic, where then measuredl 2r5 specimens. The
morphometric characters screened for all individware the standard length, dorsal fin
base length, caudal peduncle depth, caudal pedlemdéh, head length, operculum to
eye and inter-orbital width (Fig. 3.1). The medstharacters screened for all individuals
were the lateral line scales, lateral line to thgin of the dorsal fin scales, lateral line to

pelvic fin scales and caudal peduncle scales @ig.

Statistical analyses

Principal component analyses (PCA) of morphometnid meristic characters were
performed using the computer software paleontolgitatistics (PAST) version 1.3. The
raw data collected from the meristic charactersevieg transformed in PAST to reduce
count bias. PCA was used to reduce the multidinogradity of variables in the data to
fewer, more significant uncorrelated componentgasfation. Eigenvalues [a measure of
variance accounted for by eigenvectors (componasts) percentage of variance
accounted for by the components] were recorded (Hearet al., 2001). The Jolliffe cut-
off value was used to select which components wig@ficant (Jolliffe, 1986). The
highest variation is accounted for by the firshpiple and that makes it the best
component to correlate variables with either ofdtieer components. These loadings

were used to check which variables (charactersglated best with the components.
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Scatter plots were drawn to show the variatiorhendata. Basic statistics (mean,
standard error mean, median, 95% confidence intandipermutation tests) were
calculated. Discriminant function analysis was &apto the Orange River populations
above the Augrabies Falls to support the PCA rediylitmaximizing the difference
between the two data sets (Hamraeal., 2001). A t-test parametric analysis was

performed to test significance of characters.

Fig. 3.1A picture showing homologous points where measarggwere taken on each
Labeo specimens. The drawn scales indicate the positim@re scale counts were taken
(excluding the scale count that followed the ldtén@). The morphometric characters
measured were head length (point 1-5), inter-driitdth (point 2 to the other side of the
fish in the same position), eye to operculum (pdua), dorsal fin base (point 6-7),

caudal peduncle depth (point 8-10) and caudal pedu@ngth (point 9-11).
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For the first set of PCA4,. capensis andL. umbratus populations from Gariep dam
(juveniles vs. juveniles, adults vs. adults anccEsevs. species) were compared, since
they are considered to be pure. Specimens above 2&ce considered adult, because
Skelton (2001) suggested thatcapensis reach sexual maturity at 22cm for males and
24cm for females and thht umbratus reach sexual maturity at 15cm for males and 25cm
for females. A comparison was also done within gge@dults vs. juveniles) to test for
the influence of sexual maturity. PCAs were alsdgrened on all suspected pure
populations in the Orange River system above thgr@hies Falls (Orange River at
Kanoneiland, Brak River, Vaal River and Gariep Danfij)is was to assess whether an
increased sample size would add to within spe@esition, thereby lowering confidence
in distinguishing the two species, and to test Wwaethe Gariep Dam individuals could
be considered the same as other individuals altmv/Augrabies Falls. PCAs were also
performed to compare Orange Rivemumbratus from above the Augrabies Falls to
populations of the same species from the southewirfg river systems of the Eastern
Cape Province and eastern parts of Western Cap@PedKat River Dam in the Great
Fish River system, Slagboom Dam in the SundaysrRiystem and sites in the
Bushmans, Nahoon, Gamtoos and Gouritz river sygtddaslington Dam specimens

were initially excluded as hybridisation was susedc

PCAs were then carried out to identify possiblerfdgy The first comparison was among
populations across the entire Orange River systetuding Hardap dam where hybrids

have been recorded in the past and the lower Onahgee some of these hybrids could

34



have established. Secondly, a comparison was doonagpopulations from the Orange
River system above Augrabies Falls, the Great &&hSundays river systems as the IBT
only involves these three river systems. This warsedspecifically to test whether

hybrids could be identified in Darlington Dam. Higaall specimens were compared to
assess overall morphological differentiation anteg&t whether any additional hybrids

could be identified.

3.3 Results

Natural variation in morphometric characters
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Fig. 3.2Graphs showing PCA loading variation within Gar{&) and populations from
the Orange above Augrabies Falls (B) focapensis (adults vs. juveniles). DFB =
Dorsal fin base length, HL = Head length, EE =hasbital width, O_E = Operculum to

eye, CPL = Caudal peduncle length and CPD = Caatiincle depth
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There was no significant difference between thaégpgropulations when compared to
other Orange River population above the Augrabas Based on the PCA loadings of
within species (Fig. 3.2 and 3.3), adults vs. ad(#ig. 3.4), juveniles vs. juveniles (Fig.
3.5) and species vs. species (Fig. 3.6) comparisnnghere was a significant difference
between adults vs. juveniles witHinumbratus. This was due to significant relationship
(p < 0.001) and high positive values of inter-axbwidth and operculum to the eye

distance (Table 3.1).
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Fig. 3.3Graphs showing PCA loading variation within Gar{&) and populations from
the Orange above Augrabies Falls (B) lfoumbratus (adults vs. juveniles). DFB =
Dorsal fin base length, HL = Head length, EE =hasbital width, O_E = Operculum to

eye, CPL = Caudal peduncle length and CPD = Caatiincle depth
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Component one and two accounted for most of thawee > 88% (Table 3.2) with
Jolliffe cut-off of 2.43 for the Eigenvalues (J&#, 1986). The.. capensis andL.
umbratus clusters were significantly differe(fig. 3.7) with six components accounting
for the variation (Table 3.2). The Jolliffe cut-a¥hs 6.53 for the Eigenvalues, meaning
that only component 1 and 2 were significant arabanting for 92.37% of the variation

(Eigenvalues 1 and 2; 42.8 and 8.9, % varianc&3Band 15.831) respectively (Table
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Fig. 3.4Graphs showing PCA loading variation between Gaigpmnd populations
from the Orange above Augrabies Falls (B)lfocapensis andL. umbratus (adults).
DFB = Dorsal fin base length, HL = Head length, Emter-orbital width, O_E =

Operculum to eye, CPL = Caudal peduncle length@®D = Caudal peduncle depth

37



The discriminant function analysis revealed th&08% of individuals of the two species

could be correctly classified as belonging to gpcific species. As component 1 and 2

were considered significant, the correlating vasamith high values (dorsal fin base,

inter-orbital width, operculum to the eye and headyjth) were regarded as significant as

well (Table 3.4). The t-test also indicated thattase characters were significantly

different betweer.. capensis andL. umbratus (all tests with p<0.001) (Table 3.5).
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Fig. 3.5Graphs showing PCA loading variation between Gaf# and populations

from the Orange above Augrabies Falls (Bgapensis andL. umbratus (Juveniles)DFB

= Dorsal fin base length, HL = Head length, EE tetrorbital width, O_E = Operculum

to eye, CPL = Caudal peduncle length and CPD = @lquetluncle depth
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Table 3.1PCA loading demonstrating the correlation betwéensix principle
components and variants usingumbratus from the Orange River system above
Augrabies Falls and with bold numbers indicating lest correlations. DFB = Dorsal fin
base length, HL = Head length, EE = Inter-orbitalth, O_E = Operculum to eye, CPL

= Caudal peduncle length and CPD = Caudal pedulegéh

Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6
DFB -0.160 0.060 -0.185 0.162 0.816 0.495
HL -0.031 0.264 0.865 0.384 -0.016 0.183
EE 0.699 -0.666 0.148 0.120 0.114 0.136
O_E 0.683 0.686 -0.166 -0.134 -0.012 0.144
CPL 0.011 0.037 -0.412 0.850 -0.315 0.087
CPD 0.133 0.108 0.034 0.269 0.471 -0.821
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Table 3.2Eigenvalues from PCA analysis for the six prineipbmponents and their

percentage variance bf umbratus populations from the Orange River above Augrabies

Falls.
PC Eigenvalues % Variance
1 16.001 76.819
2 2.476 11.883
3 1.154 5.538
4 0.616 2.955
5 0.310 1.487
6 0.275 1.319

Table 3.3Eigenvalues from PCA analysis for the six principtenponents and their
percentage variance for populationd.o€apensis andL. umbratus from the Orange

River above Augrabies Falls.

PC Eigenvalues % Variance
1 42.838 76.536
2 8.861 15.831
3 1.819 3.249
4 0.973 1.739
5 0.849 1.517
6 0.631 1.128
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Table 3.4PCA loading demonstrating the correlation betwéensix principle
components and variants using populations fronCitage River system above
Augrabies Falls and numbers in bold indicate straogelations. DFB = Dorsal fin base
length, HL = Head length, EE = Inter-orbital width, E = Operculum to eye, CPL =

Caudal peduncle length and CPD = Caudal pedungiihde

Axis 1 Axis 2 Axis 3 Axis 4 Axis 5 Axis 6
DFB -0.414 0.379 -0.633 -0.034 -0.304 -0.437
HL 0.092 -0.415 0.110 0.344 -0.828 -0.057
EE 0.439 0.767 0.368 0.020 -0.271 -0.096
O_E 0.784 -0.147 -0.576 0.060 0.118 -0.123
CPL 0.099 -0.113 -0.033 -0.919 -0.329 0.156
CPD -0.060 0.248 -0.346 0.181 -0.161 0.870

The PCA (Fig3.8) ot.. umbratus adults from the Orange River system above the
Augrabies Falls compared to those from southemifig river systems suggests
morphological differentiation between these twaaardut there was overlap betwéen
umbratus adults from above Augrabies Falls and the SlagbDam population. The
Great Fish specimens had a slight overlap withratbathern populations. There was no
difference among juveniles from the Orange abovgrabies Falls and southern flowing
river systems, suggesting that morphometric diffees between these areas can only be

observed in later stages of development.
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Table 3.5Basic descriptive statistics and t-test resultsefarh character investigated in
the twolLabeo species from the Orange River system above Augsdballs, showing the
difference in mean and the significance of eachatttar using p-values. DFB = Dorsal
fin base length, HL = Head length, EE = Inter-abwidth, O_E = Operculum to eye,

CPL = Caudal peduncle length and CPD = Caudal peeulepth

Labeo capensis n=50 Labeo umbratus n=53

Mean Std. error p-value Mean Std. error p-value
DFB 21.236 0.150 <0.001 15.386 0.119 <0.001
HL 22.534 0.200 <0.001 24.585 0.147 <0.001
EE 46.143 0.525 <0.001 49.341 0.411 <0.001
O_E 37.065 0.335 <0.001 45.971 0.405 <0.001
CPL 15.379 0.155 <0.001 16.842 0.113 <0.001
CPD 10.184 0.152 <0.001 8.670 0.107 <0.001

Another indication of this is that all specimensnfrthe Bushmans and Nahoon were
juveniles that grouped with juveniles from othezas, while the Slagboom specimens
were all adults grouping with adults from otheraa.eThese populations therefore appear
different in PCAs where adults and juveniles argadi Morphological variation within

L. capensis was lower than ih.. umbratus. The latter had significant differences between
adults and juveniles from the Orange River systbova Augrabies Falls and the
southern flowing river systems. This was mainly tuevo morphometric characters of
the head (inter-orbital and operculum to eye meamants), suggesting an increase in the

head to body size ratio (Fig. 3.8 and Table 3.lhg $amples that are clustered with
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umbratus adults, but that are indicated as juveniles inF8) are samples that were close

to the size of sexual maturity and can thereforedmsidered to be sub-adults (Fig. 3.8).

Component 2

Component 1

Fig 3.7 PCA plot comparing morphometric variation in clwaeas ofL. capensis (blue)
andL. umbratus (red) from the Orange River above Augrabies Falls, shgwhe

differentiation between the two species.
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Comparison of populations of the two species froem®@range above Augrabies Falls are
analysed with the southern flowing river populasipall L. umbratus populations form

one group that is distinct from the capensis populations (Fig. 3.9).

Component 2

Component 1

Fig. 3.8PCA plot comparing morphometric variation in cledeas ofL. umbratus from
the Orange River above Augrabies Faliglj andL. umbratus from southern flowing
river systems, namely the Great Fish\e greer), Sundays{ink), Bushmans ),

Nahoon(brown), Gamtoosgky blue) and Gouritz {reer).
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Component 2

Component 1

Fig. 3.9PCA plot comparing morphometric variation in cleheas ofL. capensis (blue)
andL. umbratus (red) from Orange River above Augrabies Falls &ndmbratus from
southern flowing river systems, namely the Greahilive greer), Sundays{ink),

Bushmans( ), Nahoon frown), Gamtoos £ky blue) and Gouritz {reer).
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Hybrid identification using morphometric data

The PCA analysis of all Orange River system spegfadults and juveniles) including
Hardap Dam and the lower Orange River revealeddistinct clusters representihg
capensis andL. umbratus respectively (Fig. 3.10). All the specimens frdrme tower
Orange clustered with. capensis. Some specimens from Hardap Dam clustered lith
capensis (N=10) and some clustered withumbratus (N=7). However, most Hardap
Dam specimens (N=35) clustered between what wasdened the two parental species

clusters and were therefore regarded as poteryaids.

The PCA (Fig. 3.11) comparing both species fromQ@hange above Augrabies Falls to
both species in the Great Fish and Sundays rivstes)ys also revealed two distinct
clusters that can be ascribed to pure specimetiedivo species. Most of the specimens
(N=33) from Darlington Dam clustered with umbratus. Some specimens clustered with
L. capensis (N=11), with only four specimens that were intedia¢e between the two

clusters and therefore classified as potentialidgbr

When all the specimens were analysed togetheraw #e overall variation, the two

clusters representing potentially purecapensis andL. umbratus specimens were

observed with potential hybrids between them (Big2).
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Fig. 3.10PCA plot comparing morphometric variation in cltaeas ofl. capensis (blue)
andL. umbratus (red) from the Orange River above Augrabies Falls;apensis from
the lower Orange Rivesky blue) and Hardap Darhabeo specimenshack), showing

the difference between the two species and hybetseen them.
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Component 2

15 18

Component 1

Fig. 3.11PCA plot comparing morphometric variation in claeas ofL. capensis from
the Orange River above Augrabies Faltlsi¢), L. umbratus (Orange, Great Fish and

Sundays river systemsk(l) andLabeo specimens from Darlington Darbléck),

illustrating pututive hybrids between the two spsci
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10

Component 2

Component 1

Fig. 3.12PCA plot comparing morphometric variation in chaeas showing overall
variation between all populations, namelycapensis (blue) andL. umbratus (red) from
the Orange River above Augrabies Fdllsumbratus from southern flowing river
systems (Great Fishl(ve greer), Sundays{ink), Bushmans ), Nahoon
(brown), Gamtoos ky blue) and Gouritz ¢reen)), Darlington Dam @rey) andHardap

Dam (black).
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Natural variation in meristic characteristics
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Fig. 3.13Graphs showing PCA loading variation within Gar{ép and the Orange

above Augrabies Falls (B) far. capensis (adults vs juveniles). LL = number of scales
along the lateral line, LLDF = number of scales between the lateral lineaigin of the
dorsal fin, LL PV = number of scales between the lateral lineaigin of the pelvic fin

and CP = scales around the caudal peduncle.

There was no difference in PCA loadings betweerP@4 of the Gariep population and
the PCA of the population from the Orange aboverAbigs Falls (Fig. 3.13 and 3.14),
adults vs. adults (Fig. 3.15), juvenile vs. juver(iFig. 3.16) and species vs. species (Fig.
3.17). However, there was increased variation bexafithe increased population size.

Size and sexual maturity did not influence the Iteduased on the PCA loading results.
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Fig. 3.14Graphs showing PCA loading variation within Gar{@) and the Orange
above Augrabies Falls (B) far. umbratus (adults vs. juveniles). LL = number of scales
along the lateral line, LLDF = number of scales between the lateral lineaigin of the
dorsal fin, LL PV = number of scales between the lateral lineaigin of the pelvic fin

and CP = scales around the caudal peduncle.

Of all the meristic characters investigated onlg {scale counts from the lateral line to
the pelvic fin and around the caudal peduncle) wsageificant and accounted for most of
the variation within species. Loadings within sgscf. capensis andL. umbratus)
indicated that the variance was almost spread gwnbngst the components with
components 1 the highest at 44.47 (48.06%). Sirtolé#ne morphometric results (see Fig
3.7), all individuals of the two species from theafige above Augrabies Falls clustered
separately. The two species clusters were signifigaifferent (Fig. 3.18) with..

umbratus showing more variation. This was probably becaigbe large number of

small scales it has. Four components accounteithéooverall variance (Table 3.6). The
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Jolliffe cut-off was 0.004 for the Eigenvalu@seaning that only component 1 was
significant and accounted for 90.50% of the vargafitigenvalue of 0.018 and variance

of 90.50).

Component 1 and 3 were chosen as they seemedvotisbdest result (see page 32 for
explanation). The discriminant function analyssoalevealed a 100% correct
classification for individuals of the two speciédl. the meristic characters tested
significant from the loadings in Table 3.7. Thesttfor the charactevgere all significant

(all with p < 0.001), suggesting that all the cleteas contributed significant variation

(Table 3.8).
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Fig. 3.15PCA loading graphs showing variation between @af#d and the Orange
above Augrabies Falls (B) far. capensis andL. umbratus (adults). LL = number of

scales along the lateral line, LIDF = number of scales between the lateral line and
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origin of the dorsal fin, LLPV = number of scales between the lateral lineaigin of

the pelvic fin and CP = scales around the cauddlipele.
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Fig. 3.16Graphs showing PCA loading variation between Qaf and Orange above
Augrabies Falls (B). capensis andL. umbratus (juveniles). LL = number of scales along
the lateral line, LLDF = number of scales between the lateral lineaigin of the

dorsal fin, LL PV = number of scales between the lateral lineaigin of the pelvic fin

and CP = scales around the caudal peduncle.

The PCA ofL. umbratus meristic variation from the Orange above Augralbials
compared to specimens from southern flowing riggstems (Fig. 3.19) revealed no
differences unlike the morphometric results (Fi@)3However, there was a significant
difference between some of the southern flowingmsy The Gamtoos population is
significantly different from those in the Great lr@nd Bushmans, but overlapped with
the Nahoon. The Gouritz and the Gamtoos populati@rs different, but one of the

Gouritz samples clustered with specimens from treaGish.
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Fig. 3.17Graphs showing PCA loading variation within Gar{é) and Orange above
Augrabies Falls (B). capensis andL. umbratus. LL = number of scales along the lateral
line, LL_DF = number of scales between the lateral lineaigin of the dorsal fin,
LL_PV = number of scales between the lateral lineaigin of the pelvic fin and CP =

scales around the caudal peduncle.

Table 3.6Eigenvalues for the four principle component (P@3lgses and the percentage

variance of individuals of both species from thee above Augrabies Falls.

Eigenvalues % Variance
PC1 0.018 90.50
PC2 0.001 4.888
PC3 0.0001 3.266
PC4 <0.001 1.345
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Table 3.7PCA loading demonstrating the correlation betwéenfour principle
components and variants using species individuaia the Orange above Augrabies
Falls and with bold numbers indicating the bestalations. LL = number of scales along
the lateral line, LLDF = number of scales between the lateral lineaargin of the

dorsal fin, LL PV = number of scales between the lateral lineaigin of the pelvic fin

and CP = scales around the caudal peduncle.

Axis 1 Axis 2 Axis 3 Axis 4

LL 0.488 -0.026 0.499 0.716
LL_DF 0.492 -0.306 0.464 -0.670

LL_PV 0.422 0.882 -0.117 -0.175

CP 0.585 -0.357 -0.723 0.092

Table 3.8Basic descriptive statistics and t-test resulteurh character of individuals of
the twolLabeo species from the Orange River system above Augsdballs, showing the
difference in mean and the significance of eachishercharacter with p-values. LL =
number of scales along the lateral line, DIE = number of scales between the lateral
line and origin of the dorsal fin, LIPV = number of scales between the lateral line and

origin of the pelvic fin and CP = scales arounddhadal peduncle.

LL LL_DF LL_PV CP
cap umb cap umb cap umb cap umb
N 50 52 50 52 50 52 50 52
Mean 1.633 1.764 0.955 1.086 0.835 0.941 1.357 1.506
Std. error 0.002 0.003 0.003 0.003 0.004 0.005 0.004 0.005
p-value <0.001 <0.001 <0.001 <0.001

cap =L. capensis and umb .. umbratus
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Fig. 3.18PCA plot comparing meristic variation in charastefL. capensis (blue) and
L. umbratus (red) from the Orange River system above AugrabiesFibwing

differentiation between the two species.
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This difference was due to lower scale counts @lbe lateral line, between the lateral
line to dorsal fin and around the caudal pedunal€ouritz and Gamtoos specimens
compared to Great Fish, Bushmans and Nahoon spesib@adeo umbratus from the
Orange above Augrabies Falls showed a large vamiati scale counts. Specimens from

the Sundays were intermediate to all the other |adijons.

When comparing specimenslafcapensis andL. umbratus from the Orange upstream of
Augrabies Falls with specimens from the southeswithg river systems (Fig. 3.20), two
significant clusters were apparebébeo capensis from the Orange above Augrabies
Falls clustered separately frdamumbratus from the Orange above Augrabies Falls and
the southern flowing rivers. This separation wasmigalue to the relatively larger scales
and resulting lower scale counts forcapensis compared td.. umbratus. The lower

scale counts of specimenslofumbratus from the Gouritz and Gamtoos (Fig. 3. 19)
made the two species clusters appear more sirhdarit would have had these

populations been excluded (Fig. 3.20).
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Fig. 3.19PCA plot comparing meristic variation in charastefL. umbratus (Red) from
the Orange River above Augrabies Fal&lL. umbratus from southern flowing rivers
(Great Fishdlive greer), Sundays({ink), Bushmans( ), Nahoon lfrown),

Gamtoos ¢ky blue) and Gouritz {reer)) showing the variation among the populations.
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Fig. 3.20PCA plot comparing meristic variation in charastefL. capensis (blue) and
L. umbratus (red) from the Orange River above Augrabies FafiglL. umbratus from
southerrflowing river systems, namely the Great Fishve greer), Sundays{ink),

Bushmans( ), Nahoon frown), Gamtoos gky blue) and Gouritz dreer).
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Hybrid identification using meristic characters

Similar to the morphometric results, the PCA analg$ meristics characters of all
Orange River system specimens revealed two distlasters representirlg capensis
andL. umbratus respectively (Fig. 3.21). Most of the specimensZB) from Hardap
Dam clustered with.. capensis with only one clustering with. umbratus. The rest of the
specimens (N=14) from Hardap dam were betweennbgarental species clusters and

were therefore classified as potential hybrids.

The PCA of specimens from the Orange above Augsdkadls, Great Fish and Sundays
revealed two distinct clusters assigned toapensis andL. umbratus (Fig. 3.22). Most

of the specimens (N=30) from Darlington Dam clustiewithL. umbratus. Six

specimens were intermediate between the two chiatet ten clustered with capensis
(Fig. 3.22). The PCA of the combined samples readedlo clusters representing
potentially purel. capensis andL. umbratus individuals with hybrids between them (Fig.

3.23)
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Fig. 3.21 PCA plot comparing meristic variation in characteft. capensis (blue) and
L. umbratus (red) from the Orange River above Augrabies Falls;apensis from the
lower Orange Riversiy blue) andLabeo specimens from Hardap Datol#ck),

showing the difference between the two speciespatehtial hybrids between them.
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Fig. 3.22PCA plot comparing meristic variation in charastefL. capensis (blue) from
the Orange River above Augrabies Fdllsymbratus (Orange, Great Fish and Sundays
river systems)reéd) andLabeo specimens from Darlington Darbléck), showing

potential hybrids between the two species.
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Fig. 3.23PCA plot for meristic characters showing overaltiation between all
populations, namell. capensis (blue) andL. umbratus (red) from the Orange River
above Augrabies Fall&, umbratus from southern flowing rivers (Great Fishiie
green), Sundaysy{ink), Bushmans , Nahoon prown), Gamtoos £ky blue) and
Gouritz ( )), Labeo specimens from Darlington Darmgréy) andLabeo specimens

from Hardap Damkjack).

64



3.4 Discussion

Contrary to the conclusion reached by Gaigher dodrBhof (1975) and Van Vuuresh

al. (1989), the present study reveals that morphotdgharacters are a useful tool to
diagnose possible hybrids. Other studies on thdyadyprinidae have also shown that
morphology is a valid tool to identify hybrids (Dbmg et al., 1984; Freyhott al., 2005;
Ganteet al., 2004; Haydeet al., 2010). While previous authors have suggestetd tha
these two species could be diagnosed by morphansetd meristic characters (Reid,
1985; Van Vuureret al., 1990; Skelton, 2001; Du Plessis, 1963), thegurestudy is the
first comprehensive assessment of morphologicardity within and between these two

species across their distributional range withlatirely large sample size.

Pure specimens &f capensis andL. umbratus could be diagnosed using four
morphometric (dorsal fin base length, inter-orbitadth, head length and eye to
operculum distance) and four meristic (number afealong the lateral line, between
the lateral line and the origin of the dorsal befween the lateral line and origin of the
pelvic fin and around the caudal peduncle) charac@f these, inter-orbital width and
eye to operculum distance were not previously nagediagnostic characters. According
to Van Vuureret al. (1989, 1990), the two species can be distingdisiased on dorsal
fin spines, but that is not the casd_asapensis has 3 spines arld umbratus has 3 or 4

spines.
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One of the significant differences between the $pecies is the increase in the head to
body size ratio irL. umbratus, which was not observed in capensis. Gilchrist and
Thompson (1913) also noted this, but they suggedbktadt occurs in both species,
suggesting that adults of the two species were ooaphalic. The reason for this is
unclear and further research is required to unaedsthis condition. The head to body
size ratio was important in distinguishing betwspacimens from the Orange above

Augrabies Falls and those from southern flowingnsv

The meristic data provided further evidence ofdtring inL. umbratus. The Gamtoos
and Gouritz populations could be distinguished ftbmGreat Fish, Bushmans and
Nahoon populations using meristic characters. Woegroupsof populations had

different scale counts with the Sundays being megtiate between them. It therefore
seems as if. umbratus from nearby river systems share similar meristigrahteristics,
suggesting congruence with geographic distributidhss also suggests that the isolation
in different river systems is contributing to mogbgical differentiationLabeo

umbratus specimens from the Orange above Augrabies Fablwesth a large variation in
scale counts, which is probably also a reflectibdifferentiation across a wide

geographical range or large sample size.

There is clear evidence for hybridisation in Har@sm. Some specimens were closely
associated, but did not completely cluster withpseted pure species from the Orange
above Augrabies Falls. These could be due to baskitrg with pure specimens of the

parental species or subsequent introgression. féaryurel. umbratus appear to occur
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in Hardap Dam, since most of the specimens ideqdtif the field as potential

umbratus were classified as potential hybrids after the rhotpgical analysis. It is
therefore possible that puteumbratusis being replaced by hybrids in Hardap Dam. It is
also possible that the ongoing hybridisation inddg@rDam has not spread to the lower
Orange River, since all of the lower Orange spensrfeom Onseepkans clustered with
purelL. capensis. However, more samples and additional localitidshave to be

analysed to confirm this, since only ten specimegese collected and analysddibeo
umbratus has never been recorded from below the Augrakaéls Hay, 1991; Skelton,
1991; Van Zyl, 1989). This may suggest thatimbratus is unable to establish in the
lower Orange, which could also be a reason whyitigation has not spread from

Hardap Dam to this part of the system.

There is also evidence of hybridisation in DarlogDam from morphometric
characterisation. In comparing Darlington Dam spexis to other populations affected
by the IBTs, only a few specimens were intermediatgveen the suspected pure
populations of the two species. The low humbenytiridls suggests that hybridisation is
not yet extensive in this dam. There are very fewapensis in the dam, but their
presence confirms that they were able to move tt@rOrange River into the Great Fish
River system and then into Sundays River systenasi¢im the IBT system. It seems
inevitable that.. capensis will establish throughout the Great Fish and SysdRiver
systems outside areas protected by dams that wdtdéfore the IBTs opened. It has

been successful in establishing itself well in @abam (Hamman, 1980) and
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Vanderkloof Dam (Gaighest al., 1981) after impoundment. As a result, the exéént

hybridisation in Darlington Dam might therefore i@ase in future.

In summary external morphological characters candaeel successfully to distinguish
betweerl. capensis andL. umbratus and can provide evidence of hybridisation between
the two species. Backcrossing could make it diffituidentify all hybrid individuals,

but it is possible that at least all F1 hybrids barndentified with confidence using
morphology. Pertinently, the data from Hardap Daggests that backcrossing is
happening and could be happening extensively. filgue morphological variation
detected irL. umbratus from southern flowing river systems is being thheaad by the

introduction ofL. capensis andL. umbratus from the Orange River system via the IBTs.

The null hypotheses that IL) capensis andL. umbratus can not be distinguished using
morphology, 2) these two species do not hybrididdardap and Darlington dams and 3)
morphology can not be used to identify hybrids, tterefore be rejected based on the

morphometric and meristic results of this chapter.
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Chapter 4: The use of nuclear DNA to differentiatebetween

Labeo capensis, L. umbratus and hybrids of the two species

4.1 Introduction

Nuclear DNA is organised within the nucleus of tledl, is responsible for the overall
functioning of the cell. Nuclear DNA is diploid,gufuces heterozygotes, is inherited
maternally and paternally, recombines, is affettgdatural selection, undergoes
insertions and deletions and evolves slower wittelolevels of intraspecific divergence
compared to mitochondrial DNA (Zhawegal., 2003). It can be used to answer questions
at different taxonomic levels. Several studies hased nuclear DNA markers to
investigate phylogenetics, phylogeography and grassive hybridisation in freshwater
fish (e.g. Alamet al., 2002; Clabaugt al., 2005; Gantet al., 2004; Heet al. 2008;

Lavouéet al., 2003; Simonsed al., 2004).

In the past, allozyme electrophoresis was a popn&thod to investigate population
level questions. It has also been used successduihywestigate hybridisation (e.g. Alam
etal., 2002; Scribneet al., 2001; Simonsed al., 2004; Van Vuuresmt al., 1990; Van
Vuurenet al., 1989). Van Vuurest al. (1990) and (1989) assessed potential
hybridisation betweehabeo capensis andL. umbratus from the Hardap Dam and Vaal
Barrage, using 10 allozyme loci. Their study reeddlxed allelic differences at two loci
between the two species from the Vaal Barrage wheteybridisation was expected,

suggesting that allozyme electrophoresis can lmod tpol in distinguishing between the
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two species. They were able to identify hybridslardap Dam, since hybrid individuals
were heterozygous for the loci that had fixed défeces between the two species. One of
the problems with their studies was that they ditluse enough reference pure
populations as control representatives of the dveaaation within the Orange River
system In addition, it is not clear which criteria theyadsto identify species and hybrids

apriori in the field.

In this chapter, the first intron of the S7 ribosdprotein-coding gene was used to assess
hybridisation betweeh. capensis andL. umbratus. Studies have been conducted on
cyprinids (Heet al., 2008: Xuzhert al., 2002) and other families (Gebal., 2010;
Lavouéet al., 2003) using this genetic marker. eteal. (2008) and Xuzhedt al. (2002)
conducted studies using the S7 ribosomal protelimgogene to assess phylogenetic
relationships of the family Cyprinidae. This markes successful at resolving
relationships even between closely related spetlesgene consists of introns and

exons in series. Most studies use the first ing®it provides a longer base-pair length
and is more variable. Introns are more effectiantaxons in phylogenetic studies for

closely related species, due to their higher vdiiplfLavouéet al., 2003).
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The aims of this chapter are therefore to firsigess whether a nuclear gene intron (such
as the first intron of S7) can be useful in distiisghing betweemh. capensis andL.

umbratus, and secondly, useful in identifying hybrids beéwehem. The following null
hypotheses were tested based on the overall tingsitheses outlined in Chapter 1.:

1) L. capensis andL. umbratus can not be distinguished using nuclear DNA.

2) L. umbratus from different river systems have not been hissaily isolated.

3) The two species do not hybridise in Hardap aadiigton dams.

4) Nuclear DNA can not be used to identify hybrids.

4.2 Materials and methods

Sampling

Details about the sampling procedures can be faudhapter 2. Out of a possible 275
samples analysed in Chapter 3, only 77 where umetliclear DNA analysis (Table 4.1).

This was done to save costs and to specificaletahe suspected hybrid areas.

DNA extraction

Total genomic DNA was extracted using the protafdhe Promega DNA purification

kit (Madison, New York) (see Chapter 2 for furtloetails).
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Table 4.1The number of specimens analysed and 13 localitiese they were collected
from. Suspected hybrid populations are shown witlsterisk.

Locality River system No of specimens
Gariep Dam Orange 4
Vaal Orange 4
Brak Orange 2
Mid Orange Orange 2
Lower Orange Orange 2
*Hardap Dam Orange 26
Kat River Dam Great Fish 2
Slaghoom Dam Sundays 2
*Darlington Dam Sundays 25
Bushmans Bushmans 2
Nahoon Nahoon 2
Gamtoos Gamtoos 2
Gouritz Gouritz 2
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Polymerase chain reaction (PCR), purification and equencing

Extracted genomic DNA was used to amplify the finston of the nuclear gene coding
for the S7 ribosomal protein, using the followimgpers described by Chow and
Hazama (1998): forward primer STRPEX1F (5’ TGG GCIT CCT TGG CCG TC 3)
and reverse primer STRPEX3R (5" GCC TTC AGG TCAGATC AT 3’). The PCR
was performed in a final volume of 50ul consistirigul of DNA, 5ul of 1x buffer, 5ul

of 2mM MgCL, 5ul of 0.2mM dNTPs, 1ul each 20mM primer, 0.50ful Super-therm
DNA polymerase and 26.8ul of double distilled walidre PCR conditions were as
follows : initial denaturation 92°C for 2 min; folved by 35 cycles of denaturation at
92°C for 60sec, annealing at 58°C for 60sec areheiin at 72°C for 60sec and finishing

with one cycle of extension at 72°C for 7min.

Genetic analysis

Alignment and editing of S7 sequences were donerdow to methods described in
Chapter 2The aligned sequences were collapsed to uniqueauséquence fragments
“haplotypes” with the program COLLAPSE (Posada,£0@ model of nucleotide
substitution that best fits the data was seleatath 56 models with the Akaike test in
MODELTEST version 3.7 (Posada and Crandall, 1988d the same program, base
frequencies, Ti:Tv ratio, proportion of invarialsiges (1) and the value of the gamma
distribution (rate variation among sites) wereraated. These parameters were used to

determine genetic distances among alleles usirghheur-joining in the program PAUP
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(Swofford, 2002) and to create a neighbour-joirtneg withLabeo senegalensis as an
outgroup. ldentification was done on an individoases, firstly with pure populations
covering the natural distribution of the two spsci&nd then, with hybrids from

suspected hybrids populations.

4.3 Results

Sequence variation

The 77 nuclear sequences were represented by @eunuclear sequence orthologous
fragments. The model that best fits the variatietwleen these sequence fragments was
F81+l. Gaps were treated as"alfse. Of the 605 base pairs used, 578 sites were
invariable and 24 were variable. Out of the 24 akalg sites, 12 were parsimony
informative and 12 were autapomorphic. Only thealde sequence base pairs are shown

in Table 4.2.

Similar sequence fragments were grouped togethexflext their difference to other
groups. Three groups were apparent. Sequencegfpaiations in areas where no
hybridisation was suspected, were separated frosetthat were only found in hybrid
areas. As all the sequences from the second grabsuspected pure populations were
from areas were only. umbratus is found, they were classified as puraimbratus

sequences. The first group was therefore assoamtkd.. capensis and the third group
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was associated with hybrids between the two spasidétshad alleles from both species

(groups one and two).

The C/T (Y) heterozygotes in position 1 farcapensis from suspected hybrid areas,
either suggests an exitacapensis allele or a hybrid with an allele that was noteaétd

in other populations. In position 2, pure specresfor G or A/G (R). Hybrids cannot be
identified based on this position, because all doatibns are possible. In position 3,
A/C (M) in both pure andl. capensis from suspected hybrids areas and C/T (Y) in pure
L. umbratus and suspected hybrids, either suggests extrasllet hybrids with unknown
alleles. There are fixed differences in positidmefween the two species with Glin
capensisand T inL. umbratus. The hybrids have the heterozygote G/T (K) comitoma

In positions 5, 17, 19, 21 and 23, gaps in the eecgl cause relatively rare alleles.
Positions 6 and 8 has the heterozygote A/G (R) sapensis from suspected hybrid
areas either suggesting an extraapensis allele or hybrids with an unknown allele. In

position 7, A/IC (M) in purd.. capensis suggests an extta capensis allele.
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Table 4.2A list of variable nuclear sequence fragments shgwidifferent base pairs

between thé.. capensis andL. umbratus, and hybrids.

Sequence no Variable sequence fragments RiverBams
Position 0000 0 00001111111 11122222
1234 5 67890123456 7 8 9 0 1 2 3 4
PureL. capensis
Sequencéd CACG 1 GCATGACTGGG - - - - - - - A Vaal
Sequenc@ CAMG 1 GCATRACTGEK 2 T3 C4 T 5 A Mid Orange
Sequenc8 CACG 1 GCATGACTGEG 2 T3 T4 T5A Mid Orange
Sequencéd CAMG 1 GVATGACTGEG 2 T3 C4 TS5 A Vaal
Sequencé CACG 1 GCATGNCTEKG 2 T3 C4 T 5 A Gariep
Labeo capensis from suspected hybrid areas
Sequencé CACG 1 GCATGACTGEG 2 T3 C4 T5A Lower Orange
Sequencé@ CAMG 1 RCATGACTGGG 2 3C4T5A Lower Orange
Sequenc@ CACG 1 GCATGACTGEG 2 T3 Y 4 T5A Darlington Dam
Sequencé® YACG 1 GCATGACTGEG 2 T3 T4 T5 A Darlington Dam
Sequencé0 CACG 1 GCRTGACTGEG 2 T3 Y 4 T5A Darlington Dam
Sequencél CACG 1 GCATGACYGCGEG 2 T3 Y 4 T5A Darlington Dam
Sequencé?2 YACG 1 GCRTRWCTGGG 2 T 3 Y 4 W5 A Darlington Dam
Sequencé3 CACG 1 CCRTGACTGEG 2 T3 C4 T5A Hardap Dam
Sequencé4 CACG 1 GCGTGACTGEG 2 T3 C4 T 5 A Hardap Dam
PureL. umbratus
Sequencé5 CGCT 1 GCATGICTCGG 2 G3 C4 T65 G Brak
Sequencé6 CRYT 1 GCATGICTICGG 2 G3 C4 T 5 C Slaghoom Dam
Sequencé? CRYT 1 GCATGICTCGG 2 G3 C4 T 5 S Slagboom Dam
Sequencé8 CCCT 1 GCATGICTCGG 2 G3 C4 T5 S Katriver Dam
Sequencé9 CCCT - GCATGICTCGG 2 G3 C4 T 5 C Katriver Dam
Sequence0 CCCT 1 GCATGICTCGG 2 G3 C4 T 5 C Bushmans
Sequencel CCCT 1 GCATGIYTCGG 2 G3 C4 T 5 C Nahoon
Sequenc@?2 CCCT 1 GCAKGICTCGG 2 G3 C4 T5C Gamtoos
Labeo umbratus from suspected hybrid areas
Sequence3 CGYT 1 GCATGICTICGG 2 G3 C4 T 5 C Darlington Dam
Sequence4 CRYT 1 GCAKGICTCGG 2 G3 C4 T 5 C Darlington Dam
hybrids
Sequence@5 CRCK 1 GCAKGNCTSGG 2 K3 Y4 TS5 M Darlington Dam
Sequence@6 CRCK 1 GCATGACTSGG 2 K3 C4 T 5 R Hardap Dam
Sequence@?7 CRCK 1 GCRTGACTSGG 2 K3 C4 T 5 R Hardap Dam

1=GCTCTAAGATAGTCTAAAATGCCT

2=AACGATGATGTTAC

3=GGTTGA

4=TCCTTCAG

5=CTACA

- = Deletion over corresponding ssee length
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In position 9, G/T (K) in puré. umbratus from suspected hybrid areas and hybrid
suggests an extra allele. Heterozygous A/G (Rune jb.. capensis from suspected
hybrid areas in position 10 suggests an extragallelposition 11, A and T alleles are
present in puré. capensis, but it is interesting thdt. capensis has mostly AL.
umbratus has mostly T and hybrids has mostly W. The hetgyoas C/T (Y) in puré.
umbratus in position 12 suggests an extraumbratus allele. In position 13, C/T (Y) ih.
capensis from suspected hybrid areas either suggests aalexdapensis allele or a
hybrid with an unknown allele. Position 14 shows# differences between the two
species with G . capensis, C inL. umbratus and G/C (S) in hybrids. In position 15
and 16, G/T (K) in puré. capensis suggests an extta capensis allele. Position 18
shows fixed differences between the two specids Win L. capensisand G inL.
umbratus with G/T (K) in hybrids and a gap causes a reyivare allele irL. capensis.
In position 20, homozygous gap, C or T and hetegoag C/T (Y) in pure anb.
capensis from suspected hybrid areas either suggests bxtapensis alleles or hybrids
with unknown alleles. Position 22 has A/T (W)Lincapensis from suspected hybrid
areas, either suggesting an extraapensis allele or hybrid with an unknown allele.
Position 24 shows fixed differences between thegpacies with A irL. capensis, G and

C and G/C (S) i.. umbratus with hybrids either A/G (R) or A/C (M).

There were six fix differences between individuafi$he two species from suspected

pure populations at positions 2, 4, 11, 14, 182&hdOf these, only positions 4, 14, 18

and 24 showed fixed differences when the suspéwtiedd populations were added and
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are therefore the only sites that can be usedetatiig hybrids. Sequences 25-27 were

therefore identified as sequence fragments of dydmigin.

Geographic distribution of nuclear DNA variation

All L. capensis from the Orange River above Augrabies Falls (segeid.-5) grouped
together, compared ta umbratus from Orange River above Augrabies Falls (sequence
15) and southern flowing rivers (sequence 16-2&) glhouped together as a second
lineage (Fig 4.1). There was very low differenbatbetweer.. umbratus from the
Orange and southern flowing rivers. When suspduydd populations were added
(Hardap and Darlington dams), some individuals geabwith thel.. capensis (sequence
6-14) lineage, others grouped with theumbratus lineage (sequence 23 and 24), while
the rest grouped between these two lineages (seq@&n27) (Fig 4.2). The latter three
sequence fragments are therefore identified asds/between the two species.
Sequences 8-12 were from specimenis. @bpensis from Darlington Dam, but they
grouped with specimens from the Orange River syshkedividuals from suspected
hybrid populations had more sequence variations hbecause of the low number of
individuals sequenced in pure populations comptrékde high number of individuals

sequenced in suspected hybrid areas and not nabedsa to the effect of hybridisation.
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Fig 4.1 A neighbour joining phylogram showing the divergeietweeih. capensis (1-

5) andL. umbratus (15-22) from suspected pure populations.
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—lg.aain Labeo zenegalensis
Sequence 15
Sequence 19
Sequence 23
Sequence 18
Sequence 22
Sequence 21
Sequence 20
Sequence 249
Sequence 16
Sequence 17
Sequence 26
Sequence Z7
Sequence 25

Sequence 1
Sequence 3
Sequence 9

Sequence 11

Sequence 2

Sequence S

E— Sequence 10

Sequence 13
Sequence 14
Sequence 12
Sequence 2
Sequence G

Sequence 7

Sequence 4

Fig 4.2 A neighbour joining phylogram showing the relatibips between suspected
pureL. capensis (1-5),L. capensis from suspected hybrid areas (6-14), suspectedlpure
umbratus (15-22),L. umbratus from suspected hybrid areas (23 and 24) and coadir
hybrids (25-27). Hybrids are placed between thespecies lineages due to heterozygote

bases at variable sites.
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5.4 Discussion

The present study confirms that nuclear markergh{ghcase specifically the first intron
of the S7 ribosomal protein coding gene) can bd tselistinguish between capensis
andL. umbratus. After all sequences were compared, only threewkarly of hybrid
origin containing alleles from both species. Asged by available evidence, all the
capensis sequences from suspected hybrid areas sequemressee pure. capensis
sequences that were not found before and all thienbratus sequences from suspected
hybrid areas (sequence 23 and 24) seem to bd_pundbratus sequences that were also
not found before. That does not mean that the iddals that carry these sequences are
pure, because they could be back-crosses or aftgpfihybrids that inherited pure genes

(Scribneret al., 2001).

Nuclear DNA is therefore only useful in identifyilgbrids under three different
scenarios. The first is when the one parent isralpwcapensis individual and the other a
pureL. umbratus (F1 hybrids). The second scenario is when onenp&drom a pure
species and the other a hybrid, where the hybtidisdappens in such a way that the
hybrid donates an allele of the opposite speciaskffeross). For example, ifLa

capensis parent has an A/A homozygote, a hybrid parentma&/G heterozygote and
the hybrid donates A, then it will not be possitd@letect that the offspring is a hybrid.
However, if the hybrid donates G, the offspringlw# AG and clearly a hybrid. The
third scenario is when the parents are two hybndwiduals and where the hybridisation

happens in such a way that they donate alleleppdsite species (fertile hybrids
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breeding with each other). For example, if hybridith A/G donates A and hybrid 2
with A/G donates G, then the offspring will be AAGd can therefore be identified as a
hybrid. However, if alleles are inherited in suclvay that the offspring are homozygous

for A/A or G/G, it will not be possible to distingin the offspring from pure specimens.

The two species occur together naturally in then@eaRiver system where they appear
not to hybridise (Tomassaal., 1984), except in Hardap Dam (Van Vuuetial., 1989
and 1990). Two sequence fragments from Hardap R&narid 27) were heterozygous at
the four sites that showed fixed differences betwaespected pure specimens of the two
species, confirming that they are of hybrid origitan Vuurenet al. (1989) and (1990)

had similar results using allozyme electrophoresit) heterozygotes in hybrids at loci

that showed fixed differences between the two gseftom the Vaal Barrage.

The presence df. capensis sequences in Darlington Dam is an indication aetsasful
invasion of Orange Rivdr. capensis into the Great Fish and the Sundays River systems.
Their occurrence in Darlington dam has led to hdibation betweeh. capensis andL.

umbratus as confirmed by the presence of a sequence oichghgin (Sequence 25).

The null hypotheses that IL) capensis andL. umbratus can not be distinguished using
nuclear DNA and 2) the two species do not hybrithddardap and Darlington dams can
be rejected based on the nuclear DNA results. THehypothesis that nuclear DNA can
not be used to identify hybrids, can also be regdbut nuclear DNA will fail to identify

some backcrosses. The use of additional genetikarsaand especially more nuclear loci
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will be necessary to identify more of the backcealskybrids. The null hypothesis that
umbratus from different river systems have not been histidly isolated could not be

rejected using nuclear DNA, due to the low levéldifferentiation in the S7 introns

among currently isolated river systems.
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Chapter 5: The use of mitochondrial DNA to differeniate
betweenLabeo capensis, L. umbratus and hybrids of the two

species

5.1 Introduction

Mitochondrial DNA cannot directly be used to idéntaybrids, because it is only
maternally inherited, as opposed to nuclear DNA modphology that is influenced by
both parents. However, while the morphological andlear analyses &fabeo capensis
andL. umbratus (Chapters 3 and 4) suggested the presence ofdsyinrHardap and
Darlington dams, mitochondrial DNA can provide diffint insights about which
specimens have a hybrid history and how the hydatethn occurred when analysed by

these other methods (Chapter 6).

The mitochondrion is the organelle in the cell katesponsible for the production of
adenosine triphosphate (ATP), which transports atedrenergy in cells for metabolism
(Moritz et al., 1987). It contains circular DNA molecules (miioadrial DNA), which
have 37 genes. Of these, 13 code for proteinswedah oxidative phosphorylation
(seven NADH dehydrogenase subunits, three cytochimxdase subunits, ATPase 6,
ATPase 8 and cytochron. Twenty-two genes code for transfer ribonucleicda
(tRNAs) and two code for ribosomal RNAs (12S an&)}1@ here is also a non-coding

region called the control region (Wilsehal., 1985).
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Mitochondrial DNA generally does not recombinasitainly maternally inherited,
evolves faster compared to nuclear DNA, is small @asy to characterise and there are
several copies in each cell (Wilsetnal., 1985; Aviseet al., 1987, Moritzet al., 1987,
Pereira, 2000). Mitochondrial DNA has thereforerfdwapplication in systematic biology
of fish as a tool to investigate population struet(e.g. Swartet al., 2007), population
history (Templetoret al., 1995), gene flow (Templeton, 1998), hybridisat{aubert and
Solignac, 1990and phylogenetic relationships (Swaatal., 2009). The most popular
mitochondrial protein-coding gene used in fish systics has historically been
cytochromeb (Hebertet al., 2003a), but the recent Fish Barcode of Life profjas
increased the number of cytochrome oxidase | (Géduences available in Genbank

(Wardet al., 2009).

According to Espostt al. (1993), cytochromb appeared early in the evolution of
organisms because of its presence in nearly akukaryotes and prokaryotes and it is
one of the best characterised proteins in terniis gtructure and function. It is regarded
as a useful tool for a variety of systematic questj because it consists of slow and fast
evolving ', 2" and 3 codon positions. The gene’s structure also allfows
conservative (e.g. the outer surface of the prptama variable (inner surface) regions
(Lydeard and Roe, 1997). Mitochondrial cytochrdoteas been widely used to resolve
phylogenetic relationships among cyprinids (Maclondand Doadrio, 2001; Bielawski
and Gold, 2001; Swartt al., 2009). Cytochrome oxidase | has similar charadtesi$o

cytochromeb and was chosen as a standard for animal barcdaeguse it can be

85



amplified in many different taxonomic groups (Hdletral., 2003b). These genes were
both chosen for the present analysis because thgyatein-coding genes that are not
constrained by insertions and deletions which makegsience alignment difficult (Doyle

et al., 2000). In addition, cytochrontewas chosen because it has been used widely in the
past and COIl was chosen because it is the barcsthngard. Control region usually has

more variation, but was not chosen because of unaddds mutation patterns.

Previous studies that assessed hybridisation batlwempensis andL. umbratus, used
morphology (Gaigher and Bloemhof, 1975; Van Vuueeal ., 1989 and 1990; Chapter
3) and allozyme electrophoresis analysis as metf\éals Vuurenet al., 1989 and 1990).
These were useful to distinguish between the tvecisg and the authors were able to
identify hybridisation in Hardap dam. The preseduntlg found structuring withit.
umbratus populations using morphology (Chapter 3) and rard@NA (Chapter 4). As
mitochondrial DNA cytochromb is a fast evolving protein-coding gene, one would
expect it to be able to distinguish between the $pecies. One can also expect to
uncover structuring within at lealst umbratus, since this species occurs across several

currently isolated river systems (see Swattal., 2007 and®009).

Since mitochondrial DNA is only maternally inhediehe aim of this chapter was not to
identify hybrids, but rather to map the distributiof lineages and to assess which
lineages were present in hybrid areaasly in combination with other methods (Chapter

6), will mitochondrial DNA be useful to identify byidisation.
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The hypotheses that were therefore tested were:

1) L. capensis andL. umbratus can be distinguished from each other using mitodhal
DNA.

2) L. umbratus from different river systems have been historicabjlated.

3) Alleles from both species are present in hyhariehs.

5.2 Materials and methods

Table 5.1 Samples of specimens of Labeo from totad 13 localities

Locality River system No of specimens
Gariep Dam Orange 58
Vaal Orange 20
Brak Orange 10
Middle Orange Orange 10
Lower Orange Orange 10
Hardap Dam Orange 57
Katriver Dam Great Fish 16
Slaghoom Dam Sundays 10
Darlington Dam Sundays 47
Bushmans Bushmans 10
Nahoon Nahoon 7
Gamtoos Gamtoos 10
Gouritz Gouritz 10
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Sampling

Sampling procedures are described in Chapter 2000889 samples collected, 275 were

used for mitochondrial DNA analysis (Table 5.1).

DNA extraction

Total genomic DNA was extracted according to meshdeiscribed in Chapter 2.

DNA amplification and sequencing

Extracted DNA was used to amplify sections of tl@ @nd cytochromé genes in a
polymerase chain reaction (PCR). The following mriswere used to amplify the COI
gene: VF2_tl forward 5- TGT AAA ACG ACG GCC AGT GRACCA ACC AAG ACA
TTG GCA C-3 and VR1_tl reverse 5’- CAG GAA ACA GCATG CTT CTG GGT
GGC CAA AGA ATC A-3'. For cytochrome, two different primer combinations were
used. Initially, GluF forward 5’- AAC CAC CGT TGT I CAA CTA CAA - 3’ with
ThrR reverse 5- ACC TCC GAT CTT CGG ATT ACA AGA @- 3’ were used and
later Geyt-Glu forward 5- GAA AAACCA CCG TTG TTGTATTC A - 3" with Geyt-
Thr reverse 5’- CGA CTT CCG GAT TAC AAG ACC - 3’ weeused when the former
primer combination failed to amplify. The PCR wasfprmed in a final volume of 50,
consisting of 2ul of DNA, 5ul of 1x buffer, 5ul @mM MgCl,, 5ul of 0.2mM dNTPs,

1ul each 20mM primer, 0.2 of 5u/pl Taq polymerase 30.8ul of double distilled water.
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The PCR conditions were as follows for cytochromease subunit [: initial
denaturation 95°C for 60sec; followed by 35 cydedenaturation at 94°C for 30sec,
annealing at 55°C for 30sec and extension at 7@°60sec and finishing with one cycle
of extension at 72°C for 10min. The conditionstfa cytochromé gene was: initial
denaturation 94°C for 2min, 35 cycles of denatarasit 94°C for 45sec, annealing at
55°C for 1min and extension at 72°C for 1min anghing with extension at 72°C for

5min.

Genetic analysis

Alignment and editing of sequences were done acuptd methods described in
Chapter 2. A model of nucleotide substitution thedt fits the data was selected from 56
models with the Akaike test in MODELTEST versioi 8randall and Posada, 1998).
With the same program, base frequencies, Ti:Tw ratioportion of invariable sites (1)
and then value of the gamma distribution (rate variatioroagn sites) were estimated.
These parameters were used to determine gendinces among alleles using
neighbour-joining in the program PAUP (Swofford 02).

DnaSP 5.10 (Rozas and Librado, 2009) was usedlapse the sequences into alleles
and to calculate gené)(and nucleotiden)) diversity within and among lineages. With
the same program, invariable, variable, parsimofgrmative and autapomorphic sites
were identified. The programs Network 4.5.1.0 (Ro&nd Daneschmand, 2003) was

used to construct networks and genealogical relsiigps among the sequences.
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Cytochrome c oxidase subunit |

In a pilot study, the CO | gene was sequencedZandividuals each fok. umbratus and
L. capensis from Gariep Dam, but there was only one mutatmmtl between them in an
alignment of 603 base pairs. COIl was thereforeconsidered variable enough for the
study and was not further analys€gtochromeb was more variable than COIl in the
pilot study, with four mutations between the twesps based on 29 samples of each
species from Gariep dam in an alignment of 730pases. It was therefore decided to

screen the rest of the samples using only this gegment.

5.3 Results

Sequence variation and lineage diversity

Of 730 bases analysed, 699 sites were invarialleamwere variable. Of the 31 variable
sites, 19 were parsimony informative and 12 wetamamorphic. Most of the variation
was between three unique lineages, one most ldsdgciated with. capensis (hereafter
“Orange lineage A”) and two most likely associatgth L. umbratus (hereafter “Orange
lineage B” associated with umbratus from the Orange River system and “southern
lineage” associated with. umbratus from southern flowing river systems). There were
significant differences in nucleotide and haplotgpeersity within populations and
lineages (Table 5.2 and 5.3). The southern linéagethe highest nucleotide and

haplotype diversity and Orange River lineage B thadowest.
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Table 5.2Gene §) and nucleotiden)) diversity among the different lineages

Lineage No sequences No alleles Gene §) Nucleotiden)
Orange A 127 15 0.399 0.001
Orange B 53 3 0.075 <0.001
Southern 95 12 0.798 0.003

All individuals 275 30 0.820 0.004

Geographic distribution of alleles and lineages

Distribution of lineages

A total of 30 unique sequences (alleles) were faisee Table 5.4). There were three
groups of similar alleles (lineages), representitggtwo Orange Rivdrabeo species
(lineages A (alleles 1-15) and B (alleles 16-18) aopulations from southern flowing
rivers (lineage C (allele 19-30)) (Fig. 5.1). LigeaC is associated with umbratus from
southern flowing rivers, which is the only indigerscspecies dfabeo in these river
systems. Only Orange lineage A associated littapensis were found in the middle
and lower Orange River therefore Orange lineage @ssociated with. capensis and
Orange lineage B is therefore associated withmbratus. Some of the alleles from the
Orange River lineage A and B were found in DarlomgDam which is part of the
southern flowing rivers (Fig.5.1). The dominane#dk in the dam were part of lineage C
In Hardap Dam it appears as if only Orange lineagdeles associated with capensis

persisted (Table.5.5).
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Table 5.3Difference in gened) and nucleotiden) diversity between populations bf

capensis, andL. umbratus.

Population No alleles No sequences Gene §) Nucleotide (r)

Orange lineage A (associated withcapensis)

Gariep 7 29 0.818 0.001
Vaal 5 10 0.756 0.002

Middle Orange 4 10 0.711 0.001
Lower Orange 4 10 0.533 0.001

Orange lineage B (associated witrumbratus from the Orange River system)

Gariep 2 29 0.069 <0.001
Vaal 2 10 0.200 <0.001
Brak 1 10 0.000 0.000

Southern lineage (associated withumbratus from southern flowing river systems)

Katriver Dam 3 10 0.650 0.001
Slagboom 4 10 0.711 0.002
Bushmans 3 10 0.711 0.001
Nahoon 2 7 0.571 0.002
Gamtoos 3 10 0.378 0.001
Gouritz 2 10 0.200 <0.001
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Fig 5.1A network median joining tree showing where Liabeo alleles were recorded.
Colour codes: yellow = Orange River system, ligletemn = Great Fish, Sundays and
Bushmans river systems; blue = Gamtoos River sydight blue = Gouritz River
system; brown = Nahoon River system; white = mgsilkeles. The number of mutations

between alleles is one unless indicated by a number
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Alleles restricted to the Orange River system

Most of the alleles were confined to the OrangesRbasin, because of the natural
occurrence of two species and probably as a rekaoibre sampling locations. Only 16
alleles were found in southern flowing river syssemost of them associated with the
umbratus that naturally occurred there before. Alleles 2-13-14, 17 and 18 were
restricted to the Orange River system, becaudeedfistorical isolation from southern
flowing river systems. Of these, alleles 4-5, 9 &Bdvere restricted to lower parts of the
Orange River system below the Augrabies Falls. BBisnknick point (SANParks) is a

barrier that prevents fish from migrating upstream.

Alleles from southern flowing river systems

Alleles (19-30) are restricted to southern flowmger systems. Some alleles were shared
between southern flowing river systems, nameljald (Sundays and Bushmans), 19
(Sundays and Gamtoos), 26 (Sundays and Great EBlfgundays, Great Fish and
Bushmans) and 23 (Bushmans and Great Fish) (TableSome alleles were restricted

to single southern river systems, namely in ther&o (R4 and 27), Gamtoos (25 and 26)

and Nahoon (29 and 30).

94



Table 5.4Alleles ofL. capensis andL. umbratus, and their distribution in 13 localities.

Locality River system Alleles

Gariep Dam Orange 1-3, 6-7, 11 and 16-17
Vaal Orange 1, 8,10-12, 16 and 18
Brak Orange 16

Middle Orange Orange 1,11, 14 and 15
Lower Orange Orange 1,9,11 and 13
Hardap Dam Orange 1,4and5

Kat River Dam Great Fish 20, 23 and 26
Slaghoom Dam Sundays 19-21 and 26
Darlington Dam Sundays 1,12,15-16 and 19-22
Bushmans Bushmans 20-21 and 23
Nahoon Nahoon 24 and 25

Gamtoos Gamtoos 19, 27 and 28

Gouritz Gouritz 29 and 30
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Alleles that are shared among areas.

Alleles 1, 12 and 15-16 were found in fish from @eange River system as well as in
fish from Darlington Dam in the Sundays River sgstéllele 12 and 15 that belong to
lineage A, associated with capensis from the Orange River system, were not found in
fish from Gariep Dam which is where the Orange-Fisinel starts, but were found in

Darlington Dam.

Differentiation betweenLabeo lineages

The Orange River lineage B associated Ww#heo capensis differs from the Orange
lineage A associated with umbratus by four mutations (0.6% divergence), but from
lineage C, associated with umbratus from southern flowing river systems, by only one
mutation(Fig.5.1). Orange lineage B differs from the southaeage by five mutations
(Fig.5.1). The divergence within Orange lineagéleles 1-15) was 0.1-0.6%,
compared to 0.1-1% within Orange lineage B (allé@<8) and 0.1-1.3% within the

southern lineage (alleles 19-30) (Table 5.5).
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Table 5.5Data matrix with percentage divergences betweefealof Orange River
lineage A associated with capensis (1-15), Orange River lineage B associated Wwith

umbratus (16-18) and southern flowing rivers lineagé @mbratus (19-30).

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1 Allelel
2 Allele2 0.3
3 Allele3 0.1 0.1
4 Allele4 01 04 03
5 Allele5 0.1 04 03 03
6 Allele6 0.1 0.4 03 03 0.3
7 Allele7 0.1 04 03 03 03 03
8 Allele8 0.1 04 03 03 03 03 0.3
9 Allele9 0.1 04 03 03 03 03 03 03
10 Allele10 0.1 04 03 03 03 03 03 03 0.3
11 Allelel1 0.1 04 03 03 03 03 03 03 03 0.3
12 Allelel2 0.3 0.6 0.4 04 04 04 04 04 04 04 01
13 Allelel3 0.3 0.6 0.4 04 04 04 04 04 04 04 01 03
14 Allelel4 0.3 0.6 0.4 04 04 04 04 04 04 04 01 03 03
15 Allelel5 0.3 0.6 0.4 04 04 04 04 04 04 04 01 03 03 03
16 Allelel6 0.6 0.9 0.7 0.7 0.7 07 0.7 0.7 0.7 0.7 0.7 09 09 09 09
17 Allelel7 0.7 1.0 0.9 09 09 09 09 09 09 09 09 1.0 1.0 1.0 1.0 0.1
18 Allele18 0.7 1.0 0.9 09 09 09 09 09 09 09 09 10 1.0 1.0 1.0 01 03
19 Allele19 0.1 04 03 03 03 03 03 03 03 03 03 04 04 04 04 0.7 09 09
20 Allele20 0.4 0.7 0.6 06 06 0.6 06 06 0.6 06 03 04 04 04 04 10 1.2 1.2 03
22 Allele22 0.4 0.7 06 06 0.6 0.6 06 06 0.6 06 06 0.7 0.7 0.7 0.7 1.0 1.2 12 03 0.6
21 Allele21 0.4 0.7 06 06 06 0.6 06 06 0.6 06 06 07 07 0.7 0.7 1.0 1.2 1.2 03 0.6 0.6
23 Allele23 06 09 07 07 0.7 07 0.7 0.7 0.7 0.7 07 09 09 09 09 12 13 13 04 07 04 01
24 Allele24 0.3 0.6 04 04 04 04 04 04 04 04 04 06 06 06 06 09 1.0 1.0 0.1 04 04 04 0.6
25 Allele25 0.4 0.7 0.6 06 06 0.6 06 06 0.6 06 06 07 07 07 0.7 1.0 1.2 1.2 03 06 03 06 0.7 0.1
26 Allele26 0.4 0.7 0.6 06 0.6 0.6 06 06 0.6 06 06 0.7 07 0.7 0.7 1.0 1.2 12 03 0.6 06 06 0.7 0.1 03
27 Allele27 0.4 0.7 0.6 06 0.6 0.6 06 06 0.6 06 06 0.7 0.7 0.7 0.7 0.7 09 09 03 06 06 06 0.7 0.1 03 0.3
28 Allele28 0.6 0.9 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 09 09 09 09 12 13 13 04 07 0.7 0.7 09 03 04 04 04
29 Allele29 0.4 0.7 0.6 06 0.6 0.6 06 06 0.6 06 06 0.7 07 0.7 0.7 1.0 1.2 1.2 03 0.6 06 06 0.7 0.1 03 03 03 0.1
30 Allele30 0.4 0.7 0.6 06 0.6 0.6 06 06 0.6 06 06 07 07 0.7 0.7 1.0 1.2 1.2 03 06 06 06 0.7 0.1 03 03 03 04 03
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5.4 Discussion

It is likely that Orange lineage A is associatethvi. capensis and that Orange lineage B
is associated with. umbratus. However for the purposes of this Chapter, it wdt be
assumed that the alleles associated with thesag@seare restricted to a single species.
Using cytochromd, it seems as if. umbratus andL. capensis can be distinguished in
the Orange River system and it is possible thatpensis does not share alleles with the
southern lineage df. umbratus either. This will, however, have to be investigbavath

the combined analysis in Chapter 6.

The low number of mutations betwelencapensis andL. umbratus in cytochromeb (one
to four mutations among all lineages) and cytocle@xidase | (one mutations between
the two Orange lineages), suggest that speciagbmden them occurred relatively
recently.Labeo umbratus can be regarded as a single species, despitewhdivergence
between Orange lineage B and the southern lindadees, however, suggest that there
has been isolation between populations occurritparOrange River system and those
in southern flowing rivers. Further investigatioeeals to be done to assess which
evolutionary processes led to the genetic diverstyerns observed and relate the

population history to known climatic and geologieaénts.
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Surprisingly, the southern lineagelofumbratus appears to be more closely related to
the Orange River lineage associated Withapensis, rather than the Orange River
lineage associated with umbratus. The present analysis therefore suggestd.that
umbratusis polyphyletic with regards to mitochondrial DNAedes. It is therefore
possible that incomplete lineage sorting is playangle. According to Funk and Omland
(2003), this is a process whereby the two daugigecies would contain alleles that are
similar to each other after speciation, but oveeti most of the similar alleles will be lost
by genetic drift and new ones will be formed by atiain, until only one ancestral lineage
survives. At this point the sorting will be com@etnd this will ultimately result in a

gene tree that reflects the species tree.

Even though it is possible thiat capensis andL. umbratus do not share alleles anymore
(complete lineage sorting), it is possible thatdkae tree (Orange lineage A associated
with L. capensis grouping with the southern lineage associated lithmbratus from
southern flowing rivers) does not reflect the spedree (lineages associated with
umbratus should group together), because of the initiadgomplete lineage sorting
between these three lineages. It does suggeshthdivergence between Orange lineage
A (probablyL. capensis), Orange lineage B (probably Orangeumbratus) and the
southern lineage (probably southérrumbratus) happened very recently. It might be
difficult to assess the sequence of events, beazube similar divergence times
between these lineages and the effect of incompletage sorting. The same scenario
was observed by Koblmiillet al. (2010) who investigated the evolutionary histofy o

the endemic Lake Tanganyika cichlid tribe Tropheliiey found inconsistencies
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between the phylogenetic reconstructions from tita dets of mitochondrial DNA and

nuclear DNA that they attributed to incomplete éige sorting.

The presence of Orange River alleles in Darlingdam is an indication of a successful
translocation through the IBTs. The mitochondri&lAresults suggest that both
umbratus from the Orange River system aindcapensis are now present in Darlington
Dam as indicated by the presence of four OrangerRileles from lineage A and B
(Table 5.5).This shows that Orange River individuals from bgplecies made it through
the Orange-Fish and Cookhouse tunnels into Dadm@am. Two of the four alleles
thought to be of translocation origin that wererfdun Darlington Dam, were not found
in fish from Gariep Dam, which is where Orange-Risnel starts. This could be
because they are rare in the Gariep Dam. Apart frgonidisation withL. capensis,
introgression between the different lineagek.afmbratusis very likely and an
additional threat to the genetic integritylofumbratus in the Great Fish and Sundays

River systems.

The structuring detected in mitochondrial DNA sugjgehat the isolation between
southern flowing rivers has led to little or no gdtow between the river systems,
especially the Nahoon, Gamtoos and Gouritz Rivstesygs which had endemic (private)
alleles (Fig 5.1). There was sharing of allelesveeh the Great Fish, Sundays and
Bushmans river systems. This shows that there wasaply recent gene flow between
these river systems, with the Sundays River sy$teimg an important link between the

southern flowing river systems. River systems #natnot part of the IBTs and area

100



above dams that were built before IBTs in affecgstems are therefore important for

the conservation of the genetic integrity of souhgopulations of.. umbratus.

The null hypotheses that IL) capensis andL. umbratus can not be distinguished from
each other using mitochondrial DNA andL2)umbratus from different river systems
have not been historically isolated, can be regect@e null hypothesis that alleles from
both species are not present in hybrid areas cagj®deed for Darlington Dam, but not

for Hardap Dam where na umbratus mitochondrial DNA was found.
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Chapter 6: Comparison between methods and general

discussion

6.1 Introduction

Different data (morphometrics characters, meristieracters, nuclear DNA and
mitochondrial DNA) have been used to test for hgisation separately in Chapters 3-5.
Morphology and nuclear DNA techniques can idertiirids on their own (Chapters 3
and 4). In contrast, mitochondrial DNA (ChapteeS)dence cannot identify hybrids
alone as it is maternally inherited and hybridd willy have one of the parental species’
genomes (Rhymer and Simberloff, 1991). It can, harebe useful in identifying
hybrids in combination with other methods. Intraggien is not always expressed
morphologically as some hybrid individuals can egsrthe morphological characters of
one of the parental species and some individuatswkre identified as hybrids
morphologically could appear to be pure geneticddigending on how hybridisation and

back-crossing occurred (Rhymer and Simberloff, 1996

For nuclear DNA, two different species that hawed differences between them will be
heterozygous for those fixed differences in hybfMay, 2003). F1 hybrids will have
both parental species genomes represented, butidfi2iror backcrosses will have one

of the parental genomes or a mixture (Rhymer anth8iloff, 1996). F2 hybrids or
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backcrosses can therefore not be reliably idedtifi’ng morphology or a single nuclear

marker alone. A combination of methods is thereftter in identifying them.

None of the individuals from the suspected pureupstfons tested as hybrids with each
method. Darlington and Hardap dams therefore remsathe only areas where
hybridisation has been detected, but a combinatiaachniques could identify further

hybrid areas.

In this chapter, a final effort to identify hybriddividuals was implemented, using the
techniques employed in the present study, to sheé hight on how hybridisation has
possibly occurred betwedrabeo capensis andL. umbratus and to assess the following
null hypotheses based on thesis hypotheses outhn€Hapter 1.:

1) L. capensis andL. umbratus can not be distinguished from each other using
morphology and genetics.

2) L. umbratus from different river systems have not been histilycisolated.

3) L. capensis andL. umbratus do not hybridise in Hardap and Darlington dams.

4) Morphometrics, meristics, nuclear DNA and mitoctirial DNA can not be used to

identify hybrids successfully.

6.2 Materials and methods

Results from chapters 3, 4 and 5 were used irctiapter for comparative purposes. As

the lowest sample size used were reported in Chdp#dl the data was reduced to its
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sample size. Twenty six individuals from suspegqtece populations and 51 from
suspected hybrid areas (26 from Hardap Dam ando® Darlington Dam) were
assessed across all methods to determine whetheidmals were suspected pure or

hybrids (Table 6.1).

Table 6.1List of the number of specimens analysed and lbesliwhere they were

collected. Suspected hybrid areas are shown widrnisiss.

Locality River system No of specimens
Gariep Dam Orange 4
Vaal River Orange 4
Brak River Orange 2

Middle Orange River Orange 2
Lower Orange River Orange 2
*Hardap Dam Orange 26
Kat River Dam Great Fish 2
Slaghoom Dam Sundays 2
*Darlington Dam Sundays 25
Bushmans River Bushmans 2
Nahoon River Nahoon 2
Gamtoos River Gamtoos 2
Gouritz River Gouritz 2
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6.2 Results

All individuals from suspected pure populations evietentified as either pute capensis
or L. umbratus using a combination of all techniques (morphoroatharacters, meristic
characters, nuclear DNA and mitochondrial DNA). Tiwe L. capensis populations from
the lower (MRO8F087 and 088) and middle Orange (BF®8 and 099) were pure. For
L. umbratus, the one allopatric population from the OrangedRsystem (Brak River:
MR08J021 and 022) and the six allopatric populatimom southern flowing river
systems (Kat River Dam in the Great Fish RiveraysfMR08D006 and 011];
Slagboom Dam in the Sundays River system [MROSHZJ) Bushmans River system
[MR0O8GO001-2]; Nahoon River system [OW08A025 and (BA033]; Gamtoos River
system [MR08J001-2]; Gouritz River system [ACO8A&21]) were also pure. In
addition, no hybridisation were detected in the \&aal upper Orange, despite the
species occurring in sympatry, with purecapensis from the Gariep Dam (MR0O8A022
and MR0O8A054) and Vaal River (MRO9A003 and MRO9AP&ABd purd.. umbratus
from the Gariep Dam (MR08A043 and MR0O8A057) and \z&m (MRO9A080-81) in

the Orange River system.

Ten categories of hybrids based on different di@ssion with the different methods
tested, were identified (Table 6.2). Hybridisatiwas detected differently by the different
methods between the two dams. Eight categoriegloids (1, 3-5 and 7-10) were found
in Hardap Dam (Table 6.2). All the specimens froarddp Dam havk. capensis

mitochondrial DNA. Category 1 (MRO8FO060) is a pbssiF1 hybrid as morphology and
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nuclear DNA identifies it as a hybrid and mitochaablDNA identifies it ad_. capensis.
Category 3 (MRO8F061) is a suspected backcrodssaglentified by genetics (nuclear
and mitochondrial DNA) ak. capensis, by meristics as a hybrid and morphometrics as
L. umbratus. Category 4 (MRO8F044 and MRO8F074) is a backaasssis identified by
morphometrics ak. umbratus, mitochondrial DNA at.. capensis and as a hybrid by
meristics and nuclear DNA. Category 5 (MR0O8F030 siRD8F053) is a suspected
backcross as it is identified by morphometrics andear DNA ad.. umbratus, meristics
as a hybrid and by mitochondrial DNA lascapensis. Category 7 (MRO8F001,
MRO8F011, MRO8F021, MRO8F051, MR0O8F057 and MRO8FB4Bmight be a purk.
capensis with an intermediate body form or a backcrossabse it is classified by only
morphometrics as a hybrid. Category 8 (MRO8F029) hackcross as meristics and
mitochondrial DNA identifies it ak. capensis, with morphometrics and nuclear DNA
identifying it as a hybrid. Category 9 (MRO8FO058xi backcross as meristics and
mitochondrial DNA identified it ak. capensis, morphometrics identifies it as a hybrid
and nuclear DNA identifies it ds umbratus. Category 10 (MR0O8F059 and MRO8F062)
is a backcross as it is identified by morphologpfphometrics and meristics) as a
hybrid, nuclear DNA a&. umbratus and mitochondrial DNA ak. capensis. The rest of
the specimens (MRO8F002, MRO8F004, MRO8F010, MRQ@2FRthd MRO8F075) where

identified as suspected purecapensis with all methods.
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Table 6.2Summary of the categories of pute ¢apensis = CAP and.. umbratus =
UMB) and hybrid specimens that were identified vatbombination of methods

(morphology and genetics) in the suspected hylanidas (Hardap and Darlington dams).

Morphology Genetics

Mitochondrial

Types Morphometrics Meristics Nuclear DNA| DNA Locality N

Pure categories

CAP CAP CAP CAP CAP Both dams 12

UMB UMB UMB UMB UMB Darlington 14

Possible F1 hybrid categories

1 Hybrid Hybrid Hybrid CAP Hardap 1

2 Hybrid Hybrid Hybrid UMB Darlington 1

Possible backcross hybrid categories

3 UMB Hybrid CAP CAP Hardap 1
4 UMB Hybrid Hybrid CAP Hardap 2
5 UMB Hybrid UumMB CAP Hardap 2

6 UMB Hybrid UumMB UMB Darlington 3

7 Hybrid CAP CAP CAP Hardap 7
8 Hybrid CAP Hybrid CAP Hardap 1
9 Hybrid CAP UMB CAP Hardap 1
10 Hybrid Hybrid UMB CAP Hardap 2
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Only two categories of hybrids (2 and 6) were foun®arlington Dam (Table 6.2).
Category 2 (DIFS07_133) is a possible F1 hybrichagphology and nuclear DNA
identifies it as a hybrid and mitochondrial DNA mdéies it asL. umbratus. Category 6
(MRO8F013, MR0O8F037 and MRO8F039) might be a funembratus with an
intermediate body form or a backcross as it is afiytified as a hybrid with meristic
analysisAll the hybrids found in Darlington Dam had umbratus mitochondrial DNA.
Other specimens were classified as gunembratus (MR08B003-4, MR0O8B008-009,
MR08B011, MR08B014, MR08B017, MR08B019 and DIFSC®)lor pure.. capensis
(MR08B022-024 and DIFS07_127, DIFS07_136, DIFS0Z, DAFS07_159) according

to all the methods.

6.3 Discussion

A synthesis of different morphological and genetiethods is more effective in
identifying pure and hybrid specimens than anyhefrhethods separately. All
individuals studied of the two species from suspaqure populations (lower and middle
Orange, Brak, Vaal, Bushmans, Nahoon, Gamtoos auulit@ rivers and Gariep, Kat
River and Slagboom dams) were classified as puwerding to all methods. The
combination of methods was able to identify possHil hybrids and backcrosses in

Hardap and Darlington dams.
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Nuclear DNA and morphological characters identifsedne specimens asumbratus
(Chapters 3 and 4), but the persistence of bnbapensis mitochondrial DNA alleles in
Hardap dam is an indication that all the specimeastified ad.. umbratus has a history
of recent or past hybridisation (see also Bernatehal., 1995, Wilsoret al., 1998,
Freyhofet al., 2005). It seems as if the hybridisation occuired way that has led to the
complete fixation of.. capensis mitochondrial DNA in Hardap Dam. Mitochondrial
DNA replacement has been achieved at a populatia inDrosophila species through
experimental hybridisation in only a few generasigAubert and Solignac, 1990).
Mitochondrial DNA replacement has previously begmarted in closely related
salmonids with a history of hybridisation. Wilsetnal. (1998), for example, reported
mitochondrial DNA replacement where in the Arctiao Galvelinus alpinus)
mitochondrial DNA became fixed in a southern Quegbagulation of lake troutS
namaycush). A similar result was reported for brook trot fontinalis) in southern
Quebec, which is completely introgressed with Arctiarr mitochondrial DNA (Wilson
et al., 1998). Both these studies found clear morphobldglifferences between the
different species, which is not the case in thagmestudy, because of the presence of
intermediates (hybrids) based on morphology andean®©NA. The presence of a
combination of hybrid “types” suggests ongoingagtessive hybridisation (see Miller,

1963). This suggests that hybridsLotapensis andL. umbratus are fertile.

Labeo capensis is more abundant thdan umbratus in Hardap Dam. The dam has mostly
a rocky bottom (Gaigher and Bloemhof, 1975), whechrobably whyL. capensis thrive.

It is therefore possible that they spawn everywhergting options forl.. umbratus to
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find suitable habitat to spawn on their own, ay tieefer muddy habit with grass to
spawn on (Mulder, 1973). It is further possiblet thaumbratus struggled to find mates,
since they occur in much lower densities thanapensis. Another explanation may be
that purel. umbratus have been extirpated and that only hybrids witheb. umbratus

characteristics now remain.

Hay (1991) recorded the presence of hybrids ik River (tributary of Orange River)
from the upper reaches of the river at Kub aboveledaDam to below the dam at Tses.
Most of the hybrids were caught below the dam. éddih no hybrids were detected in
the lower Orange River in the present study, sagute genetic integrity of the two
Labeo species downstream of Hardap Dam and in the |I@vange may be difficult.
Populations of the two species above the Augrdkedis are probably secure, because

the waterfall acts as a barrier that will prevém $pread of hybrids upstream.

Labeo umbratus has never been recorded from the lower Oranger Riesy, 1991;
Skelton, 1986; Van Zyl, 1989), possibly becauseritrer below the Augrabies Falls has
reduced habitat diversity (Skelton, 1986). The absefL. umbratus could explain why
hybridisation has not been detected in this afda.umbratus cannot adapt to the lower
Orange, it is possible that there could be selecgainst the establishment of hybrids
with L. umbratus characteristics. The absence_.otimbratus from the lower Orange
River raises may suggest thatumbratus was introduced into Hardap Dam. The
introduction of relatively few fish could have skad hybridisation with.. capensis due

to a scarcity of mates from the same species. Dowtial. (1989) stated that a rare
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species tends to possess more introgressed dhelethe more common ones, which is

the situation found in Hardap Dam.

The introduction otf.. capensis from the Orange River system into the Great Figh a
Sundays river systems has led to intraspecificibigation with indigenoug. umbratus

in Darlington Dam. Darlington Dam seems to havatregly new or limited
introgression with one out of the four hybrids lgepotentially an F1 hybrid. This is an
indication that there are potentially lower levefsybridisation in this dam compared to
Hardap Dam. Despite sampling effort being biasgabtential hybrids ant. capensis
specimens in Darlington Dam, the mitochondrial Dai#alysis revealed Orange River
umbratus alleles in only four individuals (8.5%) athdcapensis alleles in only 11
individuals (23%), compared to indigendusumbratus alleles occurring in 32
individuals (68%)This confirms, however, that fixation of one mitociarial DNA

genome has not occurred as is the case in Hardayp Da

Darlington Dam hybrids had mitochondrial DNA of timeligenoud.. umbratus lineage,
indicating that females of this species can breihl kv capensis males. This may be due

to the low number df. capensis individuals in the dam, which makes it difficudtrf

males of this species to firkd capensis females. The main stream rivers of the Great Fish
and Sundays River systems have been changed latbe coming from the Orange

River system to permanently flowing systems (Lasognand Hocutt, 1985). This could

favourL. capensis as it prefers fast flowing waters of the main atng(Skelton, 1986). In
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future, therefore, morke. capensis could invade the Great Fish and Sundays riveesyst

and establish themselves in Darlington Dam.

Interbreeding betwedn umbratus from the Orange River system and those from
southern flowing populations were not found, big ttould be due to the lack of a
suitable method to identify such individuals, asréhwas not enough difference in
morphology and nuclear DNA between pure populatmritbese two areas. The only
method that could reliably identify the two lineag# L. umbratus was mitochondrial
DNA, which cannot detect when interbreeding ocalitretween different lineages unless

it can be combined with other methods.

Questions have been raised whether conservatiborigs should concern themselves
with intraspecific hybridisation, as populationstioé same species share a similar genetic
makeup. This could increase the fitness of popuiatby introducing new genetic
variation and can have a positive effect on thetda potential of a population. This is,
however, not true when it comes to populations witire genotypic differences. Local
adaptation of such populations could be lost ifridibation occurs (Allendorét al.,

2001). In the case a&f. umbratus, more genetic markers will have to be investigated

test the divergence between its two lineages.drstiuthern flowing river systems
(including the Great Fish and Sundays river sys}eimsimbratus had to adapt to the

harsh conditions of these rivers, such as extrezasanal flow regimes (Rou al.,

2002; Laurenson and Hocutt, 1985). Possible intexding betweeh. umbratus from the
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Orange River and. umbratus from the two southern flowing river systems could

negatively impact on local adaptations to respedtiabitats.

Based on the comparison and combined assessmenganathods all of the thesis null
hypotheses that 1). capensis andL. umbratus can not be distinguished from each other
using morphology and genetics,2)umbratus from different river systems have not
been historically isolated, .R) capensis andL. umbratus do not hybridise in Hardap and
Darlington dams and 4) morphometrics, meristicg)ear DNA and mitochondrial DNA

can not be used to identify hybrids successfuliy, be rejected.

6.4 Conclusion and recommendations

Orange Rivet.. umbratus have been confirmed to hybridise withcapensisin Hardap
Dam as shown in previous studies, but the presedy grovides the first evidence of
hybridisation betweeh. umbratus from southern flowing rivers and capensis. The
hybridisation in Hardap and Darlington dams seenmisetat different stages and which
may reflect production of different process. Thisrao overlap in hybrid “types”
between the two dams. The introgression in Hardam Beems to be distinctly older
and/or more extensive than in Darlington Dam, sihees easier to find hybrids during

surveys and most of the hybrids are considereddoasges.

The introduction ot.. capensis andL. umbratus from the Orange River system into the

southern flowing Great Fish and Sundays river systecould lead to the extinction of
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pure populations of indigenols umbratus through introgressive hybridisation, similar
to what appears to have happened in Hardap Damalo possible that ecological niche
competition (space and food) could lead to theideaf indigenoud.. umbratus
populations, due to these introductions. Accordmthe criteria of Allendorét al.

(2001), the hybridisation in Hardap Dam rank a®tiipe hybridisation (widespread

introgression).

Large populations that seem to be pure represeasatif the twd_abeo species exist
above the Augrabies Falls barrier and many damgastipotential pure populations.
Conserving pure populations of the two specieb@éQrange River system should
therefore not be a major concern for conservatighaities. Darlington Dam seems to
be undergoing type four hybridisation (hybridisatisithout introgression) or the type
five hybridisation observed in Hardap Dam, accaydmthe criteria of Allendorét al.
(2001). This is because at least one specimenauaslfin Darlington Dam that could be
an F1 or a backcross hybrid. Pure populationsdigenoud.. umbratus in the Great

Fish and Sundays river systems have been idenirfifte Kat River and Slagboom dams
respectively. Individuals from these dams are pobbpure, because the dams were built
before the IBTs were completed. These populati@esiio remain secure against
invasion if genetically pure and indigendusumbratus are to survive in these two river
systems. Translocations should also be avoidedoteqt the genetic integrity of other

Labeo populations across the range of both species.
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