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Abstract
Testing the utility of DNA barcoding for the rapid assessment of Formicidae
biodiversity in the eThekwini region.
Student: Sohana Singh
Supervisor: Dr S. Willows-Munro
The biodiversity of Durban (eThekwini municipality) in KwaZulu Natal is primarily
threatened by urbanization although other factors such as climate change and the spread of
invasive species also pose a significant threat. Knowledge of what species exist within the
city is important for biodiversity surveillance, detecting invasive taxa and uncovering cryptic
species. Conducting a comprehensive biodiversity inventory is a daunting task, especially for
hyperdiverse groups such as terrestrial arthropods, where closely related species can often
only be separated by subtle morphological characters. This study investigated whether the
barcoding marker, Cytochrome Oxidase C Subunit 1 (COI) can be used to efficiently and
accurately delineate species of ants (family Formicidae) in comparison to traditional
taxonomic approaches. The feasibility of DNA barcoding for assembling biodiversity
inventories for urban areas which could be useful in conservation planning was also
evaluated. A total of 619 individuals were sequenced from 23 geographic localities within the
eThekwini region and surrounding regions. DNA barcoding revealed 80 provisional species/
“barcode clusters” or monophyletic lineages which could represent distinct species, while
morphology revealed 51 different morphospecies. Extrapolation measures of species richness
indicated that as many as 153 species of ants could occur in the city. Phylogenetic and
phylogeographic analyses were performed on co-distributed species belonging to the genera
Lepisiota, Camponotus, Pheidole and Pachycondyla to better understand the spatial
distribution of genetic variability in the eThekwini region. Nuclear markers 18S rDNA and
28S rDNA were also sequenced and compared for a subsample of individuals from
Camponotus and Pachycondyla. There was genetic variation at COI and the nuclear markers
for each of the species examined. In order to fully elucidate the population genetic patterns
which could be expected in eThekwini and surrounding regions, further sampling across
more localities is essential. The use of more nuclear markers could also assist in uncovering
these unique patterns of genetic variation in an urban setting. In this study, the utility of COI
as a species diagnostic tool in ants was confirmed. The barcoding library constructed showed
promise in highlighting reserves that should be preserved and possible cryptic speciation for
further investigation.
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Chapter One
DNA Barcoding of Invertebrates in Africa and its Prospects for
Landscape Genetics and Phylogeography – A Case Study Using
the Ants of Madagascar
Abstract
Maintaining biodiversity is essential for ecosystems to retain their resilience to the pressures
imposed on them by mankind and natural disasters. Biodiversity is threatened by habitat
degradation, land-use change, pollution, climate change and loss of species and genetic
diversity. In order to protect and preserve biodiversity, there must be prior knowledge of what
biodiversity there is to begin with. With the rise of molecular technologies, it has now
become possible to assess and quantify biodiversity faster and more efficiently. DNA
barcoding is a diagnostic technique which uses a short, standardized segment of the
Cytochrome C Oxidase I (COI) mitochondrial gene to identify animal species. Despite
criticisms, it has been applied successfully to many studies involving arthropods. In this
introductory chapter, I will provide a summary of DNA barcoding on the African continent.
Traditionally, DNA barcode data is used above the species level in order to delimit species
but in this chapter I tested if the sequence data could be informative below the species level.
Using data from the ants of Madagascar DNA barcode project as a case study, the COI data
was used in landscape and phylogeographic analyses to determine the spatial distribution of
genetic variation of Anochetus madagascarensis across Madagascar. A total of 120 COI
sequences of A. madagascarensis from 39 localities within Madagascar and a neighbouring
island were downloaded from the Barcode of Life Database (BOLD). Landscape genetics and
phylogeographical analyses revealed that there were three distinct populations; a group from
Northern Madagascar, a southern group and an offshore group collected on the neighbouring
island of Mayotte.

1

1.1 Introduction
1.1.1 Protecting our biodiversity
Biodiversity describes the wide range of the variety of living organisms on Earth, the genetic
variation between them and the different ecosystems, communities and habitats in which
organisms live. With the global biodiversity crisis upon us, it has now become extremely
important to catalogue species in order to determine the geographic areas that contain the
most biological diversity and which would qualify for elevated levels of protection and can
be classified as ‘biodiversity hotspots’. Biodiversity hotspots may be defined as species rich
areas which usually harbour rare or threatened species and a large number of endemic species
found in small areas which are characterized by a high degree of habitat loss or habitat
fragmentation (Reid, 1998). Biodiversity hotspots are fundamental to conservation planning.
Demographic analyses using estimates from population density and growth in human
populations within biodiversity hotspots indicate that approximately 20% of the world’s
population are settled within biodiversity hotspots (Cincotta et al., 2000). This puts pressure
on natural resources and in turn is a major threat to global biodiversity (Cox and Moore,
2010).

Africa has a wealth of biodiversity. To date Africa is home to 1,229 of the world’s 4,700
mammal species, more than 2,000 species of birds and approximately 950 species of
amphibians (McGinley and Hogan, 2011). Africa also contains regions of exceptionally high
levels of endemism for example, the Cape Floral Kingdom in Southern Africa contains over
9000 vascular plant species of which approximately 69% are endemic (McGinley and Hogan,
2011). Africa’s coastline also boasts a high marine biodiversity (McGinley and Hogan,
2011). The island of Madagascar is well known for its high levels of endemicity, there are
over 12,000 plant species, 81% of which are native (Myers, 1988).

Biodiversity in Africa is still in a relatively good condition when compared to the rest of the
world. There are over 2 million km2 of protected areas. Despite this, the biodiversity is still
vulnerable with about half of the terrestrial eco-regions in Africa losing approximately 50%
of their area to anthropogenic factors such as urbanization, habitat degradation and
cultivation (McGinley and Hogan, 2011). Perhaps one of the most serious threats to
2

biodiversity loss is habitat destruction and conversion of natural habitats to other uses
resulting in the loss of open space (Croucamp, 2009; Heywood, 1995). Protecting our
biodiversity is essential because an ecosystem that has a rich biodiversity will be more
resilient to natural events, such as fires and storms, and human-induced environmental
changes (Croucamp, 2009).

Unfortunately, the little biodiversity data available for African ecosystems is biased towards
vertebrates, despite most biodiversity involving arthropods and other invertebrate taxa. The
arthropods of Africa are rich and diverse and there are at least 580 families and
approximately 100,000 species that are currently described (McGinley and Hogan, 2011).
However, biodiversity information is lacking and patchy for many organisms, especially
invertebrates which potentially constitute about 95% of all species on the continent (Myers et
al., 2000). The description of biodiversity in Africa is hampered by the lack of taxonomic
expertise and a lack of funding. Birds, plants and mammals are often used as indicator groups
for biodiversity assessments because they are well-studied (Reid, 1998) . However, the use of
such indicator groups may not be reliable as studies have indicated that species richness
patterns and endemism often do not correspond across all taxa when fine scale geographic
resolutions are considered (Reid, 1998). This is due to species having different habitat
requirements and life history traits. Accurate biodiversity assessments and inventories are
critical to conservation planning. Traditional taxonomy has long since been the backbone of
species identifications, classification, biodiversity surveys and numerous other biological
studies. The need for new technology and methods of collecting data for biodiversity
inventories has become more important in the face of elevated levels of species extinction.
This is worrying for conservationists because many species could already be extinct even
before being described, and due to this, effective protection measures cannot be put into place
(Swartz et al., 2008).

1.1.2 DNA barcoding
In 2003, Hebert and colleagues from the University of Guelph in Canada, coined the term
‘DNA barcoding’ after they used a 648 bp region of the mitochondrial cytochrome oxidase
subunit 1 gene (COI) to identify animals from seven phyla and eight of the largest insect
3

orders (Hebert et al., 2003a). The main principle underpinning DNA barcoding is to identify
an organism by comparing a standardized segment of a gene from the organism of interest to
the same segment from a library of related organisms (Dasmahapatra and Mallet, 2006;
Hajibabaei et al., 2006; Hajibabaei et al., 2007; Hebert et al., 2004; Lahaye et al., 2008;
Valentini et al., 2008b). DNA barcoding rests on the assumption that genetic variation
amongst species is greater than genetic variation within a species. By using a short,
standardized sequence and a clustering algorithm, DNA barcodes have been suggested to
correctly cluster together individuals belonging to the same species and to possibly discover
new species (Hajibabaei et al., 2007; Moritz and Cicero, 2004).

The Consortium for the Barcode of Life (CBOL) was formed in May 2004 (Hajibabaei et al.,
2007; Ratnasingham and Hebert, 2007). The CBOL is a group of international research
organisations supporting the expansion of DNA barcoding as the international standard for
identifying species (Hajibabaei et al., 2007). The ‘Barcode of Life Initiative’ is a project that
was launched by CBOL to promote barcoding and identify the 10 million estimated species
on Earth in a way that is fast and relatively cheap (Dasmahapatra and Mallet, 2006;
Savolainen et al., 2005). An online database called the Barcode of Life Data System (BOLD;
www.barcodinglife.org) was created to acquire, store, analyse and manage DNA barcode
records (Hajibabaei et al., 2007; Ratnasingham and Hebert, 2007). All researchers doing
DNA barcoding upload their data to the BOLD database. The BOLD database is an
invaluable resource to biodiversity researchers and allows African scientists access to large
amounts of data that was not available previously.

During the International Year of Biodiversity in 2010, the Barcode of Life launched the
International Barcode of Life Project (iBOL; http://www.ibolproject.org), to coordinate
global efforts and bring together 26 countries to collaborate. This collaborative effort was
undertaken to broaden and strengthen DNA barcoding research by extending the focus
towards developing countries in which a vast majority of the Earth’s biodiversity is located
(Vernooy et al., 2010). The partnering nations of iBOL include the central nodes - Canada,
China, France, Finland, Germany, Netherlands, Portugal, United Kingdom, United States,
and the regional nodes - Argentina, Australia, Brazil, India, Mexico, New Zealand, Norway,
Russia, Saudi Arabia and South Africa. There are a number of global barcode campaigns
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underway with goals to barcode every organism on Earth, from bacteria to mammals (Table
1.1). As of August 2013, the number of formally described species with barcodes were 138,
870 animals, 51,341 plants and 3,443 fungi and other organisms. The total number of barcode
records were 2,651,524 (www.barcodinglife.org). Much of the progress made to date has
been for the order Lepidoptera and marine life but many of the other global initiatives are
also gaining momentum.

Table 1.1 Progress (in terms of number of species and specimens barcoded) made by ongoing global DNA barcoding campaigns accessed in August 2013 from links provided on the
iBOL website (www.ibol.org).
Campaign

Specimens barcoded

Species

Formicidae Barcode of Life

15409

1298

All Birds Barcoding Initiative (ABBI)

26573

4019

Trichoptera Barcode of Life

18549

2636

FISHBOL

88755

9769

Lepidoptera Barcode of Life

793964

669991

Mammal Barcode of Life

19862

858

Marine Barcode of Life

37182

6199

Polar Barcode of Life

30871

23953

All Fungi Barcoding

*

*

Coral Reef Barcode of Life

*

*

HealthBOL

*

*

Mosquito Barcoding Initiative

*

*

Shark Barcode of Life

*

*

Sponge Barcoding Project

*

*

BeeBOL

*

*

* No data available at the time of writing. Links to these campaigns are still under
construction.

5

1.1.2.2 DNA barcoding methodology, advantages and criticisms

The methodology behind DNA barcoding is straightforward; DNA is retrieved from a tissue
sample taken from the organism under study and universal polymerase chain reaction (PCR)
primers are used to amplify a 658 bp fragment of the COI mitochondrial gene (used in most
vertebrate and invertebrate animal groups). The COI gene was the ideal candidate for use in
DNA barcoding because of its highly constrained amino acid sequence which in turn ensures
that primers will be broadly applicable and results in straightforward sequence alignment
(Moritz and Cicero, 2004; Packer et al., 2009). The COI sequence is variable enough to
differentiate between species but is less variable in individuals belonging to the same species
which means that individuals belonging to the same species will cluster closely together in a
phylogeny (Stoeckle and Hebert, 2008; Valentini et al., 2008a).

A suit of primers have been designed to amplify the COI gene across a wide range of insects
(Folmer et al., 1994; Lunt et al., 1996). Folmer et al. (1994) designed universal COI primers
that are able to amplify across a diverse range of metazoan invertebrates. An important part
of DNA barcoding is the construction of a DNA reference library for a particular group. The
reference library usually includes sequences taken from specimens which have been
identified by taxonomic experts (Hajibabaei et al., 2007). The matching of sequences from
related organisms is done using a phylogenetic tree approach (Dasmahapatra and Mallet,
2006). The most widely used method in many DNA barcoding studies is the use of the
Kimura 2-parameter (K2P) model to calculate genetic distances, these distances are then used
to build a neighbor-joining tree. The query sequences are assigned the species name of the
closest matching group it clusters with (Frezal and Leblois, 2008). These barcode clusters are
known as Barcode Index Numbers (BINs).

If there are no matches within the barcode library, this could mean that the barcode sequence
could represent a new species or a geographical variant of the species (Hajibabaei et al.,
2007). Successful species identification relies on the “gap” that exists when interspecific
genetic variation exceeds intraspecific genetic variation – this is termed the “barcoding gap”.
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In early DNA barcoding studies, the standard threshold for delimiting mammals was ≤ 2%
and for invertebrates it was ≤ 3% (Hebert et al., 2003a; Hebert et al., 2003b) The BOLD
analytical workbench (www.barcodinglife.org, Ratnasingham and Hebert, 2007) offers a
variety of functions to analyse COI data, including generation of a K2P neighbour-joining
tree, visualization of the barcode gap, diagnostic character analysis and a clustering algorithm
which assigns sequences to Operational Taxonomic Units (OTUs).

Even though the benefits of DNA barcoding are numerous and its role in biodiversity
research is now well entrenched in the literature, there are those who contest and oppose it as
a tool for species identification and discovery. One of the major criticisms is that DNA
barcoding sometimes detects new species that are not real (false positives) or it doesn’t detect
differences in species that can be discriminated by other methods such as morphology (false
negatives). This can be due to using only a single gene identification system and because the
COI gene does not have the same mutation rate in all organisms (Hickerson et al., 2006). The
rate heterogeneity can introduce bias towards the discovery of recent species and increase the
rate of false negatives in some taxa that have faster mutation rates (Hickerson et al., 2006).
The mitochondrial genome is maternally inherited, as such; its patterns of genetic
relationships in species could differ from nuclear DNA patterns and from the “true” species
tree. An example of this was shown in the DNA barcoding study on the ithomiine butterfly
genus Mechanitis; the barcode results suggested that there were four new species but the
nuclear AFLP data only supported one of these four new species (Dasmahapatra et al., 2010).

The recognition of species boundaries by mitochondrial and nuclear DNA may differ for the
same set of species due to hybridization and incomplete lineage sorting (Collins and
Cruickshank, 2012; Frezal and Leblois, 2008; Rubinoff, 2006). Identification using
mitochondrial DNA can also be compromised by nuclear mitochondrial DNAs (NUMTs),
which are the nuclear copies of mitochondrial DNA genes that are present in the nuclear
genome (Frezal and Leblois, 2008).

Researchers have questioned whether the DNA barcoding gap exists or whether it is an
actually an artefact of incomplete sampling across taxa, as was demonstrated in a study on
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blue butterflies (Wiemers and Fiedler, 2007). Overlap between interspecific and intraspecific
genetic distances could be due to a species having elevated levels of genetic diversity below
the species level. High rates of intraspecific divergence can be attributed to populations that
are geographically isolated, therefore geographic, intra-specific sampling is important
(Bergsten et al., 2012; Frezal and Leblois, 2008; Hickerson et al., 2006). Another limiting
factor to consider is paraphyly or polyphyly because of incomplete lineage sorting of
mitochondrial DNA and introgression. The coverage (multiple individuals of a species and
adequate geographical sampling) and reliability of DNA barcode libraries is a major factor on
which the accuracy of species identifications is dependent (Bergsten et al., 2012; Ekrem et
al., 2007; Jinbo et al., 2011). The lack of adequate reference data could sometimes be
responsible for false positive and false negative identifications and underestimation of
intraspecific genetic variation. Incongruence between the DNA barcode data and the
traditional morphological definition of species, especially in poorly studied groups, can also
result in overlap. In some instances, the intraspecific distance for one species could be higher
than the interspecific distance of a different species without affecting the identification
success (Collins and Cruickshank, 2012). It was suggested by Collins and Cruickshank
(2012) that a more feasible representation of the barcode gap would be to plot the distance to
the furthest conspecific against the distance to the nearest nonconspecific and the point where
the difference between the two is zero indicates that there is no barcode gap. A study by
Meier et al. (2006) suggested that when interpreting the barcode gap, the smallest
interspecific distance should be considered rather than the mean interspecific distance.

Another argument is that DNA barcoding is intellectually poor and simplistic when compared
to the rich legacy of traditional taxonomy using morphological approaches (Jinbo et al., 2011;
Packer et al., 2009; Rubinoff, 2006). However, studies have shown that DNA barcoding
outperforms traditional taxonomy when it comes to identifying specimens at different life
stages (Davis et al., 2011; Greenstone et al., 2005; Kubisz et al., 2012; Schilthuizen et al.,
2011), and species complexes that are hard to identify, for example the nine closely related
butterfly species from Romania whose species statuses were resolved using DNA barcoding
when external morphology is not informative (Dinca et al., 2010). DNA barcoding is also
more useful than traditional taxonomy when degraded or very old samples such as museum
samples are involved as shown by Hajibabaei et al. (2006) when they used a 100 bp fragment
of COI to successfully identify over 90% of museum specimens of moths and wasps.
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Critics have alluded that all DNA barcoding provides is information instead of knowledge
and lacks a broader context (Fitzhugh, 2006; Rubinoff, 2006). But it can be argued that DNA
barcoding in itself tests the hypothesis of its utility to identify species and can generate
hypotheses about species that can be tested using other techniques (Waugh, 2007). In
addition, DNA barcoding offers independent data that is free from personal bias that is often
associated with identifications made by traditional taxonomy (Packer et al., 2009).

An issue that has been raised by numerous DNA barcode critics is the quality control of
sequences that are submitted to DNA barcode libraries as misidentified sequences could be
problematic. But for a DNA barcode to be valid, it should have taxonomic information,
voucher specimen data such as photographs, locality information (GPS co-ordinates, country,
state/province), date of collection, where the specimen has been deposited and the PCR
primers and trace files (Ratnasingham and Hebert, 2007). This information makes it possible
for taxonomic experts to identify the voucher specimen or to validate the identification at a
later stage (Jinbo et al., 2011).

There has also been dispute over how the DNA barcode data is analysed. There has been
much debate over whether the neighbour-joining tree using the K2P distance method is
accurate and appropriate for delimiting species, particularly in cases where there is
incomplete lineage sorting and paraphyly at the species level (Collins and Cruickshank, 2012;
Jinbo et al., 2011). Incorrect model specification can bias genetic distances and identification
results could be misleading, ambiguous or incorrect (Collins and Cruickshank, 2012; Jinbo et
al., 2011).

Due to these shortcomings, new criteria and algorithms are being developed and applied as an
alternative or a compliment to tree-based identifications. Distance-based criteria such as ‘Best
Match’ and ‘Best Close Match’ were developed by Meier et al (2006). The ‘Best Match’
criteria assigns the query the species name of the barcode that best matches it, without
considering the degree of similarity between the query and barcode sequence. However, this
method is prone to misidentifications when the query sequence does not have a representative
in the database. These misidentifications can be avoided by the ‘Best Close Match’ criteria
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which employs the same principal as ‘Best Match’, but only assigns the species name if there
is a high degree of similarity, otherwise the query sequence will be classified as unidentified
and will require additional taxonomic intervention (Meier et al., 2006).

The Nearest Neighbour criteria is equivalent to the ‘Best Match’ criteria and has also been
used for identification purposes in DNA barcode studies (van Velzen et al., 2012). Characterbased identification criteria is considered to be more accurate as nucleotide variation in each
base position is used as a diagnostic character (Collins and Cruickshank, 2012; Jinbo et al.,
2011; van Velzen et al., 2012). This diagnostic method is implemented in programs such as
DNA-BAR (Dasgupta, 2005) and BLOG (Weitschek et al., 2013).

Statistical methods such as Bayesian Inference or maximum likelihood (with appropriate
models of evolution) can be used to estimate measures of confidence for species
identification with DNA barcodes. Implementation of these methods in DNA barcoding
studies is crucial as they incorporate explicit population genetic or phylogenetic models
which fit the data better than the K2P model which is currently implemented (Jinbo et al.,
2011; van Velzen et al., 2012). It is important to stress that no known method is without
problems and limitations. Instead of discrediting techniques and methods, efforts should be
focussed towards adapting and integrating different methods in order to achieve more
reliable, and meaningful results.

1.1.3 Importance of applying DNA barcoding to arthropods
More than 90% of species on our planet are arthropods. Assembling an inventory for
arthropod biodiversity and understanding the effects of fragmentation, climate change and
urbanization on arthropod biodiversity is essential because they have important roles in the
ecosystem as biological indicators due to their short life cycles and sensitivity to habitat
disturbances (Bolger et al., 2000).
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There have been a great many DNA barcoding studies done on arthropods to date. Apart from
simply using DNA barcoding as a species diagnostic tool, its utility has been demonstrated in
many other areas of study. Studies have used DNA barcoding to carry out biodiversity
assessments using ants (Smith and Fisher, 2009; Smith et al., 2005), moths (deWaard et al.,
2011; Janzen et al., 2005),and flies (Webb et al., 2012; Zhou et al., 2009; Zhou et al., 2011).
DNA barcoding has been applied to studies focussed on arthropods of economic importance,
investigating host specificity and vector-host relationships and identifying candidates for
biocontrol agents. For example, DNA barcoding was used to identify bloodmeal from the tick
Ixodes scapularis, in order to understand vector-host relationships and identify hosts (Gariepy
et al., 2012). It was also used to investigate host specificity in a group of economically
important biocontrol agents, the Anicetus wasps, which are employed to control agricultural
pests such as Ceroplastes spp. (Zhang et al., 2011).

Many arthropods are difficult to identify morphologically at different developmental stages,
and in these cases DNA has proven to be an effective taxonomic tool. It has been used to
distinguish between four Crioceris leaf beetles, two of which were economically important
invasive plant pests and two which are rare species and hard to distinguish them from each
other at the egg and larval stages (Kubisz et al., 2012). DNA barcoding was successful in
identifying eggs and larvae of closely related carabids; and spiders which are predators that
are important for the biological control of agricultural pests (Greenstone et al., 2005).
Distinguishing Laricobius rubidus, endemic to western North America, from Laricobius
nigrinus, an introduced species used as a biocontrol agent, is another example of a study
applying DNA barcoding to identify species which have morphologically indistinguishable
larvae (Davis et al., 2011).

Data from DNA barcoding has also been used in ecological studies such as a study involving
the bees of Canada in which sex-associations between cleptoparasitic species were revealed
(Sheffield et al., 2009). In another study it was shown that a group of necrobiont beetles
(often found on vertebrate cadavers) from the family Cholevidae can be used in forensic
entomology, even though they previously weren’t considered useful and due to their small
size and cryptic adult and larval stages (Schilthuizen et al., 2011).
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Given their small size some arthropods are not able to move great distances and often exhibit
fine-scale patterns of diversity. The DNA barcoding marker COI has also been used in
population-level studies, for example, Hebert et al. (2004) used DNA barcoding to uncover
cryptic species of skipper butterfly (Astraptes fulgerator) and also found that the COI gene
was useful in uncovering genetic structuring below the species level.

1.1.4 Below the species level – landscape genetics
Landscape genetics is a relatively new research area which incorporates other disciplines,
namely; landscape ecology, population genetics and spatial statistics (Storfer et al., 2007).
The goal of landscape genetics is to infer how landscape features influence selection, gene
flow and genetic drift (Holderegger et al., 2006; Holderegger and Wagner, 2006). The term
‘landscape genetics’ was first used in a paper by Manel et al. (2003) where they stated that
landscape genetics will enable understanding of how genetic variation is structured by
environmental and geographical characteristics.

Landscape genetics is particularly useful for discovering boundaries to gene flow that are not
obvious – these cryptic boundaries could be discontinuities in the gene flow across a
population without any apparent cause i.e. there is no clear physical barrier to gene flow. By
examining the history of these cryptic boundaries, the sequence data can be used to infer if
secondary contact is being made among populations that were previously isolated (Manel et
al., 2003). There are two important steps involved in landscape genetics; the identification of
genetic discontinuities in a population and the subsequent correlation of the genetic
discontinuities with landscape and environmental variables such as physical barriers. These
barriers could be in the form of mountains, catchments, motorways, forests, valleys and urban
areas (Holderegger and Wagner, 2008; Manel et al., 2003).

Landscape genetics can explore how the fragmentation of habitats, loss of habitat and spatial
isolation effects species dynamics across landscapes, and hence the constraints imposed on
the distribution of plants and animals as well as their genes (Holderegger and Wagner, 2008).
Understanding these processes is important for the management of the genetic diversity of
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species and, at a broader scale, ecosystems (Manel et al., 2003). In this chapter I provide a
review of the current status of DNA barcoding in Africa. In addition, data from one of the
major African Formicidae barcoding projects to date, was considered as a case study for
testing the utility of the barcoding marker COI, below the species level.

1.2 Materials and methods

1.2.1 DNA barcoding in Africa
In order to better understand the scope of DNA barcoding within the African context, an
online survey was conducted to ascertain the amount of sequence data available for
invertebrates on BOLD. The focus was on COI sequence data available for specimens
collected in the top 10 barcoding African countries. These include Madagascar, South Africa,
Kenya, Tanzania, Gabon, Democratic Republic of Congo, Cameroon, Ghana, Ethiopia and
Zambia. In particular, I examined the total number of arthropod taxa sequenced as well as the
number of insects, Hymenoptera and Formicidae COI data available.

1.2.2 Selection of data for landscape genetics analyses
Madagascar is the ideal candidate for biodiversity surveys and studies of speciation and
landscape genetics due its unique biota. It is also a biodiversity hotspot which is threatened
by habitat degradation and destruction. Approximately 80% of the original vegetation in
Madagascar has been destroyed and now consists of secondary grassland which does not
harbour many species. Among the threatened are terrestrial arthropods. There are around
1000 species of ants in Madagascar but as much as 75% are still to be described (Smith et al.,
2005).

Madagascar has launched conservation planning programs but the difficulty of planning such
programs is identifying areas that qualify for protection. Compiling species inventories has
proven to be beneficial to conservation planning (Smith et al., 2005). Two of the biggest
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African barcoding studies on ants to date were from Madagascar and Mauritius. Both of these
studies used ants as a means to perform rapid biodiversity assessments.

In the DNA barcoding study of the ants of Madagascar, subtle genetic structuring at the
population level was noted for Anochetus madagascarensis (Smith et al., 2005). Individuals
from localities separated by the highest mountain in Madagascar exhibited an average
sequence divergence of 1.5%. It was hypothesized that there may be cryptic speciation due to
the development of mountain ranges which can isolate populations, resulting in unique
lineages and species in these region. Climatic shifts in Madagascar have also had an effect on
vegetation structure in forests and thus, ant habitats (Smith et al., 2005).

These hypotheses in Smith et al. (2005) have not been tested using a phylogeographical or
landscape genetics approach. In this chapter I will use as a case study, the COI sequence data
for A. madagascarensis. Sequence data for this species was downloaded from the BOLD
database and aligned using the BOLD sequence alignment option (Amino Acid-based
HMM). BioEdit (Hall, 1999) was used to manually optimize the sequence alignments.

Sequence’s containing too many gaps, were too short or contained too much missing data
(many N’s) were excluded from the alignments. A total of 118 sequences from 39 locations
in Madagascar and three locations in the nearby island of Mayotte were used for further
analysis. A GIS-referenced distribution map was constructed for A. madagascarensis with
DIVA 7.5 (Hijmans et al., 2012) using GPS co-ordinates available on BOLD for each
specimen collected (Figure 1.1).
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Figure 1.1 A map of Madagascar with the altitude layer and the number of A.
madagascarensis individuals in each of the 39 sampling locations.
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1.2.3

Diversity indices and population differentiation

Summary sequence statistics such as nucleotide diversity, haplotypic diversity and their
standard deviations, the number of haplotypes, variable and parsimony informative characters
were calculated for the COI sequence data using Arlequin 3.1 (Excoffier et al., 2005) and
MEGA 5 (Tamura et al., 2011).

The finer scale population genetic structure of A. madagascarensis was also examined by
employing a Bayesian clustering approach. The program BAPS 5.2 (Bayesian analysis of
population structure; (Corander and Marttinen, 2006; Corander et al., 2003) was used. An
analysis was run for each species with the number of clusters, K, set from 1 to 20 with five
replicates of each K and two independent runs.

A median-joining network was constructed for A. madagascarensis haplotypes using the
program Network 4.6.1.1, available from http://fluxus-engineering.com). These networks
were used to explore the reticulate relationships among haplotypes and for a qualitative
assessment of demographic history. Recent population expansions are characterized by starburst pattern networks whereas structured networks could be indicative of populations that
are stable (Walton et al., 2000).

In order to assess the significance of population-level genetic structure, an analysis of
molecular variance (AMOVA), using Arlequin 3 was performed. To determine the scale at
which genetic variation occurred, AMOVA was analysed on three levels; among groups
(ΦCT), among populations within groups (ΦSC) and within populations (ΦST). The populations
were grouped as follows; a North group of individuals including 30 individuals from 19
localities in Madagascar, a South group of 83 individuals that were sampled from 17
localities in the South of Madagascar, and an offshore group which consists of the five
individuals that were sampled from Mayotte (Figure 1.1). The effect of geographical distance
on the genetic divergence of populations was assessed using a Mantel test implemented in the
Alleles in Space (AIS) software (Miller, 2005).
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To visualize how patterns of genetic differentiation change over geographical distance, the
AIS software was used to compute raw genetic and geographical distances between points.
For this analysis, GPS co-ordinates of all the sampling localities had to be converted to
Universal Transverse Mercator (UTM) co-ordinates. This was done using the online
application

available

from

http://www.whoi.edu/marine/ndsf/cgi

bin/NDSFutility.cgi?form=0&from=LatLon&to=UTM. A connectivity network of the UTM
co-ordinates of the sampling localities were created. Next, interindividual genetic distances
were assigned to landscape co-ordinates at midpoints of the connectivity network edges. An
inverse distance-weighted interpolation procedure was used to measure genetic distances at
locations on a grid which overlays the whole sampled landscape. This produced genetic
landscape shape interpolation plots which allows for the identification of sampling localities
which are the most differentiated (genetically different). Interpolation parameters for the
Genetic Landscape Shape surface plots were set at the defaults; number of bins for the X and
Y axis = 50 , distance weight value a = 0.5.

1.3 Results and Discussion
1.3.1 Summary data for DNA barcoding in Africa
Out of the 54 African countries only 32 are represented in the global DNA barcoding
database BOLD. As of August 2013 Madagascar leads the barcoding initiative in Africa with
28943 arthropod specimens barcoded representing 5445 species clusters (BINs), followed by
South Africa with 26156 arthropod specimens barcoded representing 7637 species clusters
(BINs) and Kenya with 18624 arthropod specimens barcoded representing 3723 species
clusters (BINs) in August 2013 (Figure 1.2). Madagascar also has the highest number of
specimens barcoded from the family Formicidae.
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Figure 1.2 The progress of DNA barcoding for invertebrates in Africa (as of August 2013).

1.3.2 Summary sequence statistics
In total, 616 bp of COI from 118 individuals of A. madagascarensis were used for the
analyses. The final alignment includes 59 variable sites, 39 of which were parsimony
informative. The 118 sequences produced 45 unique haplotypes. A total of 41 haplotypes
were private, occurring at a single locality and four were shared between localities. There
were moderate levels of haplotype diversity (h = 0.485 ± 0.053) and nucleotide diversity (π =
0.00755 ± 0.00107) exhibited by COI. The values of Tajima’s D -1.23, P > 0.10) and Fu’s Fs
-5.13, P > 0.10) were not significantly negative. Negative values would indicate that there has
been an expansion in population size (Simonsen et al., 1995). Summary sequence statistics
were also computed separately for the North, South and Offshore groups. The South group
had the highest haplotype (0.982 ± 0.016) and nucleotide diversity (0.014 ± 0.001), followed
by the Offshore group which had a haplotype diversity of 0.700 ± 0.218 and a nucleotide
diversity of 0.009 ± 0.003 (Table 1.2). There was low haplotype diversity observed for the
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North group (0.286 ± 0.064) and low nucleotide diversity (0.002 ± 0.001). The North and
Offshore groups showed a significantly negative value for Tajima’s D statistic (-2.26 and 1.49 respectively, Table 1.2) which points to a possible recent expansion in population size in
these populations of A. madagascarensis.

Table 1.2 Summary sequence statistics for the A. madagascarensis dataset as a whole and for
each of the groups separately. N is the total number of individuals, L is the number of
localities, V is the number of variable characters, PI is the number of parsimony informative
characters, Hd is the haplotype diversity, π is the nucleotide diversity and Sd is the standard
deviation. Values in bold indicate results that were statistically significant (P < 0.05).
N

L

V

PI

Hd

Sd

π

Sd

Fu’s Fs

Tajima’s D

A. madagascarensis

118

39

59

39

0.485

0.053

0.008

0.001

-5.13

-1.23

North Group

83

17

26

22

0.286

0.064

0.002

0.001

-0.53

-2.26

South Group

30

19

48

22

0.982

0.016

0.014

0.001

-13.45

-1.38

Offshore Group

5

3

8

0

0.700

0.218

0.009

0.003

-0.324

-1.49

1.3.3 Patterns revealed by the BAPS and haplotype network

The BAPS analysis revealed three genetically distinct clusters with a log (marginal)
likelihood of optimal partition = -1055.20 and a probability of P = 1.00. These three clusters
suggest that A. madagascarensis is geographically partitioned into three main groups; a
northern group, southern group and an offshore group on the neighbouring island of Mayotte.
The northern group includes the localities: Vatovavy, Analalava, Mahabo, Farafangana,
Manombo, Manakara, Ando Tanatana, Manatantely, Ivohibe, Mandena, Libanona, Lavasoa,
Petriky, St. Luce, Bealoka, Sahanafa and Vazimba; the southern group: Antsahabe, Binara,
Ambato, Francais, Manon, Sakaramy, Orangea, Ambilanivy, Ankarana, Anabohazo, Lokobe,
Andavakoera, Bekaraoka, Ampondrabe, Ambodiriana, Tampolo, Tsimaloto, Androngonibe,
Ampasina-Maningory; and the offshore group of specimens collected from the neighbouring
island of Mayotte: Mt. Benara, Mt. Combani and Mt. Choungui.
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Figure 1.3 The three BAPS clusters which were inferred from the 118 A. madagascarensis
sequences. The sequences were ordered from Offshore to North to South.

The median-joining haplotype network (Figure 1.4) supported the finding of the BAPS
analysis (Figure 1.3), with some exceptions which are discussed below. The northern and
southern group are closely associated. More than 50 mutational steps separated the offshore
group from the southern group, and four mutational steps separated northern group from the
southern group. The most frequently occurring haplotype sequenced from the most
individuals and was comprised of individuals mainly sampled from the 17 northern localities
in Madagascar, with the exception of the individuals sampled from the southern localities of
Anabohazo, Ampasina-Maningory and Tampolo (Figure 1.1). Individuals from northern
localities Analalava, Bealoka and Sahanafa, shared haplotypes with individuals from the
southern localities. The southern group, consisted of the haplotypes that branched off from
the northern group. These haplotypes mainly belonged to the individuals sampled from the 19
southern localities in Madagascar. The offshore group were the individuals from three
localities in Mayotte (Figure 1.1). One individual from Mt. Combani in Mayotte shared a
haplotype with individuals from the north group, it is unlikely that this is due to natural gene
flow, and is probably the result of recent human-mediated introduction from the mainland.
Haplotypes shared among the three groups could indicate contemporary gene flow among
northern and southern populations or these could be the retention of ancestral haplotypes.

The southern Madagascan ant populations had the most number of unique haplotypes (24
private haplotypes). Populations from the southern group and offshore group seem to be more
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genetically differentiated and this could be due to a barrier to gene flow or isolation by
distance (Manel et al., 2003). The mean number of mutational steps separating haplotypes in
the southern group was 2.4 and the mean number of mutational steps separating haplotypes in
the northern group was 1.25.

Mayotte

North
South

124

Figure 1.4 The median-joining haplotype network of A. madagascarensis haplotypes. The
colours of localities on the map correspond to the colours on the haplotype network. The size
of each haplotype is proportional to the number of individuals that share that haplotype. The
number of mutations that are greater than one are indicated on the connection in the
haplotype network.

1.3.4 Landscape genetic patterns
The genetic landscape shape interpolation surface plot revealed that the greatest genetic
discontinuities (shown as peaks on the plot), are among populations located in the southeastern edge of the plot representing the sampling localities (Figure 1.5). The flat surface in
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the rest of the plot could indicate that these populations exhibit a high level of genetic
connectivity (Figure 1.5). This finding was consistent with the finding of the Mantel test
which showed a weak but significant positive correlation between genetic and geographic
distances (1000 permutations, r = 0.21, probability of a correlation greater than or equal to
observed <0.01). This low correlation coefficient could be due to sample size. However,
when the Mantel test was performed for each group separately, it was found that there was a
weak and insignificant positive correlation between genetic and geographic distance for the
North group (r = 0.0021, probability of a correlation greater than or equal to observed >0.01)
and the South group (r = 0.079, probability of a correlation greater than or equal to observed
>0.01). The offshore group showed a negative but insignificant correlation between genetic
and geographic distance (r = -0.24, probability of a correlation greater than or equal to
observed >0.01).
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Figure 1.5. Genetic landscape shape interpolation plot for A. madagascarensis. The x and y
axes indicate the geographic locations within the Delaunay triangulation network and the
height of the surface plots show the average between interindividual genetic distances. The
blue peaks show areas of high genetic variation and the flat yellow surface indicates areas of
little or no genetic variation.

1.3.5 Analysis of molecular variance
Most of the genetic variation for A. madagascarensis was observed among groups (72.27%,
P<0.001, Table 1.3). The values for all of the fixation indices were statistically significant at
α = 0.05. The least amount of genetic variation was found among populations within groups
(9.57%, P<0.01, Table 1.3). The within population genetic variation was found to be 18.16%
(P<0.01, Table 1.3).
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Table 1.3. AMOVA design and results based on the groups recovered by the BAPS and
haplotype networks analyses.
Source of variation

Percentage

Fixation indices

P-value

72.27

0.72

0.00

9.57

0.35

0.005

18.16

0.82

0.004

of variation
Among groups (Northern, southern and
Mayotte island groups)
Among populations within groups
(individuals assigned to sampling
localities)
Within populations

1.3.6 The use of barcode data for landscape genetic analysis
This case study using populations of A. madagascarensis from Madagascar and the
neighbouring island of Mayotte, highlights how the DNA barcoding marker COI can be used
below the species level in landscape genetics and phylogeographical analyses to elucidate
barriers to gene flow and what landscape features may be acting as barriers. The BAPS
clustering approach highlighted the presence of three genetically distinct clusters partitioning
A. madagascarensis into a north, south and offshore group. This was confirmed by the
median-joining haplotype network and the AMOVA analysis. The among group variation
accounted for as much as 72% of the genetic variation.

Unsurprisingly, the populations from the Mayotte island are genetically differentiated from
the other Madagascan populations. The presence of a shared haplotype suggests that there
must be some contemporary (probably human-mediated) migration from the mainland
Madagascar population to the island (Tollenaere et al., 2010). The genetic structure observed
between the north and south group could be partially due to isolation by distance or the
elevated landscape (Figure 1.1) between the north and south localities that could be acting as
a barrier to gene flow. From the map of sampling localities, it appears that sampling was
restricted to the extreme north and south of Madagascar and sampling was sparse over the
rest of the area, especially at higher altitudes. This could indicate that populations of A.
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madagascarensis do not occur at those sites, or that the sites were omitted by Smith et al.
during sampling and hence this could mean that haplotypes connecting the north and south
populations were not sampled.

In order for patterns revealed by landscape genetics and phylogeography to be unbiased and
significant, populations should be sampled across their ranges. In addition molecular markers
of different classes should be used to confirm or provide a contrast to any findings. In terms
of conservation efforts, it has been shown that using a multi-species comparative landscape
genetics or phylogeographic approach is more valuable and informative than using just one
species (Chatzimanolis and Caterino, 2008; James et al., 2011).

1.4 Conclusion – problems and prospects
Although DNA barcoding and landscape genetics are undoubtedly useful to research and
provide insight into the diversity of life, there are drawbacks associated with these
disciplines. The main issue with both DNA barcoding and landscape genetics is that it is
unlikely that a single ‘universal’ marker will be useful in all species across the diversity of
life (Nielson and Matz, 2006). The COI gene has been used successfully in many animal
studies, but there are several problems that are encountered since it is a mitochondrial gene
which provides only a single locus identification system (Valentini et al., 2008b).

Mitochondrial genes are inherited only through the maternal lineage in most animals,
therefore only a limited part of the evolutionary history is revealed (Dasmahapatra and
Mallet, 2006). Interspecific hybridization and the unintentional amplification of pseudogenes
are also problems that are encountered when relying only on mitochondrial genes
(Bermingham and Moritz, 1998; Zhang and Hewitt, 2003). In order to ensure reliability for
identifying species and making inferences about evolution and movement of populations,
more efforts should be made to find several nuclear markers that will supplement and confirm
the findings made by COI data (Dasmahapatra and Mallet, 2006).
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Landscape genetic studies have the potential to enhance ecological knowledge, and will
enable conservationists to manage the status of populations, study the effects of
fragmentation and hence protect the genetic diversity of populations that are endangered
(Manel et al., 2003; Segelbacher et al., 2010). This knowledge can be used to promote
landscape connectivity of these endangered species because it allows for empirically based
conservation corridors to be predicted and implemented (Segelbacher et al., 2010).

Taxonomists have argued that DNA barcoding cannot replace traditional taxonomy but it
must be stressed that DNA barcoding in no way aims to replace taxonomy. The aim of DNA
barcoding is to aid taxonomists to build and someday complete a global inventory of the
diversity of life (Hajibabaei et al., 2005). Hopeful specialists in the field of DNA barcoding
propose that one day, handheld DNA sequencing technology will be invented that can be
used in the field by children, biologists or any enquiring mind, to find out the names and facts
about any species on the planet (Hajibabaei et al., 2005; Savolainen et al., 2005).
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Chapter Two
Revealing the diversity of Formicidae in an urban environment
through DNA barcoding
Abstract
The biodiversity of Durban (eThekwini municipality) in KwaZulu Natal is primarily
threatened by urbanization although other factors such as climate change and the spread of
invasive species also pose significant threats. Knowledge of what species exist within the city
is important for biodiversity surveillance, detecting invasive taxa and uncovering cryptic
species. Conducting a comprehensive biodiversity inventory is a daunting task, especially for
hyperdiverse groups such as terrestrial arthropods, where closely related species can often
only be separated by subtle morphological characters. This study will investigate whether the
barcoding marker, Cytochrome Oxidase C Subunit 1 (COI) can be used to efficiently and
accurately delineate species of ants in comparison to traditional taxonomic approaches. The
feasibility of DNA barcoding for assembling biodiversity inventories for urban areas which
could be useful in conservation planning was also evaluated. A total of 619 individuals were
sequenced from 23 geographic localities within the eThekwini region and surrounding
regions. DNA barcoding revealed 80 provisional species/ “barcode clusters” or monophyletic
lineages which could represent distinct species, while morphology revealed 51 different
morphospecies. The accuracy of DNA barcoding in identifying species was tested by
determining the optimal threshold for delineating species and evaluating a range of thresholds
using three identification criteria, Best Close Match, Nearest Neighbour and ThreshID. The
neighbour-joining tree based on K2P distances showed that the morphologically distinct
species formed well-differentiated clusters. Interspecific genetic distance was higher than
intraspecific genetic distance except in 27 cases due to singletons in the dataset. This
highlighted the importance of sampling multiple individuals of the same species from
different geographical localities. In this study, the utility of COI as a species diagnostic tool
in ants is confirmed. The barcoding library constructed showed promise in highlighting
reserves that should be preserved and possible cryptic speciation for further investigation.
The continuous addition of new, updated sequences to the library from wide geographic
ranges will increase the power and efficacy of finding a correct match for a species.
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2.1 Introduction
Urbanization is expanding globally at a rapid rate which in turn has an adverse effect on the
natural biodiversity. The city of Durban (eThekwini municipality) in KwaZulu Natal is
located in the ‘Maputaland Pondoland Albany’ region (MPAR) – a biodiversity hotspot
comprising of both terrestrial and aquatic ecosystems (Croucamp, 2009).

The considerable biodiversity within the MPAR is threatened by land transformation
(agriculture and urban), alien plant and animal invasions and climate change. The eThekwini
municipality has recently launched, in collaboration with the University of KwaZulu-Natal, a
state of biodiversity programme. This program aims to track and monitor the status of
biodiversity and natural resources in the urban environment and provide tools that can be
used to monitor how much progress is being made to reduce loss of biodiversity in urban
areas. This information will then be used to inform the public, policy-makers, stakeholders
about the status of our biodiversity and implement conservation plans and promote
sustainable use in the future (Anonymous, 2010).

As is the case with all cities around the world, there are large areas (approximately 49.1%) in
Durban that have been dramatically altered from their natural state by human activities
(Diederichs et al., 2010). This ultimately results in the loss of endemic biodiversity. However,
in order to assess how much biodiversity is being lost, there needs to be a clear idea of how
much biodiversity there actually is.

Knowledge of what species exist within the city is important for biodiversity surveillance, the
detection of invasive taxa and uncovering cryptic species and new species. Conducting a
comprehensive biodiversity inventory is a daunting task, especially for hyperdiverse groups
such as terrestrial arthropods, where closely related species can often only be separated by
subtle morphological characters.

28

The Barcode of Life initiative proposed a standardized method for the identification of
species by sequencing a 658 base pair region of the mitochondrial gene, COI (Hebert et al.,
2003b). The principle of DNA barcoding is straightforward; the barcode sequence from an
unidentified specimen collected from anywhere around the world can be compared to an
online, globally accessible digital library of DNA barcodes in order to identify the specimen.
The project aims to revolutionize species identification and discovery by accelerating a
process which can be tedious, time-consuming and expensive by traditional morphologybased taxonomy alone.

DNA barcoding has the potential to aid taxonomists by helping to highlight specimens that
are cannot be assigned, to species that have already been described (Savolainen et al., 2005).
Along with identifying species and discovering new species, DNA barcoding can also
supplement and support research programs in ecology and other biodiversity disciplines
(Hajibabaei et al., 2007; Savolainen et al., 2005).

However, in order for the full capability, power and reliability of DNA barcoding to be
reached, it is essential that comprehensive reference libraries be constructed so that the
probability of finding a true match for an unknown specimen is increased (deWaard et al.,
2011). Many projects have successfully established reference libraries for several groups, for
example DNA barcode libraries have been established for the Looper Moths of British
Colombia, Canada (deWaard et al., 2011), the Arctic Life (Ephemeroptera, Plecoptera and
Trichoptera) of Manitoba, Canada (Zhou et al., 2009), North American Ephemeroptera
(Webb et al., 2012), the butterflies of Romania (Dinca et al., 2010) and many more. Few
reference libraries, however, are currently available for African taxa and most regional
barcoding projects have focused on rural areas that are not heavily impacted by human
development. Investing in and compiling species inventories or the assembly of DNA
barcode libraries within cities could be invaluable to urban conservation planning,
biodiversity surveys and detection of invasive species. Green areas within cities can act as
reservoirs of regional diversity and most importantly urban areas often depend on natural
areas within the city to provide key ecological services such as water and air purification,
noise reduction and for aesthetic appeal (Blaustein, 2013).
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The aim of this study was to build a DNA barcode library for the Formicidae in the
eThekwini region. Found in virtually any habitat in all parts of the world, the ants
(Hymenoptera: Formicidae) are remarkable ecological engineers that are abundant,
morphologically variable and temperamentally variable. They hold a great deal of influence
over other invertebrate species as they act as predators and are involved in symbiotic and
parasitic relationships with other species, including plants and bacteria (Bolton, 1994;
Holldobler and Wilson, 1990). They are part of the family of social insects and have
iteroparous and perennial colonies (Holldobler and Wilson, 1990). Ants are considered
indicator species and are useful in highlighting areas that are high in biodiversity,
biogeographic zones and points of evolutionary radiation as well as for monitoring change in
the environment (Schoeman and Foord, 2012).

Despite their prominence in many ecosystems, the taxonomy of ants is poorly understood
(Seppa, 2008). According to AntBase (Data accessed: 15 January 2013) 12649 species of ants
have been described out of the 20 000 that are estimated to exist today. This leaves over 30%
that still need to be discovered and described (Seppa, 2008). Thus, it is likely that there are
more species that could be endangered or are already extinct. Ants are of conservation
concern as 149 species are considered vulnerable on the IUCN Red List (Data accessed: 15
January 2013).

Surprisingly, studies involving ants are limited and do not feature as strongly as other
taxonomic groups, such as mammals, and other arthropods such as Lepidoptera in scientific
literature. This could be due to the ants being a taxonomically complex group (Bolton, 1994).
Molecular data has proven to be instrumental in accelerating the rate of species discovery and
description of ants. For example, DNA barcode studies have already been carried out on the
ants of Madagascar and Mauritius (Smith and Fisher, 2009; Smith et al., 2005). These studies
discovered high sequence divergence within some taxa that warrant further investigation (see
chapter 1) in terms of their morphology, genetics, behaviour and life-history.

This study aims to begin the assembly of a barcode library for Formicidae of the eThekwini
region. By adding barcode data generated in this study to the global initiative, the proportion
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of ant species that matched BOLD reference entries was assessed in order to test the utility of
DNA barcoding as an invasive species early detection and monitoring tool. The DNA
barcoding method was tested for its efficiency and accuracy in delineating species of ants in
comparison to traditional taxonomic approaches. By including individuals of the same
species from multiple geographic localities, the effect of geographic scale of sampling on
DNA barcode assignment was examined. This study highlights the feasibility of DNA
barcoding for assembling biodiversity inventories for urban areas.

2.2 Materials and methods
2.2.1 Study area & sampling strategy

The eThekwini region is a metropolitan municipality covering a land area of 2297 km2
including the city of Durban and surrounding areas. Located on the east coast of South
Africa, in the province of KwaZulu-Natal, it is a sub-tropical coastal region, characterized by
high temperatures, humidity and summer rainfall, and is influenced by the Indian Ocean and
warm Agulhas current (Fairbanks et al., 2001). Although the region is largely urbanized,
Durban is located within the Maputuland-Pondoland-Albany Region (MPAR), a globally
important biodiversity hotspot (www.iucn.org). There are more than 2000 described species
of plants, 82 terrestrial mammal species, 380 species of birds, 69 species of reptiles, 37
species of frogs and 25 endemic invertebrate groups found in the region (Croucamp, 2009).
But this only represents a fraction of the biodiversity found in the city. According to the
2009-2010 State of Biodiversity Report by the eThekwini municipality, Durban has three of
South Africa’s eight terrestrial biomes (savannah, grassland and forest) ten distinct vegetation
types (Eastern Valley Bushveld, KwaZulu-Natal Coastal Belt, KwaZulu-Natal Hinterland
Thornveld, KwaZulu-Natal Sandstone Sourveld, Mangrove Forest, Ngongoni Veld, Northern
Coastal Forest, Scarp Forest, Subtropical Coastal Lagoons, Subtropical Seashore Vegetation),
and 97 km of coastline with a variety of beach types (Figure 2.1). The Durban Metropolitan
Open Space System (D’MOSS) is a network of open spaces in the city that include nature
reserves, large underdeveloped pieces of privately and municipality managed land, rural
landscapes in upper catchments and riverine and coastal corridors. In total, D’MOSS consists
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of about 74 711 ha of underdeveloped habitats, and integrates areas of high biodiversity
linked together in the eThekwini municipal area.

Ants were collected from 18 green and developed areas within the city of Durban and from
five surrounding localities (Pietermaritzburg, Port Shepstone and Northern KwaZulu Natal;
Table 2.1). Geographic coordinates for all sampling localities included. At each site, ants
were collected from all vegetation types present (Table 2.1). In most cases a site was only
visited once, but some areas were sampled more than once to determine if sampling effort
influenced the number of ant species recovered. Field work was conducted between July
2011 and April 2012; this period covered both the summer and winter seasons. Ants were
collected using a variety of methods depending on vegetation type and size of the sampling
site. Ants were hand collected from vegetation and litter in grassland and forest habitats for
10 minutes in a 1 m2 quadrat placed at 10 different localities within a vegetation type. In
forests, leaf-litter adjacent to the quadrat sampled was collected and specimens were then
extracted using a Berlese funnel directly into 95% ethanol (EtOH). Yellow and blue pan traps
containing sugar water were laid out in all habitats for the duration of the sampling period.
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Figure 2.1. (a) Map of South Africa highlighting KwaZulu Natal. (b) A Google Earth image
of the sampling localities within eThekwini and surrounding areas. (c) A Google Earth image
of sampling localities in eThekwini central. The number of specimens barcoded in each
locality is indicated in brackets.
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Table 2.1. Sampling site locations and characteristics. * Denotes that a reserve was only
sampled once.
Site
Amatikulu
Beachwood Mangroves
Burman Bush
Darville Resources Park
Happy Valley (Bluff)
Hazelmere Dam
Ipithi
Isipingo Beach
Kenneth Stainbank
Krantzkloof
UKZN Agric PMB
Msinsi
New Germany
North Park
Palmiet
Phinda
Port Shepstone
Seaton Park
Silverglen
Springside
Treasure Beach
UKZN Westville
Vernon Crookes

Vegetation type
Forest, grassland
Mangroves, swamp
Coastal bush
Grassland
Grassland, wetland, costal forest
Grassland
Grassland, forest
Beach
Grassland, forest
Forest
Botanical garden
Grassland, forest
Grassland, forest
Coastal bush
Grassland, riverine forest
Bushveld
Urban garden
Costal forest
Coastal grassland, bush clump
mosaic
Grassland, forest
Dune forest, mangrove swamps,
wetlands
Urban
Grassland, coastal forest
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Latitude

Longitude

29°6'54.72" S
29°47'43.32"S
29°48'39.96"S
29°35'54.33"S
29°55'55.92"S
29°36'0" S
29°47'26.93"S
29°59'59.28"S
29°54'25.56"S
29°45'52.56"S
29°37'32.82"S
29°51'48.98"S
29°48'45" S
29°52'23.88"S
29°49.35' S
27°41.742'S
30°43'34"S
29°47'28.54"S
29°55'53.43"S

31°36'9.36" E
31°2'30.53" E
31°1'8.76" E
30°26'4.76" E
30°59'33.72" E
31°2'29.76" E
30°47'59.26" E
30°56'42" E
30°56'12.48" E
30°50'48.84" E
30°24'13.96" E
30°59'13.81" E
30°53'19.32" E
30°52'57" E
30°55.58' E
32°21.369'E
30°25'16" E
31°1'30.71" E
30°53'40.39" E

Replicates
*
*
*
*
*
*
3
*
*
*
2
3
2
*
3
*
*
*
*

29°46'49" S
29°57'0" S

30°46'23" E
31°0'0" E

3
*

29°52'3" S
30°17'17.52"S

30°58'50.88" E
30°33'43.56" E

*
2

2.2.2 Definition of morphospecies and taxonomic identification

Specimens were preserved in 95% ethanol and stored at 4 °C prior to sorting. Specimens
were sorted to the lowest taxonomic level possible based on morphology (Bolton, 1994;
Holldobler and Wilson, 1990). Taxonomic assignment was confirmed after consultation with
the reference collection at Iziko South African Museum and collaborating taxonomist,
Hamish Robertson. Because the identification of barcode clusters or BINs is based on the
comparision of inter vs. intraspecific sequence divergence, multiple individuals per
morphospecies were used in initial analyses. A maximum of five individuals per sampling
location were selected for DNA barcoding to incorporate spatially-correlated variation within
species (Bergsten et al., 2012). Each individual was given a unique sample identification
number and photographed using a Leica Montage Stereo Light Microscope at the Microscopy
and Microanalysis Unit (MMU) at the University of KwaZulu Natal. Collection details,
taxonomic assignment and photographs of each specimen submitted for sequencing was
uploaded onto the Barcode of Life Database (BOLD).

2.2.3 DNA extraction and amplification

A leg was excised from each individual and placed in a well of a 96-well microplate
containing 50 µl of 95% EtOH. An entire individual was sampled in cases when they were
too small for a leg to be excised. Voucher specimens are stored in a designated storage
facility at -80 °C, at the University of KwaZulu-Natal or at the Iziko South African Museum.
DNA extraction, PCR amplification and sequencing of the barcode region of the COI
mitochondrial gene was performed at the Canadian Centre for DNA Barcoding (CCDB) at
the University of Guelph, Canada, using standard protocols (Hajibabaei et al., 2005).

The COI sequences generated were aligned using the BOLD aligner option in the BOLD
informatics workbench, which uses an amino acid based Hidden Markov Model (HMM)
algorithm. Using this probabilistic model, the multiple sequence alignment is converted into a
position-specific scoring system. This enables databases to be searched for homologous
sequences (Eddy, 1998). The alignments were downloaded and inspected manually in
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BioEdit 7.0.9.0 (Hall, 1999) for the presence of gaps and stop codons. All sequences and
associated information (GPS coordinates, images and trace files) are available through
BOLD. Of the 665 specimens submitted for barcoding, 619 were barcode compliant
(sequence length more than 500 bp and not flagged as misidentification or contamination).

2.2.4 Sequence analysis and tree construction
The COI sequences from 624 specimens were used to construct a neighbour-joining (NJ) tree
using the Kimura-2-Parameter (Kimura, 1980) model, as implemented in the ‘sequence
analysis’ module of BOLD (Appendix 1). The specimens were assigned to BINs (Barcode
Index Numbers) or ‘barcode clusters’ on the tree using a clustering algorithm implemented in
the bioinformatics workbench of BOLD. The clustering algorithm creates operational
taxonomic units (OTUs) and assigns specimens to putative species using sequence data. The
Barcode Index Number System is useful when taxonomic information, particularly at the
species-level, is unavailable. The system is reliable for species verification and uncovering
diversity rapidly because the barcode sequence clusters show high concordance with species
(Ratnasingham and Hebert, 2007).

Each sequence was matched against the library of COI barcode sequences in BOLD using the
BOLD identification search engine and the database for all the barcode records (including
records that have not yet been identified to the species level). When the match success was
above 95%, the species name from the best top match was allocated to that morphospecies.
Provisional genus-level identification was allocated to those sequences where no specieslevel match was available. The mean sequence composition was computed using the
sequence alignment composition option on BOLD.

2.2.5 Analysing the DNA barcode data using Spider

Further analyses of the DNA barcode data were carried out in R statistical software
(http://www.r-project.org) using the Spider library (Brown et al., 2012). Spider (Species
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Identity and Evolution in R) contains various beneficial analyses for DNA barcoding,
particularly for studies focused on the delimitation of species and speciation.

2.2.5.1 Measures of identification accuracy

The ‘threshOpt’ function was used to find the optimal threshold for identification given the
data. The function computes the number of true positive, false negative, false positive and
true negative identifications, including the cumulative error which is the sum of the false
negative and false positive identifications. The analysis was performed with a range of
threshold values from 0.1% to 5%.

Three functions in Spider (Best Close Match, Nearest Neighbour and Thresh ID) were used
to test the accuracy of the identifications made by BOLD species identification engine. Each
individual sequence is considered as an unknown and compared to the rest of the DNA
sequences in the alignment.

The Best Close Match (Meier et al., 2006), returns the closest individual to the query as a
correct match. If the result is “incorrect”, then the closest match is different to the name of
the query. A result of “ambiguous” indicates that more than one species is the closest match
to the query while a result of “no ID” indicates that the query has no closest match. The
Nearest Neighbour algorithm also finds the closest match to the query and if the name
matches with that of its closest match, the result is returned as “TRUE” or “FALSE” if there
is no match. The Thresh ID function carries out an analysis that is threshold based and similar
to the specimen identification tool on BOLD. The results are interpreted similarly to that of
the Best Close Match function, however, the Thresh ID function is more inclusive and
includes all the results within the threshold rather than a single nearest-neighbour match. The
Best Close Match and Thresh ID tests were carried out from 1% to 5% threshold levels since
the threshold for delimiting majority of insect species is ≥3% (Stoeckle and Hebert, 2008)
and because the threshOpt function indicated that the optimal threshold is 1.1% for the
current data.
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2.2.5.2 The barcode gap

To explore the existence of the ‘barcode gap’, intra and inter-specific distances were
computed using the K2P distance measure. To further visualize the barcode gap, the furthest
intraspecific value for an individual amongst members of its own species and the closest
interspecific distance was calculated. The maximum intraspecific distance was subtracted
from the minimum interspecific distance to check for the absence of the barcode gap.

2.2.6 Phylogenetic analysis

To determine the relationships among MOTUs, maximum likelihood (ML) and Bayesian
analyses were conducted using one representative of each barcode cluster (n = 80). These two
methods are model-based and the software jModeltest 0.1 was used to find the best-fit model
for nucleotide substitution using the corrected Akaike Information Criterion (AICc). The
model selected was TPM2uf + I + G (proportion of invariable sites = 0.3970 and gamma
shape parameter = 0.4760). Since this particular model was not available in MrBayes 3.1.2
(Huelsenbeck and Ronquist, 2001), the GTR + I + G model was chosen as the closest
approximation and implemented in maximum likelihood and Bayesian analyses. Maximum
likelihood analysis was performed using the program Garli 0.96 (Zwickl, 2006). Branch
support was assessed by a 100 nonparametric bootstrap replicates.

Bayesian Inference was performed using two independent runs with four parallel chains and
five million Markov Chain Monte Carlo (MCMC) generations were run. Trees were sampled
every 300th generation. Priors were set to nst = 6, gamma and invariant sites. Tracer 1.5 was
employed to inspect the convergence between estimated values of model parameters from the
independent runs and their effective sampling sizes (ESS). The first 499980 trees were
discarded as burnin.
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2.3 Results

2.3.1 Sequence analysis

DNA was extracted from 665 individuals, and 624 individuals (94%) were successfully
sequenced for COI. The final alignment consisted of 619 sequences as five sequences were
not barcode compliant, i.e. sequence length less than 200 bp. Nucleotide composition values
(Table 2.2) show that the sequences were AT rich which is expected in insect mtDNA
(Crozier and Crozier, 1993).

Table 2.2. Sequence composition statistics for the complete alignment of the Formicidae of
eThekwini (624 sequences).

G%
C%
A%
T%
GC%
GC% Codon Pos 1
GC% Codon Pos 2
GC% Codon Pos 3

Minimum
9.73
11.09
24.23
31.61
22.04
27.86
33.21
0.46

Mean
12.07
18.86
29.43
38.99
30.94
37.86
37.75
17.19

Maximum
23.10
28.98
34.95
44.68
41.49
51.52
43.31
34.92

Standard Error
0.041
0.106
0.059
0.098
0.121
0.136
0.041
0.259

There was high nucleotide diversity and haplotype diversity for the Formicidae of eThekwini
highlighting the high levels of biodiversity found in the area (Table 2.3). Although the sorting
of specimens using morphology had recovered 51 morphospecies, analysis of the DNA data
resulted in 80 DNA barcode clusters (BINs) as indicated on the neighbour-joining tree of
K2P distances generated with BOLD (Appendix 1). With the assistance of a taxonomist,
problematic individuals were formally identified to species or near species level.

39

Table 2.3. Summary sequence statistics for the complete alignment of the Formicidae of
eThekwini excluding non-barcode compliant sequences (619 sequences) and the sequence
alignment of one representative of each BIN.
Alignment

n

V

PI

H

h

SD

π

SD

Complete

619

373

362

92

0.97

0.003

0.234

0.002

BINs

80

369

347

80

1.00

0.002

0.214

0.003

2.3.2 Species identification
A total of 25 out of 80 (31%) barcode clusters (BINs) exhibited a 95% or higher match at the
species-level when using the BOLD specimen identification tool. Seven out of 80 (9%) of the
barcode clusters exhibited a 95% or higher match at the genus level and 48 out of 80 (60%)
had a match below 95% at either the species or genus level. In total our sample includes
representatives of 25 genera and six subfamilies (Table 2.4). The genus Tetramorium was the
most well-represented in our dataset, followed by Pheidole, Pachycondyla, and Camponotus.

In most cases the DNA data recovered the same taxonomy as the morphological assignments,
with some notable exceptions. Individuals belonging to the BIN cluster ‘532504’ were
identified as Anochetus grandidieri by the molecular data (with an 84% match) however, they
were identified as Microdaceton exornatum using traditional taxonomy. Individuals
belonging to the BIN cluster ‘483802’ were identified as Anochetus madagascarensis by
DNA data (with a 95.97% match) while traditional taxonomic methods identified them as
Anochetus bequaerti. Individuals belonging to BIN cluster ‘133387’ were morphologically
identified as Camponotus nr. cintellus, while the BOLD identification showed a 98.92%
match with Camponotus AFRC. Individuals identified as Pachycondyla peringueyi with a
83.33% match on BOLD, corresponding to the BIN cluster ‘499613’, were identified as
Pachycondyla havilandi by traditional taxonomy. An individual from the BIN cluster
‘469662’ was identified to genus level on BOLD as Pachycondyla, with a match of 100%.
Traditional morphology taxonomy was able to refine the taxonomy and identify the
individual to species level as Pachycondyla sculpturata.

40

Table 2.4. Results of provisional species assignment of barcode clusters based on searches on
BOLD.
Identification by BOLD

BIN no.

Provisional species name

Subfamily

%Match

Aneuretinae

87.38

assigned
Aneuretus simoni

483797

Aneuretus etk

Anochetus grandidieri

532690

Anochetus grandidieriD

Ponerinae

94.26

Anochetus grandidieri

483804

Anochetus grandidieri

Ponerinae

92.91

Anochetus grandidieri

494812

Anochetus grandidieriA

Ponerinae

91.98

Anochetus grandidieri

532504

Anochetus grandidieriB

Ponerinae

84.65

Anochetus grandidieri

532569

Anochetus grandidieriC

Ponerinae

86.79

Anochetus madagascarensis

483802

Anochetus madagascarensis

Ponerinae

95.97

Anoplolepis custodiens

515500

Anoplolepis custodiens

Formicinae

97.38

Camponotus AFRC

133387

Camponotus AFRC

Formicinae

98.92

Camponotus AFRCSA

133907

Camponotus AFRCSA

Formicinae

99.03

Camponotus eugeniae

133898

Camponotus eugeniae

Formicinae

99.69

Camponotus maculatus

8304

Camponotus maculatus

Formicinae

99.50

Camponotus niveosetosus

133278

Camponotus niveosetosus

Formicinae

98.30

Camponotus petersii

500732

Camponotus petersii

Formicinae

97.53

Cataulacus

481213

Cataulacus ETKF

Myrmicinae

99.07

Cataulacus erbrardi

2981

Cataulacus erbrardi

Myrmicinae

97.30

Crematogaster

262235

Crematogaster ETKB

Myrmicinae

89.04

Crematogaster

262236

Crematogaster ETKC

Myrmicinae

84.26

Crematogaster castanea

17180

Crematogaster castanea

Myrmicinae

98.61

Hypoponera

483796

Hypoponera ETKJ

Ponerinae

97.53

Lepisiota AFRC

264251

Lepisiota AFRC

Formicinae

96.45

Lepisiota canescens

494813

Lepisiota canescens

Formicinae

95.37

Lepisiota crinita

515769

Lepisiota crinita

Formicinae

97.99

Lepisiota crinita

264252

Lepisiota crinitaB

Formicinae

94.44

Lepisiota incisa

264250

Lepisiota incisa

Formicinae

99.85

Leptogenys

262510

Leptogenys ETKD

Ponerinae

85.09

Leptogenys

483794

Leptogenys ETKI

Ponerinae

92.13

Leptogenys elongata

494811

Leptogenys ETK12

Ponerinae

83.62

Leptogenys AFRC

498867

Leptogenys AFRC

Ponerinae

88.20

Monomorium indet

532573

Monomorium ETK13

Myrmicinae

92.13

Monomorium termitobium

532688

Monomorium ETK14

Myrmicinae

86.85

Myrmicaria natalensis

511076

Myrmicaria natalensis

Myrmicinae

100

Oligomyrmex

471121

Oligomyrmex ETKG

Myrmicinae

95.83

Oligomyrmex

481216

Oligomyrmex ETKH

Myrmicinae

90.60

Oligomyrmex

498740

Oligomyrmex ETKP

Myrmicinae

89.00
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Identification by BOLD

BIN no.

Provisional species name

Subfamily

%Match

Myrmicinae

99.54

assigned
Oligomyrmex

501888

Oligomyrmex ETKR

Pachycondyla caffraria

262511

Pachycondyla caffrariaA

Ponerinae

98.17

Pachycondyla caffraria

483795

Pachycondyla caffrariaC

Ponerinae

97.69

Pachycondyla caffraria

483813

Pachycondyla caffrariaB

Ponerinae

97.71

Pachycondyla

469662

Pachycondyla ETKF

Ponerinae

100

Pachycondyla peringueyi

499613

Pachycondyla ETK01

Ponerinae

83.33

Pachycondyla tarsata

500346

Pachycondyla tarsata

Ponerinae

97.55

Pachycondyla villosa

500324

Pachycondyla ETK02

Ponerinae

86.50

Paratrechina

469861

Paratrechina ETKF

Formicinae

99.85

Paratrechina

532572

Paratrechina ETKX

Formicinae

90.57

Pheidole MG145

19139

Pheidole megad

Myrmicinae

99.39

Pheidole

261760

Pheidole megab

Myrmicinae

85.88

Pheidole

261761

Pheidole megac

Myrmicinae

100

Pheidole

261918

Pheidole ETKA

Myrmicinae

99.85

Pheidole

507075

Pheidole ETKT

Myrmicinae

89.91

Pheidole MG145

514931

Pheidole MG

Myrmicinae

98.31

Pheidole

532691

Pheidole ETKY

Myrmicinae

86.70

Plagiolepis indet

35746

Plagiolepis indet

Formicinae

99.83

Plagiolepis

483803

Plagiolepis ETKK

Formicinae

99.38

Plagiolepis

483814

Plagiolepis ETKM

Formicinae

99.23

Plagiolepis

532362

Plagiolepis ETKV

Formicinae

98.61

Plectroctena mandibularis

499292

Plectroctena ETK03

Ponerinae

86.70

Polyrachis shistacea

262703

Polyrachis shistacea

Formicinae

99.85

Ponera pennyslvanica

498868

Ponera ETK04

Ponerinae

84.74

Proformica

497931

Proformica ETKO

Formicinae

84.06

Pyramica brevicornis

532574

Pyramica ETK05

Myrmicinae

84.07

Solenopsis punctaticeps

506479

Solenopsis punctaticeps

Myrmicinae

98.77

Technomyrmex pallipes

261945

Technomyrmex ETK06

Dolichoderinae

94.65

Technomyrmex fisheri

481212

Technomyrmex ETK07

Dolichoderinae

90.54

Tetramorium humbloti

7716

Tetramorium humbloti

Myrmicinae

99.07

Tetramorium

36449

Tetramorium

Myrmicinae

98.77

quadrispinosum

quadrispinosum

Tetramorium grassii

154316

Tetramorium grassii

Myrmicinae

98.36

Tetramorium frigidum

261762

Tetramorium frigidum

Myrmicinae

96.60

Tetramorium

264778

Tetramorium ETKE

Myrmicinae

99.12

Tetramorium

481214

Tetramorium ETKG

Myrmicinae

87.86

Tetramorium simillimum

490123

Tetramorium ETK08

Myrmicinae

91.94

42

Identification by BOLD

BIN no.

Provisional species name

Subfamily

%Match

assigned
Tetramorium proximum

532568

Tetramorium ETK09

Myrmicinae

89.66

Tetramorium erectum

532570

Tetramorium ETK10

Myrmicinae

94.44

Tetramorium

532571

Tetramorium ETKW

Myrmicinae

88.73

Tetraponera clypeata

483805

Tetraponera ETK11

Pseudomyrmicinae

92.17

Tetraponera

483812

Tetraponera ETKL

Pseudomyrmicinae

92.91

Tetraponera

497624

Tetraponera ETKN

Pseudomyrmicinae

97.70

Tetraponera

499152

Tetraponera ETKQ

Pseudomyrmicinae

91.75

Tetraponera

509309

Tetraponera ETKU

Pseudomyrmicinae

93.20

2.3.3 Threshold optimization & measures of identification accuracy
The lowest cumulative error (3 sequences) using the threshold optimization function, was at
the 1.1% threshold level while the highest cumulative error (107 sequences) was observed for
threshold values between 4.5 to 5% (Figure 2.2, Table 2.5). The optimal threshold for
delimiting ant species (1.1% COI sequence divergence) was lower than the 3% COI sequence
divergence considered to be the standard threshold for delimiting insect species (Hebert et al.,
2003b). As the percentage threshold for delimiting species increases, the number of false
negatives increases.

Figure 2.2. A barplot of the false positives (light grey) and false negative (dark grey) rate of
identification for the Formicidae of eThekwini from a threshold of 0.1 to 5.0%.
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The identification criteria analysis was done to evaluate what percentage threshold COI
sequence divergence would be considered the optimal threshold for the DNA barcode library
for the ants of eThekwini. The Nearest Neighbour criteria identified 598 “TRUE” matches
(nearest species name has the same name as the query) and 21 “FALSE” identifications (no
species name matches the query). The Best Close Match and ThreshID criteria yielded
similar results. As the percentage threshold increased, there was an increase in the number of
“Incorrect” and “No ID”. With the threshID criteria, there was also an increase in the number
of “Ambiguous” results as the percentage threshold increased. The analysis suggests that the
optimal threshold for species delimitation was 1.1% for the ants of eThekwini because 595
individuals were identified correctly and 24 individuals had no closest matches in the library
(No ID result, Figure 2.3). Changes to the percentage threshold had no effect on species
monophyly. The result of species having no closest matches was due to the presence of
singletons in the dataset, i.e. only one representative from a species.

Table 2.5. The results of the threshold optimization analysis of thresholds from 1.0 – 5.0%.
%

True

True

False

False

Cumulative

Threshold

negatives

positives

negative

positives

error

1.0

21

591

0

7

7

1.1

21

595

0

3

3

2.0

20

566

32

1

33

3.0

18

508

92

1

93

4.0

18

504

96

1

97

5.0

16

496

106

1

107
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Figure 2.3. A barplot of the success rate of the (a) Best Close Match identification criteria and the (b)
ThreshID identification criteria at 1 – 5 % thresholds.
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2.3.4 The barcode gap
The COI Kimura two-parameter (K2P) sequence divergences were much higher between
species than within species (Figure 2.4 and 2.5) and suggests that COI is a good marker to
use for species delimitation within the eThekwini region. This finding meets one of the
critical assumptions of DNA barcoding which dictates that interspecific genetic distance
should be higher than intraspecific genetic distance (Hebert et al., 2004a; Meyer and Paulay,
2005). The average among-species COI sequence divergence value was 0.26. The minimum
interspecific genetic distance was 0.04 while the maximum interspecific genetic distance was
0.4. The minimum intraspecific genetic distance was 0 and the maximum intraspecific
genetic distance was 0.02 (Figure 2.4).

Figure 2.4. Distribution of pairwise distances calculated using the K2P model. The green bar indicates
the intraspecific genetic distance and the grey bars indicate the interspecific genetic distances.

However, there were 27 individuals where there was a zero or negative difference when the
maximum interspecific distance was subtracted from the minimum interspecific distance.
This indicates a lack of the barcode gap in these cases and are shown in red in Figure 2.5.
Again, this is due to singletons because of insufficient spatial sampling in the reference
library.
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Figure 2.5. A line plot of the barcode gap for the Formicidae of eThekwini. For each individual in the
dataset, the grey lines represent the furthest intraspecific distance (bottom of line value), and the
closest interspecific distance (top of the line value). The red lines show where this relationship is
reversed.

2.3.5 Phylogenetic analysis
The phylogenetic relationships between representatives of each barcode cluster (BINs) are
illustrated in Figure 2.6. The maximum likelihood and Bayesian Inference consensus trees
were congruent with each other and Figure 2.6 represents the maximum likelihood tree with
bootstrap and posterior probability values annotated onto the branches. The tree was rooted at
the midpoint. All values above 75% bootstrap and 0.95 posterior probability were considered
significantly well-supported, while values below 50% bootstrap and 0.50 posterior
probability were considered weakly supported and not shown on the tree. There were several
genera that were not monophyletic; these included the genera Pheidole, Tetraponera,
Oligomyrmex, Leptogenys, Pachycondyla, Ponera, Myrmicaria, Monomorium, Pyramica and
Anochetus. Species in the genera Pheidole, Lepisiota, Camponotus, Pachycondyla,
Oligomyrmex, Anochetus, Tetraponera and Leptogenys all contained multiple BINs. This
could indicate cryptic speciation and species from four of these genera (Pheidole, Lepisiota,
Camponotus and Pachycondyla) will be further examined in chapter 4 using a
phylogeographic and landscape genetics approach.
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Figure 2.6 A maximum likelihood tree of one individual per BIN. Bootstrap values above 50 and
Bayesian posterior probabilities above 0.5 are shown. The number of individuals per BIN are also
indicated.
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2.4 Discussion
2.4.1 A DNA barcode library for eThekwini Formicidae
The aim of this chapter was to test the utility of the DNA barcoding marker COI for the rapid
assessment of Formicidae biodiversity in various nature reserves/ “green areas” in the
eThekwini region. A total of 51 morphospecies were found using morphological characters
alone, whereas 80 distinct barcode clusters or were found using COI sequences. The current
DNA barcode library for the Formicidae of eThekwini consists of 619 sequences from 80
potential species from 26 genera, and six subfamilies. Spatial sampling included individuals,
across 23 nature reserves/ “green areas”.

2.4.2 Identification success using DNA barcoding
Although there are potential shortfalls using either morphological taxonomy or DNA
barcoding, when used in conjunction, they could be very effective in identifying species. An
integrative approach could aid in achieving more sound, reliable and efficient species
identifications. In a study addressing if DNA barcodes could correctly assign unknown
organisms to higher taxa when a species-level match is unavailable in a DNA barcode library,
it was shown that tree-based methods successfully assigned, with high accuracy, to higher
taxonomic levels (Wilson et al., 2011). In contrast, another study demonstrated that treebased methods ranked the worst for identifying species (van Velzen et al., 2012). Therefore,
along with the neighbour-joining tree, other methods were also used in conjunction to test the
ability of DNA barcoding to identify species of ants. One of the major criticisms of DNA
barcoding is that the integrity of identifications are compromised by false positives which is
overestimating the true number of species, and false negatives which is an underestimate of
the true species number (Packer et al., 2009). This can be overcome by using a threshold
optimized to have the least cumulative error (Meyer and Paulay, 2005). In the DNA barcode
study of the ants of Madagascar, the optimal threshold of 2-3% was found to be suitable for
the data (Smith et al., 2005). In the present study of ants within the eThekwini region, the
BCM and ThreshID criteria were evaluated between the 1% (least cumulative error) and 5%
(most cumulative error) thresholds (Figure 2.2 and 2.3, Table 2.5). Both criteria had the most
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correct identifications at a threshold of 1.1% COI sequence divergence which is less than the
optimal threshold range identified for the ants of Madagascar.

Using the global data available through BOLD, only 25 out of 80 (31%) of the barcode
clusters could be identified to species level with a match of over 95%. This highlights the
lack of comparative information available on African taxa in the database and justifies the
need for the present study. Generally, the morphological delimitation underestimated the
diversity of ant species in the city (51 morphospecies vs 80 molecular BINs). This was not
always the case, for example, five barcode clusters were identified as Anochetus grandidieri
despite individuals being morphologically quite diverse. Taxonomic identification identified
one species as being part of an entirely different genera, Microdaceton exornatum. Two of
the other species did belong to the Genus Anochetus, but one was taxonomically identified as
Anochetus bequaerti and the other as Anochetus nr. natalensis. This suggests that a large
amount of the specimens sampled in this study do not have representatives in the BOLD
database, and are therefore unique. This highlights the usefulness of local barcode libraries.

2.4.3 Effects of sampling on inter and intraspecific diversity
Due to the sampling regime of this study, there were some species that were only represented
by a single sequence. Obtaining multiple individuals of the same species is critical for the
investigation of interspecific as well as intraspecific variation (Fisher, 1999). Using the Best
Close Match and ThreshOpt identification criteria, there were 24 instances where there was a
“NO ID” result (Figure 2.3). This was due to the query sequence having no closest match in
the dataset because of the presence of singletons in the dataset.

Species with only a single representative were also responsible for a zero or negative
difference when the maximum interspecific distance was subtracted from the minimum
interspecific distance, and can obscure the barcode gap (Figure 2.5). This emphasizes the
need to sample multiple representatives of the same species for inclusion in a DNA barcode
library in order to increase the probability of a successful identification where an unknown
query is concerned.
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Geographic sampling is also crucial. In a study investigating the effect of the increase in
geographic sampling on DNA barcoding; it was shown that interspecific, intraspecific and
proportion of monophyletic species are significantly affected by the geographic scale of
sampling (Bergsten et al., 2012). Measuring variation in a single, small region would
underestimate genetic variation whereas sampling a species across its geographic range will
unveil more genetic variation. Although this study only focused on a small regional sampling
scale, by making the data available through BOLD, I hope that the impact of geographic
sampling can be assessed at a national and global scale.

2.4.4 Cryptic species
Cryptic speciation presents a challenge to quantifying biodiversity. The estimation of species
richness and endemism is crucial to identifying habitats which qualify for conservation. The
discovery of cryptic speciation has been accelerated by the ease of obtaining DNA sequences
from organisms. Investigating whether cryptic speciation is more common in a certain
geographic area, habitat, biome or vegetation type could enhance our knowledge and speed
up conservation efforts (Bickford et al., 2006). In my study, the DNA barcode data provides
evidence for possible cryptic speciation for Lepisiota sp., Camponotus sp., Oligomyrmex sp.,
Pachycondyla sp., and Pheidole sp. Morphologically they were very difficult to differentiate
but each morphospecies grouped into more than one barcode cluster (Figure 2.6). In chapter 4
some of these species will be investigated using a landscape genetics approach.

2.5 Conclusion
Due to the increased risk of species extinctions in urban areas due to natural resources being
overexploited, the invasion of non-native species and the destruction of natural habitats, rapid
access to biodiversity data is essential. Appropriate measures can only be undertaken if the
biodiversity data is comprehensive, accurate and up to date. The DNA barcode library built in
this study has the potential to provide such data and new, updated records can easily be added
to the library. The DNA barcode library can be improved by the continuous addition of new
sequences from new species, as there are many more species expected to be encountered.
More importantly, the DNA barcode data including its complementary data such as
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photographs, taxonomic and geographic information, can serve as “DNA-based maps of
biodiversity” (Hajibabaei, In Press).

A major advantage associated with DNA-based identification is that there are no limitations
to how the data can be analysed. Alternative models and methods can be implemented to
improve accuracy (Wilson et al., 2011). In this study, DNA barcoding proved to be effective
in delimiting species and discovering provisional cryptic speciation which warrants further
investigation using approaches such as phylogeography or landscape genetics. The barcode
data could then be used to assess the diversity of species in an ecosystem as well as withinspecies genetic variability. This information can be used by stakeholders to inform the public
and implement conservation plans.
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Chapter Three
Investigating species richness and species assemblages of ants in
eThekwini

Abstract
The transformation of natural ecosystems into urban areas has led to the threat of habitat
fragmentation and increase in invasive species. The development of nature reserves or
“green” areas within the urban environment has the potential to link habitats and promote
connectivity and could alleviate some of the negative effects of urbanization. DNA barcode
data from the Formicidae of eThekwini project was used to investigate species richness and
diversity of ants distributed in nature reserves, parks, beaches and urban gardens in and
around the city of Durban. The effects of the size of green areas and their proximity from the
city centre on the number of species (BINs) were also investigated. Extrapolation measures of
species richness indicated that as many as 153 species of ants could occur in the city.
Biodiversity estimation indices showed that Ipithi nature reserve was the most diverse while
Phinda and an urban garden in Port Shepstone was the least diverse. Species assemblages
varied between reserves but it was observed that grassland and forest habitats supported
unique species assemblages. There was no significant effect of the size of the green areas or
the distance from the city centre on the number of species found. This study demonstrated
that open spaces within eThekwini and surrounding areas contribute to maintaining diversity
within an urban environment. These findings may assist in planning future urban
development with taking the biological diversity into consideration.
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3.1 Introduction

Natural ecosystems have been transformed by urbanization. The natural native vegetation
which supports high species diversities and richness, is reduced in urban settlements by
habitat fragmentation (Heino et al., 2005). The resulting patches also promote the increase of
invasive species, which often outcompete endemic species (Suarez et al., 1998). Strategies to
curb the negative impacts of urbanization on biological diversity, include the preservation of
natural vegetated areas within urban landscapes through the creation of nature reserves and
the development of green corridors that link protected habitats and promote connectivity and
ecological structure and function within urban landscapes (Hamaide et al., 2006; Linehan et
al., 1995; Pacheco and Vasconcelos, 2007; Yasuda and Koike, 2009). Deciding which areas
should be given protection is difficult. Along with compiling biodiversity inventories, it is
also necessary to identify key habitats and vegetation types that support the persistence of the
natural biodiversity. In this study, the species assemblages, diversity and species richness of
ants (family Formicidae) were investigated among several nature reserves, parks, beaches and
urban gardens in the city of Durban (eThekwini municipality) and surrounding towns.

Ants were selected for use in this study as bio-indicators because as terrestrial invertebrates,
ant diversity provides a valuable data source, which can be used in conservation planning and
the design and selection of nature reserves. They are easy and cost-effective to sample,
process and inventory compared to vertebrates (Kremen et al., 1993). They are also found in
most terrestrial ecosystems and are also successful in most urban environments (Clarke et al.,
2008). They can delimit areas of high endemism and biogeographic zones and identify points
of evolutionary radiation (Kremen et al., 1993). There are a few examples of studies that have
focused on the effects of urbanization on ants, their persistence and species richness
(Buczkowski and Richmond, 2012; Clarke et al., 2008; Heterick et al., 2013; Ives et al., 2013;
Lessard and Buddle, 2005; Menke et al., 2010a; Menke et al., 2010b; Pacheco and
Vasconcelos, 2007; Thompson and McLachlan, 2007; Yamaguchi, 2005) However, few
studies have been conducted on the effects of urbanization on indigenous ants in Africa.
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The aim of this chapter is to investigate the distribution pattern of species assemblages in the
eThekwini region and surrounding areas. The main questions addressed in this chapter are:
First, if ant species diversity and richness is correlated to the size of urban green areas (nature
reserves, parks, urban gardens and beaches) and if the different vegetation types present in
the city support unique ant assemblages. If urban green areas act as refugia for native taxa it
was expected that larger open spaces conserve greater species richness and diversity. Second,
this study will investigate how invasive ant species are distributed in the city. Given that the
Durban Harbour is one of the busiest ports in Africa, it is expected that the distribution of
invasive species would be closely associated with the port and trade hotspot of the city centre
(Hulme, 2009)

3.2 Materials and methods
3.2.1 Data
Data from the DNA barcode library for the Formicidae of eThekwini was utilized for this
study (see chapter 2). This molecular-based species inventory also included important
information such as spatial data, the size (in hectares) of nature reserves and parks (open
spaces) sampled, the distance of the sampling locations from the Durban city centre and
harbour and the types of vegetation within each sampling locality (Table 2.1, Chapter 2).

3.2.2 Species richness
A preliminary measure of species richness in each open space was done by comparing the
number of barcode clusters (BINs) to the number of morphospecies (see chapter 2). A species
accumulation curve was generated for the entire sampling region using the accumulation
curve option on the BOLD informatics workbench. The curve was based on the number of
genetic BINs and the total number of specimens sampled. The species diversity in each open
space was also assessed as a measure of haplotype diversity, by constructing haplotype
accumulation curves using the Spider package in R (Brown et al., 2012). This approach was
also used to evaluate the sampling effort. For each locality, the sequences were subsampled at
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random and the mean accumulated number of haplotypes was calculated as well as the
standard deviation. A 1000 random permutations of the data were performed. An abundance
data file consisting of the number of individuals per BIN in each sampling locality was used
as input into the statistical package, PRIMER 6 (PRIMER-E, Ltd, Lutton, Ivybridge, UK).
The total species richness of each locality was estimated using three extrapolation methods
namely, Chao 2, first order Jacknife (Jacknife 1) and the Michaelis-Menten richness
estimator, each with a 1000 permutations to create species accumulation curves. These
methods are very useful in estimating species richness when species inventories are not
complete and when there are low sample sizes as in this case where a maximum of five
individuals per sampling location were included (Chao et al., 2005, 2006; Magurran, 2004).

Using PRIMER 6, the biodiversity of ant species in each of the open spaces was quantified
by using Margalef’s diversity index d (Margalef, 1958), the Shannon diversity index H’
(Shannon and Weaver, 1963), Simpson’s diversity index D (Simpson, 1949) and Fisher’s α
(Fisher et al., 1943). These diversity indices are the most widely used indices in ecological
studies (Collwell and Coddington, 1994) and were evaluated for their applicability in this
study.

3.2.3 Spatial distribution of species richness
To investigate the effect of vegetation type on species richness, a parsimony analysis was
conducted using the program ‘Mix’ in the Phylip 3.6 package (Felsenstein, 2005). The input
matrix was constructed using presence and absence data with the localities and particular
vegetation type within that locality assigned as the terminal taxa, and the presence and
absence of morphospecies or BINs coded as characters. If a morphospecies was present in a
locality or a vegetation type, it was scored as ‘1’ and if it was absent, it was scored as ‘0’.
Although

there

are

10

different

vegetation

types

in

the

region

(http://bgis.sanbi.org/municipalities/summaries.asp?muni=ETH) we classified the different
sampling sites broadly into grassland, forest and beach/urban. In cases where there were two
different vegetation types sampled within one open space, then the presence and absence of
taxa were scored for each vegetation type. The similarity of species assemblages between
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each sampling site was also assessed by utilising the Bray-Curtis (Bray and Curtis, 1957)
similarity measure to construct a cluster analysis dendogram using PRIMER 6.

3.2.4 Effects of open space size and distance from city centre on species richness
The effects of open space area and distance from the Durban city centre on the number of
species (BINs) was tested using linear regression in SigmaPlot 12 (Systat Software, San Jose,
CA). A total of 16 open spaces for which both area and distance from the Durban city centre
values were available were used in the analysis (Table 3.1). The UKZN Life Science and
Agriculture Botanical Garden and Darville Resources Park were not included in this analysis
because no data was available for the area of these open spaces. The values for locality area
and the distance from city centre were log10 transformed.
Table 3.1. Area and distance from Durban city centre of open spaces.
Open space

Area (ha)

Log10

Distance from city centre

Log10

(km)
Amatikulu

2100

3.32

105.24

2.02

Beachwood Mangroves

76

1.88

7.17

0.86

Burman Bush

50

1.70

5.04

0.70

Happy Valley

45

1.65

8.67

0.94

Ipithi

12

1.08

22.49

1.35

Kenneth Stainbank

250

2.40

9.68

0.99

Krantzkloof

532

2.73

19.52

1.29

New Germany

110

2.04

13.55

1.13

North Park

53

1.72

13.24

1.21

Palmiet

50

1.70

9.82

0.99

Phinda

17000

4.23

309

2.49

Seaton Park

6

0.78

7.48

0.87

Silverglen

220

2.34

14.61

1.16

Springside

21

1.32

25.34

1.40

Treasure Beach

600

2.78

10.50

1.02

Vernon Crookes

2189

3.34

64.45

1.81
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3.3 Results
3.3.1 Species richness and diversity
Both the number of BINs (n = 80) and the number of morphospecies (n = 51) were used in
this study to estimate the biodiversity of the ants in the 18 open spaces within the eThekwini
region and five open spaces in surrounding areas. Figure 3.1 shows the number of barcode
clusters (based on COI data) in comparison to the number of morphospecies per open space.
The number of barcode clusters were generally similar to the number of morphospecies
identified per locality. The number of morphospecies only exceeded the number of barcode
clusters in Burman Bush, Springside Nature Reserve and Hazelmere Dam. Ipithi Nature
Reserve had the highest number of BINs, followed by New Germany Nature Reserve and
Palmiet Nature Reserve. The least number of species (n=1) were found in Phinda Game
Reserve and an urban garden in Port Shepstone. The most commonly encountered species
were Lepisiota incisa (BIN no. = 264250) and Pheidole sp. (BIN no. = 507075, 261760,
261918, 19139, 514931, 532691, 261761) which were found in 14 and 17 out of 23 sites
respectively. These species are considered to be invasive species (Fournier et al., 2012;
Sithole et al., 2009) and this could explain why they are more common, widespread and
abundant compared to the native species in this study.
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20

Morphospecies
BINS

16
14
12
10
8
6
4
2

Sampling Localities
Figure 3.1. Graph of the number of barcode clusters (BINs) and morphospecies sampled per
open space. The localities are ordered from the closest (Msinsi) to the furthest (Phinda) from
the city centre and harbour.

The accumulation curve (Figure 3.2) generated using the BINs has not reached an asymptote,
which indicates
icates that there are still more potential species to be sampled within eThekwini and
a
surrounding areas. This result is not unexpected given the narrow sampling period and
highlights the high level of diversity
diversit present within the city.
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Phinda

Port Shepstone (urban garden)

Amatikulu

Agric

Vernon Crookes

Darville Resources Park

Hazelmere Dam

Springside

Ipithi

Krantzkloof

Isipingo Beach

Silverglen

New Germany

North Park

Treasure Beach

Palmiet

Kenneth Stainbank

Bluff

Seaton Park

Beachwood Mangroves

Burman Bush

Westville

0
Msinsi

No. of BINS/Morphospecies

18

Figure 3.2. Accumulation curve for the entire sampling region generated with BOLD using
the number of BINs.

Figures 3.3A-H shows the haplotype accumulation curves for each open space that was
sampled more than once in the present study. The three most diverse localities in terms of
haplotypic diversity were Ipithi, New Germany and Palmiet. Even though some of the curves
(Burman Bush and Life Science and Agriculture Botanical Garden) have started to reach a
plateau, it is clear that additional sampling would be needed for the complete inventory of ant
biodiversity of the eThekwini region.
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Figure 3.3. Haplotype accumulation curves for (A) Ipithi, (B) New Germany, (C) Palmiet,
(D) Msinsi, (E) Springside, (F) Burman Bush, (G) Vernon Crookes, (H) Life Science and
Agriculture Botanical Garden (PMB). The standard deviation is also shown. Ipithi nature
reserve is the most diverse in terms of the number of haplotypes.
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Extrapolation measures such as Chao 2, Jacknife 1 and Michaelis-Menton richness estimator
were used to approximate the total species richness if sampling had continued (Figure 3.4).
The Chao 2 measure estimated that at least 153 species could be encountered, while the
Jacknife 1 measure was more conservative and suggested that at least 124 species could be
encountered. The Michaelis-Menten estimator was the most conservative measure and
indicated that at least 80 species should be encountered. Interestingly this is the same number
of BINs recovered by the DNA barcode data.

Figure 3.4. Species accumulation curve for the 23 sampling localities extrapolated using three
extrapolation methods. Sobs is the observed number of species, while the Chao 2, Jacknife 1
and Michaelis-Menten (MM) estimators approximate the estimated number of species if
sampling had continued.
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Table 3.2. Biodiversity estimation indices where S is the total number of COI BINs, N is the
total number of individuals, d is Margalef’s diversity index, H’ is the Shannon diversity
index, D is the Simpson diversity index and α is Fisher’s α.
Open space

S

N

d

H’

D

α

Amatikulu

5

10

1.74

0.62

0.80

3.97

Beachwood Mangroves

4

20

1.00

0.60

0.79

1.50

Burman Bush

9

49

2.06

0.85

0.85

3.24

Darville Resources Park

6

30

1.47

0.78

0.86

2.25

Happy Valley

4

19

1.02

0.60

0.79

1.55

Hazelmere Dam

9

12

2.31

0.86

0.87

4.16

Ipithi

20

49

4.88

1.22

0.95

12.61

Isipingo Beach

3

15

0.74

0.48

0.71

1.13

Kenneth Stainbank

12

37

3.05

0.99

0.91

6.17

Krantzkloof

3

15

0.74

0.48

0.71

1.13

Msinsi

11

40

2.71

0.98

0.91

5.01

Palmiet

18

69

4.02

1.18

0.94

7.92

New Germany

19

63

4.34

1.19

0.94

9.24

North Park

5

13

1.56

0.64

0.81

2.97

Seaton Park

5

25

1.24

0.70

0.83

1.88

Silverglen

2

10

0.43

0.30

0.56

0.75

Springside

11

49

2.57

0.96

0.89

4.41

Treasure Beach

2

10

0.43

0.30

0.55

0.75

UKZN Agric

8

24

2.20

0.84

0.88

4.20

UKZN Westville

2

9

0.46

0.30

0.55

0.80

Vernon Crookes

8

22

2.26

0.78

0.84

4.52

The Margalef’s diversity index (d) is calculated from the total number of species and the total
number of individuals present in the sampling area (Magurran, 2004; Margalef, 1958). The
highest value for d was observed for Ipithi nature reserve (Table 3.2; d = 4.88) while the
lowest value for d was obtained for Phinda and Port Shepstone (Table 3.2; d = 0) where only
one species of ant was collected in each of these open spaces. The Shannon diversity index
accounts for both species abundance and evenness in a given area (Magurran, 2004; Shannon
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and Weaver, 1963). This measure of diversity also indicated that Ipithi nature reserve was the
most diverse open space sampled and also indicates that the species are evenly distributed
(Table 3.2; H’ = 1.22). The Simpson’s diversity index D is the probability that in an infinitely
large community, any two individuals sampled will belong to the same species (Magurran,
2004; Simpson, 1949). The values for D were highest for Ipithi, Palmiet and New Germany
and were 0.95, 0.94 and 0.94 respectively (Table 3.2). Fisher’s α diversity index defines how
individuals sampled are divided among species in the sampling area (Fisher et al., 1943;
Magurran, 2004). The highest value for Fisher’s α was 12.61 and was recorded for Ipithi
nature reserve (Table 3.2).

The biodiversity indices were highest for Ipithi nature reserve followed by New Germany and
Palmiet nature reserve indicating that these open spaces are high in ant biodiversity (Table
3.2). The lowest values for biodiversity indices were observed for Phinda game reserve and
the urban garden in Port Shepstone where only one species was recorded.
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Figure 3.5. Parsimony tree of binary data based on presence or absence of a morphospecies
within a reserve and a particular vegetation type.

3.3.2 Spatial distribution of species richness
In the investigation of species richness, two approaches were used. In the first approach,
presence/absence data for each locality and vegetation type within the locality was used to
construct a parsimony tree to assess if there was any similarity between species assemblages
in different habitats. In this approach, ecosystems that share species will be drawn together in
the tree. The topology in Figure 3.5 suggests that different vegetation types occurring in the
same open space do not share a significant proportion of species (or BINs), instead similarity
in vegetation type (forest, grassland and beach/urban) seems to be a more important
determinant of species richness. In particular, the forest habitats of Msinsi, Springside, Ipithi,
Happy Valley, New Germany and Palmiet seems to share a number of species. The grassland
and beach/urban ecosystems do not form monophyletic lineages. This is probably because the
classification system I used (grassland, forest and beach/urban) was too simplistic to capture
the diversity of the ten different vegetation types found in the city. Nonetheless, what is clear
from the clustering pattern observed is that geographic proximity is not a good indicator of
species richness.
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Figure 3.6. (a) Cluster analysis dendogram based on the Bray-Curtis similarity, showing the
similarity between ant assemblages in the different sampling localities, (b) similarity between
ant assemblages in the different sampling localities by vegetation type.
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The second approach utilised the Bray-Curtis similarity index to construct a cluster analysis
dendogram based on a resemblance matrix created from abundance data (Figure 6a) and the
presence and absence data for each vegetation type within a locality (Figure 6b). The
localities with the most similar species assemblages were UKZN Westville and Silverglen
(94%). The next most similar assemblage, 69% similar, were the Happy Valley and Treasure
Beach nature reserves. The Beachwood Mangroves nature reserve shared a 66% species
assemblage similarity to Treasure Beach and Happy Valley sampling localities. The majority
of the localities shared species assemblage similarities of approximately 20% to 60%. The
single species collected from Phinda game reserve was not collected from any other locality
(0%). The Bray-Curtis similarity analysis with localities divided into vegetation types
recovered similar patterns to the parsimony analysis in Figure 5. Species assemblages in
grassland types clustered together, for example the grassland in Burman Bush shared an 83%
species assemblage similarity with the grassland of Springside. Forest vegetation types such
as Krantzkloof and Happy Valley (Bluff) shared a 75% species assemblage similarity. The
urban garden or beach species assemblages shared similarity with either forests or grasslands,
for example, the urban species assemblage in UKZN Westville shared a 100% similarity to
the forest in Silverglen and the urban species assemblage in the Beachwood Mangroves
shared a 100% similarity to the grassland in UKZN Agric.

3.3.3 Effects of sampling locality size and distance from city centre and harbour
on species richness
There was no significant relationship between the number of BINs recorded from an open
space and the size of the urban green areas sampled (r = 0.438, r2 = 0.192, Figure 3.7a).
Similarly there was no correlation between ant diversity and the distance from the Durban
city centre (r = 0.178, r2 = 0.0315, Figure 3.7b).
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Figure 3.7. Relationship between (a) the number of species (BINS) recorded for the ants of
eThekwini and the distance from the Durban city centre (n = 16) and (b) the area of each
locality (n = 16).
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3.4 Discussion

This study revealed a remarkable level of species richness and diversity within the ants of
Durban. The number of potential species sampled in this study (80 species, 25 genera) can be
compared favourably to other studies which examined the effects of urbanization on ants. The
majority of the studies which investigated the effects of urban development on ants have been
conducted in North America, one of the most urbanized regions in the world. In a survey of
six urban and one forest land-use type in North Carolina, USA, 54 species of ants were found
(Menke et al., 2010b). In San Francisco, USA, 24 protected natural areas within urban parks
were surveyed and 15 species of ants were recorded (Clarke et al., 2008). A total of 40
species from 20 genera were collected from Fort Benning in Georgia, USA (Graham et al.,
2009). There were 53 ant species from 24 genera collected from a network of 172 conserved
lands in southern California (Mitrovich et al., 2010). In the streets of New York City, 13
species of ants were collected (Pecarevic et al., 2010).

The effects of urbanization on ants have also been evaluated in Asia. For example, 43 species
were collected from 98 parks in Tokyo and Chiba City, Japan (Yamaguchi, 2005). In other
regions of the world such as Australia, 60 morphospecies from 34 genera were encountered
in 12 remnant riparian corridors in Sydney (Ives et al., 2013). In the threatened Cerrado
Biome of Brazil, 12 public squares, two urban parks and three nature reserves were surveyed.
A total of 143 species belonging to 39 genera were found (Pacheco and Vasconcelos, 2007).
In all of these examples, it was found that urbanization did have an effect on ant species
diversity and richness. Many of these studies have extensively sampled many localities while
only 23 were sampled in this study. Despite this, many more species were found in this study
which provides evidence for the support of Durban (eThekwini municipality) as a
biodiversity hotspot. This study contributes towards a body of literature which highlights that
ant species richness and biodiversity is greatest in the tropics and southern hemisphere, with
diversity patterns of Formicidae being similar to that observed in other taxa (Blackburn and
Gaston, 1996; Gaston, 2000; Willig et al., 2003).
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In this study, only two known invasive species were encountered (L. incisa and Pheidole sp.).
Although these two species were abundant and widely distributed in eThekwini and
surrounding areas, their distribution was not correlated to the distance from the city centre
and the harbour. It is unclear how the presence of these species effects the abundance of the
native species of ants. A recent study suggested that urban areas may actually allow native
species that are disappearing from their natural habitats to thrive in an urban setting despite
the presence of invasive species (Menke et al., 2010b), but this will need to be studied in
more detail in future studies.

Haplotype accumulation curves can highlight the rate of encountering unsampled genetic
diversity. The haplotype accumulation curves recovered in this study (Figures 3.3A-H)
indicate, for the most part, that there is still much more diversity to be sampled, even in open
spaces that cover the smallest area and have the most number of sampled species such as
Ipithi, the haplotype accumulation curves did not reach a plateau. The extrapolation measures
estimate that as many as 73 more species could still be encountered in addition to the 80
species of ants that have been collected in the present study (Figure 3.4, Chao 2 measure).
Species assemblage comparisons indicated that forest and grassland habitats each support
unique species assemblages (Figure 3.5 and 3.6a-b). The size of the open space sampled was
not a good predictor for species richness as smaller reserves such as Ipithi nature reserve (12
ha) was similar in terms of diversity to a larger reserve such as New Germany (110 ha). The
proximity of the open space sampled to the heavily urbanized Durban city centre and harbour
also did not explain variation in ant species richness (Figure 3.7).

In general, it appeared that nature reserves/ “green areas” with mainly grassland and forest
habitats showed the most species diversity. From a conservation standpoint, this data
indicates that these habitat types should be preserved to promote and protect biodiversity
within a city.
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3.5 Conclusion
It is thought that with the expansion of urbanization, the remaining fauna would be
homogenized and there would be a lack of diversity and richness (McKinney, 2006). In this
study, it was shown how the open/ “green” spaces within eThekwini and surrounding areas,
can assist in maintaining the native diversity of ants in urban environments. Additionally,
species assemblages within the open spaces were very diverse, and no two reserves had the
same species assemblages. These findings may assist in planning future urban development
with taking the biological diversity into consideration.
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Chapter Four
Phylogeography and landscape genetics of four species of
ants in eThekwini
Abstract
The inability of populations to maintain optimal effective population sizes due to habitat loss
in urban areas leads to a decrease in genetic variation, difficulty in adapting to environmental
change and increased risk of extinction. This can be prevented by increasing habitat
connectivity in urban areas by propagating green areas and creating ecological or “green
corridors” which enable gene flow among patches of open space. In order to assess habitat
connectivity, the spatial distribution of genetic diversity should be investigated by using
methods such as landscape genetics and phylogeography. Phylogenetic, landscape genetics
and phylogeographic analyses were performed on co-distributed ant species belonging to the
genera of Lepisiota, Camponotus, Pheidole and Pachycondyla to better understand the spatial
distribution of genetic variability in the eThekwini region. The BINs from the genus Pheidole
were considered to be Pheidole megacephala based on morphological observations.
Phylogeographical and landscape genetic patterns were compared between the two invasive
species, Lepisiota incisa and P. megacephala. Mitochondrial cytochrome oxidase I data and
the nuclear markers 18S and 28S rDNA were also sequenced and compared for a subsample
of C. nr. cintellus, Pachycondyla caffraria and Pachycondyla havilandi individuals. There
was subtle genetic variation at COI and the nuclear markers for each of the species examined.
Each species exhibited unique patterns of genetic variation which implies that the differences
in evolutionary and life histories are more likely to have shaped population structure rather
than the landscape alone. Nevertheless, the influence of landscape on population genetic
structure cannot be ruled out. In order to fully elucidate the population structure patterns
which could be expected in eThekwini and surrounding regions, further sampling across
more localities is essential. The use of more nuclear markers could also assist in uncovering
these unique patterns of genetic variation in an urban setting.
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4.1 Introduction
Human activities have a profound effect on biodiversity, especially in urban areas where
habitat loss and fragmentation negatively affect many taxa. Without sustainable resources, an
area affected by habitat loss will be incapable of maintaining large population sizes
(Frankham et al., 2010). This leads to a decrease in genetic variation, and the organisms
affected can have difficulty in adapting to environmental changes which leads to an increase
in the risk of extinction of vulnerable species or populations of species in a given area
(Frankham et al., 2010). Such scenarios could be avoided by increasing habitat quality, area
and connectivity through the propagation of green areas within cities and the establishment of
nature reserves (Pacheco and Vasconcelos, 2007). Green corridors enable gene flow among
disjunct habitat patches and could circumvent the effects of habitat fragmentation and reduce
the decline in biodiversity (Menke et al., 2010b; Pacheco and Vasconcelos, 2007; Vergnes et
al., 2012).

Another important facet of conservation is the identification of barriers to gene flow, such as
landscape features which could possibly inhibit gene flow and lead to genetic structuring of
populations. Understanding these barriers are an important consideration when establishing
open spaces and linking corridors for conservation within the city. It is important to
incorporate both phylogeography and landscape genetics in such investigations. Even though
both these areas of study aim to understand the spatial distribution of genetic diversity,
landscape genetics provides insight into contemporary processes which shape genetic
diversity, while phylogeography aims to understand the ways in which historical processes
affected genetic diversity (Avise et al., 1987; Manel et al., 2003; Wang, 2010).

Insects may provide a better indication of barriers to gene flow and the influence of habitat
alteration than mammal species because they are very sensitive to ecosystem change (Bolger
et al., 2000; Bromilow and Sperling, 2011). Ants are of particular interest because they are an
important component of most ecosystems. Several phylogeographic studies have focused on
ants. Examples include, Platythyrea punctata from the West Indies (Seal et al., 2011),
Myrmica rubra and M. ruginodis across Europe (Leppanen et al., 2013) , Solenopsis invicta
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in South America and Oecophylla smaragdina in Asia (Azuma et al., 2006). An example of a
landscape genetics study that focussed on ants was the investigation of landscape features on
the army ant, Eciton burchellii, which is a neotropical predator (Perez-Espona et al., 2012).
Despite this growing body of literature very few studies have focussed on African ant taxa
and in particular urban taxa.

Phylogeography seeks to describe the factors responsible for the phylogenetic associations
and spatial distribution of species, under the assumption that strong vicariance events are
expected to result in congruent genetic signatures among unrelated taxa (Avise et al., 1987).
The aim of this study was to compare the landscape genetic and phylogeographical patterns
among co-distributed species belonging to the genera Camponotus, Lepisiota, Pachycondyla
and Pheidole in the eThekwini region. The city of Durban provides an interesting case study
to examine the impact of human-mediated habitat fragmentation. The eThekwini
municipality has established a network of open spaces such as rural landscapes, riverine and
coastal corridors, nature reserves and privately owned land referred to as the Durban
Metropolitan Open Space System (DMOSS). Mitochondrial COI barcode data from the
Formicidae of eThekwini municipality (Durban, South Africa) barcode library (chapter 2)
will be used in landscape and phylogeographical analyses. In addition, the nuclear markers
18S and 28S rDNA were sequenced for a subsample of species belonging to Camponotus and
Pachycondyla in order to compare the phylogeographic and landscape genetic patterns
obtained from a multimarker system.

Landscape features alone sometimes aren’t responsible for population differentiation as
species biology and life history also have an effect (Potter et al., 2012). Life history traits
such as a higher reproductive output, high densities and changes in foraging are some of the
differences exhibited by species in urban areas, and these traits are often characteristic of
invasive species. In this study the patterns of genetic diversity shown by invasive ants
Lepisiota incisa and BINs from the genus Pheidole considered to be Pheidole megacephala,
to native ants Camponotus cintellus and Pachycondyla caffraria were compared. P.
megacephala exhibits unicolonial social structure and ranks amongst the world’s most
harmful invasive species (Fournier et al., 2012). Lepisiota incisa is another invasive species
which has been documented in southern Africa. They are highly abundant in homes, gardens
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and parks which indicates that they have successfully colonized urban areas (Sithole et al.,
2009).

4.2 Materials and methods
4.2.1 Selection of taxa for phylogeographic analysis
Co-distributed specimens of species from the genus, Lepisiota, Pachycondyla and Pheidole
were selected for analysis using a phylogeographic approach. These taxa were selected from
the DNA barcode library because there were a large number of individuals collected from
five or more localities within eThekwini and surrounding areas. Analysis of the COI barcode
data indicated that there was genetic structure below the species level, in some cases
individuals belonging to the same species were clustered into more than one barcode cluster
(Figure 4.1). This genetic structure could be indicative of cryptic speciation, or it could
represent phylogeographic structure. In many cases, individuals belonging to different
barcode clusters were morphologically indistinguishable even by an expert taxonomist (Dr.
Hamish Robertson of Iziko Museum).

Table 4.1 Datasets used for phylogeographic and landscape genetic analyses. Species names
in BOLD are those confirmed by a taxonomist. ‘-‘ denotes that no match was available.
Species Name

BIN No.

No. of

GenBank

BOLD

Individuals

BLAST

Identification

Identification

(%)

(%)
Lepisiota unknown

264251

1

95

96.45

Lepisiota canescens

494813

4

95

95.37

Lepisiota crinitaA

515769

1

91

97.99

Lepisiota crinitaB

264252

8

90

94.44

Lepisiota incisa

264250

64

91

99.85

Camponotus AFRCSA

133387

2

87

99.03

75

Camponotus eugeniae

133898

5

87

99.69

Camponotus niveosetosus

133278

8

89

98.30

Camponotus petersii

500732

1

86

97.53

Camponotus nr. cintellus

133907

38

87

98.92

Ponera pennsylvanica

498868

3

-

84.74

Pachycondyla etkf

469662

1

90

100

Pachycondyla tarsata

500346

5

-

97.55

Leptogenys etkd

262510

4

84

85.09

Pachycondyla caffrariaA

262511

19

-

98.17

Pachycondyla caffrariaB

483813

2

-

97.71

Pachycondyla caffrariaC

483795

1

-

97.69

Pheidole etkt

507075

5

85

89.91

Pheidole megab

261760

16

85

85.88

Pheidole mg

514931

16

98

98.31

Pheidole megac

261761

20

85

100

Pheidole megad

19139

5

99

99.39

Given the potential for cryptic speciation within these species, analyses were carried out
using a tiered approach. Analyses were carried out for datasets consisting of all BINS within
a particular morphospecies and were also carried out independently for datasets (BINs)
containing individuals which were confirmed to species level by a taxonomist. In total, seven
datasets were used, these are listed in Table 4.1. A dataset consisted of all BINs identified on
BOLD as belonging to the genus Lepisiota (n = 70; BINs 264251, 494813, 515769, 264252,
264250), and a dataset consisting of only individuals confirmed to be Lepisiota incisa (n =
63, BIN number = 264250) was analysed. A dataset consisting of individuals from BINs
identified on BOLD belonging to the genus Pachycondyla and one Leptogenys and one
Ponera (n =36; BINs 262511, 483813, 483795, 469662, 499613, 500324). Even though the
individuals from Ponera and Leptogenys were not from the genus Pachycondyla, they were
morphologically difficult to differentiate from individuals that did belong to the genus and
were thus included in the dataset. A dataset with individuals that were identified as
Pachycondyla caffraria on BOLD (n = 22; BINs 262511, 483813, 483795) was analysed. A
dataset containing all BINs that belonged to the genus Pheidole (n = 62; BINs 507075,
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261760, 261918, 514931, 532691, 261761, 19139). This group is particularly difficult to
diagnose morphologically but we suspect that the individuals from these BINs belong to the
species Pheidole megacephala. A dataset which contained all BINs identified as the genus
Camponotus on BOLD (n = 65; BINs 133387, 133907, 133898, 133278, 500732) and a
dataset containing individuals that were confirmed to be Camponotus nr. cintellus (n = 49,
BIN number = 133907) were analysed separately.
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Figure 4.1 A maximum likelihood tree of one individual per BIN. Bootstrap values above 50 and
Bayesian posterior probabilities above 0.5 are shown on the branches. The number of individuals per
BIN are also indicated. BINs used in this phylogeographic study are highlighted in the green boxes
and BIN numbers are also shown.
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4.2.2 Subsampling for phylogeographic analysis using a multimarker
system
Nuclear sequence data were collected from a subsample of 13 Camponotus. individuals (one
individual per sampling locality, not barcoded) and 25 individuals of Pachycondyla from
Palmiet, Msinsi, Happy Valley, Ipithi and Kenneth Stainbank nature reserves and four
individuals of P. havilandi from Springside nature reserve (from DNA barcode library). DNA
was extracted from leg tissue preserved in 99% ethanol. Tissue was crushed with liquid
nitrogen and DNA was extracted using the Zymo Insect MiniPrep DNA extraction kit (Zymo
Research) following the manufacturer’s instructions. The polymerase chain reaction (PCR)
was used to amplify the mitochondrial COI gene for the 13 individuals from Camponotus,
using the primers (Hebert et al., 2004a): LepF1 (5’ ATT CAA CCA ATC ATA AAG ATA
TTG G 3’) and LepR1 (5’ TAA ACT TCT GGA TGT CCA AAA AAT CA 3’). The COI
data available on BOLD was used for Pachycondyla. The amplifications were carried out
using the following thermal cycling program: initial denaturation at 95 °C (3 min), and 35
cycles of 95 °C (30 sec), 45 °C (30 sec) and 72 °C (1 min), then a final extension of 72 °C (7
min).

Nuclear genes 18S and 28S ribosomal DNA genes were amplified for both Pachycondyla and
Camponotus individuals using the following primer sequences (Saux et al., 2004); 18S-H17F
(5’ AAA TTA CCC ACT CCC GGC A 3’) and 18S-H35R (5’ TGG TGA GGT TTC CCG
TGT T 3’), and for 28S, 28S-D2BF (5’ GTC GGG TTG CTT GAG AGT GC 3’) and 28SD3AR (5’ TCC GTG TTT CAA GAC GGG TC 3’). The PCR amplifications were performed
under the following cycling conditions: initial denaturation at 95 °C (3 min), and 35 cycles of
95 °C (30 sec), 55 °C (30 sec) and 72 °C (1 min), then a final extension of 72 °C (7 min). All
of the PCR reactions were performed in 25 µl reactions containing 0.1 µl (5U/ µl) DreamTaq
(Thermo Scientific), 2 µl (10X) DreamTaq buffer containing 20 mM MgCl2, 0.5 µl of each
primer, 0.5 µl DNTPs and 2 µl (1-2 µg) of genomic DNA. A negative control was included
with every PCR amplification to check for contamination. All amplified PCR products were
verified using electrophoresis on a 1.0% agarose gel stained with ethidium bromide. The
products were sequenced at the DNA sequencing facility at the University of Stellenbosch
central analytical facility. The heterozygous positions for the nuclear genes were coded using
the IUPAC system.
79

Multiple sequence alignment was carried out using ClustalX/W in BioEdit and thereafter
refined manually to ensure homology (Hall, 1999). The nuclear haplotypes were
reconstructed using PHASE software (Stephens and Donnelly, 2003) and SeqPhase (Flot,
2010) under the assumption that most ant species are diploid (Imai and Kubota, 1972).
Highly variable regions in 18S and 28S that were difficult to align were excluded and
trimmed out of the alignments for further analyses.

4.2.3 Molecular diversity indices

Nucleotide diversity (π), haplotype diversity (h), their standard deviations, the number of
haplotypes (H), variable and parsimony informative characters, were calculated for each of
the datasets using Arlequin 3 (Excoffier et al., 2005) and MEGA 5 (Tamura et al., 2011). The
demographic histories of COI for all datasets were compared by calculating Fu’s Fs (Fu,
1997) and Tajima’s D (Tajima, 1989) statistics, were used to test for any departures from the
neutral model of evolution as a result of population growth or positive selection (Simonsen et
al., 1995). These statistics were computed using the program DnaSP 5 (Librado and Rozas,
2009) and were computed for both the mitochondrial and nuclear datasets.

4.2.4 Phylogenetic analysis
Median-joining haplotype networks were constructed for both the mitochondrial and nuclear
datasets using Network 6 (http://www.fluxus-engineering.com). The best-fit models for
nucleotide sequence evolution were selected for each dataset using the corrected Akaike
information criterion (AICc) in jModeltest 2 (Darriba et al., 2012). Maximum likelihood and
Bayesian analyses were performed as outlined in chapter 2, page 38.

4.2.5 Landscape genetics
To compare and contrast the patterns of genetic diversity over geographic space for each of
the datasets, genetic landscape shape interpolation plots were constructed using Alleles in
Space (Miller, 2005) as outlined in chapter 1, materials and methods. A spatial Bayesian
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clustering algorithm in BAPS 5.2 (Corander and Marttinen, 2006; Corander et al., 2003) was
used to investigate population structure in each of the datasets. The analyses were also
performed for individuals of C. nr. cintellus and Pachycondyla sp. that were successfully
sequenced for nuclear markers, 18S and 28S as well as for the combined datasets (COI + 18S
+28S). Analysis of molecular variance (AMOVA) was used to partition the diversity of COI
within and amongst sampling localities for all datasets and 18S and 28S for C. nr cintellus
and P. caffraria. The four groupings investigated were populations from reserves with
grassland and forest habitats (Ipithi, New Germany, Springside, Kenneth Stainbank, Msinsi,
Palmiet, Amatikulu) grassland only (Phinda, Vernon Crookes, North Park, Darville
Resources Park), forest only (Silverglen, Seaton Park, Krantzkloof, Happy Valley) and urban
habitats (UKZN Westville, UKZN Agric, Port Shepstone urban garden, Isipingo beach,
Treasure Beach, Beachwood Mangroves).

4.3 Results
4.3.1 Comparison of COI between taxa and multimarker data for Camponotus
and Pachycondyla
The 658 bp of COI sequence data revealed that at the genus level, Pachycondyla was the
most variable in terms of haplotype and nucleotide diversity (h = 0.90 ± 0.02, π = 0.12 ±
0.02; Table 4.2), followed by individuals from Camponotus (h = 0.80 ± 0.04, π = 0.07 ± 0.02;
Table 4.2). The genus Pheidole had a haplotype diversity of 0.79 ± 0.03 and a nucleotide
diversity of 0.11 ± 0.005 (Table 4.2). The least diverse genus was Lepisiota, with a haplotype
diversity of 0.71 ± 0.05 and nucleotide diversity of 0.01 ± 0.006 (Table 4.2). As expected, the
molecular diversity indices were lower for species in the genus Lepisiota and Pheidole, as
these species are invasive. This is attributed to a loss of genetic diversity due to founder
effects which are sometimes experienced by introduced species (Dlugosch and Parker, 2008).
At the species level, P. caffraria had the highest haplotype and nucleotide diversity (h = 0.80
± 0.05, π = 0.008 ± 0.003; Table 4.2) followed by C. nr. cintellus (h = 0.66 ± 0.05, π = 0.002
± 0.0003; Table 4.2) and L. incisa (h = 0.65 ± 0.05, π = 0.002 ± 0.0002; Table 4.2).
Significantly negative values for Tajima’s D and Fu’s Fs were only obtained for the dataset
consisting of all individuals from Camponotus (Table 4.2) and for Pheidole. These negative
values are indicative of a recent expansion in population size (Simonsen et al., 1995).
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A total of 10 18S (793 bp) and 12 28S (363 bp) sequences were obtained for Camponotus. A
total of 15 18S (731 bp) and 28 28S (496 bp) individuals of Pachycondyla were successfully
sequenced. The concatenated dataset consisting of COI, 18S and 28S yielded 1770 bp for
analysis of Camponotus and 1885 bp for analysis of Pachycondyla.

In both Camponotus and Pachycondyla, 18S was more variable than 28S. The haplotype and
nucleotide diversities of 18S were also higher than 28S (Table 4.2). Negative values for Fu’s
Fs and Tajima’s D were obtained for Camponotus (18S), Pachycondyla (18S and 28S),
however, these values were not statistically significant and therefore do not point to a recent
expansion in population size. The combined dataset (COI+18S+28S) indicated that there was
a significant recent expansion in population size for Camponotus but not for Pachycondyla.

Table 4.2. Molecular diversity indices for the COI and nuclear (18S and 28S) datasets and
combined (COI+18S+28S) datasets. n – number of individuals, L – number of localities
individuals were collected from, V – variable sites, PI – parsimony informative sites, h =
haplotype diversity, SD – standard deviation, π – nucleotide diversity. The values in bold
indicate statistically significant results.
n

L

V

PI

h

SD

π

SD

Fu’s

Tajima’s

Fs

D

Lepisiota

70

14

114

91

0.71

0.05

0.01

0.006

15.95

-1.65

L. incisa

63

14

4

4

0.65

0.05

0.002

0.0002

11.64

0.905

Pachycondyla

36

8

275

230

0.90

0.02

0.12

0.02

28.43

-0.30

P. caffraria

22

5

31

15

0.80

0.05

0.008

0.003

2.32

-1.36

Pheidole

53

15

20

20

0.79

0.03

0.11

0.005

12.01

2.17

Camponotus

66

13

317

105

0.80

0.04

0.07

0.02

16.72

-2.24

C. nr. cintellus

49

10

6

4

0.66

0.05

0.002

0.0003

-3.147

-0.71

Camponotus (18S)

24

12

76

58

0.97

0.02

0.02

0.002

-8.48

-1.22

Camponotus (28S)

20

10

15

15

0.89

0.04

0.01

0.001

0.59

0.75

Camponotus

12

12

500

38

1.00

0.03

0.06

0.04

-0.10

-2.21

Pachycondyla (18S)

30

6

101

66

0.97

0.02

0.02

0.004

-7.70

-1.90

Pachycondyla (28S)

56

7

79

65

0.91

0.03

0.02

0.002

-4.85

-1.07

Pachycondyla

28

7

406

260

0.97

0.02

0.08

0.01

2.92

-0.49

(18S+28S+COI)

(18S+28S+COI)
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The AMOVA results for Lepisiota and L. incisa indicate that most of the genetic variation is
within populations (Figure 4.2). This was also true for P. caffraria, Camponotus sp. and C.nr.
cintellus, however, the result was not statistically significant for C.nr. cintellus. In
Pachycondyla and Pheidole, most of the genetic variation was found among populations
within groups. Among-group genetic variation was only observed for Lepisiota, L. incisa and
Pachycondyla (Figure 4.2). This suggests that the vegetation-type grouping investigated do
not play a significant role in the genetic structuring of ant species.

Figure 4.2 AMOVA analysis assessing the hierarchical genetic structure of the seven datasets
for COI and nuclear genes 18S and 28S, based on vegetation type.

The nuclear AMOVA results for Camponotus (18 S and 28S) highlighted that most of the
genetic variation was partitioned among populations within groups for both these markers
(Figure 4.2). The AMOVA for the combined dataset for Camponotus could not be computed
because of missing data for one or more localities for each of the markers. For Pachycondyla
(18S and 28S), most of the genetic variation was found within populations. However, the
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combined dataset for Pachycondyla showed that most of the genetic variation was found
among groups but this result was not statistically significant (Figure 4.2, Table 4.3).

Table 4.3. Partitioning of genetic variation (analysis of molecular variance, AMOVA) among
groups (AG), among populations within groups (APWG) and within populations (WP) for the
ant taxa. Values in bold indicate results that are not statistically significant.
Variance Component

% of variation

AG

APWG

WP

AG

APWG

WP

Lepisiota

0.299

0.364

0.554

29.95

25.48

44.58

L. incisa

0.269

0.464

0.609

26.99

33.89

39.12

Pachycondyla

0.214

0.677

0.746

21.44

53.17

25.39

P. caffraria

-0.202

0.250

0.098

-20.20

30.00

90.19

Pheidole

-0.000

0.686

0.686

-0.030

68.67

31.37

Camponotus

-0.059

0.339

0.300

-5.930

35.95

69.98

C. nr. cintellus

-0.142

0.339

0.245

-14.17

38.70

75.47

Camponotus (18S)

0.069

0.090

0.915

6.86

84.66

8.48

Camponotus (28S)

-0.238

0.961

0.952

-23.81

119

4.81

Pachycondyla (18S)

-

-

0.462

46.25

-

53.75

Pachycondyla (28S)

0.303

0.439

0.609

30.27

30.60

39.14

Pachycondyla

0.391

0.639

0.780

39.13

38.87

22.00

(COI+18S+28S)

4.3.2 COI and nuclear phylogenies and haplotype networks
Different models of nucleotide substitution were selected for each of the datasets (Table 4.4).
The simplest model of nucleotide substitution chosen was the F81 model for the 18S marker
for Camponotus followed by the HKY model chosen for the COI marker for L. incisa. The
maximum likelihood and Bayesian trees were congruent for all of the taxa and therefore
Bayesian posterior probabilities could be placed on the most likely tree along with bootstrap
support from maximum likelihood analysis.
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Table 4.4. Best-fit models for COI and nuclear DNA (18S and 28S) selected by the AICc in
jModeltest 2.
Model

Nucleotide frequencies
A
C
G

Log
likelihoo
d (-lnL)

T

Lepisiota

TIM1+I

1461.08

0.2954

0.1905

0.1136

0.4004

L. incisa

HKY

884.089

0.2894

0.2046

0.1161

0.3900

Pachycondyla

TIM2+I

2788.91

0.3039

0.1705

0.1152

0.4105

P. caffraria

TPM1uf

1046.05

0.3021

0.1783

0.1241

0.3955

Pheidole

TIM+I+G

2937.82

0.3058

0.1883

0.1201

0.3858

Camponotus

TIM2+I+G

3014.99

0.2952

0.1847

0.1174

0.4028

C. nr. cintellus

TrN+I

1038.42

0.2980

0.1659

0.1267

0.4094

Camponotus (18S)

TIM+G

1791.00

0.2468

0.2132

0.2932

0.2468

Camponotus (28S)

F81

597.48

0.2137

0.2914

0.3265

0.1684

Pachycondyla (18S)

TIM3ef+G

1992.32

-

-

-

-

Pachycondyla (28S)

HKY+G

1387.28

0.1891

0.3063

0.3250

0.1795

For Lepisiota, there were eight clades recovered on the maximum likelihood and Bayesian
trees. Although these clades were quite distinct from each other, there was no variation within
each clade. This striking pattern was also recovered in the median-joining haplotype network
with each of the eight COI haplotypes separated by a large number of mutational steps.
Clade A consisted of individuals from the BIN 264250 and consisted of a single haplotype
shared by all individuals from nine localities. The second most well-represented haplotype
and clades were F and G which consisted of individuals from four and five localities
respectively. Haplotype E and clade E consisted of individuals only from Krantzkloof and
Seaton Park nature reserves. Although there is no strong signature of geographically
correlated structure, individuals from Vernon Crookes all clustered together with a few
individuals from New Germany and UKZN Agric (Figure 4.3).
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Figure 4.3 Maximum likelihood tree and median-joining haplotype network for Lepisiota for
COI sequence data. Bootstrap values above 50% and Bayesian posterior probabilities over
0.5 are shown. The number of mutations on the haplotype network are shown and each circle
is proportional to the number of individuals sharing that haplotype. The groupings are also
indicated.
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The maximum likelihood and Bayesian topology for L. incisa revealed that there were four
clades, again within each of these clades there was no variation and they corresponded to the
four haplotypes in the median-joining haplotype network. This species was found to be
monophyletic. Just as for Lepisiota, haplotype A contained the most individuals, followed by
haplotypes B and D. Clade C and haplotype C only consisted of individuals from Krantzkloof
and Seaton Park nature reserves (Figure 4.4).

Figure 4.4. Maximum likelihood tree and median-joining haplotype network for L. incisa for
COI sequence data. Bootstrap values above 50% and Bayesian posterior probabilities over
0.5 are shown. The number of mutations on the haplotype network are shown and each circle
is proportional to the number of individuals sharing that haplotype. The groupings are also
indicated.
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As L. incisa is an invasive species, these patterns were expected. There were only four
haplotypes and all were shared amongst the reserves. There were no haplotypes unique to a
reserve which highlighted the limited genetic variation characteristic of invasive species
(Dlugosch and Parker, 2008).

The maximum likelihood and Bayesian topology for Pheidole recovered seven distinct
clades. There was high bootstrap and posterior probability support for most of the clades and
there was some geographic structuring observed. Individuals from Silverglen nature reserve
grouped together with high branch support (78, 0.9, Figure 4.5), as did individuals from
Beachwood Mangroves (87, 1.0) nature reserve. Individuals from Krantzkloof grouped
together but there was lack of branch support (Figure 4.5). There were 23 haplotypes in the
median-joining haplotype network. The haplotype groupings are indicated on the maximum
likelihood tree. Haplogroup A and clade A consisted of individuals from four localities and
all individuals from this clade belonged to BIN 514391. Haplotype D and clade D consisted
of individuals from two localities, Ipithi nature reserve and Isipingo Beach. This clade
consisted of individuals from BIN 261761. Clade C, with individuals from Krantzkloof also
fell under BIN 261761. Haplotype G and clade G consisted of individuals from Springside
and New Germany nature reserves. Haplotype H and clade H contained individuals from
Burman Bush and Seaton Park. Individuals from clade G and H were from the BIN 261760.
There were four haplotypes unique to Darville Resources Park, three unique to Beachwood
Mangroves nature reserve, two unique to Springside nature reserve and one each unique to
Ipithi, Krantzkloof, New Germany and Silverglen nature reserves (Figure 4.5).

Even though all the individuals from different BINs are grouped under the genus Pheidole,
morphologically they all resembled P. megacephala which is a known invasive species
(Fournier et al., 2012). Despite P. megacephala being an invasive species, there was a high
degree of genetic variation, as well as many private haplotypes. This could be indicative of
multiple introductions (Dlugosch and Parker, 2008; Tsutsui and Case, 2001) or cryptic
speciation.
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Figure 4.5. Maximum likelihood tree and median-joining haplotype network for Pheidole for
COI sequence data. Bootstrap values above 50% and Bayesian posterior probabilities over
0.5 are shown. The number of mutations on the haplotype network are shown and each circle
is proportional to the number of individuals sharing that haplotype. The groupings are also
indicated.
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For Pachycondyla, the maximum likelihood topology revealed that there was some evidence
of geographic structuring. Individuals from Phinda game reserve grouped together in one
clade with high bootstrap and posterior probability support (100, 1.0, Figure 4.6). Individuals
from Amatikulu nature reserve also grouped together with high branch support (100, 1.0,
Figure 4.6). There were a total of 12 haplotypes in the median-joining haplotype network
which corresponded to the clades on the maximum likelihood tree. Haplogroup A, and clade
A consisted of individuals from four localities and were from BIN 262511. Haplotype J and
clade J consisted of individuals from three localities and also found under BIN 262511.
Haplotype F and clade F consisted of individuals from two localities and BIN 262510. There
were three haplotypes unique to Ipithi nature reserve, two unique to Amatikulu nature
reserve, one unique to Phinda game reserve and one unique to Kenneth Stainbank nature
reserve (Figure 4.6).

Figure 4.6. Maximum likelihood tree and median-joining haplotype network for
Pachycondyla for COI sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.
The groupings are also indicated. Dashed lines indicate that lines are not drawn to scale.
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The maximum likelihood topology for P. caffraria identified five major clades. There was no
clear indication of geographic structuring. There were a total of seven haplotypes in the
median-joining haplotype network. The haplotypes are indicated on the maximum likelihood
tree (Figure 4.7). Haplotype A and clade A consisted of the most number of individuals from
three localities. Haplotype G and clade G had individuals from three localities. Haplotype C
and clade C had individuals from two localities (Figure 4.7). There were two haplotypes that
were unique to Ipithi nature reserve, one unique to Kenneth Stainbank nature reserve and one
unique to Happy Valley (Bluff) nature reserve. There were three BINs within this species,
262511, 483795 and 483813.

Figure 4.7. Maximum likelihood tree and median-joining haplotype network for P. caffraria
for COI sequence data. Bootstrap values above 50% and Bayesian posterior probabilities over
0.5 are shown. The number of mutations on the haplotype network are shown and each circle
is proportional to the number of individuals sharing that haplotype. The groupings are also
indicated.
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The maximum likelihood phylogeny for Pachycondyla sp. for 18S grouped together the
individuals of P. havilandi from Springside nature reserve with high bootstrap probability
support of 87 and posterior probability support of 0.9. Individuals from Msinsi nature reserve
also grouped together with high bootstrap probability support and posterior support of 93 and
0.9 respectively (Figure 4.8). The median-joining haplotype network for Pachycondyla sp.
for 18S revealed a starburst pattern. All haplotypes were unique and there were no haplotypes
shared between localities (Figure 4.8).

Figure 4.8. Maximum likelihood tree and median-joining haplotype network for
Pachycondyla sp. for 18S sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.
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The maximum likelihood phylogeny and the median-joining haplotype network for
Pachycondyla sp. for 28S revealed more structure than 18S. Individuals of P. havilandi from
Springside nature reserve grouped together with Pachycondyla sp. from Amatikulu nature
reserve with high bootstrap and posterior probability support of 100 and 1.0 respectively.
Individuals from Phinda game reserve grouped together with high branch support (74, 0.9,
Figure 4.9). Even though many of the 28S haplotypes were unique to each locality, there
were three haplotypes that were shared between localities.
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Figure 4.9. Maximum likelihood tree and median-joining haplotype network for
Pachycondyla sp. for 28S sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.
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One haplotype was shared between Springside and Amatikulu nature reserves, one haplotype
was shared between Msinsi, Palmiet, Kenneth Stainbank and Ipithi nature reserves and one
was shared between Ipithi, Msinsi and Kenneth Stainbank nature reserves (Figure 4.9). The
28S maximum likelihood phylogeny and haplotype network revealed some similarities to the
COI phylogeny. Individuals from Phinda game reserve were also recovered as a single clade
for COI and COI haplotypes were also shared between Msinsi, Ipithi and Kenneth Stainbank
(Figure 4.6). These findings were further confirmed by the combined maximum likelihood
phylogeny for Pachycondyla sp. (Figure 4.10).

Figure 4.10. Maximum likelihood tree for Pachycondyla sp. for the combined dataset
(COI+18S+28S). Bootstrap values above 50% and Bayesian posterior probabilities over 0.5
are shown.
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The maximum likelihood topology for Camponotus revealed some geographic structuring as
individuals from New Germany, Springside, Vernon Crookes and Port Shepstone each
grouped together. The clades for New Germany, Vernon Crookes and Port Shepstone
received high bootstrap and posterior probability support (Figure 4.11). New Germany had a
bootstrap probability support of 100 and a posterior probability support of 1.0. Vernon
Crookes had a bootstrap probability support and posterior probability support of 85 and 0.8
respectively. The bootstrap probability and posterior probability values for Port Shepstone
were 70 and 0.9 respectively. There were 20 haplotypes in the median-joining haplotype
network. There were many more unique haplotypes than shared haplotypes. Springside nature
reserve had seven unique haplotypes, Palmiet and Vernon Crookes nature reserves had three
unique haplotypes each. New Germany, Ipithi, Port Shepstone, Happy Valley (Bluff),
Hazelmere Dam, Burman Bush and UKZN Agric had one unique haplotype each (Figure
4.11).

96

Figure 4.11. Maximum likelihood tree and median-joining haplotype network for
Camponotus for COI sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.
The groupings are also indicated. Dashed lines indicate that lines/branches are not drawn to
scale. CGL indicates that these sequences were generated in the conservation genetics lab at
the University of KwaZulu-Natal in Pietermaritzburg.
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The maximum likelihood topology for C. nr. cintellus consisted of five major clades,
however, these did not receive strong support from bootstrap values or posterior probabilities
(Figure 4.12). There were 16 haplotypes in the median-joining haplotype network and these
are also indicated on the maximum likelihood topology. There were only three shared
haplotypes; A, B and C. Haplotype B and clade B was only shared between individuals from
Burman Bush and Darville Resources Park. Palmiet nature reserve had three unique
haplotypes, Springside nature reserve had two unique haplotypes. Port Shepstone, Kenneth
Stainbank, Happy Valley (Bluff), Burman Bush, Hazelmere Dam, Ipithi and UKZN Agric all
had one unique haplotype each (Figure 4.12). All individuals were from the BIN 133389
apart from individuals that were sequenced by the CGL.

Figure 4.12. Maximum likelihood tree and median-joining haplotype network for C. nr.
cintellus for COI sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.
The groupings are also indicated. Dashed lines indicate that lines are not drawn to scale.
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The maximum likelihood phylogeny for 18S for C. nr. cintellus showed high bootstrap and
posterior probability support for many of the branches. The median-joining haplotype
network indicated that 18S was very variable and each locality had its own unique haplotype.
The number of mutational steps ranged from a single mutation to as many as 29 mutational
steps (Figure 4.13).

Figure 4.13. Maximum likelihood tree and median-joining haplotype network for C. nr.
cintellus for 18S sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.

The maximum likelihood phylogeny for 28S for C. nr. cintellus also showed high bootstrap
and posterior probabilities for many of the branches. Although there were many unique
haplotypes, the median-joining haplotype network showed more structure than the network
for 18S (Figure 4.14). The number of mutational steps between haplotypes was less than
those for 18S. There was also one haplotype shared between Seaton Park and New Germany.
Because only one individual of C. nr. cintellus per locality was sequenced for 18S and 28S,
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these phylogenies could not accurately be compared to the COI phylogeny. However,
localities that contained unique COI haplotypes also contained unique 18S and 28S
haplotypes (Figure 4.11 and 4.14).

Figure 4.14. Maximum likelihood tree and median-joining haplotype network for C. nr.
cintellus for 28S sequence data. Bootstrap values above 50% and Bayesian posterior
probabilities over 0.5 are shown. The number of mutations on the haplotype network are
shown and each circle is proportional to the number of individuals sharing that haplotype.

For the combined dataset (COI+18S+28S) for C. nr cintellus, none of the localities grouped
together. The topology also received no bootstrap or posterior probability support > 50%/0.5
(Figure 4.15).
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Figure 4.15. Maximum likelihood tree for C. nr. cintellus for the combined dataset
(COI+18S+28S). Bootstrap values above 50% and Bayesian posterior probabilities over 0.5
are shown.

4.3.3 Comparison of spatial patterns of genetic variation for COI and nuclear
data
Mantel tests were used to examine the statistical correlation between genetic and geographic
distance. The Mantel test provides a useful indication of whether isolation by distance (IBD)
or if landscape features are responsible for genetic differentiation (Balkenhal, 2009). The
results of the Mantel tests for COI showed that there was significantly weak IBD for all of the
genera and species, except for the genus Pachycondyla (r = 0.53, P < 0.05) which showed
strong IBD.

Mantel tests performed for the nuclear DNA datasets showed weak but not significant IBD
for C. nr. cintellus (18S; r = 0.23, P > 0.05, 28S; r = 0.14, P > 0.05). Weak, but significant
IBD was detected for Pachycondyla sp. using 28S (r = 0.33, P < 0.05). Moderately significant
IBD was detected for Pachycondyla sp. using 18S (r = 0.67, P < 0.05). When the
concatenated datasets were considered, C. nr. cintellus exhibited weak, non-significant IBD
(r = 0.29, P > 0.05) while Pachycondyla sp. exhibited weak but significant IBD (r = 0.19, P <
0.05).
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As an indication of contemporary population structure, a Bayesian Analysis of Population
Structure was performed for all the datasets. The highest number of estimated genetically
distinct clusters were observed for the genus Pheidole (six, P = 0.99, log ln of optimal
partition = -5202.67; Table 4.5) and six clusters for Pachycondyla, and five for Camponotus
and three for Lepisiota. At the species level, there were four genetically distinct clusters each
for L. incisa and C.nr. cintellus and three clusters for P. caffraria (Table 4.5).

BAPS analyses performed on the nuclear datasets for Camponotus and Pachycondyla sp.
showed that the highest number of estimated genetically distinct clusters were found for the
Pachycondyla sp. 28S dataset (four clusters, P = 1.0, log ln of optimal partition = -1053.56;
Table 4.5). A total of three genetically distinct clusters were recovered for both Camponotus.
(18S) and Pachycondyla sp. (18S and combined dataset), while only two genetically distinct
clusters were recovered for Camponotus with the 18S dataset and the combined dataset
(Table 4.5).
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Table 4.5. Summary data for the BAPS analysis carried out for COI for all taxa, and for
nuclear DNA (18S and 28S) and combined (COI+18S+28S) for Camponotus and
Pachycondyla.
Estimated no.

Probability for

Log likelihood

of clusters

no. of clusters

Lepisiota

3

0.99

-763.21

L. incisa

4

0.85

-29.91

Pachycondyla

6

1.0

-2379.14

P. caffraria

3

0.99

-158.54

Pheidole

5

0.99

-5202.67

Camponotus

5

1.0

-3639.97

C. nr. cintellus

4

0.89

-159.56

Camponotus (18S)

3

1.0

-783.10

Camponotus (28S)

2

0.57

-96.32

Camponotus (Combined)

2

1.0

-2591.21

Pachycondyla (18S)

3

0.51

-985.67

Pachycondyla (28S)

4

1.0

-1053.56

Pachycondyla (Combined)

3

0.97

-7664.06

Genetic landscape shape interpolation plots are useful in highlighting genetic discontinuities
across geographic space. On the genetic landscapes, the darkly coloured blue extreme peaks
indicate high levels of genetic variability while the lightly coloured green troughs and flat
surfaces indicate that the localities have a high degree of genetic connectivity and hence, not
much variation.

In Figure 4.16a, three distinct peaks are observed along the north-western edge and southern
edge of the genetic landscape for Lepisiota. These peaks correspond to UKZN Agric, New
Germany and Vernon Crookes nature reserves as these localities have two genetically distinct
BAPS clusters each (Figure 4.16b). For L. incisa, it is interesting to note that there are four
distinct peaks on the genetic landscape, two of which are situated along the north-western
edge and two which are situated on the south-eastern edge (Figure 4.16c). In Figure 4.15d, it
is seen that there are six localities which have more than two genetically distinct BAPS
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clusters (Krantzkloof, New Germany, Seaton Park, Burman Bush, UKZN Westville and
Silverglen). This is unexpected as Lepisiota showed more variability than L. incisa and L.
incisa sequences are a part of the Lepisiota dataset.

Figure 4.16. (a) Genetic landscape shape interpolation plot for Lepisiota using COI sequence
data. (b) Map of sampling localities for Lepisiota in eThekwini and BAPS clusters. (c)
Genetic landscape shape interpolation plot for L. incisa using COI sequence data. (d) Map of
sampling localities for L. incisa in eThekwini and BAPS clusters.

104

The genetic landscape for Pheidole indicated that there were six distinct peaks of high genetic
variability which corresponded to the six BAPS clusters (Figure 4.17 a and b). Only four of
the localities contained more than one genetically distinct BAPS cluster; New Germany
contained five BAPS clusters, while Ipithi and Beachwood Mangroves contained two BAPS
clusters each.

Figure 4.17. (a) Genetic landscape shape interpolation plot for Pheidole using COI sequence
data. (b) Map of sampling localities for Pheidole in eThekwini and BAPS clusters.

Figure 4.18a shows a distinct peak along the northern edge as well as a slight peak in the
western edge of the genetic landscape for Pachycondyla (Figure 4.18a). These peaks
probably correspond to Amatikulu, Ipithi and Palmiet nature reserves in which two
genetically distinct BAPS clusters were observed (Figure 4.18b). For P. caffraria, there were
two subtle peaks observed along the south-eastern edge and western edge which possibly
correspond to Ipithi nature reserve which contained three genetically distinct BAPS clusters
and Kenneth Stainbank which had two genetically distinct BAPS clusters (Figure 4.18 c and
d).
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Figure 4.18. (a) Genetic landscape shape interpolation plot for Pachycondyla using COI
sequence data. (b) Map of sampling localities for Pachycondyla in eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolation plot for P. caffraria using COI sequence
data. (d) Map of sampling localities for P. caffraria in eThekwini and BAPS clusters.

The genetic landscapes for Pachycondyla sp. using 18S and 28S were similar to the genetic
landscape for Pachycondyla sp. using COI (Figure 4.19 a and c). However, when the
combined dataset was used, the peak in the southern edge became a trough (Figure 4.19 e).
For Pachycondyla sp. at 28S, there were three localities which had two genetically distinct
BAPS clusters (Springside, Palmiet and Phinda; Figure 4.19 d). Using the combined dataset,
it was observed that there were five localities which had two genetically distinct BAPS
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clusters (Springside, Ipithi, Palmiet, Msinsi and Kenneth Stainbank; Figure 4.19 f). These
results correlate with those obtained for Pachycondyla sp. and P. caffraria using the COI
dataset (Figure 4.18).
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Figure 4.19. (a) Genetic landscape shape interpolation plot for Pachycondyla sp. using 18S
sequence data. (b) Map of sampling localities for Pachycondyla sp. in eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolation plot for Pachycondyla sp. using COI
sequence data. (d) Map of sampling localities for Pachycondyla sp. in eThekwini and BAPS
clusters. (e) Genetic landscape shape interpolation plot for Pachycondyla sp. using the
combined dataset. (f) Map of sampling localities for Pachycondyla sp. in eThekwini and
BAPS clusters.
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There were four distinct peaks observed along the genetic landscape for Camponotus (Figure
4.20 a). The peak along the western edge of the plot possibly corresponds to Springside
nature reserve, in which there were three genetically distinct BAPS clusters (Figure 4.20 b).
The peaks on the northern edge could correspond to New Germany and Kenneth Stainbank
nature reserves and the peak on the southern edge could correspond to Vernon Crookes
nature reserve because each of these localities contained two genetically distinct BAPS
clusters (Figure 4.20 b). For C.nr. cintellus, there were only two subtle peaks observed along
the north-western and south-eastern edges (Figure 4.20 c). It is likely that these peaks
correspond to Springside and Burman Bush nature reserves, both of which contained two
genetically distinct BAPS clusters (Figure 4.20 d).

Figure 4.20. (a) Genetic landscape shape interpolation plot for Camponotus using COI
sequence data. (b) Map of sampling localities for Camponotus in eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolation plot for C. nr. cintellus using COI
sequence data. (d) Map of sampling localities for C. nr. cintellus in eThekwini and BAPS
clusters.
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The genetic landscape for Camponotus using 18S and the combined dataset were similar to
the genetic landscape for Camponotus using COI (Figure 4.21 a and e). The genetic
landscape for Camponotus using 28S recovered only two peaks of genetic variability in the
northern edge (Figure 4.21 c). In Figure 4.20 b, New Germany and Seaton Park nature
reserves had unique BAPS clusters for 18S. For the combined dataset for Camponotus,
UKZN Agric and Vernon Crookes had unique BAPS clusters (Figure 4.21 f). None of the
localities contained more than one genetically distinct BAPS clusters for 18S, 28S or the
combined dataset whereas the dataset with COI alone showed four localities with two
genetically distinct BAPS clusters. This suggests that COI shows more population structure
than the nuclear DNA in Camponotus.
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Figure 4.21. (a) Genetic landscape shape interpolation plot for Camponotus using 18S
sequence data. (b) Map of sampling localities for Camponotus in eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolation plot for Camponotus using COI sequence
data. (d) Map of sampling localities for Camponotus in eThekwini and BAPS clusters. (e)
Genetic landscape shape interpolation plot for Camponotus using the combined dataset. (f)
Map of sampling localities for Camponotus in eThekwini and BAPS clusters.
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4.3.4 Evaluation of nuclear markers as a complement to COI
The uncorrected pairwise K2P genetic distances for COI, 18S and 28S were plotted in Figure
4.22. The uncorrected pairwise genetic distance was highest for COI (0.12 ± 0.006) for both
Camponotus and Pachycondyla. Pachycondyla had higher uncorrected pairwise genetic
distances than Camponotus for both 18S and 28S. The genetic distance for 28S (0.024 ± 0.01)
was higher than 18S (0.019 ± 0.01) for Pachycondyla, whereas the genetic distance was
higher for 18S (0.014 ± 0.004) than for 28S (0.013 ± 0.005) for Camponotus.

Figure 4.22. Comparison of uncorrected pairwise genetic distances calculated using the K2P
distance parameter for mitochondrial COI and nuclear 18S and 28S for Camponotus and
Pachycondyla.
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4.4 Discussion

This study highlights the utility of landscape genetics and phylogeographic methods in
understanding habitat connectivity and past and present processes and factors that shape the
genetic structure of populations in an urban environment. The landscape genetic and
phylogeographical patterns among co-distributed populations of ants from the genera
Lepisiota, Pheidole, Pachycondyla and Camponotus at COI were compared and contrasted.
These patterns were also compared for species confirmed to be L. incisa, P. caffraria, C. nr.
cintellus and for BINs from the genus Pheidole that were morphologically thought to be P.
megacephala.

The landscape genetic and phylogeographic patterns at COI were compared for invasive
species L. incisa and P. megacephala. They were the most widely distributed but there was
very little similarity in their genetic structure. Usually, when a single invasion occurs, the
species sometimes undergoes founding effects which leads to low genetic diversity when
compared to the source population or native species (Dlugosch and Parker, 2008; Tsutsui and
Case, 2001). However, separate multiple introductions of an invasive species could lead to
new genetic combinations and high genetic variation (Dlugosch and Parker, 2008). Since P.
megacephala was much more variable than L. incisa, this could indicate that there is cryptic
speciation within Pheidole sp. or multiple introductions whereas L. incisa had a single
introduction. In addition, P. megacephala has several features which promotes its success as
an invader; it is unicolonial and has polygynous (multiple queen) colonies (Holldobler and
Wilson, 1990; Tsutsui and Suarez, 2003). Cryptic speciation has been encountered in P.
megacephala from Cameroon. One of the species persisted in rainforests while the other
thrived in urban areas (Fournier et al., 2012). In sub-Saharan Africa, P. megacephala is
further classified into approximately 10 sub-species (Fournier et al., 2012). Understanding
what makes invasive species such as P. megacephala successful can be useful in the control
and prevention of further invasions and can also aid in identifying other potentially invasive
species.
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Native species C. nr. cintellus and P. caffraria showed no similarity in their genetic
structures. P. caffraria was more genetically variable than C. nr. cintellus. Unlike the
invasive species, species from the genera Pachycondyla and Camponotus have monogynous
(single queen) colonies (Dietemann and Peeters, 2000; Klotz et al., 2008). In this study,
nuclear markers 18S and 28S were also sequenced for individuals from Camponotus and
Pachycondyla, to complement the COI data. Using these two classes of molecular markers
(mitochondrial and nuclear), allowed the comparison of patterns across species, populations
and molecular data types.

The COI phylogeny for Camponotus could not be accurately compared to the nuclear
phylogenies because only one individual per reserve was sequenced for 18S and 28S. The
nuclear phylogenies for Pachycondyla were comparable to the COI phylogeny. Landscape
genetic analyses such as genetic landscape shape interpolation plots which highlight areas of
high genetic variability, and BAPS clustering analysis for Camponotus indicated that COI
exhibited more population structure than 18S and 28S. For Pachycondyla, these analyses
revealed that the nuclear data was congruent with the COI data.

Due to the low uncorrected pairwise genetic distances observed for 18S and 28S in the two
genera when compared to COI, these markers may not be ideal for use in species delimitation
or for studies below the species level. Nevertheless, further testing using other nuclear
markers such as introns, which are more variable, should be conducted as nuclear markers
have several advantages over mitochondrial markers (Creer et al., 2005; Zhang and Hewitt,
2003). These advantages include being biparentally inherited and containing more
informative sites (Creer et al., 2005).

Landscape genetics analyses highlighted that New Germany, Ipithi, Springside and Palmiet
nature reserves exhibited exceptionally high levels of genetic variability. These nature
reserves also stood out for their diversity in the DNA barcoding analyses (chapter 2) and
species assemblage and richness studies (chapter 3). In terms of conservation, these nature
reserves should be preserved as they harbour a great deal of genetic diversity, and hence,
biodiversity.
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There were differences in the genetic structure of the four species of ants in eThekwini. The
individual patterns suggest that the differences in evolutionary and life histories are more
likely to have shaped population structure instead of effects due to the landscape (Murphy et
al., 2010). Nevertheless, the influence of landscape on population genetic structure cannot be
ruled out.

4.5 Conclusion
In this study, there was subtle genetic variation at COI for each of the species examined. In
order to fully elucidate the population structure patterns which could be expected in
eThekwini and surrounding regions, further sampling across more localities is essential. The
use of more nuclear markers could also assist in uncovering these unique patterns of genetic
variation in an urban setting.
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Chapter Five
General Discussion
This MSc study set out to test if the barcoding marker COI could be confirmed as a species
diagnostic tool for ants in the eThekwini region. The utility of this marker was also evaluated
for its potential to uncover genetic diversity below the species level in four species of ants.

In chapter one, the status and progress of DNA barcoding in Africa was reviewed. The
current challenges, successes and the utility of DNA barcoding were also reviewed. Using
data available on BOLD from the biggest ant barcoding project in Africa to date, a total of
118 individuals of A. madagascarensis sampled from 39 localities across Madagascar and the
neigbouring island of Mayotte, were analysed as a case study to show how the barcoding
marker could reveal interesting population genetic, phylogeographic and landscape genetic
patterns (Smith et al., 2005).

In order to demonstrate how the barcoding marker COI and the techniques used in chapter
one could be useful for revealing diversity below the species level in South African ants, a
DNA barcode library was assembled for the ants of eThekwini. The barcode library currently
contains 619 individuals from 80 putative species, sampled from 23 geographic localities
within eThekwini and surrounding regions. The ability of COI to accurately delineate species
was evaluated using statistical methods implemented in the R package Spider (Brown et al.,
2012).

The results of DNA barcoding to delineate species were compared to traditional
morphological identification. Although DNA barcoding uncovered 80 species while the
traditional taxonomic approach identified 51 morphospecies, the two methods should be used
in unison to achieve a more sound and meaningful result. Thus, the cases of paraphyly and
cryptic speciation highlighted by the COI marker should be subject to further review by
taxonomists. More importantly, it also emphasized the need to sample multiple individuals of
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the same species from different geographical localities in order to increase the chances of
finding a correct match for a species and eliminating false positives and false negatives
(Bergsten et al., 2012; Fisher, 1999; Packer et al., 2009).

In chapter three, data from the DNA barcode library for the ants of eThekwini was used to
investigate the diversity and species richness of ants as well as highlight the natural and open
spaces within eThekwini that contribute to maintaining biodiversity within the city. The use
of haplotype accumulation curves and extrapolation measures of diversity demonstrated that
many more species of ants could exist in eThekwini. The investigation of ant species
assemblages in the different vegetation types of each of the green areas sampled revealed that
forest and grassland habitats each supported unique species assemblages. One of the aims of
this study was to determine if open spaces within eThekwini could assist in maintaining
native ant diversity in an urban environment. The presence of only two invasive ant species,
L. incisa and P. megacephala, suggest that native species of ants are not being outcompeted
by the invasive species.

In chapter four, the phylogeographical and landscape genetic patterns were compared
between these two invasive species and the native species, Pachycondyla caffraria and
Camponotus nr. cintellus. Different patterns of genetic structure were obtained for each of the
species which suggested that differences in evolutionary and life history shaped population
genetic structure instead of landscape effects (Murphy et al., 2010).

DNA barcode data coupled with further research on life history, biology and behaviour could
yield valuable insight on how these factors and the influence of environmental factors, shape
the population genetics of ants not only in eThekwini, but the rest of South Africa. Future
research should incorporate the use of highly variable nuclear DNA markers such as introns.
Increasing the scale of spatial sampling is also crucial in uncovering all the species that could
be encountered. The techniques and methods of analysis used in this study could be applied
to building DNA barcode libraries for other organisms in other regions and thus contribute to
the barcode of life initiative to catalogue all of Earth’s biodiversity.
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7.

Appendix 1 – Neighbour-joining tree (K2P parameter) of all 624
specimens of ants represented in the DNA barcode library for
eThekwini.
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