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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 municipalityh KwaZulu Natal is primarily
threatened by urbanization although other factadh sas climate change and the spread of
invasive species also pose a significant threabvledge of what species exist within the
city is important for biodiversity surveillance,tdeting invasive taxa and uncovering cryptic
species. Conducting a comprehensive biodiversitgntory is a daunting task, especially for
hyperdiverse groups such as terrestrial arthropatiere closely related species can often
only be separated by subtle morphological charactenis study investigated whether the
barcoding marker, Cytochrome Oxidase C Subunit QlIY@an be used to efficiently and
accurately delineate species of ants (family Foiag) in comparison to traditional
taxonomic approaches. The feasibility of DNA batogd for assembling biodiversity
inventories for urban areas which could be usefulconservation planning was also
evaluated. A total of 619 individuals were sequenitem 23 geographic localities within the
eThekwini region and surrounding regions. DNA bding revealed 80 provisional species/
“barcode clusters” or monophyletic lineages whiculd represent distinct species, while
morphology revealed 51 different morphospeciesrdpxiation measures of species richness
indicated that as many as 153 species of ants coeddr in the city. Phylogenetic and
phylogeographic analyses were performed on coHoligéd species belonging to the genera
Lepisiota Camponotus Pheidole and Pachycondylato better understand the spatial
distribution of genetic variability in the eThekwiregion. Nuclear markers 18S rDNA and
28S rDNA were also sequenced and compared for @asytle of individuals from
CamponotuandPachycondylaThere was genetic variation at COIl and the nuaiearkers
for each of the species examined. In order to feliycidate the population genetic patterns
which could be expected in eThekwini and surrougdiegions, further sampling across
more localities is essential. The use of more rarakearkers could also assist in uncovering
these unique patterns of genetic variation in damrsettingln this study, the utility of COI
as a species diagnostic tool in ants was confirfikd.barcoding library constructed showed
promise in highlighting reserves that should bespreed 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 Studsing
the Ants of Madagascar

Abstract

Maintaining biodiversity is essential for ecosyssetn retain their resilience to the pressures
imposed on them by mankind and natural disasteisdigrsity is threatened by habitat
degradation, land-use change, pollution, climatange and loss of species and genetic
diversity. In order to protect and preserve biodsitg, there must be prior knowledge of what
biodiversity there is to begin with. With the rig¢ molecular technologies, it has now
become possible to assess and quantify biodivefagyer and more efficiently. DNA
barcoding is a diagnostic technique which uses @rtslstandardized segment of the
Cytochrome C Oxidase | (COIl) mitochondrial geneidentify animal species. Despite
criticisms, it has been applied successfully to ynatudies involving arthropods. In this
introductory chapter, | will provide a summary oNB barcoding on the African continent.
Traditionally, DNA barcode data is used above thecges level in order to delimit species
but in this chapter | tested if the sequence datddcbe informative below the species level.
Using data from the ants of Madagascar DNA barqodgect as a case study, the COI data
was used in landscape and phylogeographic analgsdstermine the spatial distribution of
genetic variation ofAnochetus madagascarensaisross Madagascar. A total of 120 COI
sequences oA. madagascarensisom 39 localities within Madagascar and a neighrbag
island were downloaded from the Barcode of Lifedbase (BOLD). Landscape genetics and
phylogeographical analyses revealed that there theee distinct populations; a group from
Northern Madagascar, a southern group and an e#fsijfoup collected on the neighbouring

island of Mayotte.



1.1 Introduction

1.1.1 Protecting our biodiversity

Biodiversity describes the wide range of the varadtliving organisms on Earth, the genetic
variation between them and the different ecosystamosimunities and habitats in which
organisms live. With the global biodiversity crisipon us, it has now become extremely
important to catalogue species in order to detezntive geographic areas that contain the
most biological diversity and which would qualifgrfelevated levels of protection and can
be classified as ‘biodiversity hotspots’. Biodivigrshotspots may be defined as species rich
areas which usually harbour rare or threatenedepaad a large number of endemic species
found in small areas which are characterized byigh kegree of habitat loss or habitat
fragmentation (Reid, 1998). Biodiversity hotspots fundamental to conservation planning.
Demographic analyses using estimates from populatiensity and growth in human
populations within biodiversity hotspots indicateat approximately 20% of the world’s
population are settled within biodiversity hotsp@@ncotta et al., 2000). This puts pressure
on natural resources and in turn is a major thteaglobal biodiversity (Cox and Moore,
2010).

Africa has a wealth of biodiversity. To date Afrimahome to 1,229 of the world’s 4,700
mammal species, more than 2,000 species of birds agproximately 950 species of
amphibians (McGinley and Hogan, 2011). Africa atsatains regions of exceptionally high
levels of endemism for example, the Cape Floralgom in Southern Africa contains over
9000 vascular plant species of which approxima@ébp are endemic (McGinley and Hogan,
2011). Africa’s coastline also boasts a high maimediversity (McGinley and Hogan,
2011). The island of Madagascar is well known ferhigh levels of endemicity, there are
over 12,000 plant species, 81% of which are ngtagers, 1988).

Biodiversity in Africa is still in a relatively gabcondition when compared to the rest of the
world. There are over 2 million Kof protected areas. Despite this, the biodiverisitstill
vulnerable with about half of the terrestrial eegions in Africa losing approximately 50%
of their area to anthropogenic factors such as nizhtion, habitat degradation and

cultivation (McGinley and Hogan, 2011). Perhaps afethe most serious threats to
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biodiversity loss is habitat destruction and cosiwmr of natural habitats to other uses
resulting in the loss of open space (Croucamp, 2008ywood, 1995). Protecting our
biodiversity is essential because an ecosystem haata rich biodiversity will be more
resilient to natural events, such as fires andnsprand human-induced environmental

changes (Croucamp, 2009).

Unfortunately, the little biodiversity data availaldor African ecosystems is biased towards
vertebrates, despite most biodiversity involvinthespods and other invertebrate taxa. The
arthropods of Africa are rich and diverse and there at least 580 families and
approximately 100,000 species that are currentgcraleed (McGinley and Hogan, 2011).
However, biodiversity information is lacking andtgay for many organisms, especially
invertebrates which potentially constitute abou¥9&f all species on the continent (Myers et
al., 2000). The description of biodiversity in Afai is hampered by the lack of taxonomic
expertise and a lack of funding. Birds, plants arainmals are often used as indicator groups
for biodiversity assessments because they arestgdied (Reid, 1998) . However, the use of
such indicator groups may not be reliable as stuti@ve indicated that species richness
patterns and endemism often do not correspond a@lbsaxa when fine scale geographic
resolutions are considered (Reid, 1998). This ie tlu species having different habitat
requirements and life history traits. Accurate biedsity assessments and inventories are
critical to conservation planning. Traditional tawony has long since been the backbone of
species identifications, classification, biodiverssurveys and numerous other biological
studies. The need for new technology and methodsodiecting data for biodiversity
inventories has become more important in the fdoelevated levels of species extinction.
This is worrying for conservationists because mapgcies could already be extinct even
before being described, and due to this, effeginatection measures cannot be put into place
(Swartz et al., 2008).

1.1.2 DNA barcoding

In 2003, Hebert and colleagues from the UniversityGuelph in Canada, coined the term
‘DNA barcoding’ after they used a 648 bp regiontlod mitochondrial cytochrome oxidase
subunit 1 gene (COI) to identify animals from seydryla and eight of the largest insect



orders (Hebert et al., 2003a). The main principidarpinning DNA barcoding is to identify
an organism by comparing a standardized segmemgehe from the organism of interest to
the same segment from a library of related orgamigPasmahapatra and Mallet, 2006;
Hajibabaei et al., 2006; Hajibabaei et al., 200eépeétt et al., 2004; Lahaye et al., 2008;
Valentini et al.,, 2008b). DNA barcoding rests ore thssumption that genetic variation
amongst species is greater than genetic variatidghinva species. By using a short,
standardized sequence and a clustering algorithhA Darcodes have been suggested to
correctly cluster together individuals belongingthe same species and to possibly discover
new species (Hajibabaei et al., 2007; Moritz ante@i, 2004).

The Consortium for the Barcode of Life (CBOL) wasned in May 2004 (Hajibabaei et al.,
2007; Ratnasingham and Hebert, 2007). The CBOL goaip of international research
organisations supporting the expansion of DNA bdirtp as the international standard for
identifying species (Hajibabaei et al., 2007). TBarcode of Life Initiative’ is a project that

was launched by CBOL to promote barcoding and ifjetite 10 million estimated species
on Earth in a way that is fast and relatively chéBasmahapatra and Mallet, 2006;
Savolainen et al., 2005). An online database cdaledBarcode of Life Data System (BOLD;
www.barcodinglife.ory) was created to acquire, store, analyse and mabDabfe barcode

records (Hajibabaeet al, 2007; Ratnasingham and Hebert, 2007). All reteas doing

DNA barcoding upload their data to the BOLD databa¥he BOLD database is an

invaluable resource to biodiversity researchers alwvs African scientists access to large

amounts of data that was not available previously.

During the International Year of Biodiversity in Bl the Barcode of Life launched the

International Barcode of Life Project (iBOLhttp://www.ibolproject.oryy to coordinate

global efforts and bring together 26 countries ¢laborate. This collaborative effort was
undertaken to broaden and strengthen DNA barcodasgarch by extending the focus
towards developing countries in which a vast majooi the Earth’s biodiversity is located
(Vernooy et al., 2010). The partnering nationsBOL include the central nodes - Canada,
China, France, Finland, Germany, Netherlands, BaltuJnited Kingdom, United States,
and the regional nodes - Argentina, Australia, Brdzdia, Mexico, New Zealand, Norway,

Russia, Saudi Arabia and South Africa. There areumber of global barcode campaigns
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underway with goals to barcode every organism athE&om bacteria to mammals (Table

1.1). As of August 2013, the number of formally ddsed species with barcodes were 138,
870 animals, 51,341 plants and 3,443 fungi andratfganisms. The total number of barcode
records were 2,651,524www.barcodinglife.oryy Much of the progress made to date has

been for the order Lepidoptera and marine life inany of the other global initiatives are

also gaining momentum.

Table 1.1 Progress (in terms of number of speames specimens barcoded) made by on-
going global DNA barcoding campaigns accessed igusti2013 from links provided on the

iBOL website (vww.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. Linke these campaigns are still under
construction.



1.1.2.2 DNA barcoding methodology, advantages andticisms

The methodology behind DNA barcoding is straighfard; DNA is retrieved from a tissue
sample taken from the organism under study andeuséd polymerase chain reaction (PCR)
primers are used to amplify a 658 bp fragment ef @®I mitochondrial gene (used in most
vertebrate and invertebrate animal groups). The @Dk was the ideal candidate for use in
DNA barcoding because of its highly constrainedrasvacid sequence which in turn ensures
that primers will be broadly applicable and resuittsstraightforward sequence alignment
(Moritz and Cicero, 2004; Packer et al.,, 2009). @l sequence is variable enough to
differentiate between species but is less variabiadividuals belonging to the same species
which means that individuals belonging to the samecies will cluster closely together in a
phylogeny (Stoeckle and Hebert, 2008; Valentiralgt2008a).

A suit of primers have been designed to amplify@& gene across a wide range of insects
(Folmer et al., 1994; Lunt et al., 1996). Folmeeral (1994) designed universal COI primers
that are able to amplify across a diverse rangmethzoan invertebrates. An important part
of DNA barcoding is the construction of a DNA refece library for a particular group. The
reference library usually includes sequences takem specimens which have been
identified by taxonomic experts (Hajibabaei et 2D07). The matching of sequences from
related organisms is done using a phylogenetic amg@oach (Dasmahapatra and Mallet,
2006). The most widely used method in many DNA bdireg studies is the use of the
Kimura 2-parameter (K2P) model to calculate gendistances, these distances are then used
to build a neighbor-joining tree. The query seq@snare assigned the species name of the
closest matching group it clusters with (Frezal halblois, 2008). These barcode clusters are
known as Barcode Index Numbers (BINS).

If there are no matches within the barcode libréng could mean that the barcode sequence
could represent a new species or a geographicantaof the species (Hajibabaei et al.,
2007). Successful species identification reliestlom “gap” that exists when interspecific

genetic variation exceeds intraspecific geneticatian — this is termed the “barcoding gap”.



In early DNA barcoding studies, the standard tho&skHior delimiting mammals was 2%
and for invertebrates it was 3% (Hebert et al., 2003a; Hebert et al., 2003@ BOLD
analytical workbenchwww.barcodinglife.org Ratnasingham and Hebert, 2007) offers a

variety of functions to analyse COIl data, includiggneration of a K2P neighbour-joining
tree, visualization of the barcode gap, diagnasiaracter analysis and a clustering algorithm

which assigns sequences to Operational Taxonomis (IDTUS).

Even though the benefits of DNA barcoding are numerand its role in biodiversity
research is now well entrenched in the literattivere are those who contest and oppose it as
a tool for species identification and discovery.eQuof the major criticisms is that DNA
barcoding sometimes detects new species that arealqfalse positives) or it doesn’t detect
differences in species that can be discriminatedthgr methods such as morphology (false
negatives). This can be due to using only a sigglee identification system and because the
COlI gene does not have the same mutation raté angelnisms (Hickersoat al, 2006). The
rate heterogeneity can introduce bias towards iseodery of recent species and increase the
rate of false negatives in some taxa that haverfasttation rates (Hickerson et al., 2006).
The mitochondrial genome is maternally inherited, such; its patterns of genetic
relationships in species could differ from nucl&A patterns and from the “true” species
tree. An example of this was shown in the DNA bdneg study on the ithomiine butterfly
genusMechanitis the barcode results suggested that there wemenfew species but the

nuclear AFLP data only supported one of these fiew species (Dasmahapatra et al., 2010).

The recognition of species boundaries by mitochiahdnd nuclear DNA may differ for the
same set of species due to hybridization and inteteplineage sorting (Collins and
Cruickshank, 2012; Frezal and Leblois, 2008; Rulbjn@006). Identification using
mitochondrial DNA can also be compromised by nucle#ochondrial DNAs (NUMTS),
which are the nuclear copies of mitochondrial DNéngs that are present in the nuclear

genome (Frezal and Leblois, 2008).

Researchers have questioned whether the DNA bamgoghp exists or whether it is an

actually an artefact of incomplete sampling acrtas®, as was demonstrated in a study on
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blue butterflies (Wiemers and Fiedler, 2007). Caetbetween interspecific and intraspecific
genetic distances could be due to a species halévated levels of genetic diversity below
the species level. High rates of intraspecific dyemce can be attributed to populations that
are geographically isolated, therefore geograpmtra-specific sampling is important
(Bergsten et al., 2012; Frezal and Leblois, 2008kétson et al., 2006). Another limiting
factor to consider is paraphyly or polyphyly be@usf incomplete lineage sorting of
mitochondrial DNA and introgression. The coveraguiliple individuals of a species and
adequate geographical sampling) and reliabilitpfA barcode libraries is a major factor on
which the accuracy of species identifications ipatwent (Bergsten et al., 2012; Ekrem et
al., 2007; Jinbo et al., 2011). The lack of adeguatference data could sometimes be
responsible for false positive and false negatideniifications and underestimation of
intraspecific genetic variation. Incongruence be&mvethe DNA barcode data and the
traditional morphological definition of speciespesially in poorly studied groups, can also
result in overlap. In some instances, the intragipetistance for one species could be higher
than the interspecific distance of a different sgeowvithout affecting the identification
success (Collins and Cruickshank, 2012). It wasgesigd by Collins and Cruickshank
(2012) that a more feasible representation of #rednle gap would be to plot the distance to
the furthest conspecific against the distance éonéarest nonconspecific and the point where
the difference between the two is zero indicated there is no barcode gap. A study by
Meier et al (2006) suggested that when interpreting the lolrcgap, the smallest

interspecific distance should be considered rdtiaar the mean interspecific distance.

Another argument is that DNA barcoding is intelledty poor and simplistic when compared
to the rich legacy of traditional taxonomy usingrptwlogical approaches (Jinbo et al., 2011;
Packer et al., 2009; Rubinoff, 2006). However, Esichave shown that DNA barcoding
outperforms traditional taxonomy when it comes dentifying specimens at different life
stages (Davis et al., 2011; Greenstone et al., ;2Q0bisz et al., 2012; Schilthuizen et al.,
2011), and species complexes that are hard toifigefttr example the nine closely related
butterfly species from Romania whose species statugre resolved using DNA barcoding
when external morphology is not informative (Dinglaal., 2010). DNA barcoding is also
more useful than traditional taxonomy when degraaledery old samples such as museum
samples are involved as shown by Hajibaleaail (2006) when they used a 100 bp fragment

of COI to successfully identify over 90% of musespecimens of moths and wasps.
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Critics have alluded that all DNA barcoding praasdis information instead of knowledge
and lacks a broader context (Fitzhugh, 2006; Ruhi2006). But it can be argued that DNA
barcoding in itself tests the hypothesis of itditytito identify species and can generate
hypotheses about species that can be tested usiieg techniques (Waugh, 2007). In
addition, DNA barcoding offers independent datd thdree from personal bias that is often

associated with identifications made by traditicaalonomy (Packer et al., 2009).

An issue that has been raised by numerous DNA Harcoitics is the quality control of
sequences that are submitted to DNA barcode ldsaas misidentified sequences could be
problematic. But for a DNA barcode to be valid,shiould have taxonomic information,
voucher specimen data such as photographs, logaiigmation (GPS co-ordinates, country,
state/province), date of collection, where the Bpen has been deposited and the PCR
primers and trace files (Ratnasingham and Heb@€7R This information makes it possible
for taxonomic experts to identify the voucher speam or to validate the identification at a
later stage (Jinbo et al., 2011).

There has also been dispute over how the DNA barctzda is analysed. There has been
much debate over whether the neighbour-joining tiemg the K2P distance method is
accurate and appropriate for delimiting speciestiqudarly in cases where there is
incomplete lineage sorting and paraphyly at theigigdevel (Collins and Cruickshank, 2012;
Jinboet al, 2011). Incorrect model specification can biasagie distances and identification
results could be misleading, ambiguous or incorf€ctlins and Cruickshank, 2012; Jinbo et
al., 2011).

Due to these shortcomings, new criteria and algaistare being developed and applied as an
alternative or a compliment to tree-based iderdifans. Distance-based criteria such as ‘Best
Match’ and ‘Best Close Match’ were developed by &dat al (2006). The ‘Best Match’
criteria assigns the query the species name ofo#lteode that best matches it, without
considering the degree of similarity between therguand barcode sequence. However, this
method is prone to misidentifications when the gsequence does not have a representative

in the database. These misidentifications can loedad by the ‘Best Close Match’ criteria
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which employs the same principal as ‘Best Matcht, dnly assigns the species name if there
is a high degree of similarity, otherwise the quseguence will be classified as unidentified

and will require additional taxonomic interventi@veier et al., 2006).

The Nearest Neighbour criteria is equivalent to ‘Best Match’ criteria and has also been

used for identification purposes in DNA barcodedsts (van Velzen et al., 2012). Character-
based identification criteria is considered to b&reraccurate as nucleotide variation in each
base position is used as a diagnostic charactdlif€and Cruickshank, 2012; Jinbo et al.,

2011; van Velzen et al., 2012). This diagnostichmdtis implemented in programs such as
DNA-BAR (Dasgupta, 2005) and BLOG (Weitschek et 2013).

Statistical methods such as Bayesian Inference aximum likelihood (with appropriate
models of evolution) can be used to estimate measwf confidence for species
identification with DNA barcodes. Implementation tifese methods in DNA barcoding
studies is crucial as they incorporate explicit ylapon genetic or phylogenetic models
which fit the data better than the K2P model whilturrently implemented (Jinbo et al.,
2011; van Velzen et al., 2012). It is importantsteess that no known method is without
problems and limitations. Instead of discreditieghniques and methods, efforts should be
focussed towards adapting and integrating diffeneethods 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 artld®pdssembling an inventory for
arthropod biodiversity and understanding the effaxft fragmentation, climate change and
urbanization on arthropod biodiversity is essertietause they have important roles in the
ecosystem as biological indicators due to theirrtshfe cycles and sensitivity to habitat
disturbances (Bolger et al., 2000).
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There have been a great many DNA barcoding stulties on arthropods to date. Apart from
simply using DNA barcoding as a species diagndet; its utility has been demonstrated in
many other areas of study. Studies have used DNa&odmg to carry out biodiversity
assessments using ants (Smith and Fisher, 200%h &mal., 2005), moths (deWaard et al.,
2011; Janzen et al., 2005),and flies (Webb e®8ll2; Zhou et al., 2009; Zhou et al., 2011).
DNA barcoding has been applied to studies focussedrthropods of economic importance,
investigating host specificity and vector-host tielaships and identifying candidates for
biocontrol agents. For example, DNA barcoding wseduto identify bloodmeal from the tick
Ixodes scapularisn order to understand vector-host relationshigsidantify hosts (Gariepy
et al.,, 2012). It was also used to investigate p&cificity in a group of economically
important biocontrol agents, thnicetuswasps, which are employed to control agricultural
pests such aSeroplastes spdZhang et al., 2011).

Many arthropods are difficult to identify morphologlly at different developmental stages,
and in these cases DNA has proven to be an eféetéixonomic tool. It has been used to
distinguish between fouCrioceris leaf beetles, two of which were economically intpat
invasive plant pests and two which are rare speeshard to distinguish them from each
other at the egg and larval stages (Kubisz et28l12). DNA barcoding was successful in
identifying eggs and larvae of closely related bats; and spiders which are predators that
are important for the biological control of agrizubl pests (Greenstone et al., 2005).
Distinguishing Laricobius rubidus endemic to western North America, frobaricobius
nigrinus, an introduced species used as a biocontrol agerthother example of a study
applying DNA barcoding to identify species whichvbeamorphologically indistinguishable

larvae (Davis et al., 2011).

Data from DNA barcoding has also been used in goodb studies such as a study involving
the bees of Canada in which sex-associations batweleptoparasitic species were revealed
(Sheffield et al., 2009). In another study it wdmwn that a group of necrobiont beetles
(often found on vertebrate cadavers) from the farfiiholevidae can be used in forensic
entomology, even though they previously weren’'tsidered useful and due to their small

size and cryptic adult and larval stages (Schiltbmiet al., 2011).
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Given their small size some arthropods are not bfeove great distances and often exhibit
fine-scale patterns of diversity. The DNA barcadimarker COIl has also been used in
population-level studies, for example, Hebetrtal (2004) used DNA barcoding to uncover
cryptic species of skipper butterflAgtraptes fulgeratgrand also found that the COI gene

was useful in uncovering genetic structuring betbe/species level.

1.1.4 Below the species level — landscape genetics

Landscape genetics is a relatively new research watech incorporates other disciplines,
namely; landscape ecology, population genetics sppadial statistics (Storfer et al., 2007).
The goal of landscape genetics is to infer how daage features influence selection, gene
flow and genetic drift (Holderegger et al., 2006)lderegger and Wagner, 2006). The term
‘landscape genetics’ was first used in a paper laypdllet al. (2003) where they stated that
landscape genetics will enable understanding of lyawetic variation is structured by

environmental and geographical characteristics.

Landscape genetics is particularly useful for digemmg boundaries to gene flow that are not
obvious — these cryptic boundaries could be disconies in the gene flow across a
population without any apparent cause i.e. thereislear physical barrier to gene flow. By
examining the history of these cryptic boundartbs, sequence data can be used to infer if
secondary contact is being made among populatiatsatere previously isolated (Manel et
al., 2003). There are two important steps involvelhndscape genetics; the identification of
genetic discontinuities in a population and the segjpent correlation of the genetic
discontinuities with landscape and environmentaialdes such as physical barriers. These
barriers could be in the form of mountains, catchisiemotorways, forests, valleys and urban
areas (Holderegger and Wagner, 2008; Manel e2@G03).

Landscape genetics can explore how the fragmentafibiabitats, loss of habitat and spatial
isolation effects species dynamics across landscael hence the constraints imposed on
the distribution of plants and animals as welllasrtgenes (Holderegger and Wagner, 2008).

Understanding these processes is important fonmtheagement of the genetic diversity of
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species and, at a broader scale, ecosystems (Maakl 2003). In this chapter | provide a
review of the current status of DNA barcoding irriéd. In addition, data from one of the

major African Formicidae barcoding projects to dates considered as a case study for
testing the utility of the barcoding marker COlJdve the species level.

1.2Materials and methods

1.2.1 DNA barcoding in Africa

In order to better understand the scope of DNA diirg within the African context, an
online survey was conducted to ascertain the amafinsequence data available for
invertebrates on BOLD. The focus was on COIl sequeti@ta available for specimens
collected in the top 10 barcoding African countrieBese include Madagascar, South Africa,
Kenya, Tanzania, Gabon, Democratic Republic of @ori¢ameroon, Ghana, Ethiopia and
Zambia. In particular, | examined the total numbiearthropod taxa sequenced as well as the
number of insects, Hymenoptera and Formicidae G4 dvailable.

1.2.2 Selection of data for landscape genetics analyses

Madagascar is the ideal candidate for biodiversilyveys and studies of speciation and
landscape genetics due its unique biota. It is aldoodiversity hotspot which is threatened
by habitat degradation and destruction. Approxitya89% of the original vegetation in
Madagascar has been destroyed and now consisesconhdary grassland which does not
harbour many species. Among the threatened aresteal arthropods. There are around
1000 species of ants in Madagascar but as much%sare still to be described (Smith et al.,
2005).

Madagascar has launched conservation planningaregybut the difficulty of planning such
programs is identifying areas that qualify for gaiton. Compiling species inventories has

proven to be beneficial to conservation planningiB et al., 2005). Two of the biggest
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African barcoding studies on ants to date were fidadagascar and Mauritius. Both of these

studies used ants as a means to perform rapidvieisity assessments.

In the DNA barcoding study of the ants of Madaggssabtle genetic structuring at the
population level was noted fétnochetus madagascarengdmith et al., 2005). Individuals
from localities separated by the highest mountminMadagascar exhibited an average
sequence divergence of 1.5%. It was hypothesizatidhlere may be cryptic speciation due to
the development of mountain ranges which can isofaipulations, resulting in unique
lineages and species in these region. Climati¢ssimfMadagascar have also had an effect on
vegetation structure in forests and thus, ant aeb({Smith et al., 2005).

These hypotheses in Smigh al. (2005) have not been tested using a phylogeograpbr
landscape genetics approach. In this chapter lusél as a case study, the COI sequence data
for A. madagascarensisSequence data for this species was downloaded fnhe BOLD
database and aligned using the BOLD sequence abighroption (Amino Acid-based
HMM). BioEdit (Hall, 1999) was used to manually opize the sequence alignments.

Sequence’s containing too many gaps, were too grocbntained too much missing data
(many N’'s) were excluded from the alignments. Aalkaif 118 sequences from 39 locations
in Madagascar and three locations in the nearlandsiof Mayotte were used for further
analysis. A GIS-referenced distribution map wasstaicted forA. madagascarensiwith
DIVA 7.5 (Hijmans et al., 2012) using GPS co-ordésa available on BOLD for each
specimen collected (Figure 1.1).
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Figure 1.1 A map of Madagascar with the altitudgeetaand the number OoRA.
madagascarensigdividuals in each of the 39 sampling locations.
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1.2.3 Diversity indices and population differentiation

Summary sequence statistics such as nucleotidesdiyehaplotypic diversity and their
standard deviations, the number of haplotypesalgiand parsimony informative characters
were calculated for the COI sequence data usinggfirh 3.1 (Excoffier et al., 2005) and
MEGA 5 (Tamura et al., 2011).

The finer scale population genetic structureAofmadagascarensiwas also examined by
employing a Bayesian clustering approach. The prmgBAPS 5.2 (Bayesian analysis of
population structure; (Corander and Marttinen, 2006rander et al., 2003) was used. An
analysis was run for each species with the numbelusters, K, set from 1 to 20 with five

replicates of each K and two independent runs.

A median-joining network was constructed fAr madagascarensibBaplotypes using the
program Network 4.6.1.1, available from http://fusxengineering.com). These networks
were used to explore the reticulate relationship®reg haplotypes and for a qualitative
assessment of demographic history. Recent populatipansions are characterized by star-
burst pattern networks whereas structured netwooksd be indicative of populations that
are stable (Walton et al., 2000).

In order to assess the significance of populatew@ll genetic structure, an analysis of
molecular variance (AMOVA), using Arlequin 3 wasrfeemed. To determine the scale at
which genetic variation occurred, AMOVA was analysen three levels; among groups
(dcT), among populations within group®dc) and within populationsd{sy). The populations
were grouped as follows; a North group of individuancluding 30 individuals from 19
localities in Madagascar, a South group of 83 imtials that were sampled from 17
localities in the South of Madagascar, and an ofishgroup which consists of the five
individuals that were sampled from Mayotte (Figlrg). The effect of geographical distance
on the genetic divergence of populations was asdassing a Mantel test implemented in the
Alleles in Space (AIS) software (Miller, 2005).
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To visualize how patterns of genetic differentiatichange over geographical distance, the
AIS software was used to compute raw genetic amdjrg@hical distances between points.
For this analysis, GPS co-ordinates of all the demgpocalities had to be converted to
Universal Transverse Mercator (UTM) co-ordinateisTwas 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 creéatdext, interindividual genetic distances
were assigned to landscape co-ordinates at midpofrnthe connectivity network edges. An
inverse distance-weighted interpolation proceduas wsed to measure genetic distances at
locations on a grid which overlays the whole sampgEndscape. This produced genetic
landscape shape interpolation plots which allowsHe identification of sampling localities
which are the most differentiated (genetically eliéint). Interpolation parameters for the
Genetic Landscape Shape surface plots were dat defaults; number of bins for the X and

Y axis =50, distance weight valae= 0.5.

1.3Results and Discussion

1.3.1 Summary data for DNA barcoding in Africa

Out of the 54 African countries only 32 are repnésd in the global DNA barcoding
database BOLD. As of August 2013 Madagascar |ldasbarcoding initiative in Africa with
28943 arthropod specimens barcoded representing §gkkies clusters (BINs), followed by
South Africa with 26156 arthropod specimens bardoapresenting 7637 species clusters
(BINs) and Kenya with 18624 arthropod specimensdided representing 3723 species
clusters (BINSs) in August 2013 (Figure 1.2). Madaga 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 ingbrates in Africa (as of August 2013).

1.3.2 Summary sequence statistics

In total, 616 bp of COI from 118 individuals &. madagascarensigiere used for the
analyses. The final alignment includes 59 variabites, 39 of which were parsimony
informative. The 118 sequences produced 45 unigydotypes. A total of 41 haplotypes
were private, occurring at a single locality andrfevere shared between localities. There
were moderate levels of haplotype diversity (h486.+ 0.053) and nucleotide diversity £
0.00755 + 0.00107) exhibited by COI. The valueJajfma’s D -1.23, P > 0.10) and Fu’s Fs
-5.13, P > 0.10) were not significantly negativegdtive values would indicate that there has
been an expansion in population size (Simonsem,et1395). Summary sequence statistics
were also computed separately for the North, Sauath Offshore groups. The South group
had the highest haplotype (0.982 + 0.016) and wtidie diversity (0.014 + 0.001), followed
by the Offshore group which had a haplotype divgrst 0.700 =+ 0.218 and a nucleotide
diversity of 0.009 + 0.003 (Table 1.2). There waw Ihaplotype diversity observed for the
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North group (0.286 = 0.064) and low nucleotide dstyy (0.002 £ 0.001). The North and
Offshore groups showed a significantly negativeugdior Tajima’s D statistic (-2.26 and -
1.49 respectively, Table 1.2) which points to agtlle recent expansion in population size in
these populations &. madagascarensis

Table 1.2 Summary sequence statistics forthmadagascarensiataset as a whole and for
each of the groups separately. N is the total nunobendividuals, L is the number of
localities, V is the number of variable charact&kis the number of parsimony informative
characters, Hd is the haplotype diversitys the nucleotide diversity and Sd is the standard
deviation. Values in bold indicate results thatevstatistically significantR < 0.05).

N L V Pl Hd Sd n Sd Fu'sFs 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 0.001 530. -2.26
South Group 30 19 48 22 0982 0.016 0.014 0.001 4513 -1.38
Offshore Group 5 3 8 0 0.700 0.218 0.009 0.003 290.3 -1.49

1.3.3 Patterns revealed by the BAPS and haplotypestwork

The BAPS analysis revealed three genetically distidusters with a log (marginal)

likelihood of optimal partition = -1055.20 and aopability of P = 1.00. These three clusters
suggest that A. madagascarensis is geographicaltytipned into three main groups; a
northern group, southern group and an offshoremuoouthe neighbouring island of Mayotte.
The northern group includes the localities: Vatgyagnalalava, Mahabo, Farafangana,
Manombo, Manakara, Ando Tanatana, Manatantely,ilbegiMandena, Libanona, Lavasoa,
Petriky, St. Luce, Bealoka, Sahanafa and Vazinmsa;sbuthern group: Antsahabe, Binara,
Ambato, Francais, Manon, Sakaramy, Orangea, AmkifaAnkarana, Anabohazo, Lokobe,

Andavakoera, Bekaraoka, Ampondrabe, Ambodirianapicdo, Tsimaloto, Androngonibe,

Ampasina-Maningory; and the offshore group of specis collected from the neighbouring

island of Mayotte: Mt. Benara, Mt. Combani and Ehoungui.
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Figure 1.3 The three BAPS clusters which were mefitifrom the 118\. madagascarensis
sequences. The sequences were ordered from Offshbia@th to South.

The median-joining haplotype network (Figure 1.4pported the finding of the BAPS
analysis (Figure 1.3), with some exceptions whioh discussed below. The northern and
southern group are closely associated. More tham&@@tional steps separated the offshore
group from the southern group, and four mutatiateps separated northern group from the
southern group. The most frequently occurring hgpe sequenced from the most
individuals and was comprised of individuals maismpled from the 17 northern localities
in Madagascar, with the exception of the individusmpled from the southern localities of
Anabohazo, Ampasina-Maningory and Tampolo (Figurg).lindividuals from northern
localities Analalava, Bealoka and Sahanafa, shaagaotypes with individuals from the
southern localities. The southern group, consistethe haplotypes that branched off from
the northern group. These haplotypes mainly beldngehe individuals sampled from the 19
southern localities in Madagascar. The offshoreugravere the individuals from three
localities in Mayotte (Figure 1.1). One individuabm Mt. Combani in Mayotte shared a
haplotype with individuals from the north groupigtunlikely that this is due to natural gene
flow, and is probably the result of recent humardiad introduction from the mainland.
Haplotypes shared among the three groups coul@atelicontemporary gene flow among
northern and southern populations or these couttideetention of ancestral haplotypes.

The southern Madagascan ant populations had tts¢ musnber of unique haplotypes (24

private haplotypes). Populations from the soutlyggoup and offshore group seem to be more
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genetically differentiated and this could be dueatdarrier to gene flow or isolation by
distance (Manel et al., 2003). The mean numberwhtional steps separating haplotypes in
the southern group was 2.4 and the mean numbeuttional steps separating haplotypes in
the northern group was 1.25.

O Ambato
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Figure 1.4 The median-joining haplotype networkAofmadagascarensisaplotypes. The
colours of localities on the map correspond toableurs on the haplotype network. The size
of each haplotype is proportional to the numbeindividuals that share that haplotype. The
number of mutations that are greater than one mdecated on the connection in the
haplotype network.

1.3.4 Landscape genetic patterns

The genetic landscape shape interpolation surfémierpvealed that the greatest genetic
discontinuities (shown as peaks on the plot), ameray populations located in the south-

eastern edge of the plot representing the sampdralities (Figure 1.5). The flat surface in
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the rest of the plot could indicate that these petpans exhibit a high level of genetic
connectivity (Figure 1.5). This finding was conerdt with the finding of the Mantel test
which showed a weak but significant positive catieh between genetic and geographic
distances (1000 permutationsz 0.21, probability of a correlation greater th@nequal to
observed <0.01). This low correlation coefficiemultl be due to sample size. However,
when the Mantel test was performed for each greyamtely, it was found that there was a
weak and insignificant positive correlation betwegmetic and geographic distance for the
North group (r = 0.0021, probability of a corretatigreater than or equal to observed >0.01)
and the South group (r = 0.079, probability of arelation greater than or equal to observed
>0.01). The offshore group showed a negative baigmficant correlation between genetic
and geographic distance (r = -0.24, probabilityaotorrelation greater than or equal to
observed >0.01).
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Figure 1.5. Genetic landscape shape interpolationfpr A. madagascarensihe x and y
axes indicate the geographic locations within theabDnay triangulation network and the

height of the surface plots show the average betwmerindividual genetic distances. The
blue peaks show areas of high genetic variationthedlat yellow surface indicates areas of

little or no genetic variation.

1.3.5 Analysis of molecular variance

Most of the genetic variation f@k. madagascarensisas observed among groups (72.27%,

P<0.001, Table 1.3). The values for all of the fizatindices were statistically significant at

a = 0.05. The least amount of genetic variation feasid among populations within groups

(9.57%,P<0.01, Table 1.3). The within population geneticiatton 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 thmugs recovered by the BAPS and
haplotype networks analyses.

Source of variation Percentage Fixation indices P-value
of variation
Among groups (Northern, southern and  72.27 0.72 0.00
Mayotte island groups)
Among populations within groups 9.57 0.35 0.005
(individuals assigned to sampling
localities)
Within populations 18.16 0.82 0.004

1.3.6 The use of barcode data for landscape genetic analg

This case study using populations Af madagascarensisrom Madagascar and the
neighbouring island of Mayotte, highlights how DBEA barcoding marker COI can be used
below the species level in landscape genetics &ytbgeographical analyses to elucidate
barriers to gene flow and what landscape featurag be acting as barriers. The BAPS
clustering approach highlighted the presence @&etlyenetically distinct clusters partitioning
A. madagascarensigito a north, south and offshore group. This wasficmed by the
median-joining haplotype network and the AMOVA asid. The among group variation
accounted for as much as 72% of the genetic vanati

Unsurprisingly, the populations from the Mayottiaimgl are genetically differentiated from
the other Madagascan populations. The presencesbfiged haplotype suggests that there
must be some contemporary (probably human-mediatedyation from the mainland
Madagascar population to the island (Tollenaeia.e2010). The genetic structure observed
between the north and south group could be partaille to isolation by distance or the
elevated landscape (Figure 1.1) between the nadhsauth localities that could be acting as
a barrier to gene flow. From the map of samplincalibies, it appears that sampling was
restricted to the extreme north and south of Masieayaand sampling was sparse over the

rest of the area, especially at higher altituddss Tcould indicate that populations At

24



madagascarensido not occur at those sites, or that the siteswenitted by Smitket al
during sampling and hence this could mean thatdtgpés connecting the north and south

populations were not sampled.

In order for patterns revealed by landscape genatic phylogeography to be unbiased and
significant, populations should be sampled acrbss tanges. In addition molecular markers

of different classes should be used to confirmrowvide a contrast to any findings. In terms

of conservation efforts, it has been shown thatgisi multi-species comparative landscape
genetics or phylogeographic approach is more véuabhd informative than using just one

species (Chatzimanolis and Caterino, 2008; Jamads, @011).

1.4 Conclusion — problems and prospects

Although DNA barcoding and landscape genetics ar@oubtedly useful to research and
provide insight into the diversity of life, therereadrawbacks associated with these
disciplines. The main issue with both DNA barcodangd landscape genetics is that it is
unlikely that a single ‘universal’ marker will beseful in all species across the diversity of
life (Nielson and Matz, 2006). The COI gene hasnbaesed successfully in many animal
studies, but there are several problems that areustered since it is a mitochondrial gene

which provides only a single locus identificatigrstem (Valentini et al., 2008b).

Mitochondrial genes are inherited only through thaternal lineage in most animals,
therefore only a limited part of the evolutionarstbry is revealed (Dasmahapatra and
Mallet, 2006). Interspecific hybridization and theintentional amplification of pseudogenes
are also problems that are encountered when relginty on mitochondrial genes

(Bermingham and Moritz, 1998; Zhang and Hewitt, 200n order to ensure reliability for

identifying species and making inferences aboututdm and movement of populations,
more efforts should be made to find several nuateankers that will supplement and confirm
the findings made by COI data (Dasmahapatra anteMaD06).

25



Landscape genetic studies have the potential t@reehecological knowledge, and will
enable conservationists to manage the status ofulgogms, study the effects of
fragmentation and hence protect the genetic dityerdi populations that are endangered
(Manel et al., 2003; Segelbacher et al., 2010)s THnowledge can be used to promote
landscape connectivity of these endangered spbeiesuse it allows for empirically based

conservation corridors to be predicted and implasg(Segelbacher et al., 2010).

Taxonomists have argued that DNA barcoding canaeplace traditional taxonomy but it
must be stressed that DNA barcoding in no way aoneplace taxonomy. The aim of DNA
barcoding is to aid taxonomists to build and somgettamplete a global inventory of the
diversity of life (Hajibabaei et al., 2005). Hopk#&pecialists in the field of DNA barcoding
propose that one day, handheld DNA sequencing tdahy will be invented that can be
used in the field by children, biologists or anyeming mind, to find out the names and facts

about any species on the planet (Hajibabaei e2@0D5; Savolainen et al., 2005).
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Chapter Two

Revealing the diversity of Formicidae in an urban avironment
through DNA barcoding

Abstract

The biodiversity of Durban (eThekwini municipalityh KwaZulu Natal is primarily
threatened by urbanization although other factadh sas climate change and the spread of
invasive species also pose significant threatsviege of what species exist within the city
is important for biodiversity surveillance, detacfiinvasive taxa and uncovering cryptic
species. Conducting a comprehensive biodiversitgrtory is a daunting task, especially for
hyperdiverse groups such as terrestrial arthropatiere closely related species can often
only be separated by subtle morphological characiéris study will investigate whether the
barcoding marker, Cytochrome Oxidase C Subunit QlIY@an be used to efficiently and
accurately delineate species of ants in compatisdraditional taxonomic approaches. The
feasibility of DNA barcoding for assembling biodiséy inventories for urban areas which
could be useful in conservation planning was alstuated. A total of 619 individuals were
sequenced from 23 geographic localities within #¥hekwini region and surrounding
regions. DNA barcoding revealed 80 provisional sgggc’barcode clusters” or monophyletic
lineages which could represent distinct speciesjewmorphology revealed 51 different
morphospecies. The accuracy of DNA barcoding imtifigng species was tested by
determining the optimal threshold for delineatipg&es and evaluating a range of thresholds
using three identification criteria, Best Close bhatNearest Neighbour and ThreshID. The
neighbour-joining tree based on K2P distances sHotmat the morphologically distinct
species formed well-differentiated clusters. Irpersfic genetic distance was higher than
intraspecific genetic distance except in 27 cases t singletons in the dataset. This
highlighted the importance of sampling multiple iinduals of the same species from
different geographical localities. In this studyetutility of COIl as a species diagnostic tool
in ants is confirmed. The barcoding library constied showed promise in highlighting
reserves that should be preserved and possibléicigpeciation for further investigation.
The continuous addition of new, updated sequenaethd library from wide geographic

ranges will increase the power and efficacy of ifigda correct match for a species.
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2.1Introduction

Urbanization is expanding globally at a rapid natéch in turn has an adverse effect on the
natural biodiversity. The city of Durban (eThekwimunicipality) in KwaZulu Natal is
located in the ‘Maputaland Pondoland Albany’ regiMPAR) — a biodiversity hotspot

comprising of both terrestrial and aquatic ecosystéCroucamp, 2009).

The considerable biodiversity within the MPAR isrgatened by land transformation
(agriculture and urban), alien plant and animahsigns and climate change. The eThekwini
municipality has recently launched, in collaboratwith the University of KwaZulu-Natal, a
state of biodiversity programme. This program aitostrack and monitor the status of
biodiversity and natural resources in the urbanirenmnent and provide tools that can be
used to monitor how much progress is being madedace loss of biodiversity in urban
areas. This information will then be used to infaitme public, policy-makers, stakeholders
about the status of our biodiversity and implemeonservation plans and promote

sustainable use in the future (Anonymous, 2010).

As is the case with all cities around the worlerénare large areas (approximately 49.1%) in
Durban that have been dramatically altered fromrthatural state by human activities
(Diederichs et al., 2010). This ultimately resuttshe loss of endemic biodiversity. However,
in order to assess how much biodiversity is beoss, lthere needs to be a clear idea of how

much biodiversity there actually is.

Knowledge of what species exist within the cityngortant for biodiversity surveillance, the
detection of invasive taxa and uncovering cryppeces and new species. Conducting a
comprehensive biodiversity inventory is a dauntiagk, especially for hyperdiverse groups
such as terrestrial arthropods, where closely edlapecies can often only be separated by

subtle morphological characters.
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The Barcode of Life initiative proposed a standeedi method for the identification of
species by sequencing a 658 base pair region ahiteehondrial gene, COI (Hebert et al.,
2003b). The principle of DNA barcoding is straigintfard; the barcode sequence from an
unidentified specimen collected from anywhere adbtime world can be compared to an
online, globally accessible digital library of DN#arcodes in order to identify the specimen.
The project aims to revolutionize species iderdifiien and discovery by accelerating a
process which can be tedious, time-consuming ameresive by traditional morphology-
based taxonomy alone.

DNA barcoding has the potential to aid taxonomistshelping to highlight specimens that
are cannot be assigned, to species that have wlbesh described (Savolainen et al., 2005).
Along with identifying species and discovering nepecies, DNA barcoding can also
supplement and support research programs in ecaogy other biodiversity disciplines
(Hajibabaei et al., 2007; Savolainen et al., 2005).

However, in order for the full capability, powerdameliability of DNA barcoding to be
reached, it is essential that comprehensive referdibraries be constructed so that the
probability of finding a true match for an unknowpecimen is increased (deWaard et al.,
2011). Many projects have successfully establigkéstence libraries for several groups, for
example DNA barcode libraries have been establishedhe Looper Moths of British
Colombia, Canada (deWaard et al., 2011), the Aildfie (Ephemeroptera, Plecoptera and
Trichoptera) of Manitoba, Canada (Zhou et al., 3009orth American Ephemeroptera
(Webb et al., 2012), the butterflies of Romanian@ai et al., 2010) and many more. Few
reference libraries, however, are currently avéator African taxa and most regional
barcoding projects have focused on rural areas dhatnot heavily impacted by human
development. Investing in and compiling speciesemuries or the assembly of DNA
barcode libraries within cities could be invaluabie urban conservation planning,
biodiversity surveys and detection of invasive sggecGreen areas within cities can act as
reservoirs of regional diversity and most imporanirban areas often depend on natural
areas within the city to provide key ecologicalvesss such as water and air purification,

noise reduction and for aesthetic appeal (BlausB€ih3).
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The aim of this study was to build a DNA barcoderdry for the Formicidae in the
eThekwini region. Found in virtually any habitat all parts of the world, the ants
(Hymenoptera: Formicidae) are remarkable ecologiealjineers that are abundant,
morphologically variable and temperamentally vdeal@hey hold a great deal of influence
over other invertebrate species as they act asafmexdand are involved in symbiotic and
parasitic relationships with other species, inalgdiplants and bacteria (Bolton, 1994;
Holldobler and Wilson, 1990). They are part of tanily of social insects and have
iteroparous and perennial colonies (Holldobler aidson, 1990). Ants are considered
indicator species and are useful in highlightinggaar that are high in biodiversity,
biogeographic zones and points of evolutionaryaidai as well as for monitoring change in

the environment (Schoeman and Foord, 2012).

Despite their prominence in many ecosystems, tkentamy of ants is poorly understood
(Seppa, 2008). According to AntBase (Data accesdedanuary 2013) 12649 species of ants
have been described out of the 20 000 that ammatsd to exist today. This leaves over 30%
that still need to be discovered and described{&ep008). Thus, it is likely that there are
more species that could be endangered or are wlredithct. Ants are of conservation
concern as 149 species are considered vulnerabifleeotyCN Red List (Data accessed: 15
January 2013).

Surprisingly, studies involving ants are limiteddado not feature as strongly as other
taxonomic groups, such as mammals, and other aabsosuch as Lepidoptera in scientific
literature. This could be due to the ants beingxanomically complex group (Bolton, 1994).
Molecular data has proven to be instrumental irelecating the rate of species discovery and
description of ants. For example, DNA barcode ssidiave already been carried out on the
ants of Madagascar and Mauritius (Smith and Fi2@09; Smith et al., 2005). These studies
discovered high sequence divergence within some ttaat warrant further investigation (see

chapter 1) in terms of their morphology, genetiehaviour and life-history.

This study aims to begin the assembly of a bardibdary for Formicidae of the eThekwini

region. By adding barcode data generated in thidysto the global initiative, the proportion
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of ant species that matched BOLD reference entvéssassessed in order to test the utility of
DNA barcoding as an invasive species early detectiod monitoring tool. The DNA
barcoding method was tested for its efficiency aoduracy in delineating species of ants in
comparison to traditional taxonomic approaches. iBgluding individuals of the same
species from multiple geographic localities, thée&f of geographic scale of sampling on
DNA barcode assignment was examined. This studylipigts the feasibility of DNA
barcoding for assembling biodiversity inventoriesudrban areas.

2.2 Materials and methods

2.2.1 Study area & sampling strategy

The eThekwini region is a metropolitan municipalitgvering a land area of 2297 &m
including the city of Durban and surrounding arelascated on the east coast of South
Africa, in the province of KwaZulu-Natal, it is als-tropical coastal region, characterized by
high temperatures, humidity and summer rainfaly eninfluenced by the Indian Ocean and
warm Agulhas current (Fairbanks et al., 2001) héligh the region is largely urbanized,
Durban is located within the Maputuland-Pondolaridafty Region (MPAR), a globally
important biodiversity hotspot (www.iucn.org). Thesire more than 2000 described species
of plants, 82 terrestrial mammal species, 380 sgeof birds, 69 species of reptiles, 37
species of frogs and 25 endemic invertebrate gréayosd in the region (Croucamp, 2009).
But this only represents a fraction of the biodsvigr found in the city. According to the
2009-2010 State of Biodiversity Report by the e™Miek municipality, Durban has three of
South Africa’s eight terrestrial biomes (savanrgrassland and forest) ten distinct vegetation
types (Eastern Valley Bushveld, KwaZulu-Natal Cah®elt, KwaZulu-Natal Hinterland
Thornveld, KwaZulu-Natal Sandstone Sourveld, MamgrBorest, Ngongoni Veld, Northern
Coastal Forest, Scarp Forest, Subtropical Coasigbans, Subtropical Seashore Vegetation),
and 97 km of coastline with a variety of beach sygeigure 2.1). The Durban Metropolitan
Open Space System (D’MOSS) is a network of operespan the city that include nature
reserves, large underdeveloped pieces of privaaaty municipality managed land, rural

landscapes in upper catchments and riverine argtataarridors. In total, D’MOSS consists
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of about 74 711 ha of underdeveloped habitats, iatefyrates areas of high biodiversity

linked together in the eThekwini municipal area.

Ants were collected from 18 green and developedsavéthin the city of Durban and from
five surrounding localities (Pietermaritzburg, P8tiepstone and Northern KwaZulu Natal,
Table 2.1). Geographic coordinates for all samplimgalities included. At each site, ants
were collected from all vegetation types presemtb(@ 2.1). In most cases a site was only
visited once, but some areas were sampled moredhe@ to determine if sampling effort
influenced the number of ant species recoveredd Fi@rk was conducted between July
2011 and April 2012; this period covered both tbensier and winter seasons. Ants were
collected using a variety of methods depending egetation type and size of the sampling
site. Ants were hand collected from vegetation ktter in grassland and forest habitats for
10 minutes in a 1 fquadrat placed at 10 different localities withirvegetation type. In
forests, leaf-litter adjacent to the quadrat saohplas collected and specimens were then
extracted using a Berlese funnel directly into 9&¥anol (EtOH). Yellow and blue pan traps

containing sugar water were laid out in all hakifat the duration of the sampling period.
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Figure 2.1. (a) Map of South Africa highlighting Kk&ulu Natal. (b) A Google Earth image
of the sampling localities within eThekwini and sumding areas. (c) A Google Earth image
of sampling localities in eThekwini central. Thenmoer of specimens barcoded in each
locality is indicated in brackets.
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Table 2.1. Sampling site locations and charactesist Denotes that a reserve was only

sampled once.

Site Vegetation type Latitude Longitude  Replicates
Amatikulu Forest, grassland 29°6'54.72"S  31°36'9.36"E *
Beachwood Mangroves Mangroves, swamp 29°47'43.32"S  31°2'30.53"E *
Burman Bush Coastal bush 29°48'39.96"S  31°1'8.76" E *
Darville Resources Park Grassland 29°35'54.33"S  30°26'4.76"E *
Happy Valley (BIluff) Grassland, wetland, costaldstr ~ 29°55'55.92"S  30°59'33.72"E *
Hazelmere Dam Grassland 29°36'0" S 31°2'29.76" E *
Ipithi Grassland, forest 29°47'26.93"S  30°47'59.26"E 3
Isipingo Beach Beach 29°59'59.28"S  30°56'42" E *
Kenneth Stainbank Grassland, forest 29°54'25.56"S  30°56'12.48" E *
Krantzkloof Forest 29°45'52.56"S  30°50'48.84" E *
UKZN Agric PMB Botanical garden 29°37'32.82"S  30°24'13.96" E 2
Msinsi Grassland, forest 20°51'48.98"S  30°59'13.81"E 3
New Germany Grassland, forest 29°48'45" S 30°53'19.32" E 2
North Park Coastal bush 29°52'23.88"S  30°52'57"E *
Palmiet Grassland, riverine forest 29°49.35'S 30°55.58'E 3
Phinda Bushveld 27°41.742'S 32°21.369'E *
Port Shepstone Urban garden 30°43'34"S 30°25'16"E *
Seaton Park Costal forest 29°47'28.54"S  31°1'30.71"E *
Silverglen Coastal grassland, bush clumgp°5553.43"S  30°53'40.39"E *
mosaic
Springside Grassland, forest 29°46'49" S 30°4623" E 3
Treasure Beach Dune forest, mangrove swamg$;57'0"S 31°0'0" E *
wetlands
UKZN Westville Urban 29°52'3" S 30°58'50.88" E *
Vernon Crookes Grassland, coastal forest 30°17'17.52"S  30°33'43.56" E 2
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2.2.2 Definition of morphospecies and taxonomic iskification

Specimens were preserved in 95% ethanol and sairdd°C prior to sorting. Specimens
were sorted to the lowest taxonomic level posshidsed on morphology (Bolton, 1994;
Holldobler and Wilson, 1990). Taxonomic assignm&as confirmed after consultation with

the reference collection at Iziko South African Mus and collaborating taxonomist,
Hamish Robertson. Because the identification otdde clusters or BINs is based on the
comparision of inter vs. intraspecific sequenceedjence, multiple individuals per

morphospecies were used in initial analyses. A mar of five individuals per sampling

location were selected for DNA barcoding to incogte spatially-correlated variation within

species (Bergsten et al.,, 2012). Each individuad wizen a unique sample identification
number and photographed using a Leica Montage &Gteght Microscope at the Microscopy

and Microanalysis Unit (MMU) at the University ofwé&Zulu Natal. Collection details,

taxonomic assignment and photographs of each spacsubmitted 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 placedai well of a 96-well microplate
containing 50 pl of 95% EtOH. An entire individuahs sampled in cases when they were
too small for a leg to be excised. Voucher specgnare stored in a designated storage
facility at -80 °C, at the University of KwaZulu-id or at the Iziko South African Museum.
DNA extraction, PCR amplification and sequencingtbé barcode region of the COI
mitochondrial gene was performed at the Canadiamtr€dor DNA Barcoding (CCDB) at
the University of Guelph, Canada, using standaotiggols (Hajibabaest al, 2005).

The COI sequences generated were aligned usin@@ieéD aligner option in the BOLD
informatics workbench, which uses an amino acidetadidden Markov Model (HMM)
algorithm. Using this probabilistic model, the nipik sequence alignment is converted into a
position-specific scoring system. This enables ltkedas to be searched for homologous
sequences (Eddy, 1998). The alignments were dodetbaand inspected manually in
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BioEdit 7.0.9.0 (Hall, 1999) for the presence opgand stop codons. All sequences and
associated information (GPS coordinates, images teack files) are available through
BOLD. Of the 665 specimens submitted for barcodi6@9 were barcode compliant

(sequence length more than 500 bp and not flagg@tsidentification or contamination).

2.2.4 Sequence analysis and tree construction

The COI sequences from 624 specimens were useaxhbract a neighbour-joining (NJ) tree
using the Kimura-2-Parameter (Kimura, 1980) modd, implemented in the ‘sequence
analysis’ module of BOLD (Appendix 1). The specimemere assigned to BINs (Barcode
Index Numbers) or ‘barcode clusters’ on the traagia clustering algorithm implemented in
the bioinformatics workbench of BOLD. The clustgriralgorithm creates operational
taxonomic units (OTUs) and assigns specimens tatipatspecies using sequence data. The
Barcode Index Number System is useful when taxoaanformation, particularly at the
species-level, is unavailable. The system is rididbr species verification and uncovering
diversity rapidly because the barcode sequencéectushow high concordance with species
(Ratnasingham and Hebert, 2007).

Each sequence was matched against the library db@®©ode sequences in BOLD using the
BOLD identification search engine and the dataldaseall the barcode records (including
records that have not yet been identified to thexigs level). When the match success was
above 95%, the species name from the best top mashallocated to that morphospecies.
Provisional genus-level identification was allochte those sequences where no species-
level match was available. The mean sequence cotigposvas 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 ehrout in R statistical software

(http://www.r-project.ory using the Spider library (Brown et al., 2012).id&p (Species
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Identity and Evolution in R) contains various becief analyses for DNA barcoding,

particularly for studies focused on the delimitataf species and speciation.

2.2.5.1 Measures of identification accuracy

The ‘threshOpt’ function was used to find the ogtirthreshold for identification given the
data. The function computes the number of truetpesifalse negative, false positive and
true negative identifications, including the cuntivi@ error which is the sum of the false
negative and false positive identifications. Thealgsis was performed with a range of

threshold values from 0.1% to 5%.

Three functions in Spider (Best Close Match, Ndaresghbour and Thresh ID) were used
to test the accuracy of the identifications maddBLD species identification engine. Each
individual sequence is considered as an unknown camapared to the rest of the DNA

sequences in the alignment.

The Best Close Match (Meier et al., 2006), retuires closest individual to the query as a
correct match. If the result is “incorrect”, thdretclosest match is different to the name of
the query. A result of “ambiguous” indicates thairenthan one species is the closest match
to the query while a result of “no ID” indicatesaththe query has no closest match. The
Nearest Neighbour algorithm also finds the closestch to the query and if the name
matches with that of its closest match, the rasuleturned as “TRUE” or “FALSE” if there

is no match. The Thresh ID function carries ouaaalysis that is threshold based and similar
to the specimen identification tool on BOLD. Thauks are interpreted similarly to that of
the Best Close Match function, however, the Thré&3hfunction is more inclusive and
includes all the results within the threshold ratifan a single nearest-neighbour match. The
Best Close Match and Thresh ID tests were carnigdrom 1% to 5% threshold levels since
the threshold for delimiting majority of insect spes is>3% (Stoeckle and Hebert, 2008)
and because the threshOpt function indicated thatoptimal 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’,ainéind inter-specific distances were
computed using the K2P distance measure. To fuvtisaalize the barcode gap, the furthest
intraspecific value for an individual amongst memsbef its own species and the closest
interspecific distance was calculated. The maximotraspecific distance was subtracted

from the minimum interspecific distance to checktfee absence of the barcode gap.

2.2.6 Phylogenetic analysis

To determine the relationships among MOTUs, maxiniikelihood (ML) and Bayesian
analyses were conducted using one representate&cbfbarcode cluster (n = 80). These two
methods are model-based and the software jModéltgésivas used to find the best-fit model
for nucleotide substitution using the corrected ik&alnformation Criterion (AICc). The
model selected was TPM2uf + | + G (proportion ofanable sites = 0.3970 and gamma
shape parameter = 0.4760). Since this particuladeinowas not available in MrBayes 3.1.2
(Huelsenbeck and Ronquist, 2001), the GTR + | + Gdeh was chosen as the closest
approximation and implemented in maximum likelihcerttd Bayesian analyses. Maximum
likelihood analysis was performed using the progr@arli 0.96 (Zwickl, 2006). Branch

support was assessed by a 100 nonparametric lagotsplicates.

Bayesian Inference was performed using two indepetdins with four parallel chains and

five million Markov Chain Monte Carlo (MCMC) gendi@ns were run. Trees were sampled
every 308 generation. Priors were set to nst = 6, gammairaratiant sites. Tracer 1.5 was

employed to inspect the convergence between estilvailues of model parameters from the
independent runs and their effective sampling siESS). The first 499980 trees were
discarded as burnin.

38



2.3 Results

2.3.1 Sequence analysis

DNA was extracted from 665 individuals, and 624ividbals (94%) were successfully
sequenced for COI. The final alignment consiste®18 sequences as five sequences were
not barcode compliant, i.e. sequence length lems #00 bp. Nucleotide composition values
(Table 2.2) show that the sequences were AT riclclwis expected in insect mtDNA
(Crozier and Crozier, 1993).

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

Minimum Mean Maximum Standard Error
G% 9.73 12.07 23.10 0.041
C% 11.09 18.86 28.98 0.106
A% 24.23 29.43 34.95 0.059
T% 31.61 38.99 44.68 0.098
GC% 22.04 30.94 41.49 0.121
GC% Codon Pos 1 27.86 37.86 51.52 0.136
GC% Codon Pos 2 33.21 37.75 43.31 0.041
GC% Codon Pos 3 0.46 17.19 34.92 0.259

There was high nucleotide diversity and haplotyperdity for the Formicidae of eThekwini

highlighting the high levels of biodiversity foumthe area (Table 2.3). Although the sorting
of specimens using morphology had recovered 51 hnosecies, analysis of the DNA data
resulted in 80 DNA barcode clusters (BINS) as iatéd on the neighbour-joining tree of
K2P distances generated with BOLD (Appendix 1). WMite assistance of a taxonomist,

problematic individuals were formally identified $pecies or near species level.
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Table 2.3. Summary sequence statistics for the m@lignment of the Formicidae of
eThekwini excluding non-barcode compliant sequer{(6&9® sequences) and the sequence
alignment of one representative of each BIN.

Alignment n \% Pl H h SD n 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 (B)xhibited a 95% or higher match at the
species-level when using the BOLD specimen idexatiion tool. Seven out of 80 (9%) of the
barcode clusters exhibited a 95% or higher matdheagenus level and 48 out of 80 (60%)
had a match below 95% at either the species orsglauel. In total our sample includes
representatives of 25 genera and six subfamiliabl€l2.4). The genuketramoriumwas the

most well-represented in our dataseiowed byPheidole PachycondylaandCamponotus

In most cases the DNA data recovered the same ¢axpas the morphological assignments,
with some notable exceptions. Individuals belongtogthe BIN cluster ‘532504° were
identified asAnochetus grandidietty the molecular data (with an 84% match) howethery
were identified asMicrodaceton exornatumusing traditional taxonomy. Individuals
belonging to the BIN cluster ‘483802’ were idergdi asAnochetus madagascarensiy
DNA data (with a 95.97% match) while traditionakéaomic methods identified them as
Anochetus bequaertindividuals belonging to BIN cluster ‘133387’ veemorphologically
identified asCamponotus nr. cintellyswhile the BOLD identification showed a 98.92%
match with Camponotus AFRCIndividuals identified ag?achycondyla peringueywith a
83.33% match on BOLD, corresponding to the BIN ®us499613’, were identified as
Pachycondyla havilandby traditional taxonomy. An individual from the MBI cluster
‘469662’ was identified to genus level on BOLD Rachycondylawith a match of 100%.
Traditional morphology taxonomy was able to refittee taxonomy and identify the

individual to species level &achycondyla sculpturata
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Table 2.4. Results of provisional species assighmibarcode clusters based on searches on

BOLD.

Identification by BOLD BIN no. Provisional speciesname Subfamily %Match

assigned

Aneuretus simoni 483797  Aneuretus etk Aneuretinae 87.38
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 madagascarensis483802  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 speciesname Subfamily %Match
assigned

Oligomyrmex 501888  Oligomyrmex ETKR Myrmicinae 99.54
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 ETKO1 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 ETKO03 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 ETKO05 Myrmicinae 84.07
Solenopsis punctaticeps 506479  Solenopsis punctaticeps Myrmicinae 98.77
Technomyrmex pallipes 261945  Technomyrmex ETKO6 Dolichoderinae 94.65
Technomyrmex fisheri 481212  Technomyrmex ETKO7 Dolichoderinae 90.54
Tetramorium humbloti 7716 Tetramorium humbloti Myrmicinae 99.07
Tetramorium 36449 Tetramorium Myrmicinae 98.77
guadrispinosum guadrispinosum
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 ETKO8 Myrmicinae 91.94
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Identification by BOLD BIN no. Provisional speciesname 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 identiftation accuracy

The lowest cumulative error (3 sequences) usinghheshold optimization function, was at
the 1.1% threshold level while the highest cumu&grror (107 sequences) was observed for
threshold values between 4.5 to 5% (Figure 2.2,leT&b). The optimal threshold for
delimiting ant species (1.1% COI sequence divergenas lower than the 3% COI sequence
divergence considered to be the standard thre$tiottelimiting insect species (Hebettal,
2003b). As the percentage threshold for delimitspgcies increases, the number of false

negatives increases.
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Figure 2.2. A barplot of the false positives (lighttey) and false negative (dark grey) rate of
identification for the Formicidae of eThekwini fraanthreshold of 0.1 to 5.0%.
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The identification criteria analysis was done taleate what percentage threshold COI
sequence divergence would be considered the optimeshold for the DNA barcode library
for the ants of eThekwini. The Nearest Neighbouteda identified 598 “TRUE” matches
(nearest species name has the same name as tgg anek21l “FALSE” identifications (no
species hame matches the query). The Best ClosehMatd ThreshID criteria yielded
similar results. As the percentage threshold ire@dathere was an increase in the number of
“Incorrect” and “No ID”. With the threshlID criterjdhere was also an increase in the number
of “Ambiguous” results as the percentage thresihuideased. The analysis suggests that the
optimal threshold for species delimitation was 1.fiethe ants of eThekwini because 595
individuals were identified correctly and 24 indluals had no closest matches in the library
(No ID result, Figure 2.3). Changes to the peragntdnreshold had no effect on species
monophyly. The result of species having no closeatches was due to the presence of

singletons in the dataset, i.e. only one repreigatlom a species.

Table 2.5. The results of the threshold optimizatioalysis 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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2.3.4 The barcode gap

The COI Kimura two-parameter (K2P) sequence divertge were much higher between
species than within species (Figure 2.4 and 2.8)sarggests that COIl is a good marker to
use for species delimitation within the eThekwiagion. This finding meets one of the

critical assumptions of DNA barcoding which dictatthat interspecific genetic distance
should be higher than intraspecific genetic distafitebert et al., 2004a; Meyer and Paulay,
2005). The average among-species COI sequencegdinar value was 0.26. The minimum
interspecific genetic distance was 0.04 while treximum interspecific genetic distance was
0.4. The minimum intraspecific genetic distance vasnd the maximum intraspecific

genetic distance was 0.02 (Figure 2.4).
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Figure 2.4. Distribution of pairwise distances oédted using the K2P model. The green bar indicates
the intraspecific genetic distance and the grey tmatticate the interspecific genetic distances.

However, there were 27 individuals where there wagro or negative difference when the
maximum interspecific distance was subtracted ftbe minimum interspecific distance.

This indicates a lack of the barcode gap in thesex and are shown in red in Figure 2.5.
Again, this is due to singletons because of insigffit spatial sampling in the reference

library.

46



% K2P Distance

0 100 200 300 400 500 600

Individuals

Figure 2.5. A line plot of the barcode gap for B@micidae of eThekwini. For each individual in the
dataset, the grey lines represent the furthesadpecific distance (bottom of line value), and the
closest interspecific distance (top of the lineueal The red lines show where this relationship is
reversed.

2.3.5 Phylogenetic analysis

The phylogenetic relationships between represeetof each barcode cluster (BINS) are
illustrated in Figure 2.6. The maximum likelihooddaBayesian Inference consensus trees
were congruent with each other and Figure 2.6 sgmts the maximum likelihood tree with
bootstrap and posterior probability values anndtat&o the branches. The tree was rooted at
the midpoint. All values above 75% bootstrap arttbQuosterior probability were considered
significantly well-supported, while values below %0 bootstrap and 0.50 posterior
probability were considered weakly supported andshown on the tree. There were several
genera that were not monophyletic; these includeel generaPheidole Tetraponera
OligomyrmexLeptogenysPachycondylaPonerg Myrmicaria, Monomorium Pyramicaand
Anochetus Species in the gener®heidole Lepisiota Camponotus Pachycondyla
Oligomyrmex Anochetus Tetraponeraand Leptogenysall contained multiple BINs. This
could indicate cryptic speciation and species ffonor of these generdheidole 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 indwal per BIN. Bootstrap values above 50 and
Bayesian posterior probabilities above 0.5 are shoWhe 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 utilitytted DNA barcoding marker COI for the rapid
assessment of Formicidae biodiversity in variousungareserves/ “green areas” in the
eThekwini region. A total of 51 morphospecies wkrend using morphological characters
alone, whereas 80 distinct barcode clusters or Yeened using COIl sequences. The current
DNA barcode library for the Formicidae of eThekwaonsists of 619 sequences from 80
potential species from 26 genera, and six subfamilspatial sampling included individuals,

across 23 nature reserves/ “green areas’.

2.4.2 ldentification success using DNA barcoding

Although there are potential shortfalls using eitireorphological taxonomy or DNA
barcoding, when used in conjunction, they could/éxy effective in identifying species. An
integrative approach could aid in achieving moremnsh reliable and efficient species
identifications. In a study addressing if DNA baites could correctly assign unknown
organisms to higher taxa when a species-level matehavailable in a DNA barcode library,
it was shown that tree-based methods successfsdiigrzed, with high accuracy, to higher
taxonomic levels (Wilson et al., 2011). In contremtother study demonstrated that tree-
based methods ranked the worst for identifying igse(van Velzen et al., 2012). Therefore,
along with the neighbour-joining tree, other methagtre also used in conjunction to test the
ability of DNA barcoding to identify species of antOne of the major criticisms of DNA
barcoding is that the integrity of identificatioase compromised by false positives which is
overestimating the true number of species, ane faégatives which is an underestimate of
the true species number (Packer et al., 2009). ddisbe overcome by using a threshold
optimized to have the least cumulative error (Meyed Paulay, 2005). In the DNA barcode
study of the ants of Madagascar, the optimal tholelsbf 2-3% was found to be suitable for
the data (Smith et al., 2005). In the present stfdgints within the eThekwini region, the
BCM and ThreshlID criteria were evaluated betweenlits (least cumulative error) and 5%

(most cumulative error) thresholds (Figure 2.2 ar8] Table 2.5). Both criteria had the most
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correct identifications at a threshold of 1.1% G®¢uence divergence which is less than the

optimal threshold range identified for the antd/afdagascar.

Using the global data available through BOLD, ofly out of 80 (31%) of the barcode
clusters could be identified to species level vatimatch of over 95%. This highlights the
lack of comparative information available on Afmctaxa in the database and justifies the
need for the present study. Generally, the morghodd delimitation underestimated the
diversity of ant species in the city (51 morphosgewvs 80 molecular BINs). This was not
always the case, for example, five barcode clustere identified ag\nochetus grandidieri
despite individuals being morphologically quite elise. Taxonomic identification identified
one species as being part of an entirely diffegameraMicrodaceton exornatumiwo of
the other species did belong to the Geinschetusbut one was taxonomically identified as
Anochetus bequaerind the other asnochetus nr. natalensighis suggests that a large
amount of the specimens sampled in this study dohawe representatives in the BOLD

database, and are therefore unique. This highlitjetsisefulness of local barcode libraries.

2.4.3 Effects of sampling on inter and intraspecidi diversity

Due to the sampling regime of this study, thereenserme species that were only represented
by a single sequence. Obtaining multiple individuaf the same species is critical for the
investigation of interspecific as well as intrasfiecsariation (Fisher, 1999). Using the Best
Close Match and ThreshOpt identification critetiegre were 24 instances where there was a
“NO ID” result (Figure 2.3). This was due to theegy sequence having no closest match in

the dataset because of the presence of singletdhe dataset.

Species with only a single representative were atsponsible for a zero or negative
difference when the maximum interspecific distanweas subtracted from the minimum
interspecific distance, and can obscure the bargage (Figure 2.5). This emphasizes the
need to sample multiple representatives of the sgpaeies for inclusion in a DNA barcode
library in order to increase the probability of uceessful identification where an unknown

guery is concerned.
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Geographic sampling is also crucial. In a studyestigating the effect of the increase in
geographic sampling on DNA barcoding; it was shdhatt interspecific, intraspecific and
proportion of monophyletic species are significardffected by the geographic scale of
sampling (Bergsten et al., 2012). Measuring vamatin a single, small region would
underestimate genetic variation whereas sampliggegies across its geographic range will
unveil more genetic variation. Although this stuahly focused on a small regional sampling
scale, by making the data available through BOLDppe that the impact of geographic
sampling can be assessed at a national and glcddal s

2.4.4 Cryptic species

Cryptic speciation presents a challenge to quangfpiodiversity. The estimation of species
richness and endemism is crucial to identifyingitaé® which qualify for conservation. The
discovery of cryptic speciation has been acceldrhyethe ease of obtaining DNA sequences
from organisms. Investigating whether cryptic spBon is more common in a certain
geographic area, habitat, biome or vegetation typdd enhance our knowledge and speed
up conservation efforts (Bickford et al., 2006).nhy study, the DNA barcode data provides
evidence for possible cryptic speciation kapisiota sp Camponotus spOligomyrmex sp
Pachycondyla sp andPheidole spMorphologically they were very difficult to diffentiate

but each morphospecies grouped into more than ammede cluster (Figure 2.6). In chapter 4

some of these species will be investigated usilagd@scape genetics approach.

2.5 Conclusion

Due to the increased risk of species extinctionsrban areas due to natural resources being
overexploited, the invasion of non-native specias the destruction of natural habitats, rapid
access to biodiversity data is essential. Approg@nmmaeasures can only be undertaken if the
biodiversity data is comprehensive, accurate antb wiate. The DNA barcode library built in
this study has the potential to provide such datareew, updated records can easily be added
to the library. The DNA barcode library can be ioned by the continuous addition of new
sequences from new species, as there are many speo&es expected to be encountered.

More importantly, the DNA barcode data including itomplementary data such as
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photographs, taxonomic and geographic informatwan serve as “DNA-based maps of

biodiversity” (Hajibabaei, In Press).

A major advantage associated with DNA-based ideatibn is that there are no limitations
to how the data can be analysed. Alternative modets methods can be implemented to
improve accuracy (Wilsoat al, 2011). In this study, DNA barcoding proved todffective

in delimiting species and discovering provisionajfptic speciation which warrants further
investigation using approaches such as phylogebgrap landscape genetics. The barcode
data could then be used to assess the diversigpegfies in an ecosystem as well as within-
species genetic variability. This information canused by stakeholders to inform the public

and implement conservation plans.
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Chapter Three

Investigating species richness and species assengiala of ants in
eThekwini

Abstract

The transformation of natural ecosystems into uraeeas has led to the threat of habitat
fragmentation and increase in invasive species. déselopment of nature reserves or
“green” areas within the urban environment hasgbtential to link habitats and promote
connectivity and could alleviate some of the nagagffects of urbanization. DNA barcode
data from the Formicidae of eThekwini project waedito investigate species richness and
diversity of ants distributed in nature reserveatkp, beaches and urban gardens in and
around the city of Durban. The effects of the sizgreen areas and their proximity from the
city centre on the number of species (BINS) wese alvestigated. Extrapolation measures of
species richness indicated that as many as 153espet ants could occur in the city.
Biodiversity estimation indices showed that Ipitlature reserve was the most diverse while
Phinda and an urban garden in Port Shepstone eakedist diverse. Species assemblages
varied between reserves but it was observed thesgmd and forest habitats supported
unique species assemblages. There was no signiBfiact of the size of the green areas or
the distance from the city centre on the numbespafcies found. This study demonstrated
that open spaces within eThekwini and surroundimegsacontribute to maintaining diversity
within an urban environment. These findings mayisasin planning future urban

development with taking the biological diversityarconsideration.
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3.1Introduction

Natural ecosystems have been transformed by uitsonz The natural native vegetation
which supports high species diversities and ricknés reduced in urban settlements by
habitat fragmentation (Heino et al., 2005). Theultesy patches also promote the increase of
invasive species, which often outcompete endengcisp (Suarez et al., 1998). Strategies to
curb the negative impacts of urbanization on bilalgdiversity, include the preservation of
natural vegetated areas within urban landscapesighrthe creation of nature reserves and
the development of green corridors that link prtgddiabitats and promote connectivity and
ecological structure and function within urban lscapes (Hamaide et al., 2006; Linehan et
al., 1995; Pacheco and Vasconcelos, 2007; Yasudld&aike, 2009). Deciding which areas
should be given protection is difficult. Along witompiling biodiversity inventories, it is
also necessary to identify key habitats and veigetaypes that support the persistence of the
natural biodiversity. In this study, the speciesemsblages, diversity and species richness of
ants (family Formicidae) were investigated amongesd nature reserves, parks, beaches and
urban gardens in the city of Durban (eThekwini noypality) and surrounding towns.

Ants were selected for use in this study as bieeatdrs because as terrestrial invertebrates,
ant diversity provides a valuable data source, whan be used in conservation planning and
the design and selection of nature reserves. Theyeasy and cost-effective to sample,
process and inventory compared to vertebrates (Kmeeh al., 1993). They are also found in
most terrestrial ecosystems and are also successhwst urban environments (Clarke et al.,
2008). They can delimit areas of high endemismlkaadeographic zones and identify points
of evolutionary radiation (Kremen et al., 1993)efdnare a few examples of studies that have
focused on the effects of urbanization on antsjr tpersistence and species richness
(Buczkowski and Richmond, 2012; Clarke et al., 208&erick et al., 2013; Ives et al., 2013;
Lessard and Buddle, 2005; Menke et al., 2010a; Meak al., 2010b; Pacheco and
Vasconcelos, 2007; Thompson and McLachlan, 200maguchi, 2005) However, few

studies have been conducted on the effects of imditzon on indigenous ants in Africa.
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The aim of this chapter is to investigate the thstion pattern of species assemblages in the
eThekwini region and surrounding areas. The mamstijons addressed in this chapter are:
First, if ant species diversity and richness ig@ated to the size of urban green areas (nature
reserves, parks, urban gardens and beaches) #mel different vegetation types present in
the city support unique ant assemblages. If urlvarrgareas act as refugia for native taxa it
was expected that larger open spaces conservegspacies richness and diversity. Second,
this study will investigate how invasive ant spscee distributed in the city. Given that the
Durban Harbour is one of the busiest ports in Afrit is expected that the distribution of
invasive species would be closely associated Wwighport and trade hotspot of the city centre
(Hulme, 2009)

3.2Materials and methods

3.2.1 Data

Data from the DNA barcode library for the Formiedaf eThekwini was utilized for this
study (see chapter 2). This molecular-based spdosmntory also included important
information such as spatial data, the size (indres) of nature reserves and parks (open
spaces) sampled, the distance of the samplingidmsatrom the Durban city centre and

harbour and the types of vegetation within eachpdiaugn locality (Table 2.1, Chapter 2).

3.2.2 Species richness

A preliminary measure of species richness in egnmaspace was done by comparing the
number of barcode clusters (BINS) to the numbenoiphospecies (see chapter 2). A species
accumulation curve was generated for the entirepBagiregion using the accumulation
curve option on the BOLD informatics workbench. Thwve was based on the number of
genetic BINs and the total number of specimens saanfhe species diversity in each open
space was also assessed as a measure of haplovgpsityl by constructing haplotype
accumulation curves using the Spider package iBBwn et al., 2012). This approach was

also used to evaluate the sampling effort. For éaadlity, the sequences were subsampled at
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random and the mean accumulated number of hap®twaes calculated as well as the
standard deviation. A 1000 random permutationshefdata were performed. An abundance
data file consisting of the number of individuaks BIN in each sampling locality was used
as input into the statistical package, PRIMER 6 IfPER-E, Ltd, Lutton, Ivybridge, UK).
The total species richness of each locality wasneséd using three extrapolation methods
namely, Chao 2, first order Jacknife (Jacknife hjJd ahe Michaelis-Menten richness
estimator, each with a 1000 permutations to crepiecies accumulation curves. These
methods are very useful in estimating species e@sbnwhen species inventories are not
complete and when there are low sample sizes d@isisncase where a maximum of five

individuals per sampling location were included &Glet al., 2005, 2006; Magurran, 2004).

Using PRIMER 6, the biodiversity of ant speciesath of the open spaces was quantified
by using Margalef's diversity inded (Margalef, 1958), the Shannon diversity inddx
(Shannon and Weaver, 1963), Simpson’s diversitexrid (Simpson, 1949) and Fishews
(Fisher et al., 1943). These diversity indices thee most widely used indices in ecological
studies (Collwell and Coddington, 1994) and weral@ated for their applicability in this
study.

3.2.3 Spatial distribution of species richness

To investigate the effect of vegetation type oncggerichness, a parsimony analysis was
conducted using the program ‘Mix’ in the Phylip $iéickage (Felsenstein, 2005). The input
matrix was constructed using presence and abseateewdth the localities and particular
vegetation type within that locality assigned as terminal taxa, and the presence and
absence of morphospecies or BINs coded as chasatiter morphospecies was present in a
locality or a vegetation type, it was scored asdmd if it was absent, it was scored as ‘O'.
Although  there are 10 different vegetation types inthe region
(http://bgis.sanbi.org/municipalities/summariesZaspni=ETH) we classified the different
sampling sites broadly into grassland, forest amacb/urban. In cases where there were two
different vegetation types sampled within one oppace, then the presence and absence of

taxa were scored for each vegetation type. Thelagiityi of species assemblages between
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each sampling site was also assessed by utilii@gBtay-Curtis (Bray and Curtis, 1957)

similarity measure to construct a cluster analgisisdogram using PRIMER 6.

3.2.4 Effects of open space size and distance fraity centre on species richness

The effects of open space area and distance frenDtliban city centre on the number of
species (BINs) was tested using linear regressi@@igmaPlot 12 (Systat Software, San Jose,
CA). A total of 16 open spaces for which both aaad distance from the Durban city centre
values were available were used in the analysibl€Ta.1). The UKZN Life Science and
Agriculture Botanical Garden and Darville ResourBask were not included in this analysis
because no data was available for the area of thgese spaces. The values for locality area

and the distance from city centre wereldgansformed.

Table 3.1. Area and distance from Durban city ieaf open spaces.

Open space Area (ha) Logo 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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3.3Results

3.3.1 Species richness and diversity

Both the number of BINs (n = 80) and the numbemofphospecies (n = 51) were used in
this study to estimate the biodiversity of the antthe 18 open spaces within the eThekwini
region and five open spaces in surrounding areigsird=-3.1 shows the number of barcode
clusters (based on COI data) in comparison to theher of morphospecies per open space.
The number of barcode clusters were generally ami the number of morphospecies
identified per locality. The number of morphospsammly exceeded the number of barcode
clusters in Burman Bush, Springside Nature Resamnd Hazelmere Dam. Ipithi Nature

Reserve had the highest number of BINs, followed\leyyv Germany Nature Reserve and
Palmiet Nature Reserve. The least number of spdore$) were found in Phinda Game

Reserve and an urban garden in Port Shepstonemdke commonly encountered species
were Lepisiota incisa(BIN no. = 264250) andPheidole sp (BIN no. = 507075, 261760,

261918, 19139, 514931, 532691, 261761) which wevad in 14 and 17 out of 23 sites

respectively. These species are considered to \mesiire species (Fournier et al., 2012;
Sithole et al., 2009) and this could explain whgythare more common, widespread and

abundant compared to the native species in thiy/stu
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Figure 3.1.Graph of the number of barcode clusters (BINSs) mdphospecies sampled |
open space. The localities are ordered from theesko(Msinsi) to the furthest (Phinda) fre
the city centre and harbour.

The accumulation curv@=igure 3.2 generated using the BINs hast reached an asympto
which indcates that there are s more potential species to be sampled within eTheksnd
surrounding areas. This result is not unexpectegngithe narrow sampling period a
highlights the high level of divery present within the city.
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Figure 3.2. Accumulation curve for the entire sanglregion generated with BOLD using
the number of BINSs.

Figures 3.3A-H shows the haplotype accumulatiorvesirfor each open space that was
sampled more than once in the present study. Tiee timost diverse localities in terms of
haplotypic diversity were Ipithi, New Germany ara@Riet. Even though some of the curves
(Burman Bush and Life Science and Agriculture BamanGarden) have started to reach a
plateau, it is clear that additional sampling wolsddneeded for the complete inventory of ant

biodiversity of the eThekwini region.
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Figure 3.3. Haplotype accumulation curves for (gitHi, (B) New Germany, (C) Palmiet,
(D) Msinsi, (E) Springside, (F) Burman Bush, (G)rWen Crookes, (H) Life Science and
Agriculture Botanical Garden (PMB). The standardiation is also shown. Ipithi nature
reserve is the most diverse in terms of the numbef haplotypes.

61



Extrapolation measures such as Chao 2, Jacknifel Méchaelis-Menton richness estimator
were used to approximate the total species richifiesssnpling had continued (Figure 3.4).
The Chao 2 measure estimated that at least 153espeauld be encountered, while the
Jacknife 1 measure was more conservative and diegigst at least 124 species could be
encountered. The Michaelis-Menten estimator was rtiest conservative measure and
indicated that at least 80 species should be emed Interestingly this is the same number

of BINs recovered by the DNA barcode data.
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Figure 3.4. Species accumulation curve for thes2B8pding localities extrapolated using three
extrapolation methods.,2is the observed number of species, while the Chalacéknife 1
and Michaelis-Menten (MM) estimators approximate #stimated number of species if
sampling had continued.
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Table 3.2. Biodiversity estimation indices wheres $he total number of COI BINs, N is the
total number of individualsd is Margalef's diversity indexH’ is the Shannon diversity
index,D is the Simpson diversity index ands Fisher'su.

Open space S N d H’ D

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 indexd] is calculated from the total number of specied the total

number of individuals present in the sampling gidagurran, 2004; Margalef, 1958). The
highest value fod was observed for Ipithi nature reserve (Table 8.2 4.88) while the

lowest value fod was obtained for Phinda and Port Shepstone (TaBl& = 0) where only

one species of ant was collected in each of thpse spaces. The Shannon diversity index
accounts for both species abundance and evennasgiven area (Magurran, 2004; Shannon
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and Weaver, 1963). This measure of diversity ailsiicated that Ipithi nature reserve was the
most diverse open space sampled and also inditzéeshe species are evenly distributed
(Table 3.2; H' = 1.22). The Simpson’s diversity &xdD is the probability that in an infinitely
large community, any two individuals sampled widlldng to the same species (Magurran,
2004; Simpson, 1949). The values for D were highastpithi, Palmiet and New Germany
and were 0.95, 0.94 and 0.94 respectively (Taldlg Bisher’'so diversity index defines how
individuals sampled are divided among species exdhmpling area (Fisher et al., 1943;
Magurran, 2004). The highest value for Fishexr’'svas 12.61 and was recorded for Ipithi

nature reserve (Table 3.2).

The biodiversity indices were highest for Ipithtuie reserve followed by New Germany and
Palmiet nature reserve indicating that these opewces are high in ant biodiversity (Table
3.2). The lowest values for biodiversity indicesravebserved for Phinda game reserve and

the urban garden in Port Shepstone where only pe&es was recorded.
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Figure 3.5. Parsimony tree of binary data base@resence 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 apphes were used. In the first approach,
presence/absence data for each locality and vewgetigfoe within the locality was used to
construct a parsimony tree to assess if there wasiailarity between species assemblages
in different habitats. In this approach, ecosystémas share species will be drawn together in
the tree. The topology in Figure 3.5 suggests diftdrent vegetation types occurring in the
same open space do not share a significant propastispecies (or BINS), instead similarity
in vegetation type (forest, grassland and beachAh)rlseems to be a more important
determinant of species richness. In particular foinest habitats of Msinsi, Springside, Ipithi,
Happy Valley, New Germany and Palmiet seems toesharumber of species. The grassland
and beach/urban ecosystems do not form monophyilet@ges. This is probably because the
classification system | used (grassland, forestlaath/urban) was too simplistic to capture
the diversity of the ten different vegetation typesnd in the city. Nonetheless, what is clear
from the clustering pattern observed is that ggagaproximity is not a good indicator of

species richness.
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Figure 3.6. (a) Cluster analysis dendogram basetth@mBray-Curtis similarity, showing the
similarity between ant assemblages in the diffesamipling localities, (b) similarity between

ant assemblages in the different sampling localibig vegetation type.
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The second approach utilised the Bray-Curtis shityiandex to construct a cluster analysis
dendogram based on a resemblance matrix createddboindance data (Figure 6a) and the
presence and absence data for each vegetationwtgpm a locality (Figure 6b). The
localities with the most similar species assemidagere UKZN Westville and Silverglen
(94%). The next most similar assemblage, 69% simitare the Happy Valley and Treasure
Beach nature reserves. The Beachwood Mangrovesenedgerve shared a 66% species
assemblage similarity to Treasure Beach and Hagey sampling localities. The majority
of the localities shared species assemblage siti@kaof approximately 20% to 60%. The
single species collected from Phinda game reseagenet collected from any other locality
(0%). The Bray-Curtis similarity analysis with lditi@s divided into vegetation types
recovered similar patterns to the parsimony anslysiFigure 5. Species assemblages in
grassland types clustered together, for examplgrhssland in Burman Bush shared an 83%
species assemblage similarity with the grasslan8poingside. Forest vegetation types such
as Krantzkloof and Happy Valley (Bluff) shared &@Species assemblage similarity. The
urban garden or beach species assemblages shaikditsi with either forests or grasslands,
for example, the urban species assemblage in UKAStVille shared a 100% similarity to
the forest in Silverglen and the urban speciesnalslsgie in the Beachwood Mangroves
shared a 100% similarity to the grassland in UKZg{i&

3.3.3Effects of sampling locality size and distance fronity centre and harbour
on species richness

There was no significant relationship between tamlmer of BINs recorded from an open
space and the size of the urban green areas sarfipte®.438, ¥ = 0.192, Figure 3.7a).
Similarly there was no correlation between ant g and the distance from the Durban
city centre (r = 0.17872= 0.0315, Figure 3.7b).
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Figure 3.7. Relationship between (a) the numbespeties (BINS) recorded for the ants of
eThekwini and the distance from the Durban citytieein = 16) and (b) the area of each

locality (n = 16).
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3.4Discussion

This study revealed a remarkable level of sped@mess and diversity within the ants of
Durban. The number of potential species sampledisnstudy (80 species, 25 genera) can be
compared favourably to other studies which examthecdeffects of urbanization on ants. The
majority of the studies which investigated the etifeof urban development on ants have been
conducted in North America, one of the most urbadhizegions in the world. In a survey of
six urban and one forest land-use type in Nortlolta, USA, 54 species of ants were found
(Menke et al., 2010b). In San Francisco, USA, Ztquted natural areas within urban parks
were surveyed and 15 species of ants were recdfdiedke et al., 2008). A total of 40
species from 20 genera were collected from FornBenin Georgia, USA (Graham et al.,
2009). There were 53 ant species from 24 genefactedl from a network of 172 conserved
lands in southern California (Mitrovich et al., 2)11In the streets of New York City, 13

species of ants were collected (Pecarevic et@LOR

The effects of urbanization on ants have also lesatuated in Asia. For example, 43 species
were collected from 98 parks in Tokyo and ChibayCitapan (Yamaguchi, 2005). In other
regions of the world such as Australia, 60 morpkoss from 34 genera were encountered
in 12 remnant riparian corridors in Sydney (lvesakt 2013). In the threatened Cerrado
Biome of Brazil, 12 public squares, two urban paikd three nature reserves were surveyed.
A total of 143 species belonging to 39 genera Viened (Pacheco and Vasconcelos, 2007).
In all of these examples, it was found that urbatmin did have an effect on ant species
diversity and richness. Many of these studies letensively sampled many localities while
only 23 were sampled in this study. Despite thianynmore species were found in this study
which provides evidence for the support of DurbaThgkwini municipality) as a
biodiversity hotspot. This study contributes towsaadbody of literature which highlights that
ant species richness and biodiversity is greatestia tropics and southern hemisphere, with
diversity patterns of Formicidae being similar batt 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 wemneounteredL( incisaandPheidole sp.
Although these two species were abundant and widktyributed in eThekwini and
surrounding areas, their distribution was not dateel to the distance from the city centre
and the harbour. It is unclear how the presendbesde species effects the abundance of the
native species of ants. A recent study suggestadutiipan areas may actually allow native
species that are disappearing from their naturhitdts to thrive in an urban setting despite
the presence of invasive species (Menke et al.0l@0but this will need to be studied in

more detail in future studies.

Haplotype accumulation curves can highlight thes rat encountering unsampled genetic
diversity. The haplotype accumulation curves recedein this study (Figures 3.3A-H)
indicate, for the most part, that there is stillainumore diversity to be sampled, even in open
spaces that cover the smallest area and have tee mamber of sampled species such as
Ipithi, the haplotype accumulation curves did resah a plateau. The extrapolation measures
estimate that as many as 73 more species couldstiéncountered in addition to the 80
species of ants that have been collected in theeptestudy (Figure 3.4, Chao 2 measure).
Species assemblage comparisons indicated thatt fanels grassland habitats each support
unique species assemblages (Figure 3.5 and 3.Gdd)size of the open space sampled was
not a good predictor for species richness as smai$erves such as Ipithi nature reserve (12
ha) was similar in terms of diversity to a largeserve such as New Germany (110 ha). The
proximity of the open space sampled to the heawibanized Durban city centre and harbour

also did not explain variation in ant species ress(Figure 3.7).

In general, it appeared that nature reserves/ figegeas” with mainly grassland and forest
habitats showed the most species diversity. Froroomservation standpoint, this data
indicates that these habitat types should be predeio promote and protect biodiversity

within a city.
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3.5Conclusion

It is thought that with the expansion of urbaniaati the remaining fauna would be
homogenized and there would be a lack of divemsity richness (McKinney, 2006). In this
study, it was shown how the open/ “green” spacekinveThekwini and surrounding areas,
can assist in maintaining the native diversity nfsain urban environments. Additionally,
species assemblages within the open spaces weraliverse, and no two reserves had the
same species assemblages. These findings may iasglahning future urban development

with taking the biological diversity into considé&oan.
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Chapter Four

Phylogeography and landscape genetics of four spesiof
ants in eThekwini

Abstract

The inability of populations to maintain optimdfestive population sizes due to habitat loss
in urban areas leads to a decrease in genetidiearidifficulty in adapting to environmental
change and increased risk of extinction. This can pibevented by increasing habitat
connectivity in urban areas by propagating greezasrand creating ecological or “green
corridors” which enable gene flow among patchesp#n space. In order to assess habitat
connectivity, the spatial distribution of genetivatsity should be investigated by using
methods such as landscape genetics and phylogéggraphylogenetic, landscape genetics
and phylogeographic analyses were performed ornstokiited ant species belonging to the
genera ol episiotg CamponotusPheidoleandPachycondyldo better understand the spatial
distribution of genetic variability in the eThekwiegion. The BINs from the gen#heidole
were considered to béheidole megacephaldased on morphological observations.
Phylogeographical and landscape genetic patterns eempared between the two invasive
species] episiota incisaandP. megacephalaviitochondrial cytochrome oxidase | data and
the nuclear markers 18S and 28S rDNA were alsoeserpad and compared for a subsample
of C. nr. cintellus Pachycondyla caffrarieand Pachycondyla havilandndividuals. There
was subtle genetic variation at COI and the nuadieankers for each of the species examined.
Each species exhibited unique patterns of genatiation which implies that the differences
in evolutionary and life histories are more likéty have shaped population structure rather
than the landscape alone. Nevertheless, the irdtuer landscape on population genetic
structure cannot be ruled out. In order to fullycelate the population structure patterns
which could be expected in eThekwini and surrougdiegions, further sampling across
more localities is essential. The use of more rarakearkers could also assist in uncovering

these unique patterns of genetic variation in danisetting.

72



4 1introduction

Human activities have a profound effect on biodsitgr especially in urban areas where
habitat loss and fragmentation negatively affechynaxa. Without sustainable resources, an
area affected by habitat loss will be incapable nwhintaining large population sizes
(Frankham et al., 2010). This leads to a decreasgenetic variation, and the organisms
affected can have difficulty in adapting to envimental changes which leads to an increase
in the risk of extinction of vulnerable species pwpulations of species in a given area
(Frankham et al., 2010). Such scenarios could be&lad by increasing habitat quality, area
and connectivity through the propagation of gremas within cities and the establishment of
nature reserves (Pacheco and Vasconcelos, 200&¢n@orridors enable gene flow among
disjunct habitat patches and could circumvent ffects of habitat fragmentation and reduce
the decline in biodiversity (Menke et al., 2010lcReco and Vasconcelos, 2007; Vergnes et
al., 2012).

Another important facet of conservation is the tderation of barriers to gene flow, such as
landscape features which could possibly inhibitegow and lead to genetic structuring of
populations. Understanding these barriers are gorit@ant consideration when establishing
open spaces and linking corridors for conservatiathin the city. It is important to
incorporate both phylogeography and landscape gsneatsuch investigations. Even though
both these areas of study aim to understand th&akmhstribution of genetic diversity,
landscape genetics provides insight into contemmgopocesses which shape genetic
diversity, while phylogeography aims to understéimel ways in which historical processes
affected genetic diversity (Avise et al., 1987; Mhket al., 2003; Wang, 2010).

Insects may provide a better indication of barriergene flow and the influence of habitat

alteration than mammal species because they ayeseasitive to ecosystem change (Bolger
et al., 2000; Bromilow and Sperling, 2011). Ants af particular interest because they are an
important component of most ecosystems. Severdbglggraphic studies have focused on
ants. Examples include?latythyrea punctatafrom the West Indies (Seal et al., 2011),

Myrmica rubraandM. ruginodisacross Europe (Leppanen et al., 2013olenopsis invicta
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in South America an@ecophylla smaragdine Asia (Azuma et al., 2006). An example of a
landscape genetics study that focussed on antsheasvestigation of landscape features on
the army antEciton burchellij which is a neotropical predator (Perez-Espona.ef012).

Despite this growing body of literature very fewdies have focussed on African ant taxa

and in particular urban taxa.

Phylogeography seeks to describe the factors nssigle for the phylogenetic associations
and spatial distribution of species, under the mggion that strong vicariance events are
expected to result in congruent genetic signatanesng unrelated taxa (Avise et al., 1987).
The aim of this study was to compare the landsgmpetic and phylogeographical patterns
among co-distributed species belonging to the ge@amponotusLepisiotg Pachycondyla
andPheidolein the eThekwini region. The city of Durban prossdan interesting case study
to examine the impact of human-mediated habitagnfientation. The eThekwini
municipality has established a network of open epatich as rural landscapes, riverine and
coastal corridors, nature reserves and privatelyealvland referred to as the Durban
Metropolitan Open Space System (DMOSS). Mitoch@id€Ol barcode data from the
Formicidae of eThekwini municipality (Durban, SouMfrica) barcode library (chapter 2)
will be used in landscape and phylogeographicalyaea. In addition, the nuclear markers
18S and 28S rDNA were sequenced for a subsamgigeaies belonging t6amponotusind
Pachycondylain order to compare the phylogeographic and layuscgenetic patterns

obtained from a multimarker system.

Landscape features alone sometimes aren’'t respenb population differentiation as
species biology and life history also have an ¢ff@otter et al., 2012). Life history traits
such as a higher reproductive output, high demssare changes in foraging are some of the
differences exhibited by species in urban aread,thase traits are often characteristic of
invasive species. In this study the patterns ofegjendiversity shown by invasive ants
Lepisiota incisaand BINs from the genuBheidoleconsidered to b@heidole megacephala

to native antsCamponotus cintellusand Pachycondyla caffrariawere compared.P.
megacephalaexhibits unicolonial social structure and ranksoagst the world’'s most
harmful invasive species (Fournier et al., 2012pisiota incisas another invasive species

which has been documented in southern Africa. Tdreyhighly abundant in homes, gardens
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and parks which indicates that they have succégsfalonized urban areas (Sithole et al.,
2009).

4 .2Materials and methods

4.2.1 Selection of taxa for phylogeographic analysis

Co-distributed specimens of species from the gebegisiota Pachycondylaand Pheidole
were selected for analysis using a phylogeograpbproach. These taxa were selected from
the DNA barcode library because there were a largaber of individuals collected from
five or more localities within eThekwini and surraling areas. Analysis of the COI barcode
data indicated that there was genetic structurewbeahe species level, in some cases
individuals belonging to the same species weret@led into more than one barcode cluster
(Figure 4.1). This genetic structure could be iate of cryptic speciation, or it could
represent phylogeographic structure. In many caselyiduals belonging to different
barcode clusters were morphologically indistingalde even by an expert taxonomist (Dr.

Hamish Robertson of 1ziko Museum).

Table 4.1 Datasets used for phylogeographic andstaape genetic analyses. Species names
in BOLD are those confirmed by a taxonomist. ‘-hd&es 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
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Camponotus eugeniae 133898 5 87 99.69

Camponotus niveosetosud.33278 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 withinese species, analyses were carried out
using a tiered approach. Analyses were carriedarudatasets consisting of all BINS within
a particular morphospecies and were also carriddirmlependently for datasets (BINS)
containing individuals which were confirmed to spedevel by a taxonomist. In total, seven
datasets were used, these are listed in Tablédataset consisted of all BINs identified on
BOLD as belonging to the genuspisiota(n = 70; BINs 264251, 494813, 515769, 264252,
264250), and a dataset consisting of only indivisleanfirmed to bd_episiota incisa(n =

63, BIN number = 264250) was analysed. A datasesisting of individuals from BINs
identified on BOLD belonging to the gen®achycondylaand onelLeptogenysand one
Ponera(n =36; BINs 262511, 483813, 483795, 469662, 499608324). Even though the
individuals fromPoneraandLeptogenysvere not from the genu®achycondylathey were
morphologically difficult to differentiate from indduals that did belong to the genus and
were thus included in the dataset. A dataset wittividuals that were identified as
Pachycondyla caffrariaan BOLD (n = 22; BINs 262511, 483813, 483795) waalysed. A
dataset containing all BINs that belonged to thaugd’heidole (n = 62; BINs 507075,
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261760, 261918, 514931, 532691, 261761, 19139k ghoup is particularly difficult to
diagnose morphologically but we suspect that tléviduals from these BINs belong to the
speciesPheidole megacephala dataset which contained all BINs identifiedthe genus
Camponotuson BOLD (n = 65; BINs 133387, 133907, 133898, I/d32500732) and a
dataset containing individuals that were confirmede Camponotus nr. cintellugr = 49,

BIN number = 133907) were analysed separately.
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Figure 4.1A maximum likelihood tree of one individual pefNB Bootstrap values above 50 and
Bayesian posterior probabilities above 0.5 are showthe branches. The number of individuals per
BIN are also indicated. BINs used in this phylogepdic 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 nitimarker
system

Nuclear sequence data were collected from a subdeavhi3 Camponotusindividuals (one
individual per sampling locality, not barcoded) a28l individuals ofPachycondylafrom
Palmiet, Msinsi, Happy Valley, Ipithi and Kennethaifibank nature reserves and four
individuals ofP. havilandifrom Springside nature reserve (from DNA barcabdeaty). DNA
was extracted from leg tissue preserved in 99%nethdaissue was crushed with liquid
nitrogen and DNA was extracted using the Zymo In8&niPrep DNA extraction kit (Zymo
Research) following the manufacturer’s instructionBe polymerase chain reaction (PCR)
was used to amplify the mitochondrial COI genetfe 13 individuals fromCamponotus
using the primers (Hebert et al., 2004a): LepF1ABT CAA CCA ATC ATA AAG ATA
TTG G 3) and LepR1 (5 TAA ACT TCT GGA TGT CCA AAMAT CA 3'). The COI
data available on BOLD was used f@achycondyla The amplifications were carried out
using the following thermal cycling program: inltidenaturation at 95 °C (3 min), and 35
cycles of 95 °C (30 sec), 45 °C (30 sec) and 721°@in), then a final extension of 72 °C (7

min).

Nuclear genes 18S and 28S ribosomal DNA genes avepdified for bothPachycondylaand
Camponotusndividuals using the following primer sequenc8aix et al., 2004); 18S-H17F
(5 AAA TTA CCC ACT CCC GGC A 3) and 18S-H35R (GG TGA GGT TTC CCG
TGT T 3’), and for 28S, 28S-D2BF (5 GTC GGG TTG TGAG AGT GC 3’) and 28S-
D3AR (5 TCC GTG TTT CAA GAC GGG TC 3’). The PCR aiifications were performed
under the following cycling conditions: initial daturation at 95 °C (3 min), and 35 cycles of
95 °C (30 sec), 55 °C (30 sec) and 72 °C (1 mim@nta final extension of 72 °C (7 min). All
of the PCR reactions were performed in 25 pl reasticontaining 0.1 pl (5U/ pl) DreamTaq
(Thermo Scientific), 2 ul (10X) DreamTaq buffer taning 20 mM MgC}4, 0.5 pl of each
primer, 0.5 ul DNTPs and 2 pl (1-2 pug) of genomiAD A negative control was included
with every PCR amplification to check for contamioa. All amplified PCR products were
verified using electrophoresis on a 1.0% agarodesigened with ethidium bromide. The
products were sequenced at the DNA sequencingtyaail the University of Stellenbosch
central analytical facility. The heterozygous piosis for the nuclear genes were coded using
the IUPAC system.
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Multiple sequence alignment was carried out usimgst@IX/W in BioEdit and thereafter
refined manually to ensure homology (Hall, 1999)heT nuclear haplotypes were
reconstructed using PHASE software (Stephens anth&ly, 2003) and SeqPhase (Flot,
2010) under the assumption that most ant speceediptoid (Imai and Kubota, 1972).
Highly variable regions in 18S and 28S that werfficdit to align were excluded and

trimmed out of the alignments for further analyses.

4.2.3 Molecular diversity indices

Nucleotide diversity «), haplotype diversityh), their standard deviations, the number of
haplotypes (H), variable and parsimony informativ@aracters, were calculated for each of
the datasets using Arlequin 3 (Excoffier et alQ20and MEGA 5 (Tamura et al., 2011). The
demographic histories of COI for all datasets wesenpared by calculating Fu's Fs (Fu,
1997) and Tajima’'® (Tajima, 1989) statistics, were used to test for departures from the

neutral model of evolution as a result of populagwowth or positive selection (Simonsen et
al., 1995). These statistics were computed usiegotbgram DnaSP 5 (Librado and Rozas,

2009) and were computed for both the mitochon@dmal nuclear datasets.

4.2.4 Phylogenetic analysis

Median-joining haplotype networks were construddboth the mitochondrial and nuclear

datasets using Network tfp://www.fluxus-engineering.con The best-fit models for

nucleotide sequence evolution were selected foh ektaset using the corrected Akaike
information criterion (AICc) in jModeltest 2 (Daba et al., 2012). Maximum likelihood and

Bayesian analyses were performed as outlined ipteha, page 38.

4.2.5 Landscape genetics

To compare and contrast the patterns of genetiersity over geographic space for each of
the datasets, genetic landscape shape interpolpkis were constructed using Alleles in
Space (Miller, 2005) as outlined in chapter 1, make and methods. A spatial Bayesian
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clustering algorithm in BAPS 5.2 (Corander and Miaen, 2006; Corander et al., 2003) was
used to investigate population structure in eachhef datasets. The analyses were also
performed for individuals oC. nr. cintellusand Pachycondyla spthat were successfully
sequenced for nuclear markers, 18S and 28S assvédl the combined datasets (COI + 18S
+28S). Analysis of molecular variance (AMOVA) wased to partition the diversity of COI
within and amongst sampling localities for all dss and 18S and 28S fGr nr cintellus
and P. caffraria The four groupings investigated were populatidrsn reserves with
grassland and forest habitats (Ipithi, New Germ&pyringside, Kenneth Stainbank, Msinsi,
Palmiet, Amatikulu) grassland only (Phinda, Vern@rookes, North Park, Darville
Resources Park), forest only (Silverglen, Seatak,Raantzkloof, Happy Valley) and urban
habitats (UKZN Westville, UKZN Agric, Port Shepstorurban garden, Isipingo beach,
Treasure Beach, Beachwood Mangroves).

4 .3Results

4.3.1 Comparison of COI between taxa and multimarkedata for Camponotus
and Pachycondyla

The 658 bp of COI sequence data revealed thateagémus levelPachycondylawas the
most variable in terms of haplotype and nucleotideersity (h = 0.90 + 0.02¢ = 0.12 *
0.02; Table 4.2), followed by individuals froBamponotugh = 0.80 £ 0.04z = 0.07 + 0.02;
Table 4.2). The genuBheidolehad a haplotype diversity of 0.79 + 0.03 and aleutxe
diversity of 0.11 + 0.005 (Table 4.2). The leastedse genus wdsepisiotg with a haplotype
diversity of 0.71 + 0.05 and nucleotide diversifyod1 + 0.006 (Table 4.2). As expected, the
molecular diversity indices were lower for spedieghe genud_ episiotaandPheidole as
these species are invasive. This is attributed losa of genetic diversity due to founder
effects which are sometimes experienced by intredwspecies (Dlugosch and Parker, 2008).
At the species leveR. caffrariahad the highest haplotype and nucleotide dive(kity 0.80

+ 0.05,7 = 0.008 + 0.003; Table 4.2) followed By nr. cintellus(h = 0.66 + 0.05g = 0.002

+ 0.0003; Table 4.2) and. incisa (h = 0.65 £ 0.05x = 0.002 £ 0.0002; Table 4.2).
Significantly negative values for Tajima’s D and'$-&s were only obtained for the dataset
consisting of all individuals fronCamponotugTable 4.2) and foPheidole These negative

values are indicative of a recent expansion in faifn size (Simonsen et al., 1995).
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A total of 10 18S (793 bp) and 12 28S (363 bp) saqas were obtained f@amponotusA
total of 15 18S (731 bp) and 28 28S (496 bp) irhials ofPachycondylavere successfully
sequenced. The concatenated dataset consistin@bf18S and 28S yielded 1770 bp for
analysis oflCamponotusand 1885 bp for analysis Bachycondyla.

In both CamponotusandPachycondylal8S was more variable than 28S. The haplotype and
nucleotide diversities of 18S were also higher tB&8 (Table 4.2). Negative values for Fu’'s
Fs and Tajima’s D were obtained f@amponotus(18S), Pachycondyla(18S and 28S),
however, these values were not statistically sigamt and therefore do not point to a recent
expansion in population size. The combined dat@®1+18S+28S) indicated that there was

a significant recent expansion in population saefamponotudut not forPachycondyla.

Table 4.2. Molecular diversity indices for the C&ld nuclear (18S and 28S) datasets and
combined (COI+18S+28S) datasets. n — number oWichails, L — number of localities
individuals were collected from, V — variable sjt€d — parsimony informative sitek, =
haplotype diversity, SD — standard deviatians- nucleotide diversity. The values in bold
indicate statistically significant results.

n L \% PI h SD T SD Fus 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 12.01 217
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

Camponotug18S) 24 12 76 58 0.97 0.02 0.02 0.002 -8.48 -1.22
Camponotug28S) 20 10 15 15 0.89 0.04 o0.01 0.001 0.59 0.75

Camponotus 12 12 500 38 1.00 0.03 0.06 0.04 -0.10 -2.21
(185+28S+COl)

Pachycondyl418S) 30 6 101 66 0.97 0.02 0.02 0.004 -7.70 -1.90
Pachycondylg28S) 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
(185+28S+COl)
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The AMOVA results forLepisiotaandL. incisaindicate that most of the genetic variation is
within populations (Figure 4.2). This was also tfaeP. caffraria, Camponotus s@ndC.nr.
cintellus however, the result was not statistically sigmfit for C.nr. cintellus In
Pachycondylaand Pheidole most of the genetic variation was found amongupsimns
within groups. Among-group genetic variation wasyabserved folLepisiotg L. incisaand
PachycondylgFigure 4.2). This suggests that the vegetatioe-tgmuping investigated do
not play a significant role in the genetic structgrof ant species.
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Figure 4.2 AMOVA analysis assessing the hierardlgeaetic structure of the seven datasets
for COI and nuclear genes 18S and 28S, based @tateEm type.

The nuclear AMOVA results fo€Camponotug18 S and 28S) highlighted that most of the
genetic variation was partitioned among populatiafihin groups for both these markers
(Figure 4.2). The AMOVA for the combined dataset@mponotusould not be computed
because of missing data for one or more localitegach of the markers. FBachycondyla

(18S and 28S), most of the genetic variation wasdowithin populations. However, the
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combined dataset fdPachycondylashowed that most of the genetic variation was doun

among groups but this result was not statisticgtipificant (Figure 4.2, Table 4.3).

Table 4.3. Partitioning of genetic variation (arséyof molecular variance, AMOVA) among
groups (AG), among populations within groups (APVGJY within populations (WP) for the
ant taxa. Values in bold indicate results thatrerestatistically 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
Camponotugl8S) 0.069 0.090 0.915 6.86 84.66 8.48
Camponotug28S) -0.238 0.961 0.952 -23.81 119 4.81
Pachycondyld18S) - - 0.462 46.25 - 53.75
Pachycondylg28S)  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 nebrks

Different models of nucleotide substitution weréested for each of the datasets (Table 4.4).

The simplest model of nucleotide substitution chos@s the F81 model for the 18S marker

for Camponotudollowed by the HKY model chosen for the COl marker L. incisa The

maximum likelihood and Bayesian trees were condrdenall of the taxa and therefore

Bayesian posterior probabilities could be placedh@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&S and 28S) selected by the AICc in
jModeltest 2.

Nucleotide frequencies

Model Log A C G T

likelihoo

d (-InL)
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+1+G  3014.99 0.2952 0.1847 0.1174 0.4028
C. nr. cintellus TrN+l 1038.42 0.2980 0.1659 0.1267 0.4094
Camponotugl8S) TIM+G 1791.00 0.2468 0.2132 0.2932 0.2468
Camponotug28S) F81 597.48 0.2137 0.2914 0.3265 0.1684

Pachycondyld18S) TIM3ef+G  1992.32 - - - -
Pachycondyld28S) HKY+G 1387.28 0.1891 0.3063 0.3250 0.1795

For Lepisiotg there were eight clades recovered on the maxinkehhood and Bayesian
trees. Although these clades were quite distirmehfeach other, there was no variation within
each clade. This striking pattern was also recavaréhe median-joining haplotype network
with each of the eight COI haplotypes separatechldgrge number of mutational steps.
Clade A consisted of individuals from the BIN 2682&8nd consisted of a single haplotype
shared by all individuals from nine localities. Teecond most well-represented haplotype
and clades were F and G which consisted of indalgldrom four and five localities
respectively. Haplotype E and clade E consistethdividuals only from Krantzkloof and
Seaton Park nature reserves. Although there is trang signature of geographically
correlated structure, individuals from Vernon Creskall clustered together with a few
individuals from New Germany and UKZN Agric (Figute3).
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Figure 4.3 Maximum likelihood tree and median-jamihaplotype network fdrepisiotafor
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is proportional to the number of individuals shgriat haplotype. The groupings are also
indicated.
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The maximum likelihood and Bayesian topology forincisarevealed that there were four
clades, again within each of these clades therenwagriation and they corresponded to the
four haplotypes in the median-joining haplotypewwk. This species was found to be
monophyletic. Just as fdepisiota haplotype A contained the most individuals, faléa by
haplotypes B and D. Clade C and haplotype C onhgisted of individuals from Krantzkloof
and Seaton Park nature reserves (Figure 4.4).
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Figure 4.4. Maximum likelihood tree and median-jopghhaplotype network fok. incisafor
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is proportional to the number of individuals shgriat haplotype. The groupings are also
indicated.
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As L. incisais an invasive species, these patterns were exghedhere were only four
haplotypes and all were shared amongst the resefhiese were no haplotypes unique to a
reserve which highlighted the limited genetic véoia characteristic of invasive species
(Dlugosch and Parker, 2008).

The maximum likelihood and Bayesian topology fheidole recovered seven distinct
clades. There was high bootstrap and posteriorgiibty support for most of the clades and
there was some geographic structuring observedvidluls from Silverglen nature reserve
grouped together with high branch support (78, @igure 4.5), as did individuals from
Beachwood Mangroves (87, 1.0) nature reserve. iehgdds from Krantzkloof grouped
together but there was lack of branch support (f€igu5). There were 23 haplotypes in the
median-joining haplotype network. The haplotypeugiags are indicated on the maximum
likelihood tree. Haplogroup A and clade A consistédndividuals from four localities and
all individuals from this clade belonged to BIN 384. Haplotype D and clade D consisted
of individuals from two localities, Ipithi natureeserve and Isipingo Beach. This clade
consisted of individuals from BIN 261761. Cladev@th individuals from Krantzkloof also
fell under BIN 261761. Haplotype G and clade G ¢sted of individuals from Springside
and New Germany nature reserves. Haplotype H amdecH contained individuals from
Burman Bush and Seaton Park. Individuals from cladend H were from the BIN 261760.
There were four haplotypes unique to Darville Reses Park, three unique to Beachwood
Mangroves nature reserve, two unique to Springsatare reserve and one each unique to

Ipithi, Krantzkloof, New Germany and Silverglen g reserves (Figure 4.5).

Even though all the individuals from different BlNse grouped under the genieeidole
morphologically they all resembled. megacephalavhich is a known invasive species
(Fournier et al., 2012). Despile megacephald®eing an invasive species, there was a high
degree of genetic variation, as well as many peivaplotypes. This could be indicative of
multiple introductions (Dlugosch and Parker, 2008utsui and Case, 2001) or cryptic
speciation.
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Figure 4.5. Maximum likelihood tree and median-jognhaplotype network foPheidolefor
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For Pachycondylathe maximum likelihood topology revealed thatréhevas some evidence
of geographic structuring. Individuals from Phingame reserve grouped together in one
clade with high bootstrap and posterior probabsipport (100, 1.0, Figure 4.6). Individuals
from Amatikulu nature reserve also grouped togethigh high branch support (100, 1.0,
Figure 4.6). There were a total of 12 haplotypeshm median-joining haplotype network
which corresponded to the clades on the maximueiiti&od tree. Haplogroup A, and clade
A consisted of individuals from four localities amere from BIN 262511. Haplotype J and
clade J consisted of individuals from three logaditand also found under BIN 262511.
Haplotype F and clade F consisted of individuatenftwo localities and BIN 262510. There
were three haplotypes unique to Ipithi nature resetwo unique to Amatikulu nature
reserve, one unique to Phinda game reserve andimigae to Kenneth Stainbank nature

reserve (Figure 4.6).
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Figure 4.6. Maximum likelihood tree and median-pg haplotype network for
Pachycondylafor COI sequence data. Bootstrap values above &08oBayesian posterior
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shown and each circle is proportional to the nunmddeindividuals sharing that haplotype.
The groupings are also indicated. Dashed linesatdithat lines are not drawn to scale.
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The maximum likelihood topology fd?. caffrariaidentified five major clades. There was no
clear indication of geographic structuring. Therergva total of seven haplotypes in the
median-joining haplotype network. The haplotypesiadicated on the maximum likelihood
tree (Figure 4.7). Haplotype A and clade A conslisitthe most number of individuals from
three localities. Haplotype G and clade G had iwldizls from three localities. Haplotype C
and clade C had individuals from two localitiesgiiie 4.7). There were two haplotypes that
were unique to Ipithi nature reserve, one uniquiédnneth Stainbank nature reserve and one
unique to Happy Valley (Bluff) nature reserve. Thevere three BINs within this species,
262511, 483795 and 483813.
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Figure 4.7. Maximum likelihood tree and median-jogqhhaplotype network foP. caffraria
for COIl sequence data. Bootstrap values above 3@fBayesian posterior probabilities over
0.5 are shown. The number of mutations on the ligponetwork are shown and each circle
is proportional to the number of individuals shgriat haplotype. The groupings are also
indicated.
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The maximum likelihood phylogeny fdPachycondyla spfor 18S grouped together the
individuals of P. havilandifrom Springside nature reserve with high bootsjpapbability
support of 87 and posterior probability suppor0®. Individuals from Msinsi nature reserve
also grouped together with high bootstrap probgtsiupport and posterior support of 93 and
0.9 respectively (Figure 4.8). The median-joinirgplotype network folPachycondyla sp
for 18S revealed a starburst pattern. All haplosyywere unique and there were no haplotypes

shared between localities (Figure 4.8).
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Figure 4.8. Maximum likelihood tree and median-pg haplotype network for
Pachycondyla spgfor 18S sequence data. Bootstrap values abovead@PBayesian posterior
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The maximum likelihood phylogeny and the mediamijog haplotype network for
Pachycondyla spfor 28S revealed more structure than 18S. Indidisl of P. havilandifrom
Springside nature reserve grouped together RWabhycondyla spfrom Amatikulu nature
reserve with high bootstrap and posterior probgbgupport of 100 and 1.0 respectively.
Individuals from Phinda game reserve grouped tagettith high branch support (74, 0.9,
Figure 4.9). Even though many of the 28S haplotypese unique to each locality, there
were three haplotypes that were shared betweelitiesa
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One haplotype was shared between Springside andilArnanature reserves, one haplotype
was shared between Msinsi, Palmiet, Kenneth Stakbad Ipithi nature reserves and one
was shared between Ipithi, Msinsi and Kenneth $taik nature reserves (Figure 4.9). The
28S maximum likelihood phylogeny and haplotype metwrevealed some similarities to the
COlI phylogeny. Individuals from Phinda game resemege also recovered as a single clade
for COI and COI haplotypes were also shared betwésinsi, Ipithi and Kenneth Stainbank
(Figure 4.6). These findings were further confirmmdthe combined maximum likelihood

phylogeny forPachycondyla spFigure 4.10).
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The maximum likelihood topology fa€amponotusevealed some geographic structuring as
individuals from New Germany, Springside, Vernono@kes and Port Shepstone each
grouped together. The clades for New Germany, \fer@oookes and Port Shepstone
received high bootstrap and posterior probabilitgport (Figure 4.11). New Germany had a
bootstrap probability support of 100 and a postegmobability support of 1.0. Vernon
Crookes had a bootstrap probability support andepios probability support of 85 and 0.8
respectively. The bootstrap probability and postegrobability values for Port Shepstone
were 70 and 0.9 respectively. There were 20 hapéstyin the median-joining haplotype
network. There were many more unique haplotypes shared haplotypes. Springside nature
reserve had seven unique haplotypes, Palmiet amtbweCrookes nature reserves had three
unique haplotypes each. New Germany, Ipithi, PdriepStone, Happy Valley (Bluff),
Hazelmere Dam, Burman Bush and UKZN Agric had ongue haplotype each (Figure
4.11).
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The groupings are also indicated. Dashed linesatélithat lines/branches are not drawn to
scale. CGL indicates that these sequences wereagedan the conservation genetics lab at
the University of KwaZulu-Natal in Pietermaritzburg
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The maximum likelihood topology fo€. nr. cintellus consisted of five major clades,
however, these did not receive strong support foowtstrap values or posterior probabilities
(Figure 4.12). There were 16 haplotypes in the aregbining haplotype network and these
are also indicated on the maximum likelihood toggloThere were only three shared
haplotypes; A, B and C. Haplotype B and clade B wray shared between individuals from
Burman Bush and Darville Resources Park. Palmigureareserve had three unique
haplotypes, Springside nature reserve had two eni@plotypes. Port Shepstone, Kenneth
Stainbank, Happy Valley (Bluff), Burman Bush, Hamele Dam, Ipithi and UKZN Agric all
had one unique haplotype each (Figure 4.12). Alividuals were from the BIN 133389

apart from individuals that were sequenced by t6¢.C
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Kenneth Stainbank [l A
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Port Shepstone [l
Port Shepstonell
Port Shepstone [l L
Port Shepstone g
Port Shepstone. N

Burman Bush

Figure 4.12. Maximum likelihood tree and mediamjog haplotype network foC. nr.
cintellus for COIl sequence data. Bootstrap values above &b Bayesian posterior
probabilities over 0.5 are shown. The number ofatoms on the haplotype network are
shown and each circle is proportional to the nunmddeindividuals sharing that haplotype.
The groupings are also indicated. Dashed linesatdithat lines are not drawn to scale.
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The maximum likelihood phylogeny for 18S fGr. nr. cintellusshowed high bootstrap and
posterior probability support for many of the braes. The median-joining haplotype
network indicated that 18S was very variable arahéacality had its own unique haplotype.
The number of mutational steps ranged from a singl&ation to as many as 29 mutational

steps (Figure 4.13).
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Palmiet
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‘ Silverglen [l
Hazelmere Dam [l
—Happy Valley (Bluff) ll

00/1.0— Springside
Springside
Vernon Crookes
87/1.0'~Vernon Crookes

L Burman Bush
UKZN Agric Il

Figure 4.13. Maximum likelihood tree and mediamjog haplotype network foC. nr.
cintellus for 18S sequence data. Bootstrap values above &086 Bayesian posterior
probabilities over 0.5 are shown. The number ofatoms on the haplotype network are
shown and each circle is proportional to the nunolbéndividuals sharing that haplotype.

The maximum likelihood phylogeny for 28S fGr. nr. cintellusalso showed high bootstrap
and posterior probabilities for many of the brarschalthough there were many unique
haplotypes, the median-joining haplotype networévetd more structure than the network
for 18S (Figure 4.14). The number of mutationapstbeetween haplotypes was less than
those for 18S. There was also one haplotype shma®eeen Seaton Park and New Germany.

Because only one individual &@. nr. cintellusper locality was sequenced for 18S and 28S,

99



these phylogenies could not accurately be comp#wethe COI phylogeny. However,

localities that contained unique COI haplotypeso atontained unique 18S and 28S
haplotypes (Figure 4.11 and 4.14).

Burman Bush
Happy Valley (Bluff) [l

30/1.0 |UKZN Westville [l
4{UKZN Westville [l
Seaton Park [l

Seaton Park-
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100/1.0

Ipithi [l
Ipithi Il
Happy Valley (Bluff) [l

s7/1.0 Hazelmere Dam [l
75/1.0 UKZN Agric lll
Hazelmere Dam [l
UKZN Agricll

Burman Bush

Figure 4.14. Maximum likelihood tree and mediamjog haplotype network foC. nr.
cintellus for 28S sequence data. Bootstrap values above &086 Bayesian posterior
probabilities over 0.5 are shown. The number ofatoms on the haplotype network are
shown and each circle is proportional to the nunolbéndividuals sharing that haplotype.

For the combined dataset (COI+18S+28S)@omr cintellus none of the localities grouped

together. The topology also received no bootstraposterior probability support > 50%/0.5
(Figure 4.15).
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Figure 4.15. Maximum likelihood tree fo€. nr. cintellus for the combined dataset
(COI+18S+28S). Bootstrap values above 50% and Baygmsterior probabilities over 0.5
are shown.

4.3.3 Comparison of spatial patterns of genetic vation for COl and nuclear
data

Mantel tests were used to examine the statistmaklation between genetic and geographic
distance. The Mantel test provides a useful indicadf whether isolation by distance (IBD)
or if landscape features are responsible for gerditferentiation (Balkenhal, 2009). The
results of the Mantel tests for COIl showed thatelveas significantly weak IBD for all of the
genera and species, except for the gdrachycondylar = 0.53, P < 0.05) which showed
strong IBD.

Mantel tests performed for the nuclear DNA datasétsved weak but not significant IBD
for C. nr. cintellus(18S; r = 0.23, P > 0.05, 28S; r = 0.14, P > 0.9%¢ak, but significant
IBD was detected fdPachycondyla spusing 28S (r = 0.33, P < 0.05). Moderately siguaifit
IBD was detected forPachycondyla spusing 18S (r = 0.67, P < 0.05). When the
concatenated datasets were consideZedyr. cintellusexhibited weak, non-significant IBD
(r =0.29, P > 0.05) whileachycondyla spexhibited weak but significant IBD (r = 0.19, P <
0.05).
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As an indication of contemporary population struefua Bayesian Analysis of Population
Structure was performed for all the datasets. Tighdst number of estimated genetically
distinct clusters were observed for the gemiidole (six, P = 0.99, log In of optimal
partition = -5202.67; Table 4.5) and six clustemsRachycondylaand five forCamponotus
and three fotepisiota At the species level, there were four geneticdiinct clusters each

for L. incisaandC.nr. cintellusand three clusters fét. caffraria(Table 4.5).

BAPS analyses performed on the nuclear dataset€darponotusand Pachycondyla sp.
showed that the highest number of estimated getigtidistinct clusters were found for the
Pachycondyla sp28S dataset (four clusters, P = 1.0, log In ofrogk partition = -1053.56;
Table 4.5). A total of three genetically distintisters were recovered for baflamponotus.
(18S) andPachycondyla sp(18S and combined dataset), while only two gea#yialistinct
clusters were recovered f@amponotuswith the 18S dataset and the combined dataset
(Table 4.5).
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Table 4.5. Summary data for the BAPS analysis @adraut for COI for all taxa, and for
nuclear DNA (18S and 28S) and combined (COI+18S}»288 Camponotusand
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
Camponotugl8S) 3 1.0 -783.10
Camponotug28S) 2 0.57 -96.32

CamponotugCombined) 2 1.0 -2591.21
Pachycondyld18S) 3 0.51 -985.67
Pachycondylq28S) 4 1.0 -1053.56
PachycondyldCombined) 3 0.97 -7664.06

Genetic landscape shape interpolation plots arkiluisehighlighting genetic discontinuities

across geographic space. On the genetic landsdigedarkly coloured blue extreme peaks
indicate high levels of genetic variability whilket lightly coloured green troughs and flat
surfaces indicate that the localities have a higdyele of genetic connectivity and hence, not

much variation.

In Figure 4.164a, three distinct peaks are obsealeag the north-western edge and southern
edge of the genetic landscape Eapisiota These peaks correspond to UKZN Agric, New
Germany and Vernon Crookes nature reserves asltedities have two genetically distinct
BAPS clusters each (Figure 4.16b). FEorincisa it is interesting to note that there are four
distinct peaks on the genetic landscape, two otlwlire situated along the north-western
edge and two which are situated on the south-eastige (Figure 4.16c). In Figure 4.15d, it

is seen that there are six localities which haveenrtban two genetically distinct BAPS
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clusters (Krantzkloof, New Germany, Seaton Parkinian Bush, UKZN Westville and

Silverglen). This is unexpected aspisiotashowed more variability thah. incisaandL.

incisasequences are a part of thepisiotadataset.
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Figure 4.16. (a) Genetic landscape shape interpolatot for Lepisiotausing COIl sequence
data. (b) Map of sampling localities fdmepisiotain eThekwini and BAPS clusters. (c)
Genetic landscape shape interpolation ploLfancisausing COIl sequence data. (d) Map of
sampling localities fok.. incisain eThekwini and BAPS clusters.
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The genetic landscape fBheidoleindicated that there were six distinct peaks ghtgenetic

variability which corresponded to the six BAPS tduis (Figure 4.17 a and b). Only four of
the localities contained more than one geneticdistinct BAPS cluster; New Germany
contained five BAPS clusters, while Ipithi and Beaood Mangroves contained two BAPS

clusters each.
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Figure 4.17. (a) Genetic landscape shape interpolaiot for Pheidoleusing COI sequence
data. (b) Map of sampling localities fBheidolein eThekwini and BAPS clusters.

Figure 4.18a shows a distinct peak along the nortleege as well as a slight peak in the
western edge of the genetic landscape Pachycondyla(Figure 4.18a). These peaks
probably correspond to Amatikulu, Ipithi and Palmieature reserves in which two
genetically distinct BAPS clusters were observadufe 4.18b). FoP. caffraria there were
two subtle peaks observed along the south-eastiya and western edge which possibly
correspond to Ipithi nature reserve which contaitiede genetically distinct BAPS clusters
and Kenneth Stainbank which had two geneticallyirdis BAPS clusters (Figure 4.18 ¢ and
d).
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Figure 4.18. (a) Genetic landscape shape interpolatlot for Pachycondylausing COI
sequence data. (b) Map of sampling localities Rachycondylain eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolgionfor P. caffraria using COIl sequence
data. (d) Map of sampling localities fBr caffrariain eThekwini and BAPS clusters.

The genetic landscapes fBachycondyla spusing 18S and 28S were similar to the genetic
landscape forPachycondyla spusing COI (Figure 4.19 a and c). However, when the
combined dataset was used, the peak in the soutllgie became a trough (Figure 4.19 e).
For Pachycondyla spat 28S, there were three localities which had ¢@netically distinct
BAPS clusters (Springside, Palmiet and Phinda; rfeigul9 d). Using the combined dataset,
it was observed that there were five localities chhhad two genetically distinct BAPS
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clusters (Springside, Ipithi, Palmiet, Msinsi andriketh Stainbank; Figure 4.19 f). These

results correlate with those obtained Raichycondyla spand P. caffraria using the COI

dataset (Figure 4.18).
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Figure 4.19. (a) Genetic landscape shape interpolg@iot for Pachycondyla spusing 18S
sequence data. (b) Map of sampling localitiesHachycondyla spn eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolgtioh for Pachycondyla spusing COI
sequence data. (d) Map of sampling localitiesHachycondyla spn eThekwini and BAPS
clusters. (e) Genetic landscape shape interpolgtioh for Pachycondyla spusing the
combined dataset. (f) Map of sampling localities Rachycondyla spin eThekwini and
BAPS clusters.
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There were four distinct peaks observed along #reetic landscape f@amponotugFigure
4.20 a). The peak along the western edge of the passibly corresponds to Springside
nature reserve, in which there were three genégtidatinct BAPS clusters (Figure 4.20 b).
The peaks on the northern edge could correspomdeto Germany and Kenneth Stainbank
nature reserves and the peak on the southern emde correspond to Vernon Crookes
nature reserve because each of these localitiesmined two genetically distinct BAPS
clusters (Figure 4.20 b). Far.nr. cintellus there were only two subtle peaks observed along
the north-western and south-eastern edges (Fig@ ). It is likely that these peaks
correspond to Springside and Burman Bush naturerves, both of which contained two

genetically distinct BAPS clusters (Figure 4.20 d).
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Figure 4.20. (a) Genetic landscape shape inteipolatlot for Camponotususing COI
sequence data. (b) Map of sampling localities @@mponotusin eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolgpion for C. nr. cintellus using COI
sequence data. (d) Map of sampling localitiesGomr. cintellusin eThekwini and BAPS
clusters.
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The genetic landscape f@amponotususing 18S and the combined dataset were similar to
the genetic landscape faZamponotususing COI (Figure 4.21 a and e). The genetic
landscape foCamponotusising 28S recovered only two peaks of geneticabdity in the
northern edge (Figure 4.21 c). In Figure 4.20 bywNeermany and Seaton Park nature
reserves had unique BAPS clusters for 18S. Forctimbined dataset fo€amponotus
UKZN Agric and Vernon Crookes had unique BAPS dust(Figure 4.21 f). None of the
localities contained more than one geneticallyint$tBAPS clusters for 18S, 28S or the
combined dataset whereas the dataset with COIl adtwosved four localities with two
genetically distinct BAPS clusters. This suggebkts COI shows more population structure

than the nuclear DNA i€amponotus.
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Figure 4.21. (a) Genetic landscape shape inteipolgtlot for Camponotususing 18S
sequence data. (b) Map of sampling localities @@mponotusin eThekwini and BAPS
clusters. (c) Genetic landscape shape interpolaionfor Camponotusising COI sequence
data. (d) Map of sampling localities f@amponotusn eThekwini and BAPS clusters. (e)
Genetic landscape shape interpolation plotGamponotuaising the combined dataset. (f)
Map of sampling localities fofamponotusn eThekwini and BAPS clusters.

112



4.3.4 Evaluation of nuclear markers as a complemertd COI

The uncorrected pairwise K2P genetic distance€l, 18S and 28S were plotted in Figure
4.22. The uncorrected pairwise genetic distancehigigest for COI (0.12 = 0.006) for both
Camponotusand Pachycondyla Pachycondylahad higher uncorrected pairwise genetic
distances tha@amponotudor both 18S and 28S. The genetic distance for(R8&®4 + 0.01)
was higher than 18S (0.019 = 0.01) #achycondyla whereas the genetic distance was
higher for 18S (0.014 £ 0.004) than for 28S (0.@XB005) forCamponotus
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Figure 4.22. Comparison of uncorrected pairwiseegjerdistances calculated using the K2P
distance parameter for mitochondrial COIl and nuclS and 28S foCamponotusand
Pachycondyla
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4 .4Discussion

This study highlights the utility of landscape gece and phylogeographic methods in
understanding habitat connectivity and past andeorieprocesses and factors that shape the
genetic structure of populations in an urban emwitent. The landscape genetic and
phylogeographical patterns among co-distributed ufdns of ants from the genera
Lepisiotg Pheidole Pachycondylaand Camponotusat COl were compared and contrasted.
These patterns were also compared for speciesrowdito be.. incisa P. caffrarig C. nr.
cintellusand for BINs from the genu3heidolethat were morphologically thought to Pe

megacephala

The landscape genetic and phylogeographic pat&riSOl were compared for invasive
specied.. incisaandP. megacephala They were the most widely distributed but themses
very little similarity in their genetic structurélsually, when a single invasion occurs, the
species sometimes undergoes founding effects whtis to low genetic diversity when
compared to the source population or native spéBirgosch and Parker, 2008; Tsutsui and
Case, 2001). However, separate multiple introduastiof an invasive species could lead to
new genetic combinations and high genetic variatiglmgosch and Parker, 2008). Siree
megacephalavas much more variable th&nincisg this could indicate that there is cryptic
speciation withinPheidole sp or multiple introductions whereds. incisa had a single
introduction. In additionP. megacephalhas several features which promotes its success as
an invader; it is unicolonial and has polygynousiifiple queen) colonies (Holldobler and
Wilson, 1990; Tsutsui and Suarez, 2003). Cryptiecsdion has been encounteredFn
megacephaladrom Cameroon. One of the species persisted mfaiEsts while the other
thrived in urban areas (Fournier et al., 2012).slib-Saharan Africal. megacephalas
further classified into approximately 10 sub-spsdEournier et al., 2012). Understanding
what makes invasive species suchPasnegacephalauccessful can be useful in the control
and prevention of further invasions and can alsoirmidentifying other potentially invasive

species.
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Native speciesC. nr. cintellusand P. caffraria showed no similarity in their genetic
structures.P. caffraria was more genetically variable thah nr. cintellus. Unlike the
invasive species, species from the germteahycondyleand Camponotusiave monogynous
(single queen) colonies (Dietemann and Peeters);2Rtz et al., 2008). In this study,
nuclear markers 18S and 28S were also sequenceaddierduals from Camponotusand
Pachycondylato complement the COI data. Using these two elmsd molecular markers
(mitochondrial and nuclear), allowed the comparisbipatterns across species, populations
and molecular data types.

The COI phylogeny forCamponotuscould not be accurately compared to the nuclear
phylogenies because only one individual per resaras sequenced for 18S and 28S. The
nuclear phylogenies fdPachycondylawere comparable to the COI phylogeny. Landscape
genetic analyses such as genetic landscape shapeoiation plots which highlight areas of
high genetic variability, and BAPS clustering ars&yfor Camponotusndicated that COI
exhibited more population structure than 18S an8. Z8r Pachycondylathese analyses

revealed that the nuclear data was congruent W&COI data.

Due to the low uncorrected pairwise genetic distanabserved for 18S and 28S in the two
genera when compared to COI, these markers mayenioieal for use in species delimitation
or for studies below the species level. Nevertlsglésrther testing using other nuclear
markers such as introns, which are more variathleyulsl be conducted as nuclear markers
have several advantages over mitochondrial maianeser et al., 2005; Zhang and Hewitt,
2003). These advantages include being biparentaiherited and containing more

informative sites (Creer et al., 2005).

Landscape genetics analyses highlighted that Nemn&w®y, Ipithi, Springside and Palmiet
nature reserves exhibited exceptionally high lewaisgenetic variability. These nature
reserves also stood out for their diversity in BIA barcoding analyses (chapter 2) and
species assemblage and richness studies (chaptier t8yms of conservation, these nature
reserves should be preserved as they harbour & dgahof genetic diversity, and hence,

biodiversity.
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There were differences in the genetic structurtheffour species of ants in eThekwini. The
individual patterns suggest that the differencegvnlutionary and life histories are more

likely to have shaped population structure instefadffects due to the landscape (Murphy et
al., 2010). Nevertheless, the influence of landsaap population genetic structure cannot be

ruled out.

4 .5Conclusion

In this study, there was subtle genetic variatib@@I for each of the species examined. In
order to fully elucidate the population structuratterns which could be expected in

eThekwini and surrounding regions, further samphisgoss more localities is essential. The
use of more nuclear markers could also assist @ovaring 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 barcodingkaaiCOI could be confirmed as a species
diagnostic tool for ants in the eThekwini regiomeTutility of this marker was also evaluated

for its potential to uncover genetic diversity belthe species level in four species of ants.

In chapter one, the status and progress of DNAdoang in Africa was reviewed. The
current challenges, successes and the utility oA drcoding were also reviewed. Using
data available on BOLD from the biggest ant banegdiroject in Africa to date, a total of
118 individuals of A. madagascarensis sampled f8@nfocalities across Madagascar and the
neigbouring island of Mayotte, were analysed asse cstudy to show how the barcoding
marker could reveal interesting population gengiltylogeographic and landscape genetic
patterns (Smith et al., 2005).

In order to demonstrate how the barcoding market &W@ the techniques used in chapter
one could be useful for revealing diversity beldw species level in South African ants, a
DNA barcode library was assembled for the antsTaie&wini. The barcode library currently

contains 619 individuals from 80 putative spec&mnpled from 23 geographic localities
within eThekwini and surrounding regions. The apitif COI to accurately delineate species
was evaluated using statistical methods implemeiniéde R package Spider (Brown et al.,
2012).

The results of DNA barcoding to delineate speciesrewcompared to traditional
morphological identification. Although DNA barcodinuncovered 80 species while the
traditional taxonomic approach identified 51 morgbecies, the two methods should be used
in unison to achieve a more sound and meaningfulltteThus, the cases of paraphyly and
cryptic speciation highlighted by the COI markeousld be subject to further review by
taxonomists. More importantly, it also emphasiZzesiteed to sample multiple individuals of
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the same species from different geographical lbealin order to increase the chances of
finding a correct match for a species and elimintatialse positives and false negatives
(Bergsten et al., 2012; Fisher, 1999; Packer £2@09).

In chapter three, data from the DNA barcode librfanythe ants of eThekwini was used to
investigate the diversity and species richnessitéf as well as highlight the natural and open
spaces within eThekwini that contribute to maintagnbiodiversity within the city. The use
of haplotype accumulation curves and extrapolatasures of diversity demonstrated that
many more species of ants could exist in eThekwiliie investigation of ant species
assemblages in the different vegetation types df edthe green areas sampled revealed that
forest and grassland habitats each supported uspgses assemblages. One of the aims of
this study was to determine if open spaces withihe&wini could assist in maintaining
native ant diversity in an urban environment. Thespnce of only two invasive ant species,
L. incisa and P. megacephala, suggest that ngbeeiess of ants are not being outcompeted

by the invasive species.

In chapter four, the phylogeographical and landscgpnetic patterns were compared
between these two invasive species and the napeeies, Pachycondyla caffraria and
Camponotus nr. cintellus. Different patterns ofeenstructure were obtained for each of the
species which suggested that differences in ewrlaty and life history shaped population

genetic structure instead of landscape effects plilet al., 2010).

DNA barcode data coupled with further researchifenhiistory, biology and behaviour could

yield valuable insight on how these factors anditifieence of environmental factors, shape
the population genetics of ants not only in eThekwbut the rest of South Africa. Future

research should incorporate the use of highly tiauclear DNA markers such as introns.
Increasing the scale of spatial sampling is als@ial in uncovering all the species that could
be encountered. The techniques and methods ofsasalyed in this study could be applied
to building DNA barcode libraries for other organsin other regions and thus contribute to

the barcode of life initiative to catalogue allkdirth’s biodiversity.
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7.  Appendix 1 — Neighbour-joining tree (K2P parameter)of all 624
specimens of ants represented in the DNA barcodebtary for
eThekwini.
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Formicidae ETRHZI 0008 BIN261761

ormuicidae ETKHZT 0007BIN261761

ormicidae ETKHZL 0006 BIN261761
FormicidaeETKHZL 0005 BIN261761
Formicidae| ETRHZL0004BIN261761
Formicidae|ETKHZL 0003/ BIN261761
Formicidae|ETKHZL0001/BIN261761
'FormicidaeETKVC0023]
(Pheidole megacephala ETKISI0010[BIN261761
Pheidole megacephala ETRISI0008[BIN261761
Pheidole megacephala ETKISI0006BIN261761
Pheidole megacephalal ETICEP:{UODS:BDI"GI 761

Pheidole megacephala ETKISI000OBINIG61761
Pheidole megacephala ETKISI0007BIN261761
Formicidae ETKBWMOO08[BINSOT075
ormicidae ETKBWMO00TBINSO7075
ormicidae ETKEWMO0009
FormicidaeETRBWMOO10[BINSOT0O7S

omicidae ETKNGO039BIN261918

omucidaeETKKSB0022[BIN261918

omicidae ETKKSB0021[BIN261918
Tetramorinm sericeiventreETESPO022[BIN261918

Tetramorium sericeiventreETKPMTO008 BIN261918
Tetramorinm sericeiventreETEPMTO010BINZ61918
Tetramonum sericeiventreETKPMTO009 BIN261918
Tetramorinm sericeiventre[ETKSPO023[BIN261918
Tetramonum sericeiventre ETESP002 1 BIN261918
Tetramonum sericeiventre[ETKSPO024BIN261918
Tetramorum sericeiventre[ETKSPO025BIN261918
Tetramorinm sericeiv en.trmETKP\iTOﬁDE BIN261918

Formecidae ETKNGO037]

Ircrms-_:aae ETENGD

Formicidas ETEING003

Formicidae ETKKSBO032[BIN423
Formicidae/ETKMSI0012[BIN481212
Formicidae/ETEMSI0015[BIN481212

Formicidae/ETKMSI0011{BIN481212
FormicidaeETKMSI0O014[BIN481212
Technomyrmex di ls[ETKSPS0013/BIN261945
Technony ETESPS0014[BIN2619.
Technomyrmex difficihs{ETKSFS0011BI

| recinonyrmex difficitis ETKSPS0012/BIN261945
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