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1.1 ABSTRACT 

Deep-water prawns Haliporoides triarthrus and langoustines Metanephrops mozambicus are 

endemic to the South West Indian Ocean (SWIO) region and make up the largest proportion of 

deep-water crustacean trawl catches in Mozambique and South Africa. Despite their economic 

importance to these fisheries, little is known about their distribution, biology and genetic population 

structure. 

The metapopulation genetic variation of H. triarthrus and M. mozambicus was assessed from 220 

specimens per species collected from three sites in Mozambique (Bazaruto A, Boa Paz and Inhaca), 

two sites in western Madagascar (Morombe and Tulear) and one site in eastern South Africa 

(Durban). Two fragments of the mitochondrial region were amplified using universal primers 

ribosomal 16S subunit (16S) and mitochondrial cytochrome oxidase subunit I (COI). From H. 

triarthrus, fragments of 569 base pair (bp) (16S) and 1300 bp (COI) were amplified. A total of 207 

sequences (16S) and 151 sequences (COI) were recovered, and 69 and 78 haplotypes identified, 

respectively. Metanephrops mozambicus 16S and COI genes produced similar fragment lengths, 

and 112 (16S) and 127 haplotypes (COI) were recovered.  

Both species demonstrated high genetic diversity and significant population differentiation in the 

SWIO region. Two sister-species (or subspecies) of H. triarthrus were identified, one occurring 

along the African continental shelf and the other off western Madagascar. Furthermore, individual 

populations making up each lineage were genetically structured, as indicated by the absence of 

shared haplotypes, and should be recognized as demographically distinct subspecies. Both species 

have undergone recent population expansions, likely since the late Pleistocene. 

The large anti-cyclonic and cyclonic eddies prevalent in the Mozambique Channel, and the 

boundary area between these eddies and upper Agulhas Current are likely factors driving larval 

retention or return process, thus giving rise to the observed genetically structured populations. 

The findings from this study are unique for the SWIO region, and may lead to a paradigm shift in 

the way that deep-water crustacean stocks are perceived by fisheries managers – instead of single 

shared stocks, they comprise of many isolated ones, in spite of the dispersal potential of larvae in 

strong ocean current regimes. Thus stocks should be managed as small independent units. 
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Chapter One 

1. Introduction 

1.1 Background 

Deep-water crustaceans are valuable natural resources in the South West Indian Ocean 

(SWIO) region, where they are fished by bottom trawling at 100 - 700 m depth (Brinca et 

al. 1983; De Freitas 1985). Bottom trawl catches at these depths generally comprise a 

mixture of crustacean species (including the targeted species), as well as a bycatch of fish, 

sharks and cephalopods, which are either retained and sold or are discarded at sea if 

considered of low value (Fennessy & Groeneveld 1997). The distribution patterns of 

crustaceans overlap by depth and area, nevertheless, trawl skippers can target the most 

valuable species mix (in terms of quantity and value) by trawling at selected areas, depths 

and / or substrate types (Groeneveld & Melville-Smith 1995). 

The most commonly caught crustacean species from the 100 – 700 m depth range in the 

SWIO are Haliporoides triarthrus (called knife prawns or pink prawns), Aristaeomorpha 

folicea (giant red shrimp), Aristeus antennatus (blue and red shrimp), Aristeus virilis (stout 

red shrimp), Metanephrops mozambicus (langoustine or African lobster), Nephropsis 

stewarti (Indian Ocean lobsterette), Palinurus delagoae (deep-water spiny lobster) and 

Chaceon macphersoni (deep-sea geryonid crab) (De Freitas 1985; Groeneveld & Melville-

Smith 1995; Dias & Caramelo 2005, 2007). Haliporoides triarthrus and M. mozambicus 

make up most of the deep-water trawl catches in Mozambique and South Africa, and are 

endemic to the SWIO region (De Freitas 1985; Groeneveld 2012); they were therefore 

selected as study species. 
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1.2 Study species 

a) Haliporoides triarthrus (Stebbing 1914): 

The genus Haliporoides (and the species H. triarthrus) was first described by Stebbing 

(1914), and prawns from this genus belong to the decapod family Solenoceridae (Farfante 

1977; Holthuis 1980). De Freitas (1985) reported only three species from the genus: H. 

triarthrus from southern Africa and Madagascar see below (Fig. 1.1); H. diomedea from 

the Eastern Pacific; and H. sibogae from Eastern Australia (Baelde 1992, 1994). Further 

taxonomic study by Kensley et al. (1987) recognized at least six species and subspecies: H. 

cristatus (Eastern Australia); H. diomedeae (Chilean knife shrimp); H. sibogae sibogae 

(Jack-knife shrimp); H. sibogae australiensis; H. sibogae madagascariensis; and H. 

triarthrus. Two subspecies of H. triarthrus are presently recognized from the SWIO region, 

H. triarthrus triarthrus from South Africa and Mozambique, and H. triarthrus vniroi from 

Madagascar and Mozambique (Kensley et al. 1987; Pérez-Farfante & Kensley 1997; De 

Grave & Fransen 2011). First records of deep-water stocks of H. triarthrus in South Africa 

date from marine biological surveys undertaken during the early 1920s (Gilchrist 1920; 

Fennessy & Groeneveld 1997). 

Haliporoides triarthrus occurs on the continental slope at depths of 300 to 800 m, but is 

more commonly fished between 400 and 600 m (Brinca et al. 1983; Torstensen & Pacule 

1992; Groeneveld & Melville-Smith 1995; Dias & Caramelo 2005, 2007). Between 1990 

and 2010, the majority (91%) of catches of H. triarthrus originated from Mozambique (26 

153t) and South Africa contributed 9% (2 576t) to reported catches (Groeneveld 2012). 

Regular stock assessments of H. triarthrus in Mozambique have been carried out (Sobrino 

et al. 2007; Dias et al. 2008; Dias et al. 2009; Dias et al. 2011). Landings from South 

African fishing grounds have fluctuated between 50 and 300 t/y, and relative abundance 

trends over a 23 year period have recently been determined by Robey (2013). 
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Figure 1.1 The geographic distribution of Haliporoides triarthrus in the Western Indian Ocean. 

The black line shows the occurrence of Haliporoides triarthrus. Image modified from (Berry et al. 

1975; Holthuis 1980; De Freitas 1985). 

Despite the economic importance of H. triarthrus to deep-water trawl fisheries in the SWIO 

region, little is known about its biology and population dynamics (Groeneveld 2012). 

Females can achieve a maximum size of >60 mm carapace length (CL) and males >50 mm 

(Holthuis 1980; Brinca et al. 1983; Torstensen 1989; Robey 2013); total lengths of up to 

150 mm have been reported (De Freitas 1985). Von Bertalanffy growth parameters (L∞ and 

K) have been estimated for Mozambique (Dias et al. 2011) and South Africa (Robey 2013) 

and these authors have also provided length-weight parameters. Mozambique’s smallest 

mature females measured 29 - 30 mm CL, and 50% maturity was estimated at 41 - 42 mm 

(Dias & Caramelo 2007; Dias et al. 2011). Yet, a much larger size at sexual maturity was 

described in South Africa; ranging between 37 and 38 mm CL, and 50% of females 
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matured at 49 - 50 mm (Berry et al. 1975; Robey et al. 2011). Males matured at 

approximately 31 - 32 mm CL (Dias et al. 2011; Robey et al. 2011). 

Observations of ovarian activity suggested that females breed mostly in spring and early 

summer (August to December) (Berry et al. 1975; Groeneveld 2012); in Mozambique 

spawning occurred mainly in the last trimester of the year with peaks in November and 

December (Dias & Caramelo 2005, 2007). Abundant catches of small prawns (recruits) 

were reported in August and September and in January and February in Mozambique 

(Berry et al. 1975; Brinca et al. 1983). Most recruitment of H. triarthrus occurred in 

Bazaruto and Inhaca, and the highest proportions of mature females were found at 

Bazaruto, suggesting a spawning area (Berry et al. 1975; Brinca et al. 1983). Life span 

estimates ranged from 2 - 3 years (Berry et al. 1975; Holthuis 1980; De Freitas 1985; Dias 

& Caramelo 2005) to 5 - 6 years (Dias & Caramelo 2007; Dias et al. 2011). 

b) Metanephrops mozambicus (Macpherson 1990) 

The genus Metanephrops Jenkins (1972) has a cosmopolitan distribution and 17 living 

species are recognized (Griffin & Stoddart 1995; Tshudy et al. 2007). Holthuis (1991) 

decribed two species of importance to fisheries from the SWIO region: Metanephrops 

andamanicus from East Africa (Kenya and Tanzania) and Metanephrops mozambicus from 

Kenya to eastern South Africa, and off Madagascar (Fig. 1.2). The latter species inhabits 

the continental shelf and slope at depths of 200 to 750 m (mostly 400 to 500 m) (Berry 

1969; Stentiford & Neil 2011). It is unclear whether, or where, the distributions of the two 

species overlap, because they are similar in appearance, and distinguishing between them 

during field sampling is problematic. Metanephrops mozambicus inhabits areas of sticky 

mud, in which it burrows (Macpherson 1990; Fennessy & Groeneveld 1997; Dias & 

Caramelo 2005, 2007). Males become slightly larger than females (88 mm versus 83 mm 

CL) with a maximum total length of 205 mm (Holthuis 1991; Groeneveld 2012). 
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Figure 1.2  The geographic distribution of Metanephrops mozambicus in the Western Indian 

Ocean. Records from the Comoros archipelago (mid-channel), Tanzania and Kenya may comprise 

both M. mozambicus and Metanephrops andamanicus. Image from Holthuis (1991). 

Sexual maturity in males and females was achieved between 42 and 48 mm CL in 

Mozambique (Dias et al. 2009). Egg-bearing females occurred throughout the year (Berry 

1969; Dias et al. 2009). More than 80% of mature females bore eggs between September 

and March, declining to 34 - 63% in April to July (Berry 1969; Dias et al. 2009). 

Metanephrops mozambicus females produced a single brood per year, which hatched after 9 

- 10 months of incubation. Females produced between 600 and 1400 eggs per brood, and 

fecundity was proportional to size, except in the largest size class (Berry 1969). Larvae 

presumably hatched at an advanced stage of development and settle on the seafloor soon 

after hatching, because exopodites are not well adapted for swimming (Berry 1969). 
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Sexually immature males and females moulted several times per year (Schleyer et al. 

1997). Males (> 47 mm CL) moulted once per year between December and March reach a 

peak in February (Schleyer et al. 1997). Most mature females moulted between May and 

July (Berry 1969). The mean CL, size frequency distribution and sex ratios of M. 

mozambicus remained constant over time, suggesting that populations were  non-migratory 

(Berry 1969; Schleyer et al. 1997). 

Although heavily fished, few formal stock assessments of M. mozambicus in Mozambique 

and South Africa have been undertaken. Biomass estimates based on survey data are 

available for Mozambique (Dias et al. 2008; Dias et al. 2009; Dias et al. 2011), and a 

standardized abundance index (1988 - 2010) has recently been developed for the South 

African stock (Robey 2013). Both nominal and standardized indices suggested a continual 

increase in abundance between 2003 and 2010 in South African waters, and the stock was 

therefore assumed to be healthy (Robey 2013). 

1.3 Life history characteristics and larval dispersal 

The early life history of many marine taxa includes a drifting larval phase that may spend 

long periods in the open ocean, where the larvae are dispersed by marine currents (Matthee 

et al. 2007; Neethling et al. 2008; Goetze 2011; Gille 2012; McManus & Woodson 2012). 

In benthic crustaceans such as spiny lobsters, the drifting larval phase undergoes a 

metamorphosis into a settlement stage, which in some species is able to swim and select 

settlement areas (Cobb 1997). Newly settled individuals then moult into the first benthic 

juvenile stage, which is generally morphologically similar to adults (James-Pirri & Cobb 

2000; Inoue et al. 2004; Saul 2004). After several moults, juveniles become sexually 

mature, and in some cases this process involves migrations to adult habitats (Luttikhuizen 

et al. 2008; Teske et al. 2008; Naro-Maciel et al. 2011). Larval dispersal by ocean currents 

and benthic migrations are therefore important in determining species distribution patterns, 

as well as stock identity (Smith & Jensen 2008; Rivera et al. 2010; Tsang et al. 2012). 

The causes of the differentiation of populations of marine organisms are still not well 

understood. Biological traits to minimize larval loss and maintain adult distributions in 
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strong current regimes have been proposed for deep-water spiny lobsters (Sponaugle et al. 

2002; Tolley et al. 2005; Groeneveld et al. 2007). As a matter of fact, several of these 

environmental factors, which can act as barriers to the dispersion among populations, may 

also be promoting a pattern of lack of genetic differentiation among other populations. 

Adaptations may include: inshore migrations of females (out of the strongest currents); 

carrying large eggs so that strong larvae in an advanced stage of development are released 

at hatching; a relatively short pelagic period before settlement on the seafloor; larvae 

remaining in benthic boundary layer where they are less affected by currents; and counter-

current benthic juvenile migrations to redress downstream larval dispersal (Groeneveld 

2002; Groeneveld & Branch 2002; Sekiguchi & Inoue 2002). Although proposed for deep-

water spiny lobsters, some of these mechanisms may also operate for langoustines and 

deep-water prawns in strong current regimes, such as in the Mozambique Channel and 

upper Agulhas Current (Lutjeharms 1988; Ridderinkhof et al. 2001; Gopal et al. 2006). 

1.4 Geographic scope and oceanographic features 

The large and meso scale oceanographic features of the Mozambique Channel and upper 

Agulhas Current dominate the marine environment off south-eastern Africa and western 

Madagascar (Quartly & Srokosz 2004; Lutjeharms 2006, 2007). The South Equatorial 

current diverges to the north of Madagascar to give rise to the Mozambique Channel waters 

which gradually move southwards through the channel, and to the East Madagascar Current 

(Lutjeharms 2006). Along the Mozambican coast, the circulation is characterized by the 

influence of three anti-cyclonic cells changing their position along the coast and some 

smaller cyclonic eddies (Saetre & da Silva 1984; De Ruijter et al. 2002; Sete et al. 2002; 

Lutjeharms 2006) (Fig. 1.3). An inshore northwards current seems to be present along most 

of the Mozambican coast, probably as a result of the presence of the cyclonic eddies 

(Lutjeharms & da Silva 1988; Paula et al. 2001; De Ruijter et al. 2002). The western 

seaboard of Madagascar is characterized by a zone of turbulence where current direction 

and strength is highly variable (Cooke et al. 2004; De Ruijter et al. 2004; Quartly & 

Srokosz 2004; Ansorge 2006). The turbulence is driven by changes in the wind regime, 
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tidal amplitude, the relief of the seabed, and the configurations of the opposing continental 

and island coastlines (Cooke et al. 2004; Quartly & Srokosz 2004). 

 
Figure 1.3  The major ocean current features in the South West Indian Ocean (SWIO). The arrows 

show distinguishing current systems, and the circles show anti-cyclonic (anti-clockwise direction) 

and cyclonic (clockwise) eddies. Image from Lutjeharms (2006). 

The Mozambique Channel waters and East Madagascar Current converge to form the upper 

Agulhas Current (Lutjeharms 1985; Gordon et al. 1987; Lutjeharms & da Silva 1988; 

Lutjeharms 2007). This current originates somewhere between 25°S (Southern 

Mozambique) and 30°S (Durban, South Africa) and flows in a south-westerly direction 

along the coast, roughly steered by the edge of the continental shelf. It reaches speeds of up 

to 2.6 m.s-1 at the surface, with average surface speeds of between 1 and 2 m.s-1, and its 
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polewards flow extends to a depth of over 2000 m (De Ruijter et al. 2002; Swart et al. 

2010; Preu et al. 2011). The current moves further offshore at approximately 36°S, 

following the contours of the Agulhas Bank, and retroflects to form the Agulhas Return 

current which flows eastwards along the edge of the Subtropical Convergence (Gordon et 

al. 1987; De Ruijter et al. 2002; Lutjeharms 2006, 2007). 

1.5 Mitochondrial DNA (mtDNA) 

The metazoan mitochondrial DNA (mtDNA) genome is a typically closed circular double 

stranded molecule that is highly variable in sequence but conservative in gene content 

(Wolstenholme 1992; Boore 1999; Minxiao et al. 2011) and order (Hickerson & 

Cunningham 2000; Avise 2009). Mitochondrial DNA is maternally inherited and has 

relatively fast evolutionary rates (Birky et al. 1989; Avise 2009), its haploid nature and  

limited recombination (Avise et al. 1987); also can be applicable for old even degraded 

samples (Bucklin & Allen 2004; Arif & Khan 2009). DNA fragments are widely used in 

many fields because universal primers have been developed that are relatively easy to use 

to amplify and sequence targed DNA (Frézal & Leblois 2008; Anker & Baeza 2012; Hui 

2012). The mtDNA genes are regarded as powerful markers for genetic diversity analysis at 

family, genus and species levels (Meyer 2003; Arif & Khan 2009; Ahyong et al. 2011). 

Mitochondrial DNA is one of the most successful molecular markers used by many 

researchers in phylogenetics, population structure and for identification of stocks (Avise & 

Walker 2000; Froukh & Kochzius 2007; Palero et al. 2009; Shih et al. 2009).The 

mitochondrial large ribosomal subunit (16S) RNA and cytochrome c oxidase subunit I 

(COI) genes have been used for phylogeny and biogeography of crustaceans (Chu et al. 

2003; Avise 2009; Dumont et al. 2009).  

Several genetic population studies have been done on crustaceans in the Western Indian 

Ocean region (Teske et al. 2009a; Ragionieri et al. 2010; Penha-Lopes et al. 2011; Tsoi et 

al. 2011), however none of these have addressed the partially sympatric populations of H. 

triarthrus or M. mozambicus. Based on COI sequencing , Scylla serrata populations in the 

Red Sea, Mauritius and South Africa were genetically separate (Fratini & Vannini 2002). 

Fernandez et al. (2011b) showed that separate Aristeus antennatus populations occurred in 
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the Mediterranean Sea, Atlantic Ocean and Indian Ocean bioregions. No significant genetic 

differentiation could however be shown among populations of this species in the 

Mediterranean basin (Roldán et al. 2009), using control region, COI and 16S as markers. 

When there are no barriers to the dispersal of larvae and gene flow, populations that are 

thousands of kilometers apart may be connected through larval drift in ocean currents, as 

was recently shown for spiny lobsters Jasus paulensis and J. tristani in the South Atlantic 

and Southern Indian Ocean waters (Groeneveld et al. 2012). 

In the Agulhas Current region off southern and south-eastern Africa, Tolley et al. (2005) 

showed that deep-water spiny lobster Palinurus gilchristi was panmictic across its 

distribution range, based on control region sequences. Conversely, Gopal et al. (2006) 

demonstrated a shallow genetic break among deep-water spiny lobster Palinurus  delagoae 

populations occurring off South Africa and Mozambique. The genetic break was in the 

vicinity of the interface between the Mozambique Channel eddies and the upper Agulhas 

Current. 

1.6 Objectives of the study 

The aims of the present study were to assess the metapopulation structure of H. triarthrus 

and M. mozambicus collected from deep-water trawl grounds off Mozambique, Madagascar 

and South Africa by sequencing mitochondrial DNA fragments. The two species occur in 

similar habitats, but their biology and behavior differ substantially. These differences may 

affect larval distribution patterns, and therefore population structure across the region. The 

results from this study are related to the oceanographic features of the region, and their 

likely effects on larval dispersal pathways. The genetic information is used to assess 

whether fished stocks are distributed across international boundaries, and are therefore 

shared among Mozambique, Madagascar and South Africa, or whether stocks are local. 

Fisheries management strategies at national and regional levels are discussed. 
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Chapter Two 

2. Materials and Methods 

2.1 Field sampling 

A total of 220 whole specimens of Haliporoides triarthrus and Metanephrops mozambicus, 

respectively, were collected by onboard fisheries observers placed on commercial bottom 

trawlers between 2011 and 2012. Samples were collected at six sites, and grouped by 

country (or region) as follows: Mozambique, three sites at Bazaruto A, Boa Paz and Inhaca; 

Madagascar, two sites at Morombe and Tulear; and one site near Durban in South Africa 

(Table 2.1 and Fig. 2.1). 

Table 2.1  Sampling sites and coordinates for (a) Haliporoides triarthrus and (b) Metanephrops 
mozambicus collected for this study. 

Country                     Sites                          Species                                    Coordinates 

(Region)                                                                                      Latitude (S)     Longitude (E) 

Mozambique        Bazaruto A                      a)                             21o53’21             35o41’36  

                                                                      b)                            21o53’32             35o41’34 

                             Boa Paz                            a)                            24o55’66             35o30’39  

                                                                      b)                            25o40’52             34o17’64 

                              Inhaca                              a)                            25o55’48             33o10’48  

                                                                       b)                           25o51’07             33o10’09 

Madagascar         Tulear                          a) and b)                      23o34’89             43o29’52  

                            Morombe                     a) and b)                      22o23’26             43o04’46  

South Africa        Durban                             a)                            29o57’97             31o11’12  

                                                                      b)                            29o53’17             31o22’71 

a) Haliporoides triarthrus and b) Metanephrops mozambicus 
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Figure 2.1  Sampling sites for Haliporoides triarthrus and Metanephrops mozambicus at Bazaruto 

A (BA), Boa Paz (BP), Inhaca (IA) in Mozambique; Durban (DB) in South Africa and Morombe 

(MM) and Tulear (TR) in Madagascar. 

The species were identified based on morphological characteristics (De Freitas 1985). 

About 40 specimens per species per site were numbered individually and digitally 

photographed. The carapace length (CL in millimeters, measured from the rear of the 

ocular indent on the rostrum to the posterior dorsal margin), sex, and weight (to the nearest 

0.1 g) were recorded (see Sobrino & García 2007). Based on direct observations of female 

gonads (size and colouring), specimens were categorised into one of four maturity stages: 

virgin, developing, pre-spawning and spawning (De Freitas 2004; Sobrino et al. 2009). The 

first two stages were considered to represent immature females, and the last two mature 

females (Sobrino & García 2007; Sobrino et al. 2009). A small strip of tissue was excised 

from the abdominal muscle of each specimen and preserved in 95% ethanol. Specimens 
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were frozen onboard for later genetic analysis in the laboratory. Samples were transferred 

to the species conservation (CONSPEC) laboratory at the University of KwaZulu-Natal 

(UKZN) for subsequent analyses. 

2.2 DNA extraction 

The DNA was extracted using a Zymo tissue kit (Zymo Research Catalog No 6016) with a 

slight modification from the manufacturers instructions. This method consists of separating 

organic products from nucleic acids. Compared with DNA classical methods of extraction 

this is relatively efficient and quick but provides less DNA extracted per sample (Popa et 

al. 2007; Wang et al. 2011; Wang et al. 2012). Approximately 50 mg tissue samples were 

added into the ZR Bashing BeadTM Tube, 750 µl of lysis solution and 15 µl of Proteinase K 

(20 mg/ml) and incubated overnight at 56o C. The following day the samples were 

centrifuged for 1 minute at 10000 x g to separate the supernatant from the sediments. Up to 

400 µl of supernatant were transferred to a Zymo-SpinTM IV spin filter in a collection tube 

and centrifuged at 7000 x g for 1 minute. After centrifuging, 1200 µl of genomic lysis 

buffer was added to the filtrate in the collection tube and mixed by inversion. A volume of 

800 µl of the mixture was transferred to a Zymo-SpinTM IIC column in a collection tube 

and centrifuged at 10000 x g for 1 minute. From the collection tube the flow through 

residual was discarded and the remaining mixture transferred to a Zymo-SpinTM IIC column 

and repeated. After the residual was removed, 200 µl of DNA Pre-wash buffer was added 

to the Zymo-SpinTM IIC column in a new collection tube and centrifuged at the same 

manner as previously. To improve the quality of DNA, the pre-wash elution step was 

repeated. The last step of DNA washing consisted of adding 500 µl of g-DNA wash Buffer 

to the Zymo-SpinTM IIC column and centrifuging at the previous conditions. The Zymo-

SpinTM IIC column was transferred to a labeled clean 1.5 ml microcentrifuge tube and DNA 

eluted with 50 µl of DNA elution buffer added directly to the column matrix and spun at 

10000 x g for 30 seconds and re-suspended. The DNA was stored at 4o C for further use. 

To quantify the DNA extracted we used a spectrophotometer (Nanodrop technologies ND 

1000). Extract quality was assessed using the absorbance A260/A280 ratio, in which 1.8-

2.0 is considered to be appropriate (Hou et al. 2011; Wang et al. 2012). Above or below 
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this range, the extracted DNA is considered to be contaminated by RNA or protein (Moore 

et al. 2004; Wang et al. 2011). The Zymo kit extraction method resulted in <50 ng/µl per 

DNA extraction, sufficient to carry out PCR. 

The quality of the DNA extract was assessed using electrophoretic gels. Fragments of DNA 

were visualized on a 1% agarose gel (General Purpose Agarose GP2) containing 10 mg/ml 

Ethidium Bromide. DNA templates (5 µl) as well as 3 µl of DNA ladder was loaded with a 

1 µl mix of Bromophenol Blue/glycerol  and loaded into the first well as size standard to 

the target fragment. The gel was run for 30 minutes at 100 volts using Bio-Rad agarose 

apparatus (Power Pac Basic), submerged in 1 x TAE buffer. After running the gels, 

BIORAD Geldoc and associated software version 2.0.1 were used to visualize and save the 

gel images on Image LabTM. 

2.3 PCR amplification and sequencing 

Two mitochondrial fragments were amplified using universal primers ribosomal 16S 

subunit (16S) and mitochondrial cytochrome oxidase I gene (COI). The primer that 

amplified the 16S rRNA gene was designed by Roldán et al. (2009) specifically for another 

deep-water crustacean, Aristeus antennatus, while COI region primers were designed by 

Chow et al. (2006) to amplify spiny lobster (Panulirus sp.) DNA. In the thermal cycler (AB 

GeneAmp PCR System 2700), fragments of 569 bp (16S) and 1300 bp (COI) were 

amplified using the following primers: forward 16SARL (5’- TGC CTG TTT ATC AAA 

AAC AT - 3’) and reverse 16SBRH (5’- CCG GTC TGA ACT CAA ATC ATG T - 3’), 

while for COI gene forward was CO165F1 (5’- GGA GCT TGA GCT GGA ATA GT - 3’) 

and reverse CO1L342R1 (5’- GTG TAG GCG TCC TGG GTA GTC - 3’). For both 

species, the PCR reaction contained 5 µl of 10 x PCR buffer, 1.8 µl of MgCL in 

concentration at 25 mM, 0.84 µl of each primer in 10 µM, 0.15 µl of dNTP 40 mM, 0.2 µl 

of 0.5 Units/µl Taq DNA Polymerase (Supertherm), 1 µl of DNA template and was made 

up to a total volume of 25 µl with PCR grade water. Each reaction included a negative 

control to verify that there was no contamination during the preparation of the master mix. 
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a) Haliporoides triarthrus: PCR conditions for 16S were as follows: denaturation at 95oC 

for 5 minutes, followed by 35 cycles of a 30 second denaturation stage at 94oC, 30 second 

annealing set at 56.2oC and 60 second extension at 72oC and followed by final extension at 

72oC for 10 minutes. The PCR for COI was performed using the following  profile: 

denaturation at 95oC for 3 minutes, followed by 35 cycles of a 30 second denaturation stage 

at 94oC, 30 second annealing set at 52oC, and 90 second extension at 72oC and a final 

extension at 72oC for 5 minutes. The PCR cycles ended at 15oC, where after products were 

stored at 4oC in the freezer for further use. 

b) Metanephrops mozambicus: The reaction mixture for 16S was preceded by denaturation 

at 95oC for 5 minutes, followed by 35 cycles of a 30 second denaturation stage at 94oC, 30 

second annealing set at 53.7oC and 60 second extension at 72oC and followed by final 

extension at 72oC for 10 minutes. For the COI gene the PCR reactions were performed by 

denaturation at 95oC for 3 minutes, followed by 35 cycles of a 30 second denaturation stage 

at 94oC, 30 second annealing set at 55.4oC and followed by final extension at 72oC for 5 

minutes. After confirmation of PCR product using gel electrophoresis, the amplified 

fragments were sequenced at the Central Analytical Facility (CAF), Stellenbosch 

University. 

2.4 Data analysis 

The sequences were corrected manually, aligned and edited in Bioedit version 7.1.3 (Hall 

1999). For population analysis, sequences were exported from Bioedit to ClustalX 2.1 

(Larkin et al. 2007) and saved in file formats compatible to the software. The standard 

diversity indices, nucleotide and haplotype diversities were calculated in DnaSP program 

version 5.10.01 (Librado & Rozas 2009). A mismatch distribution (Harpending 1994) was 

calculated using DnaSP and 10000 permutations complemented by the raggedness index r 

(Harpending 1994; Rogers 1995) for the population growth model where post-hoc unimodal 

distributions imply that populations have undergone recent demographic expansion whereas 

multimodal distributions imply stable populations at long-term equilibrium (Froukh & 

Kochzius 2007; Xu et al. 2009b; Orsini et al. 2012). The software Arlequin version 3.5 

(Excoffier & Lischer 2010) was used to calculate a number of different indices. Tajima’s D 
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was used to compare estimates of the number of segregating sites and the mean pairwise 

difference between sequences (Tajima 1989) and Fu’s Fs test (based on Ewens’ sampling 

distribution and taking into account the number of different haplotypes in the sample) (Fu 

1997) was used to examine neutrality deviation of the marker, with 10000 permutations. 

The formula t =۲/2u was used to calculate approximate date of expansion (t): where tau (۲) = 

the index of time since expansion, u = the substitution rate per generation per sequence 

length (Rogers & Harpending 1992). The lack of calibrated mutation rates of H triarthrus 

and M. mozambicus led us to use mutation rates known for decapod crustaceans (Xu et al. 

2009b; Daniels 2011). Thus, for the COI gene, mutation rates range from 1.40% to 2.60% 

(Schubart et al. 1998; Projecto-Garcia et al. 2010), and an intermediate value of 2% 

(Daniels 2011) divergence per million years was chosen for this study. For the 16S gene, 

mutation rates range from 0.64% to 1.42% per million years (Schubart et al. 1998; Klaus et 

al. 2010), and 1.02% (Daniels 2011) was chosen. Spreadsheet tools developed by 

Schenekar & Weiss (2011) and applied for divergence rates (http://www.uni-

graz.at/zoowww/mismatchcalc/mmc1.php) were used to calculate demographic time of 

expansion for both species and genes. To further investigate the mismatch analysis the 

raggedness index r was examined (Harpending 1994); (Rogers 1995) where lower r values 

are expected under the population growth model. Gene flow (movement of genes between 

populations) is generally driven by larval dispersal and by migrations in benthic populations 

in the marine environment, and various parameters can be measured (Hellberg 2009; 

Allendorf et al. 2010; Ragionieri et al. 2010). Measuring and monitoring natural patterns of 

gene flow together with appropriate conservation measures can help to maintain viable 

populations (and metapopulations) in the face of changing environments and habitat 

fragmentation (Allendorf & Luikart 2007; Waples et al. 2008; Hickerson et al. 2010). 

Haplotype  ⁄ allele networks  are often more informative than phylogenetic strict consensus 

trees to display intraspecific DNA sequence variation, both maximum parsimony and 

network-building algorithms are not guaranteed to find all most parsimonious phylograms 

for a set of sequences (Mardulyn 2012). However, if the data contained many loops the 

median joining networks may not very informative (Bandelt et al. 1999). Phylogenetic 

http://www.uni-graz.at/zoowww/mismatchcalc/mmc1.php
http://www.uni-graz.at/zoowww/mismatchcalc/mmc1.php
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analyses among haplotypes were carried out using PAUP version 4.0 (Swofford 2002) and 

the following methods of phylogenetic inference; Neighbor Joining (NJ), Maximum 

Parsimony (MP) and Maximum Likelihood (ML). Bayesian analyses were constructed 

using Mr Bayes version 3.2.0 (Ronquist & Huelsenbeck 2003). Maximum-likelihood 

analysis was performed in GARLI program version 2.0 (Zwickl 2006). To visualize the 

above-mentioned phylogenetic tree, the software Treeview version 1.6.6 (Page 1996) was 

used. Out-group taxas sequences Penaeus monodon (AF217843.1), Marsupenaeus 

japonicus (AP006346.1), Litopenaeus stylirostris (EU517503.1), Nephropsis stewarti 

(U960861) and Cherax destructor (AY383557.2) were obtained from GenBank and added 

to the data set to root the molecular tree. To determine the best-fit model of DNA evolution, 

JModelTest version 2.2 (Posada 2008) was used. A haplotype network was constructed 

using Network program version 4.6.1.0 (Bandelt et al. 1999) for all individuals of each 

species. The genetic relationships among the haplotypes were inferred using the Median-

Joining Network analysis (Bandelt et al. 1999) with Network version 4.6.1.0 (www.fluxus-

engineering.com). The median-joining algorithm was used with the default parameters as 

recommended for multiple state data. Phylogeographical relationships among haplotypes 

were explored by haplotypic network analysis using the median-joining method, as 

implemented in NETWORK, version 4.6.1.0. For both NJ and MP analysis, the stability of 

the nodes was tested by 1000 bootstrap replicates. Median-Joining Networks (Bandelt, 

Forster & Röhl, 1995) were constructed using the software NETWORK, version 4.6.1.0 

(Shareware Phylogenetic Network Software Web site; http://www.fluxus-engineering.com/ 

sharenet.htm). The resulting network is a combination of minimum spanning trees, with 

median vectors (consensus sequences) added by a parsimony criterion (Roldán et al. 2009; 

Fernández et al. 2013). 

Analysis of Molecular Variance (AMOVA) was performed in GenAlEx version 6.5 

(Peakall & Smouse 2012) to investigate the genetic variation among region, and among and 

within populations. Both H. triarthrus and M. mozambicus are considered to be single or 

shared regional stocks across geopolitical boundaries, and in the present work, we set out to 

test whether stocks were genetically structured. To test this, AMOVA based on pairwise 

http://www.fluxus-engineering.com/
http://www.fluxus-engineering.com/
http://www.fluxus-engineering.com/
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differences was performed to determine the partitioning of genetic variance among 

sampling localities and among the regions defined by three a priori population groupings 

based on geopolitical boundaries. The variance components have been used to calculate a 

series of statistics called phi-statistics (Ф), which summarize the degree of differentiation 

between populations, as they are analogous to F-statistics (Excoffier et al. 1992).  

The AMOVA approaches were able to examine the genetic diversity in terms of 

distribution of variation (ФPT), amongst regions (ФRT) and populations within regions (ФPR) 

(Breinholt et al. 2009). Values close to zero were interpreted as little differentiation among 

populations, whilst values close to one were an indication of high differentiation (Alfaya et 

al. 2012; Gille 2012). According to (Wright 1978), ФPT values ranging from 0 to 0.05 are 

considered low, 0.05 to 0.15 moderate, 0.15 to 0.25 large and 0.25 to 1.0 very large (Norton 

& Ashley 2004; De Oliveira et al. 2007; Baye 2011). 
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Chapter Three 

3. Results 

      a) Haliporoides triarthrus 

3.1 Genetic diversity 

Most of the analysis for the two mitochondrial fragments 16S and COI were treated 

separately, but some were combined where appropriate. The final alignment of H. 

triarthrus using 16S rDNA obtained a fragment of 569 bp. From a total of 207 sequences 

59 segregating sites were detected of which 31 were parsimony-informative with 69 

haplotypes. Also, from the network, 43 haplotypes were considered missed or undetected 

haplotypes. Few haplotypes were shared among populations; between Bazaruto A and 

Durban haplotype two and haplotype four were shared (see Appendix I). Also, two 

haplotypes (haplotype 46 and haplotype 51) were exclusively shared between Madagascar 

sites, Morombe and Tulear and all others had unique haplotypes. The highest number of 

haplotypes were found in the Inhaca Area (22/69, 31.9%), and the lowest at Boa Paz (6/69, 

8.6%). The haplotype diversity (h) within populations was high and ranged from 0.667 to 

0.957 at Boa Paz and Inhaca sites. The lowest level of nucleotide diversity (π) was found at 

Bazaruto A, Boa Paz and Durban (0.002) and the highest at Inhaca 0.021 (Table 3.1). 
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Table 3.1  Haliporoides triarthrus genetic diversity for the 16S gene from six sampling sites in the 

SWIO. Sites are Bazaruto A (BA), Boa Paz (BP), Durban (DB), Inhaca (IA), Morombe (MM) and 

Tulear (TR). 

Statistics                                     BA        BP         DB         IA         MM        TR        Total 

Number of sequences, n:             40          40          40          27          30          30           207 

Number of segregating sites, S:    5            4            7          46          28          17             59 

Number of haplotypes, h              8             6            9          22          12          16             69 

Haplotype diversity, h:              0.765      0.667     0.755     0.957     0.844     0.862       0.946 

Nucleotide diversity, π:             0.002      0.002     0.002     0.021     0.008     0.006       0.010 

 

The mtDNA COI analysis revealed 151 sequences and 214 variable sites of which 128 were 

informative based on parsimony criteria, defining 78 haplotypes where 22 haplotypes were 

missed or undetected from the network haplotype. Most haplotypes were found at Inhaca 

(20/78, 25.6%) and Bazaruto A (19/78, 24.4%). There were no shared haplotypes among all 

populations (Appendix II). Total haplotype diversity was 0.956 and was lower among 

samples from Madagascar, Morombe (0.526) and Tulear (0.402). Nucleotide diversity 

within locations ranged from 0.001 to 0.019 (Table 3.2). 

Table 3.2  Haliporoides triarthrus genetic diversity for the COI gene from six sites in the SWIO. 

Sites are Bazaruto A (BA), Boa Paz (BP), Durban (DB), Inhaca (IA), Morombe (MM) and Tulear 

(TR). 

Statistics                                     BA        BP         DB         IA         MM        TR        Total 

Number of sequences, n:              27          22          27          25          23          27           151 

Number of segregating sites, S:   70          84          30          45         101           9           214 

Number of haplotypes, h              19            8          16          20             8           7              78 

Haplotype diversity, h:              0.917      0.602     0.892     0.973     0.526     0.402       0.956 

Nucleotide diversity, π:             0.019      0.016     0.005     0.012     0.014     0.001       0.043 
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3.2 Haplotype network  

The haplotype network shows few haplotypes shared among sites for 16S genes (Fig. 3.1). 

The most frequent haplotype occurred at Bazaruto A (35/207, 16.9%) followed by two 

common haplotypes at Boa Paz (17/207, 8.21% and 16/207, 7.73%). The majority of 

individual haplotypes (21) occurred at Inhaca. 

Bazaruto A         Boa Paz         Inhaca Durban        Tulear Morombe

 
Figure 3.1  Haplotype network for Haliporoides triarthrus among sampling sites from the SWIO 

for the 16S gene. Circles represent haplotypes. Circle diameter is proportional to frequency. The 

white colour wedges indicate the proportion of individuals from each sampling location with a 

given haplotype. Each line represents one mutational step, and the small red circles represent 

missing or undetected haplotypes.  

Conversely, for 16S genes few haplotypes are shared among sites. The haplotype network 

based on COI sequences distinguished clearly among haplotypes from the African 

continental shelf (Bazaruto A, Boa Paz, Inhaca and Durban), and those from Madagascar 
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(Morombe and Tulear) (Fig. 3.2). The haplotype network suggested that populations were 

relatively isolated. The two sites from Madagascar shared the most common haplotypes 

(Tulear; 21/151, 13.9%: and Morombe; 16/151, 10.6%). The majority of shared haplotypes 

in continental shelf populations was observed at Boa Paz (14/151, 9.27%). 

Bazaruto A          Boa Paz          Inhaca Durban        Tulear Morombe

 
Figure 3.2  Haplotype network for Haliporoides triarthrus among sampling six sites from the 

SWIO for the COI gene. Circles represent haplotypes. Circle diameter is proportional to frequency. 

The white colour wedges indicate the proportion of individuals from each sampling locations with a 

given haplotype. Each line represents one mutational step, and the small red circles represent 

missing or undetected haplotypes. 

3.3 Population structure 

The AMOVA was performed on three regions to generate Ф statistic based on prior 

expectations concerning spatial population differentiation. The regions were based on 

geopolitical boundaries (Mozambique, South Africa and Madagascar). The analysis showed 

evidence of strong population structure within each level of spatial sampling. Significant 
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ФPT values were elucidated for 16S (ФPT = 0.454, P< 0.001) and COI (ФPT = 0.663, P< 

0.001) indicating genetic differentiation among populations (Table 3.3). The results reflect 

differentiation among regions of 11% for 16S and 35% for COI. Further, this analysis 

revealed 55% differentiation for 16S and 34% for COI within populations (Fig. 3.3). 

Table 3.3  Estimation of fixation indices (Ф) and P - value for Haliporoides triarthrus. The indices 

represent correlation among region (ФRT), among population (ФPR) and within population (ФPT). 

Bold values are significantly different to zero at the 0.001 % level. 

Stat 16S COI 

ФRT 0.114 0.350 

ФPR 0.384 0.482 

ФPT 0.454 0.663 

 

 

Figure 3.3  Analysis of Molecular Variance within and among samples of Haliporoides triarthrus 

from three regions, Mozambique (BA+BP+IA), South Africa (DB) and Madagascar (MM and TR) 

using 16S (left) and COI (right). 

Pairwise comparisons of all sampling sites showed significant differences (P < 0.001) and 

for the 16S marker the highest values (0.632) occurred between Bazaruto A and Morombe 

and the lowest (0.251) between Inhaca and Durban (Table 3.4). For the COI marker, the 

highest values (0.762) occurred between Inhaca and Tulear and the lowest (0.244) between 

Madagascar sampling sites Tulear and Morombe. 
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Table 3.4  Pairwise (ФPT) values among sampling sites based on 16S gene (below diagonal) and 

COI gene (above diagonal) for Haliporoides triarthrus for each sampling site. All (ФPT) values are 

significant at P < 0.001. 

 Bazaruto A Boa Paz Inhaca Durban Morombe Tulear 

Bazaruto A - - - 0.572 0.579 0.526 0.591 0.640 

Boa Paz 0.565 - - - 0.397 0.585 0.704 0.759 

Inhaca 0.281 0.556 - - - 0.610 0.710 0.762 

Durban 0.308 0.354 0.251 - - - 0.657 0.713 

Morombe 0.632 0.532 0.625 0.393 - - - 0.244 

Tulear 0.529 0.388 0.529 0.301 0.365 - - - 

 

FST statistics were calculated for 16S and COI genes to estimate gene flow among 

populations (Table 3.5); both showed low levels of migration between populations (Nem < 

1). 

Table 3.5 Gene flow estimates for Haliporoides triarthrus from the FST parameter using 16S and 

COI genes. 

 16S                     COI 

Reference Statistics Gene flow    

(Nem) 

Statistics Gene flow f 

(Nem) 

Hudson et al. (1992) FST: 0.43682 0.32 FST: 0.77163 0.07 

3.4 Test of neutrality and mismatch distribution analyses 
The test statistic of selective neutrality (Tajima’s D and Fu’s) for all markers were negative, 

except for Tajima’s D of 16S gene in Bazaruto A site and Fu’s Fs of COI genes in Boa Paz 

and Morombe (Table 3.6). These results may imply natural selection or population 

expansion. For 16S gene, Tajima’s D test significant P(F) values were observed for 

Morombe and Fu’s test significant P (F) values were observed for Inhaca, Durban and 

Tulear. COI gene, for Tagima’s D test significant P(F) values were observed for Boa Paz, 

Durban, Morombe and Tulear and also for Fu’s test significant P(F) values were observed 
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for Inhaca, Durban and Tulear. Based on mismatch distribution analyses, the parameter 

Sum of Square Deviation (SSD) did not show significant differences between observed and 

expected distributions suggesting an expansion model, except for Boa Paz (16S and COI) 

and Morombe (COI)., The raggedness index also indicated that the observed mismatch 

distribution patterns did not significantly differ between observed and expected values 

supporting the ocurrence of recent population expansion (except for Boa Paz and Morombe 

for 16S). 

Table 3.6  Estimates of neutrality test Tajima’s D and Fu’s and mismatch distribution analyses, Sum 

of Squared Deviation (SSD) and raggedness index (r) of Haliporoides triarthrus for 16S and COI 

genes for each sampling site. 

 16S COI 

Sites D F SSD r D F SSD r 

Bazaruto A 0.059 -2.632 0.006 0.096 -1.201 -2.830 0.012 0.022 

Boa Paz -0.311 -1.902 0.040* 0.250*** -2.224** 4.185 0.356*** 0.076 

Inhaca -0.475 -7.729** 0.008 0.019 -1.327 -8.348** 0.004 0.008 

Durban -0.812 -3.880** 0.007 0.095 -2.193** -8.654*** 0.004 0.030 

Morombe -1.616* -1.994 0.043 0.139* -2.644*** 3.880 0.340*** 0.171 

Tulear -1.001 -8.062*** 0.016 0.050 -2.182** -4.120** 0.003 0.164 

Mean -0.693 -4.367 0.020 0.108 -1.962* -2.648 0.120 0.079 

Statistically significant values are in bold face 0.01< P < 0.05 (*), 0.001< P < 0.01 (**) and P < 0.001 (***) 

Figure 3.4 for H. triarthrus 16S (left panel) illustrates the unimodal mismatch distribution, 

suggesting a recent demographic expansion. Conversely the COI gene (right panel) 

demonstrates a multimodal distribution, generally a characteristic of population at 

demographic equilibrium. Nevertheless, these populations are not neccesarily stable, 

because the presence of two peak in the COI gene may suggest the presence of two distinct 

lineages.The coalescence estimate time of expansion was approximately 83 187 (64 542 - 

116 982) years (yr) for 16S and 132 992 (108 812 - 170 989) yr for COI after ajustment and 

assuming a mean generation time of 3 years.  
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Figure 3.4  Distributions of pairwise differences among sampling sites for 16S (left) and COI 

(right) genes of Haliporoides triarthrus in the SWIO.  

3.5 Phylogenetic analysis 

The program JModeltest identified the General Time Reversible with gamma distributed 

rate (GTR+G) model selected using the Akaike Information Criterion (AIC, Akaike 1974) 

as the best model of nucleotide substitution. This included a gamma distribution shape 

parameter of 1.206 and the following base frequencies: Adenine (A = 37%), Cytosine (C = 

21%), Guanine (G = 17%) and Thymine (T = 25%), showing an A-T bias typical for 

arthropods and mtDNA. Figure 3.5 shows the best fitting tree topology based on  Bayesian 

analysis (BY) for the 16S sequences; with posterior probability values (BY) and bootstrap 

values of two methods (MP/ML) are shown for the most branches from all analyses. The 

tree was estimated using ML in Garli version 2. Maximum Parsimony and Bayesian 

analyses failed to recover significant branch support.  
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Figure 3.5  Phylogenetic tree from Bayesian inferences reconstructed from mtDNA 16S sequences 

of Haliporoides triarthrus. Only values at or above 0.50 and 50% for posterior probability and 

bootstrap values, respectively, are reported.  Outgroups (Hap 56 and Hap 57) were for Penaeus 

monodon (AF217843.1) and Marsupenaeus japonicus (AP006346.1). 
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Using JModeltest, the best-fit (lowest AIC) evolutionary model for H. triarthrus COI was 

the Transversion Parameter Model 3 with unequal frequencies and rate variation among 

sites (TPM3uf + G). The gamma distribution shape parameter was 4.766 and base 

frequencies were: A = 27%, C = 24%, G = 13% and T = 36%. An A-T bias was evident. 

Figure 3.6 shows the BY tree for the COI sequences with posterior probability values (BY) 

and bootstrap values of two methods (MP/ML) are shown for the most branches from all 

analyses. The strong differentiation and bootstrap-supported values suggested two distinct 

lineages, one from the Madagascar sites and the other from the African continental shelf 

sites. The two best supported lineages are separated by a sequence divergence of 

aproximately 2%.  
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Figure 3.6  Phylogenetic tree from Bayesian inferences reconstructed from mtDNA COI sequences 

of Haliporoides triarthrus. Only values at or above 0.50 and 50% for posterior probability and 

bootstrap values respectively, are reported. Outgroups (Hap 77 and Hap 78) were for Litopenaeus 

stylirostris (EU517503.1) and Penaeus monodon (AF217843.1). 
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b) Metanephrops mozambicus 

3.6 Genetic diversity 

The fragment of 569 bp out of 218 aligned sequences of M. mozambicus using 16S rDNA 

revealed 112 haplotypes defined by 114 polymorphic sites, of which 62 were parsimony-

informative. Also, from the network, 52 haplotypes were considered missed or undetected 

haplotypes. Most haplotypes were unique, and few were shared among sites (Appendix III). 

M. mozambicus exhibited high haplotype diversity at Boa Paz (0.982, range 0.871 - 0.985; 

Table 3.7). The lowest levels of nucleotide diversity were at Morombe (π = 0.005) and the 

highest at Durban (π = 0.020). 

Table 3.7 Metanephrops mozambicus genetic diversity for the 16S gene from six sampling sites in 

the SWIO. Sites are Bazaruto A (BA), Boa Paz (BP), Durban (DB), Inhaca (IA), Morombe (MM) 

and Tulear (TR). 

Statistics                                     BA         BP         DB          IA        MM        TR        Total 

Number of sequences, n:             40           40          38           40         30          30           218 

Number of segregating sites, S:   22           49          46          58         25          19           114 

Number of haplotypes, h             24           30          28          16         16          14           112 

Haplotype diversity, h:              0.940      0.985     0.970     0.871    0.917     0.880       0.982 

Nucleotide diversity, π:             0.006      0.013     0.020     0.009    0.005     0.008       0.014 

 

The mtDNA sequences of approximately 1300 bp of COI gene were amplified and 161 

sequences obtained. Of a total of 194 segregating sites, 92 were parsimony-informative and 

127 were distinct haplotypes (Table 3.8). However, 71 haplotypes were missed or 

undetected from the network haplotype. There were no shared haplotypes among all 

populations (Appendix IV). Total haplotype diversity (h) was 0.993 (0.938 to 0.995) and 

the total nucleotide diversity (π) within locations was 0.017 (0.007 - 0.018). 
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Table 3.8 Metanephrops mozambicus genetic diversity for the COI gene from six sites in the SWIO. 

Sites are Bazaruto A (BA), Boa Paz (BP), Durban (DB), Inhaca (IA), Morombe (MM) and Tulear 

(TR). 

Statistics                                     BA          BP         DB          IA        MM        TR        Total 

Number of sequences, n:             18           37          21           35         20          30           161 

Number of segregating sites, S:  34           65          79          103        39          38           194 

Number of haplotypes, h             17           28          16           23         19          24           127 

Haplotype diversity, h:              0.993      0.944     0.967     0.938     0.995      0.979      0.993 

Nucleotide diversity, π:             0.010      0.012     0.018     0.016     0.008      0.007      0.017 

 

      3.7 Haplotype network  
The mtDNA haplotype network for M. mozambicus was unclear for 16S (Fig. 3.7), with 

haplotypes shared among sites. Few haplotypes were shared among sampling sites and 

geographical partitioning of genetic diversity was uninformative. The two most common 

haplotypes were found at Inhaca and Morombe, with (14/217, 6.42%) each. Most unique 

haplotypes occurred at Durban (22 individuals). The rest of haplotypes were distributed in 

the network among each population, connected by a few mutational steps. 
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Bazaruto A         Boa Paz         Inhaca Durban         Tulear Morombe

 
Figure 3.7 Median-joining networks for Metanephrops mozambicus haplotypes from six sites in the 

SWIO for the 16S gene. Circles represent haplotypes. Diameter is proportional to frequency. The 

white colour wedges indicate the proportion of individuals from each sampling locations with a 

given haplotype. Each line represents one mutational step, and the small red circles represent 

missing or undetected haplotypes. 

The haplotype network for the COI marker showed separate populations, except at 

Morombe, where some haplotypes from the continental shelf populations at Durban (two) 

and Bazaruto A (two) were present (Fig. 3.8). The most common haplotypes were 

encountered at Boa Paz (9/161, 5.59%) and Inhaca (8/161, 4.97%). 
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Bazaruto A         Boa Paz          Inhaca Durban           Tulear Morombe

 
Figure 3.8 Median-joining networks for Metanephrops mozambicus haplotypes from six sites in the 

SWIO for the COI gene. Circles represent haplotypes. Diameter is proportional to frequency. The 

white colour wedges indicate the proportion of individuals from each sampling locations with a 

given haplotype. Each line represents one mutational step, and the small red circles represent 

missing or undetected haplotypes. 

3.7 Population structure 

The AMOVA was performed on three regions to generate Ф statistic based on prior 

expectations concerning spatial population differentiation. These regions were based on 

geopolitical boundaries (Mozambique, South Africa and Madagascar). AMOVA was 

conducted at all hierarchal levels (among regions, among populations and within 

populations). No differentiation among regions (Mozambique, South Africa and 

Madagascar) could be found using the 16S gene, although the COI gene indicated 14% 

differentiation among regions. The average ФPT values, 0.371 (16S) and 0.490 (COI) were 
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highly significant (P< 0.001) suggesting strong genetic variation between populations 

(Table 3.9). Haplotypes frequencies revealed that 61% (16S) and 51% (COI) of the genetic 

variation occurred within populations, and that 39% (16S) and 35% (COI) occurred among 

populations (Fig. 3.9). 

Table 3.9 Estimation of fixation indices (Ф) and P - value for Metanephrops mozambicus 

populations. The indices represent correlation among region (ФRT), among population (ФPR) and 

within population (ФPT). Bold values are significantly different to zero at the 0.001% level. 

Stat 16S COI 

ФRT -0.032 0.143 

ФPR 0.390 0.405 

ФPT 0.371 0.490 

 

 
Figure 3.9 Analysis of Molecular Variance within and among samples of Metanephrops 

mozambicus from three regions, Mozambique (BA+BP+IA), South Africa (DB) and Madagascar 

(MM and TR) using 16S (left) and COI (right). 

Pairwise comparisons showed significant differences (P < 0.001) among sampling sites 

(Table 3.10).  The highest value for the 16S marker (0.548) was between Morombe and 

Bazaruto A and the lowest (0.156) between Tulear and Inhaca. For COI, the highest value 

(0.599) occurred between Boa Paz and Tulear whilst the lowest (0.208) was between 

Inhaca and Durban. 
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Table 3.10 Pairwises (ФPT) values among sampling sites based on 16S gene (below diagonal) and 

COI gene (above diagonal) for Metanephrops mozambicus for each sampling site. All (ФPT) values 

are significant at P < 0.001. 

 Bazaruto A Boa Paz Inhaca Durban Morombe Tulear 

Bazaruto A    - - - 0.569 0.431 0.488 0.387 0.443 

Boa Paz   0.440 - - - 0.326 0.473 0.583 0.599 

Inhaca   0.396 0.350 - - - 0.208 0.432 0.488 

Durban   0.507 0.277 0.331 - - - 0.502 0.547 

Morombe   0.548 0.334 0.302 0.373 - - - 0.354 

Tulear   0.479 0.386 0.156 0.313 0.290 - - - 

 

Estimates of the expansion time for M. mozambicus populations ranged from 36 189 to 65 

593 yr ago (16S) and 97 867 to 153 791 yr ago (COI). Figure 3.10 illustrates the unimodal 

mismatch distributions, which suggests that populations have undergone recent 

demographic expansion. 
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Figure 3.10 Distributions of pairwise differences among sampling sites in the 16S (left) and COI 

(right) genes of Metanephrops mozambicus in the South West Indian Ocean. 

To complement our study, the migration rate was estimated to test for gene flow among 

sites. The FST statistics test showed low rates of migration (Nem < 1) (Table 3.11). 
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Table 3.11 Gene flow estimates from FST parameter for Metanephrops mozambicus for 16S and 

COI genes. 

 16S                     COI  

Reference Statistics Gene flow    

(Nem) 

Statistics Gene flow f 

(Nem) 

 

Hudson et al. (1992) FST: 0.30187 0.58 FST: 0.32832 0.51  

 

     3.9 Analysis of historical  demography 
The tests of selective neutrality (Tajima’s D and Fu’s Fs) among populations were negative 

(not all the values were signficant), except for Tajima’s D of 16S gene in Durban and Tulear 

and Fu’s Fs in Inhaca. Also the P- values were not significant for the COI gene in Bazaruto 

and Durban for Tajima’s D and Fu’s Fs. These results indicate a possibility of a natural 

selection or expansion of populations. Moreover, the Sum of Square Deviation and 

raggedness index from mismatch distribution patterns did not show significant differences 

P- value between the observed and expected distributions, implying a population historical 

event (except SSD for COI gene in Boa Paz and Durban) (Table 3.12). 

Table 3.12 Summary statistic of Tajima’s D and Fu’s Fs tests and mismatch distribution analyses; 

Sum of Squared Deviation (SSD) and raggedness index (r) of Metanephrops mozambicus for 16S 

and COI genes for each sampling site. 

 16S COI 

Sites    D      F SSD r     D F SSD r 

Bazaruto A -1.564* -20.820*** 0.004 0.046 -1.087 -9.802*** 0.006 0.018 

Boa Paz -1.600* -19.651*** 0.002 0.013 -1.537* -12.532** 0.534*** 0.011 

Inhaca -2.387*** -3.300 0.002 0.042 -1.996** -4.250** 0.026 0.020 

Durban -0.351 -10.777** 0.004 0.007 -1.591* -2.139 0.302*** 0.033 

Morombe -2.110** -9.540*** 0.014 0.095 -1.754* -13.657*** 0.005 0.024 

Tulear -0.809 -4.130* 0.021 0.061 -1.787* -17.754*** 0.002 0.016 

Mean -1.469 -11.370* 0.008 0.044 -1.625* -10.022* 0.146 0.020 

Statistically significant values are in bold face 0.01< P < 0.05 (*), 0.001< P < 0.01 (**) and P < 0.001 (***). 
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     3.10 Phylogenetic analysis 

Using the Jmodeltest programme, a Transversion Model with a gamma distributed rate 

(TVM+G) was selected (lowest AIC). The gamma distribution shape parameter was 1.0670 

and base frequencies were A-T rich: Adenine (A = 32%), Cytosine (C = 17%), Guanine (G 

= 16) and Thymine (T= 35%). Figure 3.11 shows the best fitting tree topology based on  

Maximum-Likelihood analysis (ML) for the 16S sequences; with posterior probability 

values (BY) and bootstrap values of two methods (MP/ML). Bootstrap values below 50% 

are not shown. The tree was estimated using ML in Garli version 2.  
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Figure 3.11 Phylogenetic tree from Neighbour-joining reconstructed from mtDNA 16S sequences 

of Metanephrops mozambicus. Only values at or above 0.50 and 50% for posterior probability and 

bootstrap values, respectively, are reported. The outgroup (Hap 88) was for Nephropsis stewarti 

(U960861). 
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The best-fit evolutionary model for M. mozambicus using the COI marker was the 

Symmetrical Model characterized by equal base frequencies, and a symmetrical substitution 

matrix with rate variation among sites (SYM + G, Zharkikh, 1994) (Jmodeltest, lowest 

AIC). Nucleotides had a gamma distribution shape parameter of 1.9680 and the following 

substitution rates: A-C = 0.6187, A-G = 2.0245, A-T = 0.6982, C-G = 0.6456, C-T = 1.6266 

and G-T = 1.000. Figure 3.12 shows the M. mozambicus Neighbour-joining tree for the COI 

gene. 
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Figure 3.12 Neighbour-joining phylogenetic tree reconstructed from mtDNA COI sequences of 

Metanephrops mozambicus. Only values at or above 0.50 and 50% for posterior probability and 

bootstrap values, respectively, are reported. The outgroup (Hap 122) was for Cherax destructor 

AY383557.2. 
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Chapter IV  

4. Discussion 

4.1 General 

The mtDNA control region was used to examine genetic variability and metapopulation 

structure in the deep-water prawn Haliporoides triarthrus and langoustine Metanephrops 

mozambicus collected from six sites in the South West Indian Ocean (SWIO) region. To the 

best of our knowledge, this is the first reported work to assess the genetic population 

structure of H. triarthrus and M. mozambicus. The genetic diversity of the two mtDNA 

fragment sequenced (16S and COI) was moderately high compared to other deep-water 

crustaceans such as Aristeus antennatus (Roldán et al. 2009; Sardà et al. 2010; Cannas et 

al. 2011; Fernández et al. 2011a); Aristaeomorpha foliacea (Fernández et al. 2011b; Sacco 

2011; Fernández et al. 2012); and spiny lobsters Palinurus gilchristi (Tolley et al. 2005), P. 

delagoae (Gopal et al. 2006), Jasus paulensis and J. tristani (Groeneveld et al. 2012). 

Comparing both data sets, from genetic diversity the total haplotype for  H. triarthrus were 

slightly different 0.946 for 16S and 0.956 for COI whilst the nucleotide diversity were 

significantly different with 0.010 for 16S and 0.043 for COI. The total haplotype diversity 

for M. mozambicus were slightly different 0.982 for 16S and 0.993 for COI and the 

nucleotide diversity were moderately different 0.014 for 16S and 0.017 COI. However, the 

haplotype network reveled 43 (16S) and 22 (COI) missed or undetected haplotypes for H. 

triarthrus. Conversely, 52 (16S) and 71 (COI) missed or undetected haploypes for M. 

mozambicus.  Also, COI is more useful in phylogenetic reconstruction for H. triarthrus and 

M. mozambicus compared with 16S. A sensible approach for tackling this problem was to 

use an appropriate nucleotide substitution model of evolution that incorporates multiple 

mutations at the same site for each gene, and to correct the observed distance for the 

multiple hits. The 16S gene was more conservative than the COI for both species as 

demonstrated by the polymorphism data and haplotype networks, although not significantly 

different. 
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Mismatch distribution analysis was used to calculate the frequency distribution of pairwise 

differences between sequences. Two different scenarios may be inferred from this analysis: 

a unimodal distribution characteristic of populations which have experienced a recent 

demographic expansion; otherwise unimodal distributions are formed by the accumulation 

of mutations with minimal lineage loss and indicate recent population expansion, whereas 

multimodal distributions are typically formed by mutations in demographic equilibrium 

with stochastic lineage loss and indicate the population has been constant in size (Cassone 

& Boulding 2006; Silva et al. 2010b; Shih et al. 2011). Our results demonstrated that, for 

both species, 16S and COI comprised a unimodal mismatch distribution (Fig. 3.8 and 3.12). 

This finding of a significant difference between the observed and expected distributions, is 

a possible consequence of recent demographic expansions. In most cases, Tajima’s D and 

Fu’s analyses resulted in significant negative values, supporting recent population 

expansions. 

Expansion time for both species and markers ranged from 39 189 to 170 989 years which 

can be interpreted as a recent expansion after the Last Glacial Maximum at the end of the 

Pleistocene (Sotelo et al. 2009; Daniels 2011; Pulgarin & Burg 2012; Van der Plas et al. 

2012). The study revealed previously unknown population history: the occurrence of two 

distinct lineages with apparently separate evolutionary trajectories followed by mixing and 

population expansion around the time of the Last Glacial Maximum (LGM). In other spiny 

lobsters of the Indian Ocean, genetic analysis detected signatures of population expansion 

potentially related to the Last Glacial Maximum (LGM) that could be attributed to 

colonizing of newly available habitat as glaciers melted and flooded previously terrestrial 

areas (Palinurus delagoae; Gopal et al. 2006, later split into P. delagoae and P. barbarae, 

Groeneveld et al. 2006). Analysis of P. gilchristi in South Africa suggested that current 

panmixia and levels of genetic diversity might be linked not only to ongoing larval 

dispersal, but also to recent expansion related to the LGM (Tolley et al. 2005). Many 

marine species were affected directly in their population distribution, diversity and 

demographic expansions as a consequence of the sea level and temperature fluctuations 
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during the Pleistocene-era (Peters et al. 2005; Li et al. 2009; Huang & Lin 2011; Shen et al. 

2011; Van de Putte et al. 2012). Clemens et al. (1996) mentioned that during the 

Pleistocene, the Indian Monsoon winds changed intensity and phase with repercussions to 

the oceanic circulation in the Western Indian Ocean (Rai & Srinivasan 1994; Gupta & 

Thomas 1999; Ragionieri et al. 2010; Vogler et al. 2012). The effect of the sea level 

fluctuations during Pleistocene events appears to have completely interrupted gene flow of 

several marine taxa between the African mainland and Western Indian Ocean Islands 

(Daniels et al. 2002; Ragionieri et al. 2009; Daniels 2011). This may also have been the 

case for H. triarthrus and M. mozambicus. 

Over a period of 20 years of deep-water trawl fishing in South Africa, the  nominal catch 

rate (or catch-per-unit-effort, CPUE) of both H. triarthrus and M. mozambicus have 

remained relatively stable, with some increases measured since 2002 (Groeneveld 2012; 

Robey 2013) (Fig. 4.1). Off Mozambique, total catches of deep-water crustaceans have 

declined since the early 1990’s but CPUE has increased, in concert with lower fishing 

effort (Groeneveld 2012). It remains unclear whether increases in CPUE are as a result of 

higher abundance, or of improvements in fishing gear and technology. 

Effective population size can further impact on retention of genetic diversity which 

depends on high rates of multiple paternities thus increasing the reproductive rate (Harun 

2013). Many features such as small population size, population which are slow to grow or 

are established in isolated regions can lead to a reduction in genetic diversity (Gregory et 

al. 2012).  However, in the present study there appears to be large the haplotype and 

moderate nucleotide diversity.  
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Figure 4.1 Annual distributions of CPUE per species by tons/day from 1990 to 2010 for South 

African trawl grounds (from Groeneveld 2012). 

4.1 Haliporoides triarthrus 

For H. triarthrus, 69 and 78 mtDNA haplotypes were recovered from the 16S and COI 

regions respectively, from six sampling sites (Table 3.1 and 3.2). The haplotypic diversity 

was (0.946 for 16S and 0.956 for COI) and nucleotide diversity (0.010 for 16S and 0.043 

for COI). Similarly, an analysis of A. antennatus based on 16S sequences by (Fernández et 

al. 2011a) found 65 haplotypes from 506 individuals, with  high haplotype diversity (0.259 

- 0.666) and nucleotide diversity (0.0005 - 0.0017). The COI gene of A. antennatus 

demonstrated a congruent range for haplotype (0.378 - 0.978) and nucleotide diversity 

(0.0019 - 0.0072) (Fernández et al. 2013). These ranges are higher than for some other 

deep-water prawns, such as A. foliacea  (Fernández et al. 2012): in this species the COI 

haplotype and nucleotide diversity ranged from 0.511 to 0.990 and 0.0011 to 0.0058, 

respectively. Therefore, H. triarthrus appear to have higher genetic diversity than many 

others deep-water prawn. 
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Analysis of Molecular Variance (AMOVA) revealed significant (P < 0.001) genetic 

differences among three regions (Mozambique, South Africa and Madagascar countries) 

(ФRT = 0.114 for 16S; 0.350 for COI), among populations (ФPR = 0.384; 0.482), as well as 

within populations sampled (ФPT = 0.454; 0.663) (Fig. 3.1; Table 3.4). Furthermore, the test 

showed genetic differentiation among populations of 34% for 16S and 31% for COI, 

respectively. A consistent genetic differentiation among populations of spiny lobster 

Palinurus delagoae from the Indian Ocean was shown by Gopal et al. (2006) based on 

COI. Most studies have been done in shallow water species, Gopurenko et al. (1999) used 

mtDNA control region sequences to show genetic differentiation among populations of 

mangrove crab Scylla serrata from the Red Sea, Mauritius and South Africa. 

The genetic structure observed among H. triarthrus populations is most likely maintained 

by dynamic larval dispersal processes and pathways, formed by ocean currents, counter-

currents and eddy systems in the Mozambique Channel and upper Agulhas Current along 

SWIO region. These water movements can either disperse larvae over long distances (see 

von der Heyden et al. 2008; Groeneveld et al. 2012), or return / retain them near their 

origin (see Chiswell & Booth 1999). Paula et al. (2001) suggested that eddy systems 

contribute to the retention of  brachyuran larvae and restrict offshore dispersal, 

consequently preventing gene flow between southern and northern Mozambique. The gyre 

systems present along the Mozambique Channel can probably return drifting larvae of H. 

triarthrus to their origin, depending on larval behavior and duration of larval existence. 

This would be consistent with suggestions that a combination of life history attributes and 

behavior of larvae allow them to return a natal site in these systems (Sponaugle et al. 2002; 

Gopal 2007; Tilburg et al. 2012). 

(Goetze 2011) reported genetic structure among populations of copepod Pleuromomma 

xiphias of the central and western Indian Ocean. (Silva et al. 2010b) studying crab Uca 

annulipes using control region mtDNA found no common haplotypes between southern and 

northern Mozambique. Therefore, recirculation within large-scale ocean features (such as 

subtropical gyres) may contribute to the retention of larvae and restrict offshore dispersal, 

as shown for various taxa with drifting larvae (Paula et al. 2001; Goetze 2011; Madeira et 
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al. 2012). Conversely, some deep-water crustaceans in the Mozambique Channel and 

Agulhas Current systems have shown panmixia across long stretches of coastline, for 

example deep-water lobsters Palinurus gilchristi (Tolley et al. 2005) and Palinurus 

delagoae (Gopal et al. 2006). In the present study, populations of H. triarthrus appeared to 

be completely separated from each other and characterized by no shared haplotypes 

(despite few shared haplotypes from the 16S gene) and low levels of migration, indicating 

reduced gene flow. It therefore appears that larvae of this deep-water species do not 

disperse widely, as is the case for deep-water lobsters (Tolley et al. 2005; Gopal et al. 

2006), but that they rather remain, or are returned to natal sites. 

Phylogenetic results show two distinct lineages/clades, which are supported by 100% 

bootstrap in Maximum Parsimony and Maximum Likelihood methods and 1.00 posterior 

probability values in Bayesian inference (Fig. 3.10). The first clade includes populations 

from Mozambique and South Africa (continental shelf) and the second clade includes 

Tulear and Morombe (Madagascar). These two clades differ by approximately 2% 

sequences divergence, suggesting that two sister species occur in the SWIO region, one 

along the African continental shelf, and the other along the west coast of Madagascar. 

Nucleotide sequence divergence permits one to ascertain the level of divergence  between 

taxa (Hebert et al. 2003). Previous barcoding studies have indicated that interspecific 

divergences of only 2–3% should be sufficient for distinguishing invertebrate species 

(Naro-Maciel et al. 2011). A divergence of 2% per million years is the generally  accepted 

rate of DNA divergence between lineages in the mtDNA gene (Hebert et al. 2004). The 

general consensus concerning approximately 2% sequence divergence has been used to 

delineate species but these estimates may increase for some species such as butterflies  

(3.6%) or decrease in others (Tsao & Yeh 2008). Nevertheless, levels of genetic 

differentiation between recognized different species of Penaeus ranged from 0.7% to 

20.2% (Lavery et al. 2004). In the present study, nucleotide sequence divergence was 

approximately 2% when a General Time Reversible (Tavaré 1986) model was applied to 

the data set (Fig 3.10). This result supports earlier studies that recognized at least two 

subspecies from the region, H. triarthrus triarthrus from South Africa and Mozambique 
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and H. triarthrus vniroi from Madagascar and Mozambique (Kensley et al. 1987; Pérez-

Farfante & Kensley 1997; De Grave & Fransen 2011). Haliporoides triarthrus vniroi was 

previously recognized from Madagascar by Crosnier and Jouannic (1973) and Crosnier 

(1978). A subspecies of the Indo West-Pacific congeneric, Haliporoides sibogae (H. 

sibogae madagascariensis) is also recognized from Madagascar (Crosnier 1978). Although 

the present genetic analysis supports the existence of the two subspecies in the region, it 

restricts their distribution ranges to the African continental shelf (presumably H. triarthrus 

triarthrus) and western Madagascar (H. triarthrus vniroi), respectively. This differs from 

earlier studies, where H. triarthrus vniroi apparently occurred along the coast of 

Mozambique as well. The earlier studies were, however, based on morphological 

differences between the two subspecies, which are difficult to distinguish during field 

sampling (see Kensley et al. 1987). 

Gopal et al. (2006) suggested that larvae of deep-water spiny lobster Palinurus delagoae 

originating from the African shelf are unlikely to cross the Mozambique Channel to 

Madagascar, because they will be swept southwestwards along the African Coast by the 

Agulhas Current. Whether H. triarthrus larvae can cross the channel from Madagascar to 

the African shelf in anti-cyclonic eddies spinning off the East Madagascar Current around 

the southern tip of the island is yet unclear, and the subject of another study. Nevertheless, 

it is clear that oceanographic barriers and geological features can limit gene flow, and that 

in some cases ocean currents can isolate populations, rather than facilitate wide dispersal. 

Separation by ocean currents (i.e. the Mozambique Channel model) fits the data well, 

especially considering that haplotypes are not shared within these two clades, and that there 

is little evidence of connectivity. 

The results showed that the African continental shelf population is genetically structured 

(few shared haplotypes), with little overlap between populations at neighbouring sites, even 

when they are relatively close to each other (a few hundred km). Few exceptions of shared 

haplotypes among populations along the African coast were observed (i.e. two 16S 

haplotypes were shared between Bazaruto A and Durban; two haplotypes were also 

common to Boa Paz and Bazaruto A; one haplotype shared between Inhaca and Durban). In 
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Madagascar, a haplotype common to Tulear also occurred at Morombe. Rates of mutation 

or deletion in this haplotype (individual) could be the reason for the mismatch. It is also 

possible that these exceptions were the result of mislabeling in the laboratory work, 

sequencing and data arrangement or post-processing stages of molecular analysis. 

The large oceanic gyres derived from the Mozambique Channel in the WIO, are the most 

likely physical mechanisms that could act as barriers reducing dispersal for marine 

organisms  (Madeira et al. 2012), and are thought to be key to speciation in other genera 

(i.e. Palinurus;  Groeneveld et al. 2007). In this region abundant eddy recirculation occurs 

on a large-scale (Paula et al. 2001), characterized by nutrient richness (Luschi et al. 2006), 

and these could prevent gene flow between northern and southern regions. Chiswell and 

Booth (1999) and Matthee et al. (2007) have demonstrated that oceanic process such as 

eddies can return Jasus phyllosoma larvae to their coastal habitats after being dispersed far 

offshore. Groeneveld et al. (2007) has suggested that female deep-water lobster Palinurus 

delagoae females off Mozambique and eastern South Africa migrate shallower, out of the 

strongest currents, to release larvae. Furthermore, to retain populations in areas with strong 

currents, juveniles undertaking counter-current migrations, to upstream reproductive areas 

(Groeneveld 2002; Groeneveld & Branch 2002). Similar processes may also be at work in 

H. triarthrus, which inhabits the same depth range geographical area as P. delagoae. In this 

model, larval retention in eddies through a combination of life-history attributes and 

behaviour will eventually give rise to genetic partitioning among populations. 

The present analysis suggests that H. triarthrus populations underwent a recent 

demographic expansion. Sardà et al. (2010) reported a similar expansion for deep-water 

shrimp A. antennatus in the Western Mediterranean (16S control region). Tolley et al. 

(2005) and Gopal et al. (2006) found similar demographic expansions in two deep-water 

lobster species, on the Agulhas Bank and in the Mozambique Channel, respectively. Likely 

recent demographic expansion of shallower water taxa, Uca annulipes (Silva et al. 2010b), 

Perisesarma guttatum (Silva et al. 2010a) and Cerithidea decollate (Madeira et al. 2012) 

between southern and northern Mozambique were suggested by the above mentioned 
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author when they found both Tajima’s D and Fu’s Fs tests were negative and statistically 

significant. These tests showed similar results in the present analysis. 

Population expansion dates of H. triarthrus was estimated as  64 542 - 116 982 yr ago 

(16S) and 108 812 - 170 989 yr ago (COI). The estimates (64 542 - 170 989 yr ago) 

suggests that expansions occurred during the late Pleistocene (Xu et al. 2009a; Silva et al. 

2010b; Duda et al. 2012), during a period of successive glaciations and sea-level changes. 

Similar results were obtained from other crustaceans taxa. Black tiger shrimp, Penaeus 

monodon began to expand around 19 527 - 164 705 yr ago (Waqairatu et al. 2012); kuruma 

shrimp P. japonicus expansions date from  75 669 - 129 052 yr (Shih et al. 2011); and 

fiddler crab U. annulipes expansions date from 15 000 to 275 000 yr (Silva et al. 2010b). 

Our results could be interpreted in a similar fashion, highlighting the recent demographic 

population expansion for H. triarthrus occurring since the late Pleistocene. The high 

genetic diversity, closely related haplotypes, and occurrence of two distinct lineages 

detected in this analysis were consistent with a history of isolation in two glacial refugia 

followed by population expansion and mixing around the time of the Last Glacial 

Maximum. The range in estimated time since expansion was wide, given uncertainty in 

mutation rates (Tolley et al. 2005; Gopal et al. 2006; Palero et al. 2008). 

4.1 Metanephrops mozambicus 

This study showed high levels of genetic diversity measured by haplotype (0.982 for 16S 

and 0.993 for COI) and nucleotide diversity (0.014 for 16S and 0.017 for COI) in 

populations of M. mozambicus. These levels were similar to those described in other 

crustaceans, for instance, an analysis based on COI of spiny lobster Palinurus delagoae 

found range for haplotype diversity (0.957 - 0.999) and nucleotide diversity (0.006 - 0.009) 

(Gopal et al. 2006); and deep-water spiny lobster P. gilchristi haplotype diversity ranged 

between (0.843 - 0.896) and nucleotide diversity (0.0038 - 0.0045) (Tolley et al. 2005). The 

high diversity in some marine species are indicative of either a long stable evolutionary 

history or secondary contact among differentiated lineages (Grant & Bowen 1998; Bayl et 

al. 2003). 
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Many factors such as historical events, anthropogenic activities, complex interaction of 

biology and geography, and low rates of mitochondrial evolution can influence genetic 

diversity and variability (Grant et al. 2006; Xiao et al. 2009; Shih et al. 2011; Xu et al. 

2012). Our analysis of DNA sequences shows that the highest levels of genetic variation 

are within populations (61% for 16S and 51% for COI). The values of ФPT (0.371 and 

0.490) and high and significant pairwise ФST values between sampling sites is indicative of 

genetic differentiation within populations. Furthermore, the results show that few 

haplotypes are shared between populations at the different sampling, suggesting that 

effective gene flow between these locations is restricted. The ФPT statistics and haplotype 

networks suggest that these populations are genetically distinct and appear historically 

separated from each other. In addition, all pairwise estimates of ФPT were closer to one than 

zero, which may be considered an indication of isolation of populations (Holsinger & Weir 

2009). Life-history patterns and pelagic larval duration are considered two of the many 

factors which result in population genetic structuring for marine organisms in southern 

Mozambique and South Africa (Evans et al. 2004; Teske et al. 2007). 

The large negative Tajima’s D and Fu’s Fs values (1997) and the unimodal mismatch 

distribution observed in our study support the occurrence of recent population expansion in 

M. mozambicus. The expansion was dated at approximately 46 644 (36 189 - 65 593) yr 

ago for 16S and 119 615 (97 867 - 153 719) yr for COI, depending on the mutation rate and 

generation time assumed. Related mtDNA studies on other crustaceans species in 

Mozambique and South Africa have suggested similar recent population expansions (Tolley 

et al. 2005; Gopal et al. 2006; Neethling et al. 2008). Expansion of lobster Jasus paulensis 

populations among SWIO and South Atlantic islands and seamounts started between 14 

000 - 118 000 yr ago (Groeneveld et al. 2012); J. tristani expansions at Tristan da Cunha 

archipelago in the South Atlantic between 12 000 - 99 000 yr ago (von der Heyden et al. 

2007); deep-water spiny lobster P. gilchristi ranged between 5 300 - 10 600 yr ago (Tolley 

et al. 2005) and P. delagoae ranged between 9 000 - 40 000 yr ago (Gopal et al. 2006). It is 

likely during this time that M. mozambicus populations lost their habitats after sea level rise 

and recolonization of new area. Recently similar result has been reported in North-east 
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Atlantic a recent population expansion of Nephrops norvegicus occurred after the last 

glacial maximum (LGM) during Pleistocene era (Harun 2013). 

Population structure has been reported for shallow water crustaceans such as the mud crab 

Scylla serrata (Gopurenko 2002); (Fratini & Vannini 2002); mussels of Perna perna and 

Mytilus galloprovincialis (Zardi et al. 2007); estuarine prawn Callianassa kraussi (Teske et 

al. 2009b) and mangrove crab Perisesarma gluttatum (Silva et al. 2010a). The physical / 

oceanographic mechanisms driving larval dispersal and thus genetic population structure is 

likely to differ greatly among coastal (shallow-water) and offshore (deep-water) benthic 

taxa. 

Mitochondrial DNA analysis of deep-water spiny lobster P. delagoae in the SWIO showed 

a shallow genetic partitioning between populations off southern Mozambique and those off 

eastern South Africa (Gopal et al. 2006). This partitioning supported earlier morphological 

studies that suggested the occurrence of two populations along the southeast African coast 

(Berry & Plante 1973). The boundary between the two populations is consistent with the 

interface between the Mozambique Channel eddies and the upper Agulhas Current, in the 

vicinity of northern KwaZulu-Natal (South Africa) and southern Mozambique. Although 

some larvae doubtlessly disperse across this interface, others may be retained in the slow-

moving anti-cyclonic eddies moving southwards along the Mozambique shelf-edge. In this 

case, the genetic partitioning was attributed to larval retention in these eddies, through a 

combination of life-history attributes and behaviour (Gopal et al. 2006). Genetic structure 

may have evolved, and are maintained in M. mozambicus populations in a similar way. 

For M. mozambicus, egg-bearing females were present off South Africa and Mozambique - 

assuming larvae from the SA population are entrapped in the Durban eddy, and are returned 

to the area of origin (roughly), and that the same happens off Mozambique (i.e. larvae are 

trapped in the cyclonic/anticyclonic eddies and are eventually returned to their origin), then 

genetic structure might have evolved among subpopulations (Chiswell & Booth 1999; 

Matthee et al. 2007; Groeneveld et al. 2012). 
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De Ruijter et al. (2002) reported that the eddy systems must be enough to provide a 

significant connection between marine organisms. However, parental investment 

(production of larger eggs) could also be considered a strategy to establish and maintain 

stable populations (Cruz et al. 2006; Torres et al. 2007; Penha-Lopes et al. 2009). An 

alternative interpretation of isolation of M. mozambicus among sites, could be due to 

females bearing few eggs and larvae after hatching which are likely to settle immediately 

close to their natal source. This mechanism would counterbalance the high larvae mortality 

suffered by long-distance dispersal in ocean currents; species that disperse thus generally 

produce high numbers of small eggs (Pollock & Melville-Smith 1993). Short larvae periods 

and their retention near the natal population reduce larval encounters with predators (Pineda 

et al. 2007; Teske et al. 2008; Griffiths et al. 2010; Kimirei 2012; McManus & Woodson 

2012). 
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Chapter V  

5.  Conclusions and future research direction 
In summary, we found high genetic diversity and significant differentiation in H. triarthrus 

and M. mozambicus in the SWIO region, using mtDNA 16S and COI genes. 

The most important finding in this research is the support for two sister-species (or 

subspecies) of H. triarthrus, one occurring along the African continental shelf and other off 

western Madagascar. Furthermore, individual populations making up each lineage were 

genetically structured, as indicated by the absence of shared haplotypes, and should be 

recognized as being demographically distinct from each other. 

Both species have undergone recent population expansions, likely since the late 

Pleistocene. Several other studies have suggested similar population expansions of SWIO 

taxa, both from species occurring in coastal (shallow) and offshore (deep) water habitats. 

The large anti-cyclonic and cyclonic eddies prevalent in the Mozambique Channel, as well 

as the boundary area between these eddies and the upper Agulhas Current are likely factors 

driving larval retention or return processes, thus giving rise to genetically structured 

populations. Furthermore, water movements in the channel appear to restrict larval 

exchange (gene flow) between western Madagascar and Mozambique / eastern South 

Africa. 

The strong signal of genetic differentiation is consistent across the sampling range, which 

comprised almost all of the entire known geographic distribution ranges of the two species. 

The finding of distinct metapopulations suggest that fisheries management strategies should 

be adapted to consider individual stock units, instead of treating the two species H. 

triarthrus and M. mozambicus as “single” stocks, even within each of the three countries. It 

also suggests that stocks are not necessarily shared by the three countries in which they are 

fished. Management of crustacean fisheries in the SWIO region takes place on a national 

level, and only a few fisheries are indeed managed actively (i.e., the larger industrial 

fisheries for prawns and lobsters in South Africa, Mozambique and Madagascar).  
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The findings from this study are unique for the SWIO region, and may lead to a paradigm 

shift in the way that deep-water crustacean stocks are perceived by fisheries managers - 

instead of single shared stocks, they comprise of many isolated ones, in spite of the 

dispersal potential of larvae in strong ocean current regimes. Thus they should be managed 

as smaller independent units. 

Future studies need to: verify and expand on the genetic structure observed at various levels 

(site and region) by including nuclear markers and microsatellites; identify stock 

boundaries for fisheries management purposes; and address biological and ecological 

factors, such as fecundity, larval duration and behavior, and dispersal pathways to explain 

early life history in relation to environmental drivers. 
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7. Appendix 

Appendix I. Haliporoides triarthrus. Haplotype frequencies detected in Bazaruto A, Boa 

Paz, Inhaca, Durban, Morombe and Tulear sampling sites using 16S gene. 

Haplotype:            BA             BP            DB             IA            MM            TR              Total 

Hap_1                     5                0                0               0                0                 0                    5                                           

Hap_2                   17                0              18               0                0                 0                  35                                          

Hap_3                     3                0                0               0                0                 0                    3                                         

Hap_4                     8                0                7               0                0                 0                  15                                         

Hap_5                     4                0                0               0                0                 0                    4                                        

Hap_6                     1                0                0               0                0                 0                    1 

Hap_7                     1                0                0               0                0                 0                    1                                        

Hap_8                     1                0                0               0                0                 0                    1                                          

Hap_9                     0              17                0               0                0                 0                  17 

Hap_10                   0             16                 0               0                0                 0                  16                                           

Hap_11                   0               2                 0               0                0                 0                    2                                        

Hap_12                   0               1                 0               0                0                 0                    1                                        

Hap_13                   0               3                 0               0                0                 0                    3     

Hap_14                   0               1                 0               0                0                 0                    1                                         

Hap_15                   0               0                 1               0                0                 0                    1                                        

Hap_16                   0               0                 1               0                0                 0                    1                                         

Hap_17                   0               0                 1               0                0                 0                    1                                        

Hap_18                   0               0                 4               0                0                 0                    4                                         

Hap_19                   0               0                 5               0                0                 0                    5                                         

Hap_20                   0               0                 1               0                0                 0                    1                                         

Hap_21                   0               0                 2               0                0                 0                    2                                         

Hap_22                   0               0                 0               1                0                 0                    1                                         

Hap_23                   0               0                 0               1                0                 0                    1                                         

Hap_24                   0               0                 0               1                0                 0                    1                                         
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Hap_25                   0               0                 0               6                0                 0                    6                                         

Hap_26                   0               0                 0               1                0                 0                    1                                         

Hap_27                   0               0                 0               1                0                 0                    1                                         

Hap_28                   0               0                 0               1                0                 0                    1                                         

Hap_29                   0               0                 0               1                0                 0                    1                                        

Hap_30                   0               0                 0               1                0                 0                    1                                        

Hap_31                   0               0                 0               1                0                 0                    1                                         

Hap_32                   0               0                 0               1                0                 0                    1                                         

Hap_33                   0               0                 0               1                0                 0                    1                                          

Hap_34                   0               0                 0               1                0                 0                    1                                          

Hap_35                   0               0                 0               1                0                 0                    1                                          

Hap_36                   0               0                 0               1                0                 0                    1                                         

Hap_37                   0               0                 0               1                0                 0                    1                                          

Hap_38                   0               0                 0               1                0                 0                    1                                          

Hap_39                   0               0                 0               1                0                 0                    1                                          

Hap_40                   0               0                 0               1                0                 0                    1                                         

Hap_41                   0               0                 0               1                0                 0                    1                                          

Hap_42                   0               0                 0               1                0                 0                    1                                                          

Hap_43                   0               0                 0               1                0                 0                    1                                          

Hap_44                   0               0                 0               0                1                 0                    1                                         

Hap_45                   0               0                 0               0                1                 0                    1                                         

Hap_46                   0               0                 0               0                2                 2                    4                                          

Hap_47                   0               0                 0               0                1                 0                    1                                          

Hap_48                   0               0                 0               0                8                 0                    8                                           

Hap_49                   0               0                 0               0                9                 0                    9                                          

Hap_50                   0               0                 0               0                3                 0                    3                                           

Hap_51                   0               0                 0               0                1               11                  12                                          

Hap_52                   0               0                 0               0                1                 0                    1                                        

Hap_53                   0               0                 0               0                1                 0                    1                                         

Hap_54                   0               0                 0               0                1                 0                    1                                          
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Hap_55                   0               0                 0               0                1                 0                    1                                           

Hap_56                   0               0                 0               0                0                 1                    1                                         

Hap_57                   0               0                 0               0                0                 2                    2                                          

Hap_58                   0               0                 0               0                0                 1                    1                                          

Hap_59                   0               0                 0               0                0                 1                    1                                          

Hap_60                   0               0                 0               0                0                 1                    1                                         

Hap_61                   0               0                 0               0                0                 1                    1                                          

Hap_62                   0               0                 0               0                0                 1                    1                                          

Hap_63                   0               0                 0               0                0                 1                    1                                           

Hap_64                   0               0                 0               0                0                 1                    1                                          

Hap_65                   0               0                 0               0                0                 1                    1                                         

Hap_66                   0               0                 0               0                0                 1                    1                                          

Hap_67                   0               0                 0               0                0                 3                    1                                          

Hap_68                   0               0                 0               0                0                 1                    1                                         

Hap_69                   0               0                 0               0                0                 1                    1   

     Total                 40             40               40             27              30               30                207 
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Appendix II. Haliporoides triarthrus. Haplotype frequencies detected in Bazaruto A, Boa 

Paz, Inhaca, Durban, Morombe and Tulear sampling sites using COI gene. 

Haplotype:            BA             BP            DB             IA            MM            TR              Total 

Hap_1                     2                0                0               0                0                 0                    2                                        

Hap_2                     1                0                0               0                0                 0                    1                                        

Hap_3                     1                0                0               0                0                 0                    1                                         

Hap_4                     1                0                0               0                0                 0                    1                                          

Hap_5                     1                0                0               0                0                 0                    1                                          

Hap_6                     1                0                0               0                0                 0                    1                                          

Hap_7                     1                0                0               0                0                 0                    1                                          

Hap_8                     1                0                0               0                0                 0                    1                                          

Hap_9                     1                0                0               0                0                 0                    1                                          

Hap_10                   1                0                0               0                0                 0                    1                                         

Hap_11                   1                0                0               0                0                 0                    1                                         

Hap_12                   8                0                0               0                0                 0                    8                                          

Hap_13                   1                0                0               0                0                 0                    1                                         

Hap_14                   1                0                0               0                0                 0                    1                                          

Hap_15                   1                0                0               0                0                 0                    1                                          

Hap_16                   1                0                0               0                0                 0                    1                                          

Hap_17                   1                0                0               0                0                 0                    1                                          

Hap_18                   1                0                0               0                0                 0                    1                                          

Hap_19                   1                0                0               0                0                 0                    1                                          

Hap_20                   0                2                0               0                0                 0                    2                                          

Hap_21                   0                1                0               0                0                 0                    1                                          

Hap_22                   0              14                0               0                0                 0                  14                                          

Hap_23                   0                1                0               0                0                 0                    1                                           

Hap_24                   0                1                0               0                0                 0                    1                                          

Hap_25                   0                1                0               0                0                 0                    1                                         

Hap_26                   0                1                0               0                0                 0                    1                                          

Hap_27                   0                1                0               0                0                 0                    1                                          
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Hap_28                   0                0                8               0                0                 0                    8                                          

Hap_29                   0                0                1               0                0                 0                    1                                          

Hap_30                   0                0                1               0                0                 0                    1                                          

Hap_31                   0                0                5               0                0                 0                    5                                         

Hap_32                   0                0                1               0                0                 0                    1                                         

Hap_33                   0                0                1               0                0                 0                    1                                         

Hap_34                   0                0                1               0                0                 0                    1                                         

Hap_35                   0                0                1               0                0                 0                    1                                          

Hap_36                   0                0                1               0                0                 0                    1                                          

Hap_37                   0                0                1               0                0                 0                    1                                          

Hap_38                   0                0                1               0                0                 0                    1                                          

Hap_39                   0                0                1               0                0                 0                    1                                          

Hap_40                   0                0                1               0                0                 0                    1                                          

Hap_41                   0                0                1               0                0                 0                    1                                         

Hap_42                   0                0                1               0                0                 0                    1                                         

Hap_43                   0                0                1               0                0                 0                    1                                          

Hap_44                   0                0                0               1                0                 0                    1                                          

Hap_45                   0                0                0               1                0                 0                    1                                         

Hap_46                   0                0                0               1                0                 0                    1                                         

Hap_47                   0                0                0               1                0                 0                    1                                          

Hap_48                   0                0                0               4                0                 0                    4                                         

Hap_49                   0                0                0               1                0                 0                    1                                          

Hap_50                   0                0                0               1                0                 0                    1                                          

Hap_51                   0                0                0               1                0                 0                    1                                          

Hap_52                   0                0                0               2                0                 0                    2                                         

Hap_53                   0                0                0               1                0                 0                    1                                          

Hap_54                   0                0                0               1                0                 0                    1                                          

Hap_55                   0                0                0               1                0                 0                    1                                          

Hap_56                   0                0                0               1                0                 0                    1                                         

Hap_57                   0                0                0               1                0                 0                    1                                          
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Hap_58                   0                0                0               1                0                 0                    1                                          

Hap_59                   0                0                0               1                0                 0                    1                                          

Hap_60                   0                0                0               1                0                 0                    1                                         

Hap_61                   0                0                0               2                0                 0                    2                                          

Hap_62                   0                0                0               1                0                 0                    1                                         

Hap_63                   0                0                0               1                0                 0                    1                                         

Hap_64                   0                0                0               0              16                 0                  16                                           

Hap_65                   0                0                0               0                1                 0                    1                                           

Hap_66                   0                0                0               0                1                 0                    1                                         

Hap_67                   0                0                0               0                1                 0                    1                                         

Hap_68                   0                0                0               0                1                 0                    1                                         

Hap_69                   0                0                0               0                1                 0                    1                                          

Hap_70                   0                0                0               0                1                 0                    1                                          

Hap_71                   0                0                0               0                1                 0                    1                                          

Hap_72                   0                0                0               0                0                21                 21                                           

Hap_73                   0                0                0               0                0                  1                   1                                           

Hap_74                   0                0                0               0                0                  1                   1                                          

Hap_75                   0                0                0               0                0                  1                   1                                          

Hap_76                   0                0                0               0                0                  1                   1                                          

Hap_77                   0                0                0               0                0                  1                   1                                          

Hap_78                   0                0                0               0                0                  1                   1 

  Total                   27               22              27              25             23                27               151 
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Appendix III. Metanephrops mozambicus. Haplotype frequencies detected in Bazaruto A, 

Boa Paz, Inhaca, Durban, Morombe and Tulear sampling sites using 16S gene. 

Haplotype:            BA             BP            DB             IA            MM            TR              Total 

Hap_1                     1                0                0               0                0                 0                    1                                       

Hap_2                     1                0                0               0                0                 0                    1                                         

Hap_3                     1                0                0               0                0                 0                    1                                        

Hap_4                     2                2                0               4                0                 0                    8   

Hap_5                     2                2                0               3                0                 0                    7   

Hap_6                     1                0                0               0                0                 0                    1 

Hap_7                     7                0                0               0                0                 0                    7 

Hap_8                     1                0                0               0                0                 0                    1    

Hap_9                     7                0                0               0                0                 0                    7   

Hap_10                   1                0                0               0                0                 0                    1   

Hap_11                   1                0                0               0                0                 0                    1 

Hap_12                   1                0                0               5                0                 0                    6 

Hap_13                   1                0                0               0                0                 0                    1 

Hap_14                   1                0                0               0                0                 0                    1 

Hap_15                   1                0                0               0                0                 0                    1 

Hap_16                   1                0                0               0                0                 0                    1 

Hap_17                   1                0                0               0                0                 0                    1 

Hap_18                   1                0                0               0                0                 0                    1 

Hap_19                   1                0                0               0                0                 0                    1                                              

Hap_20                   1                0                0               0                0                 0                    1                                             

Hap_21                   1                0                0               0                0                 0                    1                                            

Hap_22                   1                0                0               0                0                 0                    1                                         

Hap_23                   3                1                0               1                0                 0                    5                                         

Hap_24                   1                0                0               0                0                 0                    1                                         

Hap_25                   0                1                0               1                0                 0                    2                                        

Hap_26                   0                1                0               0                0                 0                    1                                        

Hap_27                   0                3                0               0                0                 0                    3                                         
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Hap_28                   0                2                0               0                0                 0                    2                                         

Hap_29                   0                1                0              13               0                 0                  14                                          

Hap_30                   0                1                0               0                0                 0                    1                                          

Hap_31                   0                1                0               0                0                 0                    1                                          

Hap_32                   0                2                0               0                0                 0                    2                                          

Hap_33                   0                1                0               0                0                 0                    1                                         

Hap_34                   0                1                0               0                0                 0                    1                                          

Hap_35                   0                1                0               0                0                 0                    1                                          

Hap_36                   0                1                0               0                0                 0                    1                                         

Hap_37                   0                2                0               0                0                 0                    2                                          

Hap_38                   0                1                0               0                0                 0                    1                                         

Hap_39                   0                1                0               0                0                 0                    1                                         

Hap_40                   0                3                0               0                0                 0                    3                                          

Hap_41                   0                1                0               0                0                 0                    1                                         

Hap_42                   0                1                0               0                0                 0                    1                                         

Hap_43                   0                2                0               0                0                 0                    2                                        

Hap_44                   0                1                0               0                0                 0                    1                                         

Hap_45                   0                1                0               0                0                 0                    1                                         

Hap_46                   0                1                0               0                0                 0                    1                                          

Hap_47                   0                1                0               0                0                 0                    1                                         

Hap_48                   0                1                0               0                0                 0                    1 

Hap_49                   0                1                0               0                0                 0                    1                                         

Hap_50                   0                1                0               0                0                 0                    1                                          

Hap_51                   0                1                0               0                0                 0                    1                                         

Hap_52                   0                0                6               0                0                 2                    8                                       

Hap_53                   0                0                1               0                0                 0                    1                                         

Hap_54                   0                0                1               0                0                 0                    1                                          

Hap_55                   0                0                3               0                0                 1                    4                                          

Hap_56                   0                0                1               0                0                 0                    1                                          

Hap_57                   0                0                1               0                0                 0                    1                                          
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Hap_58                   0                0                1               0                0                 0                    1                                          

Hap_59                   0                0                1               0                0                 0                    1                                          

Hap_60                   0                0                1               0                0                 0                    1                                          

Hap_61                   0                0                1               0                0                 0                    1                                         

Hap_62                   0                0                2               0                0                 0                    2                                         

Hap_63                   0                0                1               0                0                 0                    1                                          

Hap_64                   0                0                1               0                0                 0                    1                                          

Hap_65                   0                0                2               0                0                 0                    2                                          

Hap_66                   0                0                1               0                0                 0                    1                                          

Hap_67                   0                0                2               0                0                 0                    2                                          

Hap_68                   0                0                1               0                0                 0                    1                                           

Hap_69                   0                0                1               0                0                 0                    1                                          

Hap_70                   0                0                1               0                0                 0                    1                                         

Hap_71                   0                0                1               0                0                 0                    1                                          

Hap_72                   0                0                1               0                0                 0                    1                                          

Hap_73                   0                0                1               0                0                 0                    1                                          

Hap_74                   0                0                1               0                0                 0                    1                                          

Hap_75                   0                0                1               0                0                 0                    1                                          

Hap_76                   0                0                1               0                0                 0                    1                                           

Hap_77                   0                0                1               0                0                 0                    1                                          

Hap_78                   0                0                1               0                0                 0                    1                                           

Hap_79                   0                0                1               0                0                 0                    1                                           

Hap_80                   0                0                0               3                0                 2                    5                                           

Hap_81                   0                0                0               1                0                 0                    1                                           

Hap_82                   0                0                0               1                3                 1                    5                                          

Hap_83                   0                0                0               1                0                 0                    1                                          

Hap_84                   0                0                0               2                0                 0                    2                                          

Hap_85                   0                0                0               1                0                 0                    1                                           

Hap_86                   0                0                0               1                0                 0                    1                                          

Hap_87                   0                0                0               1                0                 0                    1                                           
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Hap_88                   0                0                0               1                0                 0                    1                                          

Hap_89                   0                0                0               1                0                 0                    1                                           

Hap_90                   0                0                0               0                5                 0                    5                                          

Hap_91                   0                0                0               0                1                 0                    1                                            

Hap_92                   0                0                0               0                7                 7                  14                                           

Hap_93                   0                0                0               0                1                 0                    1                                           

Hap_94                   0                0                0               0                1                 0                    1                                          

Hap_95                   0                0                0               0                1                 0                    1                                          

Hap_96                   0                0                0               0                1                 0                    1                                          

Hap_97                   0                0                0               0                2                 8                  10                                           

Hap_98                   0                0                0               0                1                 0                    1                                         

Hap_99                   0                0                0               0                1                 0                    1                                          

Hap_100                 0                0                0               0                2                 0                    2                                           

Hap_101                 0                0                0               0                1                 0                    1                                          

Hap_102                 0                0                0               0                1                 0                    1                                          

Hap_103                 0                0                0               0                1                 0                    1                                           

Hap_104                 0                0                0               0                1                 0                    1                                           

Hap_105                 0                0                0               0                0                 1                    1                                           

Hap_106                 0                0                0               0                0                 2                    2                                          

Hap_107                 0                0                0               0                0                 1                    1                                           

Hap_108                 0                0                0               0                0                 1                    1                                           

Hap_109                 0                0                0               0                0                 1                    1                                          

Hap_110                 0                0                0               0                0                 1                    1                                          

Hap_111                 0                0                0               0                0                 1                    1                                          

Hap_112                 0                0                0               0                0                 1                    1                                           

Total                      40               40             38              40             30                30               198 
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Appendix IV. Metanephrops mozambicus. Haplotype frequencies detected in Bazaruto A, 

Boa Paz, Inhaca, Durban, Morombe and Tulear sampling sites using COI gene. 

Haplotype:            BA             BP            DB             IA            MM            TR              Total 

Hap_1                     1                0                0               0                0                 0                    1  

Hap_2                     1                0                0               0                0                 0                    1                                          

Hap_3                     1                0                0               0                0                 0                    1                                          

Hap_4                     2                0                0               0                0                 0                    2                                           

Hap_5                     1                0                0               0                0                 0                    1                                         

Hap_6                     1                0                0               0                0                 0                    1    

Hap_7                     1                0                0               0                0                 0                    1                                          

Hap_8                     1                0                0               0                0                 0                    1                                          

Hap_9                     1                0                0               0                0                 0                    1                                           

Hap_10                   1                0                0               0                0                 0                    1                                           

Hap_11                   1                0                0               0                0                 0                    1                                           

Hap_12                   1                0                0               0                0                 0                    1                                          

Hap_13                   1                0                0               0                0                 0                    1                                            

Hap_14                   1                0                0               0                0                 0                    1                                          

Hap_15                   1                0                0               0                0                 0                    1                                           

Hap_16                   1                0                0               0                0                 0                    1                                          

Hap_17                   1                0                0               0                0                 0                    1                                            

Hap_18                   0                9                0               0                0                 0                    9                                          

Hap_19                   0                1                0               0                0                 0                    1                                          

Hap_20                   0                1                0               0                0                 0                    1                                           

Hap_21                   0                2                0               0                0                 0                    2                                          

Hap_22                   0                1                0               0                0                 0                    1                                          

Hap_23                   0                1                0               0                0                 0                    1                                          

Hap_24                   0                1                0               0                0                 0                    1                                          

Hap_25                   0                1                0               0                0                 0                    1                                          

Hap_26                   0                1                0               0                0                 0                    1                                          

Hap_27                   0                1                0               0                0                 0                    1                                         
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Hap_28                   0                1                0               0                0                 0                    1                                          

Hap_29                   0                1                0               0                0                 0                    1                                          

Hap_30                   0                1                0               0                0                 0                    1                                          

Hap_31                   0                1                0               0                0                 0                    1                                          

Hap_32                   0                1                0               0                0                 0                    1                                           

Hap_33                   0                1                0               0                0                 0                    1                                           

Hap_34                   0                1                0               0                0                 0                    1                                          

Hap_35                   0                1                0               0                0                 0                    1                                          

Hap_36                   0                1                0               0                0                 0                    1                                          

Hap_37                   0                1                0               0                0                 0                    1                                          

Hap_38                   0                1                0               0                0                 0                    1                                           

Hap_39                   0                1                0               0                0                 0                    1                                          

Hap_40                   0                1                0               0                0                 0                    1                                          

Hap_41                   0                1                0               0                0                 0                    1                                          

Hap_42                   0                1                0               0                0                 0                    1                                          

Hap_43                   0                1                0               0                0                 0                    1                                          

Hap_44                   0                1                0               0                0                 0                    1                                           

Hap_45                   0                1                0               0                0                 0                    1                                          

Hap_46                   0                0                3               0                0                 0                    3                                          

Hap_47                   0                0                1               0                0                 0                    1                                          

Hap_48                   0                0                1               0                0                 0                    1                                          

Hap_49                   0                0                1               0                0                 0                    1                                          

Hap_50                   0                0                1               0                0                 0                    1                                          

Hap_51                   0                0                1               0                0                 0                    1                                          

Hap_52                   0                0                1               0                0                 0                    1                                         

Hap_53                   0                0                3               0                0                 0                    3                                         

Hap_54                   0                0                1               0                0                 0                    1                                          

Hap_55                   0                0                1               0                0                 0                    1                                          

Hap_56                   0                0                2               0                0                 0                    2                                         

Hap_57                   0                0                1               0                0                 0                    1                                          
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Hap_58                   0                0                1               0                0                 0                    1                                          

Hap_59                   0                0                1               0                0                 0                    1                                         

Hap_60                   0                0                1               0                0                 0                    1                                          

Hap_61                   0                0                1               0                0                 0                    1                                          

Hap_62                   0                0                0               1                0                 0                    1                                          

Hap_63                   0                0                0               8                0                 0                    8                                          

Hap_64                   0                0                0               1                0                 0                    1                                          

Hap_65                   0                0                0               1                0                 0                    1                                          

Hap_66                   0                0                0               1                0                 0                    1                                          

Hap_67                   0                0                0               1                0                 0                    1                                          

Hap_68                   0                0                0               1                0                 0                    1                                          

Hap_69                   0                0                0               1                0                 0                    1                                           

Hap_70                   0                0                0               1                0                 0                    1                                          

Hap_71                   0                0                0               4                0                 0                    4                                           

Hap_72                   0                0                0               3                0                 0                    3                                           

Hap_73                   0                0                0               1                0                 0                    1                                          

Hap_74                   0                0                0               1                0                 0                    1                                          

Hap_75                   0                0                0               1                0                 0                    1                                          

Hap_76                   0                0                0               1                0                 0                    1                                          

Hap_77                   0                0                0               1                0                 0                    1                                          

Hap_78                   0                0                0               1                0                 0                    1                                          

Hap_79                   0                0                0               1                0                 0                    1                                          

Hap_80                   0                0                0               1                0                 0                    1                                           

Hap_81                   0                0                0               1                0                 0                    1                                          

Hap_82                   0                0                0               1                0                 0                    1                                           

Hap_83                   0                0                0               1                0                 0                    1                                          

Hap_84                   0                0                0               1                0                 0                    1                                         

Hap_85                   0                0                0               0                1                 0                    1                                          

Hap_86                   0                0                0               0                2                 0                    2                                           

Hap_87                   0                0                0               0                1                 0                    1                                          
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Hap_88                   0                0                0               0                1                 0                    1                                           

Hap_89                   0                0                0               0                1                 0                    1                                          

Hap_90                   0                0                0               0                1                 0                    1                                          

Hap_91                   0                0                0               0                1                 0                    1                                          

Hap_92                   0                0                0               0                1                 0                    1                                           

Hap_93                   0                0                0               0                1                 0                    1                                           

Hap_94                   0                0                0               0                1                 0                    1                                          

Hap_95                   0                0                0               0                1                 0                    1                                           

Hap_96                   0                0                0               0                1                 0                    1                                          

Hap_97                   0                0                0               0                1                 0                    1                                          

Hap_98                   0                0                0               0                1                 0                    1                                          

Hap_99                   0                0                0               0                1                 0                    1                                          

Hap_100                 0                0                0               0                1                 0                    1                                           

Hap_101                 0                0                0               0                1                 0                    1                                          

Hap_102                 0                0                0               0                1                 0                    1                                          

Hap_103                 0                0                0               0                1                 0                    1                                          

Hap_104                 0                0                0               0                0                 2                    2                                          

Hap_105                 0                0                0               0                0                 1                    1                                          

Hap_106                 0                0                0               0                0                 1                    1                                          

Hap_107                 0                0                0               0                0                 1                    1                                          

Hap_108                 0                0                0               0                0                 1                    1                                         

Hap_109                 0                0                0               0                0                 2                    2                                          

Hap_110                 0                0                0               0                0                 1                    1                                          

Hap_111                 0                0                0               0                0                 1                    1                                          

Hap_112                 0                0                0               0                0                 4                    4                                         

Hap_113                 0                0                0               0                0                 1                    1                                          

Hap_114                 0                0                0               0                0                 2                    2                                          

Hap_115                 0                0                0               0                0                 1                    1                                          

Hap_116                 0                0                0               0                0                 1                    1                                           

Hap_117                 0                0                0               0                0                 1                    1                                           
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Hap_118                 0                0                0               0                0                 1                    1                                          

Hap_119                 0                0                0               0                0                 1                    1                                          

Hap_120                 0                0                0               0                0                 1                    1                                          

Hap_121                 0                0                0               0                0                 1                    1                                          

Hap_122                 0                0                0               0                0                 1                    1                                          

Hap_123                 0                0                0               0                0                 1                    1                                         

Hap_124                 0                0                0               0                0                 1                    1                                          

Hap_125                 0                0                0               0                0                 1                    1                                          

Hap_126                 0                0                0               0                0                 1                    1                                           

Hap_127                 0                0                0               0                0                 1                    1                                          

  Total                     18               37             21              35             20                30              161 

                                        


