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ABSTRACT

THE UTILITY OF STANDARDIZED DNA MARKERS IN SPECIES DELINEATION
AND INFERENCE OF THE EVOLUTIONARY HISTORY OF SYMBIOTIC
RELATIONSHIPS IN THE MALAGASY ANT MELISSOTARSUS INSULARIS
SANTSCHI, 1911 AND ITS SCALE ASSOCIATE (DIASPIDIDAE)

Ariel Levitsky
University of Guelph, 2013

Advisor:
Professor M.A. Smith

A subset of 199 Melissotarsus insularis and 130 Diaspididae specimens were analyzed
to 1) determine the species status of M. insularis and 2) to explore the relative intimacy
of the relationship between M. insularis and Diaspididae. An analysis of molecular
variance and the observed lack of association between clades and distinct habitats on
the M. insularis phylogeny suggested that while M. insularis exhibits isolation by
distance, it does not apparently diversify by habitat. When cryptic COI pseudogenes
were accounted for, the majority of the genetic diversity exhibited by M. insularis was
limited to a divergence of 3% or less suggesting that M. insularis represents a single,
albeit broadly distributed, species. A cophylogenetic reconstruction of the relationship
between M. insularis and Diaspididae yielded 14 “cospeciation” events but was not
significant unlike reconstructions of host-parasite relationships. Analyses of reduced
datasets suggested that incomplete taxon sampling may significantly affect
cophylogenetic reconstruction results.
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Chapter 1: Introduction
Conservation biology is a crisis discipline DeSalleand Amato (2004) dominated by time
sensitive phenomena such as habitat loss and climate change (Heller & Zavaleta 2009;
Wilcove et al. 1998). Conservation literature consistently refers to the mass loss of
biodiversity as a primary agent of ecosystem deterioration (Rogers et al. 2010).
Although the cumulative effects of biodiversity loss are yet to be documented, the shortterm effects are covered extensively in the literature (Diaz et al. 2006; Worm et al.
2006). The global concern with preserving biodiversity is reflected in a number of
international treaties such as the National Biodiversity Strategies and Action Plans
established by the Convention on Biological Diversity (CBD) in 2002 (Jóhannsdóttir et
al. 2010). At the local level, biodiversity conservation programs have expanded and
include the designation of areas for conservation, compensation of impoverished
communities for the opportunity costs of conservation and manual modification of
endangered or invasive populations (Jóhannsdóttir et al. 2010; Rands et al. 2010).
Despite such initiatives, rates of biodiversity loss remain well above background levels
and anthropogenic pressure on biodiversity continues to increase (Barnosky et al.
2011).

Inadequate funding is consistently emphasized as it is the limiting factor for the
accumulation of biodiversity data necessary for informing conservation policy and
monitoring the CBD‟s progress (Balmford et al. 2005; Balmford & Whitten 2003;
Gardner et al. 2008). Biodiversity data is often acquired through surveys that estimate
species richness either by surveying biodiversity indicators or a subset of the overall
species composition determined by funding and the methodology employed (Kerr et al.
2000; Lawton et al. 1998). The cost of assessing biodiversity is dependent upon a
number of factors including the scale and location of the area of interest, taxa surveyed
and sampling effort (Bisevac & Majer 2002; Gardner et al. 2008; Mandelik et al. 2010;
Qi et al. 2008; Targetti et al. 2011). In most cases, the primary costs are labour and
transportation, however, their roles in the survey budget vary depending on whether the
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survey is local or remote in relation to the home institution. Equipment and
miscellaneous costs, when included, are relatively minor comprising from 4.64% to 20%
of the budget (Gardner et al. 2008; Mandelik et al. 2010; Targetti et al. 2011).

Labour expenses fall into two general categories: field work and laboratory work. The
ratio of scientist hours devoted to each stage varies between studies depending on the
number of specimens sampled, sampling methodology and species diversity (Bisevac &
Majer 2002; Gardner et al. 2008; Mandelik et al. 2010; Targetti et al. 2011). The
successful identification of the species surveyed is limited by the availability of
taxonomic expertise (Bisevac & Majer 2002; Gardner et al. 2008; Mandelik et al. 2010).
For example, a survey of the Brazilian Amazon conducted by Gardner et al. (2008)
included a number of groups that were identified to genera only, due to the lack of
species level keys and local experts. The specimens that were identified were, in most
cases, assigned to a numbered morphospecies (Gardner et al. 2008).

Novel surveys are necessary in some cases, particularly if data is required for a poorly
known species or area. However, survey costs may be significantly reduced by
supplementing the specimens surveyed with natural history collections (NHCs) (Ponder
et al. 2001). The use of NHCs builds on previous investments reducing and, in some
cases, eliminating the costs of field work, transportation and accommodation. The utility
of NHCs is often overlooked due to concerns with incomplete sampling, poor
preservation of specimens and the risk of damaging type specimens (Gilbert et al. 2007;
Ponder et al. 2001; Wandeler et al. 2007). However, techniques aimed at managing the
challenges associated with using NHCs are evolving and NHCs continue to grow
(Gilbert et al. 2007; Graham et al. 2004; Horvath et al. 2004; Lovejoy et al. 2010;
Ponder et al. 2001; Tingley & Beissinger 2009).

The incorporation of NHCs in biodiversity surveys in combination with DNA analyses
addresses the primary deterrents to biodiversity assessment: the lack of funding, time
and taxonomic expertise. The DNA sequencing of NHCs can be time and cost effective
relative to conventional methods of species identification and may be used to
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investigate taxonomic designations (Asher & Hofreiter 2006). The past three decades of
advances in DNA sequencing technology (Caterino et al. 2000; Hudson 2008; Zhang &
Hewitt 2003) and powerful analytical software (Kuhner 2006; Librado & Rozas 2009;
Tamura et al. 2011) have made it possible to identify polymorphisms, population
bottlenecks, migration and phylogenies using genetic data at an unprecedented rate.

My thesis aims to explore the diversity of data that can be derived from an existing
museum collection using a combination of genetic data and novel analytical software
and the utility of such data in biodiversity conservation. I focus on the ant species
Melissotarsus insularis and its relationship with its scale symbiont in the family
Diaspididae. M. insularis is endemic to Madagascar and inhabits a variety of
dicotyledonous tree species (Ben-Dov & Fisher 2010). Although the genus,
Melissotarsus, has been described by several peer-reviewed articles (Ben-Dov 2010;
Ben-Dov & Fisher 2010; Delage-Darchen 1972; Fisher & Robertson 1999; Mony et al.
2002; Santschi 1911), none focus primarily on M. insularis. M. insularis appears to tend
Diaspididae that occupy galleries excavated by the ant in living trees (Ben-Dov & Fisher
2010), however the nature of the relationship between M. insularis and Diaspididae has
yet to be investigated (Ben-Dov & Fisher 2010).

The first chapter of my thesis focuses on the challenge of species delineation in the
conservation of arthropod biodiversity. I utilize multi-locus genetic data and geographic
distribution to explore the species status and phylogeography of M. insularis.
Preliminary analyses of existing M. insularis collections suggested a wide geographic
range and divergences in the 5‟ region of the mitochondrial COI gene or the “DNA
barcode” (Hebert et al. 2003) of 4% or more. Relative to interspecific species
divergences of 2-3% tested against morphological identifications by Smith et al. (2005),
a divergence of 4% suggests either high intraspecific diversity or hidden diversity. In
combination with its wide geographic range and the heterogeneity of habitats it occupies
(Ben-Dov & Fisher 2010), the high genetic divergences exhibited by M. insularis
suggests that it may represent more than one species. If the specimens currently
identified as M. insularis represent a species complex it is expected that: 1) specimens
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will comprise multiple molecular taxonomic units (MOTUs) at a range of divergences
and 2) the branching pattern of the M. insularis phylogenetic tree would be accounted
for with greater accuracy with the inclusion of a species boundary (Monaghan et al.
2009). If contemporary habitat distribution drives diversification then M. insularis genetic
divergence should correlate with distinct habitats. It is expected that an AMOVA test of
sequence divergence in response to habitat type will be statistically significant.

The second chapter of my thesis explores the ecosystem processes responsible for
maintaining observed biodiversity patterns, namely symbiotic relationships. The
intimacy and evolutionary history of the relationship between M. insularis and
associated Diaspididae will be explored using cophylogenetic reconstruction. The
reconstruction will be generated using CoRe-PA 0.5.1 as it is the first cophylogenetic
reconstruction program that is capable of processing polytomies (Merkle et al. 2010).
Although the theory of cophylogeny dates back to 1913 (Fahrenholz 1913), recent
advancements in sequencing technology and computing (Caterino et al. 2000) have
allowed for quantifiable and systematic cophylogenetic reconstruction (Desdevises
2007) and consequently the testing of novel hypotheses. However, reference ranges for
phylogenetic congruence have not yet been established making CoRe-PA 0.5.1 results
for any given relationship difficult to predict.

All recently published studies using CoRe-PA focused on the relationship between a
virus and its host and two of the three concluded that there was significant phylogenetic
congruence between the species tested (Dilcher et al. 2012; Nemirov et al. 2010).
However, a mutualistic relationship similar to that shared by M.insularis and Diaspididae
involving the ant Crematogaster and its Coccus scale associate yielded a p-value of
0.77 when the number of cospeciations determined by CoRe-PA was compared to a
normal distribution. Given that the relationship between M. insularis and Diaspididae is
presumed to be mutualistic (Ben-Dov & Fisher 2010) it is unlikely to yield results
comparable to those achieved with host and virus relationships as species in mutualistic
relationships tend to be relatively less constrained by their associates (Bruyndonckx et
al. 2009; Hoeksema & Bruna 2000). Consequently it is expected that the number of
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cospeciations determined by CoRe-PA will fall in the upper tail of the normal
distribution, but will not achieve significance.

To provide context for the M.insularis and Diaspididae cophylogenetic reconstruction
the effect of sample size was tested on the likelihood of achieving a statistically
significant number of cospeciations by running CoRe-PA on the original dataset
reduced to 75%, 50% and 25% of its initial size. To test the effect of randomization
strategy, the original dataset was analyzed using all four randomization strategies
available in CoRe-PA: randomizing the host tree, the parasite tree, both the host and
parasite tree or the associations between the tips of the two trees (Merkle et al. 2010). I
expected the significance of the observed cospeciations to vary both positively and
negatively with randomization strategy and sample size.
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Chapter 2: The Utility of Standardized DNA Markers
in the Species Delineation of the Malagasy Ant
Melissotarsus insularis
Abstract
DNA analysis in combination with natural history collections can be used to supplement
and, in some instances replace novel biodiversity surveys reducing the prohibitive costs
of biodiversity quantification. The species status of the Malagasy ant Melissotarsus
insularis was assessed using 127 previously available sequences and three DNA
markers, COI, 12S and histone H3, sequenced from an additional 199 museum
specimens. Preliminary genetic analyses and geographic distribution suggested that the
name M. insularis may represent multiple species. However, the majority of the
perceived variation resulted from poor sequence quality or the amplification of cryptic
pseudogenes. Divergences in the number of synonymous and nonsynonymous
changes, nucleotide composition and clustering on a phylogenetic tree identified two to
three potential pseudogenes. Most COI sequences formed a single MOTU (molecular
operational taxonomic unit) at 2%, 3% and 4% divergence and most 12S sequences
formed a single MOTU at 1.6%. All additional MOTUs were comprised of a single
sequence each. Histone H3 sequences varied by one character state that did not
appear to be monophyletic when plotted on a COI Bayes tree. MOTU results were
corroborated by GMYC analyses which concluded that the M. insularis phylogenetic
tree is unlikely to contain a species boundary. Mantel analyses confirmed isolation by
distance with an r of 0.19497 for COI and 0.12665 for 12S but AMOVA analyses did not
support diversification by habitat. The species status of M. insularis was successfully
addressed using DNA sequencing and natural history collections only, precluding the
monetary and time investments inherent in novel specimen collection.
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Introduction
Quantifying biodiversity at the species level faces several barriers including ambiguous
species boundaries, cryptic species and limited resources (funding, time and taxonomic
expertise) (DeSalle & Amato 2004; Gardner et al. 2008; Kim & Byrne 2006). Prevailing
methods of biodiversity quantification such as the surveillance of species composition
are ambitious as they require relatively large budgets, may span several years and rely
on the availability of trained taxonomists (Balmford & Whitten 2003; Gardner et al. 2008;
Qi et al. 2008). Focussing on species whose biodiversity patterns correlate with those of
their habitat (biodiversity indicators) is a common approach to mitigating the costs of
biodiversity surveys (Kerr et al. 2000; Mandelik et al. 2010). However, limiting the
number of species surveyed does not guarantee sustainable survey budgets. Surveying
as few as four biodiversity indicator species can cost over $150 000 (Targetti et al.
2011).

In studies evaluating the costs of biodiversity surveys, labour was consistently identified
as the primary expenditure (Bisevac & Majer 2002; Gardner et al. 2008; Qi et al. 2008;
Targetti et al. 2011). Labour costs, including species identification, comprised 39% to
88.44% of the survey budget (Gardner et al. 2008; Qi et al. 2008; Targetti et al. 2011).
Focus was placed on documenting existing species composition using biodiversity
indicators or identifying potential biodiversity indicators for use in future surveys. Known
species were identified using morphological taxonomy and attempts at species
discovery were not made (Bisevac & Majer 2002; Gardner et al. 2008). The cost of
transportation and accommodation varied greatly between studies ranging from 11.74%
to 41% of the budget depending on the size of the study sites and their proximity to the
home institution (Gardner et al. 2008; Qi et al. 2008; Targetti et al. 2011). The costs of
transportation and accommodation were particularly high for the biodiversity surveys
conducted in the tropics; often considered to be a priority for biodiversity conservation
(Gardner et al. 2008).
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Using natural history collections (NHCs) to supplement and, in some instances (Harper
et al. 2006; Smith & Fisher 2009; Söller et al. 2000; Thomas et al. 1990), replace novel
biodiversity surveys can reduce the costs of biodiversity quantification both by reducing
or eliminating transportation and accommodation costs and by narrowing the survey
area or the number of individuals sampled. In cases where the purpose of the survey is
to document known species as opposed to species discovery (i.e. the monitoring of
biodiversity indicators) NHCs may contribute by serving as a historical reference for the
study of species composition over time, inferring species distribution and identifying
poorly sampled populations thereby narrowing the study area (Graham et al. 2004).
Opportunities to narrow the study area using existent species data are critical as
reducing the number of transects sampled or the intensity of sampling has been shown
to significantly reduce survey costs (Qi et al. 2008). If the purpose of the survey is
species discovery then NHCs may be used to identify morphological characters unique
to the species of interest, conduct a population genetics analysis, sample endangered
or elusive individuals or generate a preliminary phylogeny (Asher & Hofreiter 2006;
Crandall et al. 2009; Suarez & Tsutsui 2004). A preliminary phylogeny may reduce the
number of individuals sampled by concentrating future sampling effort on
underrepresented clades. Consequently, if enough specimens have been adequately
preserved a novel survey may not be necessary (Harper et al. 2006; Smith & Fisher
2009; Söller et al. 2000; Thomas et al. 1990). Furthermore, a preliminary phylogeny can
direct research questions and serve as the context for a novel phylogeny.

One of the primary limitations of using NHCs in biodiversity quantification is their
taxonomic bias. Groups that are charismatic and easily identified such as vertebrates,
birds and plants are often overrepresented in NHCs while arthropods, nematodes and
fungi remain underrepresented (Newbold 2010; Spector 2006). The incredible diversity
of arthropods complicates specimen collection and identification and is, in part,
responsible for their historic underrepresentation in taxonomic studies (Spector 2006).
However, arthropods are integral to ecosystem functioning and play a primary role in
biodiversity quantification (Spector 2006; Underwood & Fisher 2006). It is, therefore,
critical that they are adequately represented in comprehensive estimates of biodiversity
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(Newbold 2010; Spector 2006). DNA identification techniques such as DNA barcoding
have allowed for the rapid curation of thousands of arthropod specimens making them
available for inclusion in biodiversity assessments (Smith et al. 2005; Vernooy et al.
2010; Wilson 2010).

A combination of diverse methods tends to be the best option for species discovery
(DeSalle et al. 2005; Padial et al. 2010) and contemporary methods of species
delineation frequently corroborate species designations determined via morphology and
ethology with genetic data (Husseneder & Grace 2001; Perring et al. 1993; Smith et al.
2006; Tan et al. 2009). However, within the context of biodiversity quantification,
abstaining from attempts to delineate species prior to acquiring morphological,
ethological, and genetic data results in a species delineation process that is, albeit
robust, time and resource intensive. Within the past three decades, the analysis of
mtDNA in combination with complementary gene fragments has been proposed as a
cost and time effective option for species delineation (Vogler & Monaghan 2007). The
relatively high rates of mutation and low rates of recombination characteristic of mtDNA
yield the high resolution necessary for the inference of species trees on a mass scale
(Ballard & Whitlock 2003; Rubinoff & Holland 2005). The use of mtDNA is often
criticized for its unique drawbacks; nuclear inserts of mitochondrial DNA (numts) or
pseudogenes and variable patterns of inheritance (mtDNA is not always maternally
inherited; a common assumption in the generation of mtDNA phylogenies) as they may
result in phylogenetic trees that do not accurately represent the species phylogeny
(Aitken et al. 2004; Galtier et al. 2009; Rubinoff & Holland 2005). However,
mitochondria play a vital physiological role and the evolution of mtDNA provides
characters that can inform species delineation, albeit in a manner different from that of
nuclear DNA (Rubinoff & Holland 2005). If analyzed in combination with complementary
nuclear markers, geographic distribution and available ecological and climatic data,
mtDNA may be used to develop and test species hypotheses (Vogler & Monaghan
2007).
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In order to explore the utility of standard DNA markers in maximising the value of NHCs
I will focus on elucidating the species status and phylogeography of Melissotarsus
insularis. M. insularis (Fig. 1) is one of four species in the genus Melissotarsus and is
the only species in the genus endemic to Madagascar (Ben-Dov & Fisher 2010).
Melissotarsus is unique in that it is the only genus in the order Hymenoptera with adults
that possess hypostomal silk glands (Fisher & Robertson 1999). Secreted silk is drawn
out using forelegs equipped with a silk brush (Fisher & Robertson 1999). Melissotarsus
establish colonies by tunnelling in the live wood of 23 different dicotyledonous tree
species wherein they maintain armored scale insects presumably as a secondary food
source (Ben-Dov & Fisher 2010; Fisher & Robertson 1999). The armored scale insects
maintained by Melissotarsus have been identified as members of two major subfamilies:
Aspidiotinae and Diaspidinae in the family Diaspididae (Ben-Dov & Fisher 2010).
Although the genus, Melissotarsus, has been the focus of several publications, none
address the species status of M. insularis (Ben-Dov 2010; Ben-Dov & Fisher 2010;
Delage-Darchen 1972; Fisher & Robertson 1999; Mony et al. 2002; Santschi 1911).
Despite its wide distribution, it is difficult to collect as colonies are concealed in galleries
excavated in living trees and workers do not forage outside the galleries (Fisher &
Robertson 1999). Its remote location and elusive nature (Fisher & Robertson 1999)
make M. insularis an excellent candidate for exploring the utility of genetic analyses in
maximizing the value of NHCs.

In preliminary analyses of existent M. insularis sequences available on the DNA
barcoding database BOLD (Ratnasingham & Hebert 2007) over 57% of the uploaded
sequences exhibited a divergence of 4% or greater with some sequences diverging as
much as 12%. Although no set range for intraspecific and interspecific genetic
divergence exists (Cognato 2006) Smith et al. (2005) found an average interspecific
diversity of 16% between morphologically delineated ant species across Madagascar
and when morphological species were tested using molecular data an intraspecific
diversity of 2-3% was found. Consequently, Smith et al. (2005) suggested that a
threshold of 2–3% is an appropriate hypothesis for testing ant species identity.
Furthermore, M. insularis is widely distributed across Madagascar and occupies a
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diverse range of habitats. It is distributed throughout all four of Madagascar‟s simplified
bioclimatic regions (Cornet 1974) and subsists within 15 different families of plants
including flowering trees and shrubs (Ben-Dov & Fisher 2010). Considering that habitat
heterogeneity has been shown to be a driver of diversification in several other ant
species (Pacheco & Vasconcelos 2012; Pfeiffer & Mezger 2012; Smith et al. 2005), it is
possible that M. insularis is comprised of more than one species.

The current study will 1) assess the species status of the Malagasy ant Melissotarsus
insularis and 2) relate the genetic diversity of M. insularis to Madagascar‟s unique
habitats. A map identifying unique habitats was developed by Wilmé et al. (2006) using
quaternary paleoclimatic patterns, databases mapping Madagascar‟s rivers and
watersheds and the distribution of 35,400 terrestrial vertebrates and will be used as a
reference. If M. insularis represents a species complex it is expected that specimens
comprise multiple molecular taxonomic units (MOTUs) at a range of divergences.
Furthermore, the branching pattern of the M. insularis phylogenetic tree should be
accounted for with greater accuracy with the inclusion of a species boundary. If habitat
is the driver of diversification then M. insularis genetic divergence should correlate with
the unique habitats identified by Wilmé et al. (2006). It is expected that an AMOVA test
of sequence divergence in response to habitat type will be statistically significant.

Methods
Specimens

My dataset was comprised of a combination of novel and previously available
Melissotarsus insularis sequences. I amplified the barcoding region of the mitochondrial
COI gene, a fragment of the mitochondrial ribosomal tRNA gene 12S and a fragment of
the nuclear gene histone H3 from 67 collection events of M. insularis. When available,
three specimens from each collection event were selected based on their physical
integrity for subsampling yielding a total of 199 specimens. Specimens were collected
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by Brian Fisher and the Fisher-Griswold Arthropod Team between 2001 and 2009. They
were manually extracted from various plant species across Madagascar and stored in
ethanol at the California Academy of Sciences.

A total of 129 M. insularis COI sequences were uploaded to the Barcode of Life Data
Systems (BOLD) (Ratnasingham & Hebert 2007) between 2005 and 2009. One sister
from each collection event was included in the phylogenetic analysis. Sisters were
selected based on sequence length. In cases where a longer sequence was generated
from the same collection event the longer sequence was chosen. Pheidole
megacephala sequences accessed through GenBank were included as the outgroup for
the COI and 12S phylogenies (GenBank accession numbers EF610027.1 and
EF518664.1 respectively). For a list of specimen process IDs, sample IDs, GenBank
accession numbers and collection details see Appendix 1.

DNA Extraction, Amplification and Sequencing
All specimens were point-mounted with the use of a LeicaTM (S8AP0) microscope and
photographed with a Dino-Lite Pro2 (AD-4132TA) microscope prior to extraction. The
middle right leg of each ant was removed using forceps sterilized with ethanol and then
stored in 30 μl of ethanol. In addition to the middle right leg, the abdomen was removed
from 95 specimens. DNA was extracted from the middle right leg at the Biodiversity
Institute of Ontario as described by Ivanova et al. (2006). DNA extraction from the
abdomen was conducted using the Macherey-Nagel NucleoSpin® 96 Tissue kit with the
following modifications to the manufacturer‟s instructions. Sub-sampling plates were
placed into an incubator for 1 hour and 20 minutes prior to extraction in order to
evaporate the ethanol used to store the samples. Instead of Buffer BE, 50 μl of
preheated ddH2O per well was used to elute the DNA and the elution step was not
repeated as was suggested in the manual. COI was amplified from M. insularis using
primers LepF1 and LepR1, C_ANTMR1D and RonMWASPdeg_t1, 12S was amplified
using primers 12Sai and 12Sbi-f and H3 was amplified using primers H3F and H3R. For
a detailed list of primers see Appendix 2.
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Amplification and sequencing was conducted according to standard DNA barcoding
protocols based on Hajibabaei et al. (2005) and Smith et al. (2008). To amplify target
DNA, a solution comprised of 625 µl of trehalose, 200 µl of ddH2O, 125 µl of 10x buffer,
62.5 µl of MgCl2, 12.5 µl each of forward and reverse primer, 6.25 µl of 10 mM dNTPs
and 6 µl of Taq polymerase, was aliquoted into a 96 well plate and 1.0 µl of DNA
template was added to each well. The plate was then run on an Eppendorf® thermal
cycler (6325). PCR temperature profiles used for amplification differed with primer. For
a detailed description of PCR temperature profiles by primer see Appendix 3 in the
supplementary material. Amplicons were visualized using pre-cast E-Gel® agarose gels
by Invitrogen™.

PCR products were not purified prior to sequencing. A standard solution comprised of
550.0 µl of trehalose, 210.83 µl of ddH2O, 100.83 µl of 5x buffer, 110 µl of 10 µM
forward or reverse primer and 18.33 µl of BigDye® was aliquoted into a 96 well plate
and 2.0 µl of amplicon were added to each well. The plate was then run on an
Eppendorf® thermal cycler using a PCR sequencing program with the following
temperature profile: 2:00 minutes at 96°C, 30 cycles of 30 seconds at 96°C, 15 seconds
at 55°C and 4:00 minutes at 66°C. Target amplicons were sequenced using the ABI
BigDye™ v. 3.1. Cycle Sequencing Kit on an ABI 3730XL (Biodiversity Institute of
Ontario) or ABI3730 (Genomics Facility, Advanced Analysis Centre) sequencing
platform.

Sequence Editing and Phylogenetic Analysis

Sequences were edited and aligned using Sequencher v. 4.5 and v. 5.0 (Gene Codes
Corporation, Ann Arbor, Michigan) and BioEdit (Hall 1999) respectively. Sequences 160
bp or less in length or those that were more than 2% heteroplasmic were excluded from
further analysis.

Incongruent amplifications originating from the same specimen were analyzed using the
number of synonymous (dS) and nonsynonymous (dN) changes, nucleotide
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composition and neighbour-joining trees generated in MEGA 5.0 (Tamura et al. 2011) to
determine whether they resulted from paternal recombination, heteroplasmy or
pseudogene amplification. Departure from expected dS and dN values and nucleotide
composition and clustering on a phylogenetic tree are all indications of divergence from
the functional gene (Martins Jr et al. 2007). Amplifications that exhibited all three
characteristics were considered to be likely pseudogenes.

COI and 12S phylogenetic trees were generated using one sister as a representative
from each collection event. Sisters were chosen based on sequence length and
sequence quality expressed in Sequencher v. 5.0 as the proportion of a sequence
comprised of base calls with a high confidence value as defined in the Sequencher v.
5.0 manual (GeneCodesCorporation 2011). A subset of specimens yielding both COI
and 12S sequences was utilized to conduct a partition analysis. Neighbour joining and
maximum parsimony analyses were conducted in MEGA 5.0 (Tamura et al. 2011).
Maximum likelihood analysis was conducted in PAUP* version 4.0 (Swofford 2003)
while Bayesian and partition analyses were conducted in MrBayes version 3.1.2
(Huelsenbeck & Ronquist 2001). All analyses used evolutionary models determined by
the hierarchical likelihood ratio test (hLRT) employed in ModelTest version 3.7 (Posada
& Crandall 1998). Analyses conducted in MEGA 5.0 used the Tamura-Nei model of
evolution; the closest available model to the best-fit model determined by the hLRT with
the gamma parameter specified. The Bayesian analyses were run for 60,000,00088,000,000 generations depending on the size of the dataset. Burnin was set at 25%
and confirmed in Tracer v1.5 (Rambaut & Drummond 2007).

The multiple threshold GMYC (general mixed Yule-coalescent) model (Monaghan et al.
2009) a revised version of the GMYC model developed by Pons et al. (2006) was
utilized to determine a potential species boundary. The ultrametric trees used in the
GMYC analysis were generated in BEAST version 1.6.0 (Drummond & Rambaut 2007).

jMOTU (Jones et al. 2011) was used to delimit MOTUs (molecular operational
taxonomic units) for genetic divergences ranging from 0.001-10% at the default
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threshold of 97%. DIVA-GIS v. 7.5 (Hijmans et al. 2001) was used to associate
sequences with unique habitats previously identified by Wilmé et al. (2006) based on
their distribution. Mantel tests were conducted in PASSaGE (Rosenberg & Anderson
2011) using genetic distances determined under the Kimura 2-Parameter model of
evolution (with the gamma parameter specified based on Modeltest v. 3.7 results) and
Euclidean distances determined via the spherical functions implemented in the
Geographic Distance Matrix Generator version 1.2.3 (Ersts Internet). AMOVA analyses
was conducted in Arlequin v. 3.5 (Excoffier & Lischer 2010).

Results
Sequence Statistics

Of the 199 M. insularis specimens subsampled, 184 (92%) yielded COI sequences, 142
(71%) yielded 12S sequences and 85 (43%) yielded H3 sequences that complied with
the sequence quality guidelines established in the Methods. COI and 12S exhibited a
strong AT bias consistent with most insect mitochondrial sequences (Schwarz et al.
2004), while histone H3 was comprised of 24% T, 27% C, 24% A and 25% G. COI and
12S contributed 175 (26%) and 51 (14%) parsimony informative sites respectively. H3
was less variable yielding only one parsimony informative site. A comparison of the 12S
and COI genetic distances suggested that the relationship was not significant (Fig. 2). A
Mantel test comparing the 12S and COI genetic diversities yielded an r of 0.06246 and
a p-value of 0.05123.

Intra-individual Incongruent Amplifications

Incongruence between different amplifications derived from the same DNA extract
occurred in 45 samples, 44 of which were from the DNA plate containing extracts
ASMEL01-11 to ASMEL95-11 (Plate accession: BIOUG01058) and one of which
(ASMEL253-11) was amplified from a different plate (Plate accession: BIOUG01060). In
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general, the specimens that were sequenced multiple times due to poor sequence
quality exhibited the greatest variation between the two LepF1/LepR1 amplifications
whereas specimens that were successfully sequenced on the first attempt yielded
congruent amplifications.

The number of synonymous substitutions per synonymous site (dS) exhibited by the
sequences that did not agree with either sisters or other amplifications of the same
specimen was significantly lower (p= 1.86 x 10-08 when the means were compared
using a Student‟s t-test) than the dS of those that agreed. The sequences that both
disagreed and exhibited a low dS were all LepF1/LepR1 or LepF1/C_ANTMR1D
amplifications of the 44 extracts from BIOUG01058. Consequently, incongruent
amplifications that exhibited a dS of 1.3 or lower were excluded from the dataset utilized
to generate the M. insularis phylogenies.

The difference in the number of non-synonymous substitutions per non-synonymous
site (dN) between the incongruent LepF1/LepR1 and LepF1/C_ANTMR1D
amplifications and congruent amplifications was not significant (p= 0.081 when the
means were compared using a Welch‟s t-test). However, sequences amplified with
RonMWASPdeg_t1 had a significantly higher dN (p= 2.66 x 10-12) than other
amplifications of the same specimen.

Nucleotide composition was similar across sequences generated by all primer pairs
apart from those amplified with RonMWASPdeg_t1 which had a cytosine composition of
21%, approximately 3% higher than the LepF1/LepR1 amplifications and 5% higher
than the LepF1/C_ANTMR1D amplifications. Furthermore, in a neighbour-joining tree
that included all amplifications the incongruent RonMWASPdeg_t1 amplifications
tended to group together as opposed to grouping with LepF1/LepR1 and
LepF1/C_ANTMR1D amplifications of the same specimen (Fig. 4 and Fig. 5). As a
result of both the significantly higher dN and the grouping of amplifications on the
neighbour-joining tree, the incongruent RonMWASPdeg_t1 amplifications were not
included in further analysis as they likely represent a distinct group of pseudogenes.

17

Phylogenetic Analysis

The best fit model determined for COI and 12S by the hierarchical likelihood ratio tests
(hLRTs) in ModelTest v. 3.7 (Posada & Crandall 1998) was TVM+I+G and TrN+I+G
respectively. The Tamura-Nei model was used for the neighbour-joining and maximum
parsimony analyses conducted in MEGA 5.0 (Tamura et al. 2011). The best fit model for
both the COI and 12S partitions had gamma distributed among-site rate variation with
six substitution types. Partitions were therefore defined but run under the same model.

In general, clades with high bootstrap support or posterior probabilities were conserved
across the neighbour-joining, maximum parsimony and Bayes COI trees (see Appendix
4 for all phylogenetic trees). Several specimens exhibited significant variability in all
three trees: ASMEL054-11, ASMEL198-11 and ASMEL271-11. Two well supported
groups on the COI Bayes tree were not represented by the maximum parsimony tree:
ASAM152-05 and ASMEL077-11 which formed the sister clade to ASAM204-05,
ASMEL089-11 and ASMEL326-11 with a posterior probability of 0.89 and ASMEL20511 which formed a clade with ASMEL206-11 and ASMEL211-11 on both the neighbourjoining and Bayes tree with a posterior probability of 1.

Only 30 of the 63 taxa, not including the outgroup, were resolved on the 12S Bayes
tree. The majority of resolved taxa were conserved across the 12S neighbour-joining,
COI Bayes and Bayes partition trees. ASMEL328-11 tended to group with ASMEL00111 on the 12S trees but not the COI and partition trees. The representation of
ASMEL328-11 on the COI and partition trees is most likely the result of its apparent
divergence due to the poor sequence quality of the COI amplification. The 12S
maximum parsimony tree differed significantly with only three of all resolved sister
groups on the Bayes tree appearing on the maximum parsimony tree.

Both the COI and 12S trees exhibited a topology similar to that of the partition tree.
Almost all resolved associations on the COI and 12S phylogenies were present on the
partition tree. ASMEL328-11 was represented by a particularly long branch most likely
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due to the influence of the low quality COI sequence as opposed to the corresponding
12S sequence which associated with ASMEL001-11 on the 12S phylogeny.

The single parsimony informative site in the H3 dataset has been indicated on the M.
insularis COI Bayes tree by the colour of the taxa names as either a T (red), a C (blue)
or a Y (purple) (Fig. 6). None of the three states appeared to be monophyletic.
Furthermore, the tree tips have been colour coded according to the habitats defined by
Wilmé et al. (2006). In general, specimens tended to group by latitude as opposed to
habitat.

Identifying MOTUs

In both the COI and 12S analyses the number of MOTUs (Molecular Operational
Taxonomic Units) dropped significantly within the first 2% and reached a plateau at 4%
for COI and 1.6% for 12S that extended to a divergence of 10%. MOTU composition for
the partition dataset was similar to COI, however, two plateaus were reached one at
1.9% and one at 5.0% (Fig. 7). COI MOTU composition will be reviewed at 2%, 3% and
4%, 12S MOTU composition will be reviewed at 1.6% and the partition MOTU
composition will be reviewed at 1.9% and 5.0% respectively.

At a divergence of 2% the COI dataset formed four MOTUs. The majority of sequences
were grouped into MOTU001 while an additional three sequences each formed a
MOTU: ASMEL250-11, ASMEL328-11 and ASIMB940-09. At 3% divergence all but two
sequences were grouped into MOTU001. MOTU002 was comprised of sequences
ASIMB940-09 and ASMEL328-11. At 4% divergence the number of MOTUs reached a
plateau of one wherein all COI sequences formed a single MOTU. It is unlikely that the
composition of MOTUs at 2% and 3% represented genetic variability characteristic of
distinct taxonomic groups. The majority of sequences were similar enough to form a
single MOTU. None of the additional MOTUs were comprised of more than one
sequence distinguishing them as divergent from both the majority of the dataset and
one another. ASMEL328-11 was one of the lowest quality sequences selected for
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analysis. Although it fell within the rule set used to distinguish suitable sequences, it is
possible that much of its variability was the result of coamplification. ASMEL250-11
appeared to be genuinely divergent from the majority of the sequences as its
chromatograph exhibited clean, strong peaks. ASIMB940-09 varied from the rest of the
dataset, but unlike ASMEL250-11, had four ambiguities.

A similar distribution was observed when the 12S sequences were analyzed (Fig. 7).
The number of MOTUs reached a plateau of 4 at a divergence of 1.6%. MOTU002,
MOTU003 and MOTU004 were comprised of one sequence each while MOTU001
represented the remainder of the dataset. In this case the sequences comprising the
single sequence MOTUs were ASMEL061-11, ASMEL064-11 and ASMEL010-11.
ASMEL061-11, ASMEL064-11 and ASMEL010-11 are three of the shortest sequences
(147 to 176 bp) in the 12S dataset. All three contain ambiguities that distinguish them
from sequences of similar size and are likely responsible for their grouping into
individual MOTUs. The results of the partition dataset were almost identical to those of
the COI dataset as ASMEL328-11 comprised its own MOTU at 1.9% divergence while
MOTU001 represented the remainder of the dataset. At a divergence of 5.0% all
partition sequences formed a single MOTU. The lack of overlap between the single
sequence MOTUs identified by jMOTU in the COI and 12S datasets and the distribution
of the sequences among the MOTUs indicates a possibility that the distinction is an
artefact of sequence quality or pseudogene amplification.

GMYC Analysis

Both the single threshold as well as the multiple threshold GMYC (general mixed Yulecoalescent) analysis was performed on the COI and 12S datasets. The alternative
hypothesis, that the phylogenetic tree contains a species boundary or multiple potential
species boundaries, was tested against the null hypothesis, that the phylogenetic tree
does not contain a species boundary. The alternative hypothesis did not account for the
data significantly better than the null hypothesis in either case (Table 1).
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Mantel Analyses and AMOVA

Mantel analyses of the COI and 12S datasets both yielded a statistically significant,
positive r value. The r value for the partition dataset was similar to that of the 12S
dataset, however the relationship was not significant (Table 2) suggesting a discrepancy
between the COI and 12S sequences. The relationship between genetic divergence and
geographic distance has been summarized in Figure 8 for the COI, 12S and partition
datasets.

The relationship between genetic divergence and the unique habitats identified by
Wilmé et al. (2006) was tested using an AMOVA approach. Analyses were run on COI,
12S and partition datasets and in all three cases the majority of the variation occurred
within populations (75.88% for COI, 100.98% for 12S and 98.32% for the partition
dataset) (Table 3).The variation among unique habitats (regions) comprised a minority
of the total variation and was not significant (-7.59% for COI, 7.31% for 12S and 7.60%
for the partition dataset). Variation among populations within the same region was
significant for COI comprising 31.72% of the total variation likely as a result of the higher
genetic diversity exhibited by COI in relation to 12S. Neither the 12S nor the partition
dataset exhibited significant variation among populations within the same region. In both
cases variation was negative and comprised -8.29% for 12S and -5.92% for the partition
dataset of total variation.

Discussion
Prior to the current study, Melissotarsus insularis appeared to exhibit a level of genetic
diversity that, in combination with its wide distribution, suggested the presence of more
than one species. Preliminary analyses of previously amplified COI sequences included
intraspecific divergences of 4% and higher. However, in the process of sequencing
additional specimens several likely pseudogenes were identified. Following their
exclusion from further analysis, a MOTU analysis of the remaining sequences
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concluded that the majority of COI and 12S sequences were represented by a single
MOTU at a divergence of 2% or higher. The additional MOTUs were represented by
one or two specimens. At divergences of 3% or higher the number of additional MOTUs
decreased to one in the COI dataset. The additional MOTU in the COI analysis was
represented by ASMEL328-11 and ASIMB940-09. ASMEL328-11 stood out in both the
MOTU and phylogenetic analysis as a result of its poor sequence quality. The single
sequence MOTUs in the COI and 12S datasets did not overlap indicating a low
likelihood that they represent evolutionarily divergent specimens. The three additional
single sequence MOTUs in the 12S dataset are represented by low quality sequences.
In both cases the sequences comprising the additional MOTUs may be pseudogenes
particularly with 12S as it had been sequenced only once making it difficult to test for
pseudogene amplification. In a study on ant diversity across Madagascar Smith et al.
(2005) found an average interspecific diversity of 16% between morphologically
delineated ant species but suggested that a threshold of 2-3% was appropriate for
testing ant species identity. A divergence of 2-3% does not necessarily mark a threshold
for species delineation, however, it does provide a context for the current dataset
particularly when the source of sequence divergence is suspect even at 2%.

The diversity of the histone H3 gene varies with species and can range from diversity
indicative of cryptic species (Steenkamp et al. 2002) to minimal diversity both within
(Sarnat & Moreau 2011) as well as between species (Bennett & O'Grady 2012). For
example, the Fusarium (fungus) histone H3 sequences analyzed by Steenkamp et al.
(2002) yielded 6 parsimony informative sites and the four isolates distinguished by the
histone H3 genealogy were loosely congruent with those identified by the β-tubulin,
HB9, HB14, and HB26 genealogies. Several species of Formicidae in the dataset
generated by Sarnat and Moreau (2011) did not exhibit intraspecific variation in the
histone H3 gene (i.e. Pheidole simplispinosa). A lack of interspecific variation in H3 can
be seen in the dataset published by Bennet and O‟Grady (2012) between species
Nesophrosyne sp. 318 (Cicadellidae) and Nesophrosyne sp. 48 (Cicadellidae) despite
variation between the two species in the COI phylogeny. The histone H3 sequences in
the current study yielded one parsimony informative site with three possible character
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states: T, C or Y. However, the variation in character states did not distinguish between
the MOTUs or clades established by the phylogenetic analysis. Only 32 out of the 126
specimens included in the COI phylogenetic analysis had corresponding histone H3
sequences. Even in cases where a clade appeared to express a singular character
state monophyly was difficult to ascertain as the histone H3 character states of the
sister sequences were unknown.

The designation of M. insularis as a single species was corroborated by the GMYC
(general mixed Yule-coalescent) analysis independent of MOTU delimitation. The
GMYC model suggests a species boundary by identifying the point within a phylogeny
wherein a marked increase in branching rate occurs (Pons et al. 2006). It is capable of
developing species hypotheses independent of previously delimited groups allowing for
a standalone analysis of genetic data as suggested by Brower et al. (1996).

The wide distribution of M. insularis was addressed by Mantel tests, AMOVA analyses
and the relationship between the position of a specimen on the M. insularis phylogenetic
tree and its collection locality. A Mantel test of the COI and 12S sequences concluded
that genetic divergence correlated significantly with geographic distance (see Table 2).
Furthermore, when specimens on the COI Bayesian tree were colour coded by locality it
was apparent that each clade was associated with a range of latitudes as opposed to
the unique habitats identified by Wilmé et al. (2006). In combination with Mantel tests,
this grouping of specimens by latitude supports the isolation by distance hypothesis
wherein a species diverges genetically as a result of geographic distance depending on
its dispersal abilities (Wright 1943). The AMOVA analyses concluded that specimen
divergence was not significantly associated with the habitats delineated by Wilmé et al.
(2006). The lack of association is expected given the MOTU results and the lack of
association between clades on the phylogenetic tree and locality.

The preliminary hypothesis on the species status of M. insularis was successfully
addressed using previously generated sequences and museum specimens only. A
convergence of several independent tests on genetic divergence and phylogeographic
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structure concluded that M. insularis is unlikely to represent a species complex but
rather a single species. The genetic diversity data obtained from the sequences
presumed to represent functional genes will work to inform future surveys of M. insularis
and caution analyses of speciation against apparent genetic diversity resulting from the
amplification of cryptic pseudogenes.

Sequencing Museum Specimens

Approximately 92% of the specimens sub-sampled yielded COI sequences that
complied with the sequence quality guidelines established in the Methods in comparison
to 71% for 12S sequences and 43% for histone H3 sequences. Specimens ranged in
age from 3 to 12 years with approximately 47% of specimens aged at 10 years or more.
In a preliminary analysis of 300 Tephritid specimens Van Houdt et al. (2009) found that
an average of 15% of the sampled specimens aged 10 years or more yielded a DNA
barcode when standard protocols were used. The comparatively high sequencing
success rate achieved in the current study could be attributed to overall younger
specimens, a different set of qualifications for sequence quality and multiple sequencing
attempts. Failed specimens were amplified an additional one to three times using
degenerate primers (failure tracked) designed to amplify shorter DNA fragments.
Museum specimens yield DNA in various stages of degradation depending on the
method of collection and preservation and the age of the specimen (Lindahl 1993). They
are therefore more likely to yield poor quality sequences and often require additional
treatment (Wandeler et al. 2007). When comparing the costs of studies that incorporate
museum specimens and those that use newly collected specimens it is essential to
consider the additional costs necessary to successfully amplify potentially degraded
DNA such as designing novel primers and re-amplifying failed specimens. Note that a
similar result was not achieved for 12S (amplification efficiency of 71%), in part,
because amplification using alternate primers was not attempted due to limited time and
resources.
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The Role of Cryptic Pseudogenes in Phylogenetic Analysis

Typically, incongruence between amplifications is the result of paternal recombination,
mtDNA heteroplasmy or the amplification of nuclear mitochondrial DNA (numts)
otherwise known as pseudogenes (Bensasson et al. 2001; Magnacca & Brown 2010).
Although indirect evidence for paternal recombination has been presented for a number
of taxa, the majority of the definitive evidence has been isolated to bivalves, hybrids and
humans (Ballard & Whitlock 2003; Barr et al. 2005). It is possible but unlikely that the
incongruent sequences in my dataset were the result of paternal recombination. The
three primer combinations yielded from three to four different amplifications as opposed
to two as would be expected in the case of paternal recombination. Much like paternal
recombination, heteroplasmy has rarely been recorded in the coding regions of the
arthropod genome (Magnacca & Brown 2010). Were the incongruent amplifications the
result of paternal recombination or heteroplasmy similar dN (nonsynonymous changes)
and dS (synonymous changes) values and nucleotide composition would be expected.
However, incongruent amplifications 1) exhibited statistically significant differences in
dN and dS values, 2) deviated from the expected nucleotide composition and 3) tended
to form groups on a neighbour-joining phylogenetic tree suggesting that they are the
result of pseudogene amplification.

Pseudogenes are commonly detected by the presence of stop codons, frameshift
mutations and high dN/dS ratios (Bensasson et al. 2001; Calvignac et al. 2011).
However, the method of detection is dependent on whether the pseudogene amplified is
cryptic or apparent (Bertheau et al. 2011; Martins Jr et al. 2007). According to Bertheau
et al. (2011) cryptic pseudogenes vary from functional genes by approximately 1-3 bp
but do not contain stop codons or frameshift mutations. As their apparent divergence
from functional genes is minimal, their dN/dS ratios, nucleotide composition and
phylogenies are difficult to differentiate from their functional counterparts. I suggest
expanding the definition of cryptic pseudogenes to include amplifications that differ from
the corresponding functional gene by more than 3 bp but, similarily to the definition
proposed by Bertheau et al. (2011), do not contain stop codons or frameshift mutations.
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The goal of differentiating between cryptic and apparent pseudogenes for the purposes
of this study is to a) bring attention to the difficulty associated with identifying cryptic
pseudogenes and the challenges they pose to species delineation and b) to determine
effective methods for identifying cryptic pseudogenes. My dataset contained a
combination of cryptic as well as apparent pseudogenes. Suspected pseudogenes
varied from functional genes by 2-30 bp but did not contain stop codons or frameshift
mutations. Pseudogenes that varied from functional genes by 1-10 bp behaved similarly
and were consequently referred to as cryptic pseudogenes.

The classification of sequences as pseudogenes was not exact as the differences in the
sequence statistics were slight. For example, the average dS of congruent and
incongruent sequences was 1.51 and 1.26 respectively. Suspect amplifications with a
dS of 1.3 or lower were excluded from further analysis. However, a minority of the
incongruent amplifications excluded from the analysis had a dS that exceeded 1.3.
Although a dS threshold of 1.3 served as a guide it did not conclusively delineate
pseudogenes from functional genes. Nuclear pseudogenes accumulate mutations at
rates that are 5 to 10 times slower than their functional counterparts (Lü et al. 2002).
However, pseudogenes are not subject to the evolutionary constraints imposed on
functional genes and mutations that would otherwise result in selection against a
functional gene may persist in pseudogenes (Saccone et al. 2000). Consequently,
pseudogenes can exhibit either comparatively „slower‟ or „faster‟ rates of evolution. It is
possible that the amplifications that exhibited lower dS values were recently diverged
pseudogenes that have accumulated mutations at a comparatively slower rate than
equivalent functional mitochondrial genes (Lü et al. 2002).

The susceptibility of the M. insularis specimens to pseudogene amplification was most
likely the result of specimen age, the length of the target gene region and the
degeneracy of the RonMWASPdeg_t1 and C_ANTMR1D primers. Pseudogenes tend to
be shorter than their functional ancestors (D'Errico et al. 2004). The specimens used in
the current study were between 3 and 12 years old and had likely undergone DNA
degradation (Van Houdt et al. 2009). Furthermore, RonWASPdeg_t1 and C_ANTMR1D
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were designed to amplify shorter regions of the CO1 gene than LepF1/LepR1. Both the
age of the specimens and the length of the target gene region resulted in shorter
amplicons and may, therefore, have increased the probability of pseudogene
amplification.

The LepF1/LepR1 primers were originally designed to amplify the barcode region in
insects. In the current study, LepF1/LepR1 amplified both the functional gene and a
pseudogene presumed to have a slower rate of evolution. This likely occurred because
the pseudogene represented an ancestral state and resembled LepF1/LepR1 more so
than the functional gene. RonMWASPdeg_t1 and C_ANTMR1D amplified pseudogenes
presumably as a result of their degeneracy. Out of the 41 bases comprising
RonMWASPdeg_t1 five (12%) were degenerate while eight (36%) out of 22 bases were
degenerate in C_ANTMR1D. The ambiguous bases allowed RonMWASPdeg_t1 and
C_ANTMR1D to bind to DNA fragments that were divergent from the target region
increasing the probability of pseudogene amplification. The degeneracy of
C_ANTMR1D may have accounted for why its apparent amplification target alternated
between the functional gene and the pseudogene with greater frequency than
RonMWASPdeg_t1 which tended to target either the pseudogene or the functional gene
depending on the DNA plate amplified.

Standard DNA barcoding protocols involve the bidirectional sequencing of a 658 bp
fragment at the 5‟ end of the COI gene (Hebert et al. 2003). Multiple amplifications using
taxa specific primers are common but do not comply with the standard DNA barcoding
ethos (Ratnasingham & Hebert 2007). The minimalism of the DNA barcoding approach
reflects its goals: to serve as an economic DNA reference database for species
identification (Ratnasingham & Hebert 2007). However, it also increases the chances of
undetected pseudogene amplification; a vulnerability that has been criticized in the past
(Buhay 2009; Song et al. 2009). Pseudogene detection in the current study resulted
from the incongruence between multiple amplifications of specimens that were
unsuccessfully sequenced on the first attempt. Both the degenerate primers
(RonMWASPdeg_t1 and C_ANTMR1D) as well as primers initially used to amplify M.
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insularis (LepF1/LepR1) amplified pseudogenes. The identification of pseudogenes in
the context of DNA barcoding is limited by time and funding. Amplifying and sequencing
old or poorly preserved specimens multiple times serves as a relatively economic option
to test for the presence of pseudogenes.

In the case of phylogeographic and species revision studies a comprehensive approach
is advisable. As was the case with the current study, pseudogenes are not always
readily identifiable by the detection of stop codons and frameshift mutations. Resources
permitting, pseudogenes can be both avoided and detected by mtDNA purification, the
amplification of cDNA, long-range mtDNA amplification and the dilution of the DNA
extract (Bensasson et al. 2001; Calvignac et al. 2011). Calvignac et al. (2011)
compared all four methods and concluded that diluting the DNA extract was the most
efficient approach. Furthermore, dilution of the DNA extract is oftentimes the most
economic of the four making it a good candidate for initial attempts at pseudogene
exclusion.

Phylogeography of Melissotarsus insularis

The diversification of M. insularis in response to latitude as opposed to habitat is
inconsistent with the findings of previous studies on the relationship between
Hymenopteran diversity and habitat type particularly in tropical regions such as
Madagascar (Pacheco & Vasconcelos 2012; Pfeiffer & Mezger 2012; Smith & Fisher
2009). Principle component analysis of Formicidae species composition between
collection sites in Brazil concluded that composition varied in response to habitat type
but not latitude (Pacheco & Vasconcelos 2012). A similar result in an analysis of 206 ant
species was found across four different forest types in Borneo (Pfeiffer & Mezger 2012).
The significant variation in diversity across habitat types was attributed to the limited
dispersal capabilities of ant queens in contrast to plant specific insect herbivores
(Pfeiffer & Mezger 2012).
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In comparison to the average interspecific diversity of 16% and the suggested species
threshold of 2-3% for Malagasy fauna, M. insularis exhibits a low genetic diversity given
its wide distribution (Smith et al. 2005). Previous studies of Malagasy ant fauna have
revealed significant species richness (Smith et al. 2005) as well as the presence of
cryptic species (Fisher & Smith 2008). In general, Madagascar is considered a
biodiversity hot spot for Formicidae as its isolation from mainland Africa, the
heterogeneity of its habitats and the absence of army ants serve as drivers of
diversification (Fisher 1997; Fisher & Robertson 2002; Fisher & Smith 2008; Vences et
al. 2009).

M.insularis may have maintained uncharacteristically low levels of genetic divergence
due to its ability to disperse and thrive in a variety of habitats. Regular gene flow
between proximate populations may have been facilitated by both human mediated as
well as natural dispersal. Much like the bark beetle, a recognized economic pest,
(Skarpaas & Økland 2009) Melissotarsus has been known to occupy economically
significant tree species (Mony et al. 2002). Consequently its dispersal may be mediated
by the timber trade prevalent in Madagascar (Kull 2004; Myers et al. 2000; Skarpaas &
Økland 2009). Although the natural dispersal capabilities of Formicidae are limited in
comparison to other plant specific insect herbivores (Pfeiffer & Mezger 2012), it is worth
noting that M. insularis reproductives are alates and, on average, have the potential to
disperse further than ergatoid species (Peeters et al. 2012).

The scale insect with which M. insularis maintains a mutualistic relationship,
Diaspididae, does not appear to impose limits on its dispersal. Diaspididae is one of the
most polyphagous insect families in the world (Andersen et al. 2010) allowing it to
disperse and adapt to a variety of habitats. All four species in the genus Melissotarsus
tend to scale insects in the family Diaspididae (Ben-Dov & Fisher 2010). Whether the
relationship is obligate or facultative on the part of the ant has not been established,
however, a colony lacking Diaspididae individuals has never been found (Ben-Dov
2010; Ben-Dov & Fisher 2010; Delage-Darchen 1972; Fisher & Robertson 1999; Mony
et al. 2002; Santschi 1911).
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In addition to its likely dispersal abilities, Melissotarsus appears to be successful at
adapting and surviving in a variety of habitats. It inhabits 23 different dicotyledonous
tree species (Fisher & Robertson 1999) with colonies reaching sizes of over 1.5 million
individuals (Mony et al. 2002). M. insularis, specifically, was found in all four of
Madagascar‟s simplified bioclimatic regions (Cornet 1974) and 14 out of 28 unique
habitats identified by Wilmé et al. (2006). It is possible that the apparently broad
preferences in host-plant and climate exhibited by M. insularis indicate that it is a
generalist rather than a specialist (Ali & Agrawal 2012). Its ability to thrive on a variety of
hosts in combination with its dispersal potential has likely increased its probability of
successful propagation in heterogeneous ecosystems.

Conclusion
Madagascar is known for its species diversity and endemism particularly in the case of
Formicidae, a group that tends to yield high resolution phylogeographic data
(Underwood & Fisher 2006). One of the primary approaches to quantifying the diversity
of Madagascar‟s ant fauna has been the sequencing of genetic markers (Smith et al.
2005). However, genetic diversity can oftentimes be overestimated if the amplification of
cryptic pseudogenes is not accounted for (Song et al. 2008). The current study
demonstrated how cryptic pseudogene amplification inflated the genetic diversity of the
Malagasy ant M. insularis using previously generated sequences and museum
specimens only. The commonly used methods for pseudogene identification such as
the detection of stop codons and frameshift mutations are not effective in the case of
cryptic pseudogenes which tend to differ from their functional counterparts by 1-3 bp
(Bertheau et al. 2011). The incorporation of, at minimum, a rudimentary screen for
pseudogene amplification is critical in future studies of genetic diversity particularly
when working with natural history collections (NHCs). NHCs are more likely to
experience DNA degradation compounding pseudogene amplification (Wandeler et al.
2007). Despite the challenges associated with sequencing degraded DNA, NHCs
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continue to demonstrate the potential for reducing the costs associated with biodiversity
quantification both by supplementing novel biodiversity surveys and as part of a
standalone analysis.

31

Table 1: A summary of the GMYC analysis p-values.
Dataset
COI
12S

Null vs. Single
Threshold
p = 0.184
p = 0.698

Null vs. Multiple
Threshold
p = 0.280
p = 0.778

Single Threshold vs.
Multiple Threshold
p = 0.996
p = 0.994
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Table 2: A summary of the r and p-values for Mantel tests of the COI, 28S and partition
M. insularis datasets.
Dataset
COI
12S
Partition

r
0.195
0.127
0.128

p-value
0.001
0.022
0.067
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Table 3: A summary of the hierarchal AMOVA results for the a) COI, b) 12S and c)
partition datasets with specimen collection localities tested against unique habitats
identified by Wilmé et al. (2006).
a)
Source of
Variation
Among
regions
Among
populations
within
regions
Within
populations
Total

d.f.

Variance
Components
-2.770

Percentage
of Variation
-7.590

p-value

Phi

11

Sum of
Squares
602.284

0.465±0.005

ΦCT: -0.076

26

1440.231

11.571

31.720

0.015±0.001

ΦSC: 0.295

88

2435.906

27.681

75.880

0.004±0.001

ΦST: 0.241

125 4478.421

36.481

b)
Source of
Variation
Among
regions
Among
populations
within
regions
Within
populations
Total

d.f.

Variance
Components
2.123

Percentage
of Variation
7.310

p-value

Phi

4

Sum of
Squares
116.232

0.339±0.005

ΦCT: 0.073

1

15.974

-2.406

-8.290

0.677±0.004

ΦSC: -0.089

57

1670.206

29.302

100.980

0.492±0.005

ΦST: -0.010

62

1802.413

29.017
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c)
Source of
Variation
Among
regions
Among
populations
within
regions
Within
populations
Total

d.f.

Variance
Components
4.331

Percentage
of Variation
7.600

p-value

Phi

4

Sum of
Squares
275.313

0.206±0.004

ΦCT: 0.076

1

37.329

-3.373

-5.920

0.790±0.004

ΦSC: -0.064

55

3080.423

56.008

98.320

0.271±0.004

ΦST: 0.017

60

3393.066

56.966

35

Figure 1: A Melissotarsus insularis specimen point-mounted at the University of Guelph
(2011) (sample ID CASENT0426503-D02).
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Figure 2: Pairwise sequence divergence for COI and 12S determined in MEGA 5.0
(Tamura et al. 2011) using the Kimura 2-Parameter model with the gamma parameter
specified based on ModelTest v. 3.7 (Posada & Crandall 1998) results. A Mantel test
comparing the 12S and COI matrices yielded an r of 0.06246 and a p-value of 0.05123.
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Figure 3: Frequency historgram of genetic percent divergence for the a) COI b) 12S
and c) histone H3 datasets generated in MEGA 5.0 (Tamura et al. 2011). The frequency
of each divergence value is included above the bars. Values of 0 have been omitted.
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Figure 4: Neighbour-joining phylogenetic tree of all overlapping incongruent
amplifications including RonMWASPdeg_t1 generated in MEGA 5.0 (Tamura et al.
2011). The RonMWASPdeg_t1 amplifications have been highlighted in red.
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Figure 5: Neighbour-joining phylogenetic trees of all overlapping congruent
amplifications including RonMWASPdeg_t1 generated in MEGA 5.0 (Tamura et al.
2011). The RonMWASPdeg_t1 amplifications have been highlighted in red.
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Figure 6: M. insularis COI phylogenetic tree generated in MrBayes version 3.1.2
(Huelsenbeck & Ronquist 2001). The parsimony informative site in the H3 dataset is
indicated by the colour of the taxa names as a T (red), a C (blue) or a Y (purple). The
colour coded bar on the right identifies branches corresponding to unique habitats
identified by Wilmé et al. (2006). Black bars represent specimens collected on the island
of Mayotte off the coast of Madagascar.
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Figure 7: The number of MOTUs identified by jMOTU in relation to percent divergence
for the a) COI, b) 12S and c) partition datasets using the default threshold of 97%.
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Figure 8: Genetic distance exhibited by Melissotarsus insularis in relation to geographic
distance by dataset: a) COI, b) 12S and c) partition. Genetic distance was determined in
MEGA 5.0 (Tamura et al. 2011) using the Kimura 2-Parameter model with the gamma
parameter specified according to ModelTest v. 3.7 (Posada & Crandall 1998) results.
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Chapter 3: Inferring the evolutionary history of
symbiotic relationships via cophylogenetic analysis:
Melissotarsus insularis and its scale insect
(Diaspididae) associate.
Abstract
Symbiotic relationships play a primary role in maintaining sustainable patterns of
biodiversity. Advances in cophylogenetic reconstruction software have made it possible
to infer the evolutionary history of symbiotic relationships using molecular data.
Fragments of the COI and 28S (D2 region) gene were sequenced from 130 specimens
of the scale insect Diaspididae. Similarly to its Malagasy ant associate Melissotarsus
insluaris, Diaspididae did not exhibit diversification by habitat but did show evidence of
isolation by distance (Mantel p-values of 0.00100 and 0.27673 for COI and 28S
respectively). The relationship between Diaspididae and M. insularis, was explored
using a previously generated M. insularis phylogeny. A novel cophylogenetic
reconstruction program, CoRe-PA, was used to infer 14 cospeciations, 11 sortings, 4
duplications and 21 host switches between M. insularis and Diaspididae. As expected
the number of cospeciations fell in the upper tail of the normal distribution but was not
significant unlike with most host and parasite relationships. Analyses of 25%, 50% and
75% reduced datasets yielded p-values ranging from 0.001 to 0.324 suggesting that
incomplete taxon sampling may significantly affect cophylogenetic reconstruction
results.
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Introduction
Biodiversity conservation programs often rely on analyses of species richness derived
from the surveillance of predetermined species groups such as biodiversity indicators to
monitor the effects of anthropogenic activities on biodiversity loss (Davies & Cadotte
2011). However the predictive value of species richness has been criticized as it
represents only one aspect of sustainable biodiversity (McCann 2007; Reyers et al.
2002). Biodiversity is maintained by ecosystem processes responsible for sustaining
ecosystem structure and function such as migration patterns, seasonal cycles and
symbiotic relationships (Bastolla et al. 2009; Kiers et al. 2010; Maddock & Plessis 1999;
Reyers et al. 2002). Significant shifts or disturbances within the ecosystem have been
shown to affect the expression of these processes (Palmer et al. 2008; Parmesan &
Yohe 2003; Tylianakis et al. 2008). The ability of ecosystem processes to respond to
major shifts in ecosystem functioning may implicate them as suitable indicators of
sustainable biodiversity particularly when combined with surveys of species richness.
Although a potentially predictive ecosystem process, symbiotic relationships are rarely
the focus of biodiversity studies potentially due to a lack of a standardized metric much
like the one used in documenting species richness (Dyer et al. 2010).

Both abiotic and biotic environmental disturbances can alter the structure of symbiotic
relationships by affecting the characteristics of the associated species such as
behaviour and age of maturation (Palmer et al. 2008; Tylianakis et al. 2008). Changes
in individual species relationships have been shown to compound at the community
level (Palmer et al. 2008; Tylianakis et al. 2008). A review of 688 studies concluded that
drivers of global environmental change alter trophic interactions amongst decomposers,
weaken mutualisms involving plants and increase herbivory (Tylianakis et al. 2008).
Although the shift from mutualism to antagonism is seen as a progression common in
mutualistic relationships, it has been suggested that the normally gradual process has
been accelerated by anthropogenic activities (Kiers et al. 2010). Furthermore, symbiotic
relationships have been shown to breakdown as the frequency of specialists decreases
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and the frequency of generalists or species that succeed in disturbed environments
increases in response to climate change (Dukes & Mooney 1999). Some inter-specific
relationships have already decoupled due to differing phenological and morphological
responses to climate change while many more are threatened as a result of
anthropogenic activities (Kiers et al. 2010; Moricca & Ragazzi 2008; Visser & Both
2005).

The mechanism responsible for the development of symbiotic relationships, broadly
referred to as codiversification, is reflected in the genome allowing us to infer the
evolutionary history of symbiotic relationships using phylogenetic analysis (Clark et al.
2000; Silvieus et al. 2007). The strength of the correlation between the individual
genetic diversities of the associated species is dependent upon the nature of their
relationship (Clark et al. 2000). Species involved in established mutualistic relationships
are more likely to correlate in their genetic diversity than newly affiliated species or
generalists (Quek et al. 2004). However, it is possible for the relationship between two
or more species to vary from mutualism to antagonism depending on the community
structure and abiotic characteristics of their habitat (Thompson 1999). This variation in
the nature of symbiotic relationships is referred to as the geographic mosaic theory of
coevolution (Thompson 1994). The geographic mosaic theory of coevolution suggests
that symbiotic relationships exist within a selection mosaic that favours different
evolutionary trajectories within different populations and that these trajectories
experience geographic shifts (Thompson 1999). According to the geographic mosaic
theory of coevolution, the lack of an intimate evolutionary history between species
involved in a symbiotic relationship is to be expected.

Evidence of codiversification in the phylogenetic trees of two or more associated
species is referred to as cophylogeny (Silvieus et al. 2007). The study of cophylogeny is
relatively new and has experienced the majority of its development within the past
decade (Desdevises 2007). The idea that the phylogeny of a parasite should reflect that
of its host was pioneered by Farenholz (1913) and thereafter referred to as the
Farenholz‟s Rule (Desdevises 2007). However, it soon became evident that a number
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of different evolutionary events could affect the cophylogeny of a parasite and its host
resulting in incongruence between phylogenetic trees (Desdevises 2007). This led to
the definition of four coevolutionary events: cospeciation, host-switching, duplication
and lineage sorting (Desdevises 2007; Shafer et al. 2009).

The methods used for cophylogenetic analysis may be broadly grouped into two
categories: global-fit methods and event-based methods (Desdevises 2007). Global-fit
methods utilize a distance matrix to determine the global congruence between the
phylogenetic trees of the host and parasite (Legendre et al. 2002). Although the results
obtained by global-fit methods are difficult to relate to biological events, they remain in
use as they can account for polytomies and inaccuracies in the phylogenetic trees of the
host and parasite (Desdevises 2007; Legendre et al. 2002). Event-based methods
assign costs to each evolutionary event and determine the least costly combination of
events that can account for the relationship between the host and parasite phylogenies
(Desdevises 2007; Light & Hafner 2007). CoRe-PA 0.5.1, an event-based method
developed by Merkle et al. (2010) employs the first algorithm capable of processing
polytomies. CoRe-PA 0.5.1 estimates the number of cospeciation, sorting, duplication
and host switching events given a host and parasite phylogeny and gives the option of
running a statistical test that determines the normal distribution for each event type
(Merkle et al. 2010). The statistical test can be run by either randomizing the host tree,
the parasite tree, both the host and parasite tree or the associations between the tips of
the two trees (Merkle et al. 2010). The results can be analyzed to determine whether
the number of observed cospeciation events significantly deviates from the number of
expected cospeciation events (Merkle et al. 2010). Variation in the normal distribution of
the evolutionary events in response to dataset size and the type of randomization
selected is yet to be investigated. Analysis of the phylogenetic software, TreeMap v2.0,
reveals that sampling strategy plays a role in the number of codivergences deduced
using cophylogenetic analysis (Jackson 2004).

The majority of studies that have employed cophylogenetic analysis focused on species
involved in well-studied host-parasite relationships: chewing lice and pocket gophers;
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Light and Hafner (2007); European bats and ectoparasitic mites; Bruyndonckx et al.
(2009); the nasal mite Ptilonyssus sairae and its passerine bird host; Morelli and Spicer
(2007); bees and their microsporidian parasite, Nosema; Shafer et al. (2009); Puumala
virus and bank voles; Nemirov et al. (2010); old world arenaviruses and rodents;
Coulibaly-N'Golo et al. (2011) and Orbiviruses and their vectors; Dilcher et al. (2012).
Thus far, CoRe-PA 0.5.1 has only been used to reconstruct cophylogenies within hostvirus systems (Coulibaly-N'Golo et al. 2011; Dilcher et al. 2012; Nemirov et al. 2010).
Few studies have reconstructed the cophylogeny between species involved in
mutualistic or poorly understood relationships (Silvieus et al. 2007). Highly host-specific
mutualisms are rare, most likely due to the inherent fragility of the interaction
(Hoeksema & Bruna 2000). Unlike with host-parasite relationships where the host drives
speciation by directly influencing the distribution and external environment of the
parasite, mutualisms are often facultative (Bruyndonckx et al. 2009; Hoeksema & Bruna
2000).

In order to explore the utility of cophylogenetic software in inferring the evolutionary
history of mutualistic relationships I will focus on elucidating the symbiotic relationship
between the Malagasy ant Melissotarsus insularis and its scale associate in the family
Diaspididae. The association of Diaspididae with an ant has only been recorded for the
genus Melissotarsus (Ben-Dov 2010; Ben-Dov & Fisher 2010). The benefit derived by
Melissotarsus from the maintenance of Diaspididae is unclear as Diaspididae do not
produce honeydew unlike Coccus scales which commonly maintain mutualisms with
ants (Ben-Dov 2010; Mony et al. 2002). It has been hypothesized that Melissotarsus
maintain diaspid populations as a secondary food source (Ben-Dov & Fisher 2010;
Mony et al. 2002). Both Melissotarsus and the scales reside within galleries constructed
by Melissotarsus in the live bark of 23 dicotyledonous tree species (Fig. 2) (Ben-Dov
2010; Fisher & Robertson 1999; Mony et al. 2002). Although the swarming of
Melissotarsus queens has been observed, no record has been made of Melissotarsus
queens transporting diaspid symbionts for the purpose of colonizing a novel host plant
(Mony et al. 2002). Furthermore, preliminary analyses show evidence of deeper
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divergences within Diaspididae phylogenies when compared to M. insularis suggesting
the lack of vertical transmission of Diapididae.

Although little is known about the degree of intimacy inherent in the evolutionary
relationship between Melissotarsus and Diaspididae (Ben-Dov & Fisher 2010), an
analogous relationship between the ant Crematogaster and its scale associate Coccus
has been investigated on several occasions (Ueda et al. 2008; Ueda et al. 2010).
Although Ueda et al. (2008) did not use a cophylogenetic reconstruction program, they
did compare the Crematogaster and Coccus phylogenies manually and consequently
hypothesized that they may not share an intimate evolutionary relationship. In order to
develop a frame of reference for my hypothesis I generated a cophylogenetic
reconstruction of the Crematogaster-Coccus symbiosis using CoRe-PA 0.5.1 and
sequences made publicly available by Quek et al. (2007) and Ueda et al. (2010) (Fig.
9). The inferred number of cospeciations given the associations between tree tips was
three with a p-value of 0.77 when associations were randomized. The result supports
the hypothesis suggested by Ueda et al. (2008). The low number of cospeciations is
expected in this case as the association between Crematogaster and Coccus species
are not specific. In most cases one Crematogaster species tends to up to six Coccus
species while some Coccus species are associated with up to seven ants. It is import to
note that, unlike Ueda et al. (2008) who focused on species, I will focus on comparing
the associations between individual ant colonies.

The current study will 1) analyze the phylogenetic relationship between Melissotarsus
insularis and its scale symbiont in the family Diaspididae using CoRe-PA 0.5.1 (Merkle
et al. 2010) and 2) compare the results of the analysis with those derived from datasets
75%, 50% and 25% the size of the initial dataset and those derived using all four
options for randomization: randomizing the host tree, the parasite tree, both the host
and parasite tree and the associations between the tips of the two trees. Given the
predictions established by the geographic mosaic theory of coevolution (Thompson
1999) whether a cophylogenetic reconstruction of individuals residing within the same
colony will produce a result indicative of a more or less intimate relationship between M.
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insularis and Diaspididae is unclear. However, the Crematogaster and Coccus
relationship acts as a model for ant and scale symbioses and thus far has demonstrated
a lack of intimacy in comparison to host and parasite cophylogenetic reconstructions
(Dilcher et al. 2012; Nemirov et al. 2010). Consequently I expect the number of
observed cospeciations in the M. insularis and Diaspididae cophylogenetic
reconstruction to fall within the upper tail end of the distribution but not to achieve
significance. Furthermore, I expect the significance of the observed cospeciations to
vary both positively and negatively with sample size and randomization strategy.

Methods
Specimens

The Diaspididae phylogeny was generated using a dataset comprised of a combination
of novel and previously available sequences. I extracted and amplified the barcoding
region of the mitochondrial COI gene and the nuclear rRNA gene 28S from 67 collection
events of Diaspididae specimens. The specimens were collected by Brian Fisher and
the Fisher-Griswold Arthropod Team between 2001 and 2009. They were manually
extracted from various plant species across Madagascar and stored in ethanol at the
California Academy of Sciences before their shipment to the University of Guelph for
analysis in 2010. When available, three specimens from each collection event were
selected for subsampling for a total of 130 specimens.

A total of 28 COI and 77 28S (D2 region) Diaspididae sequences were uploaded to the
Barcode of Life Data Systems (BOLD) (Ratnasingham & Hebert 2007) between 2005
and 2009. Scale insect specimens were either identified to family only, Diaspididae, or
as Melanaspis mga, Morganella conspicua and Morganella mga. One specimen from
each collection event was included in the phylogenetic analysis. Specimens were
selected based on sequence length. In cases where a longer sequence was generated
from the same collection event the longer sequence was chosen. Hemiberlesia lataniae
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sequences accessed through GenBank were included as the outgroup for the COI and
28S phylogenies (GenBank accession numbers HQ179913.1 and FJ040870.1
respectively). For a list of specimen process IDs, sample IDs, GenBank accession
numbers and collection details see Appendix 1.

DNA Extraction, Amplification and Sequencing

All specimens were photographed with a Dino-Lite Pro2 (AD-4132TA) microscope prior
to extraction. Specimens were transferred to a 96-well plate containing 30 µl of ethanol
using forceps sterilized with ethanol. DNA extraction was conducted at the Biodiversity
Institute of Ontario as described by Ivanova et al. (2006). COI was amplified from
Diaspididae using primers PcoF and LepR1 and 28S was amplified using primers D2B
and D3Ar. For a detailed list of primers see Appendix 2 in the supplementary material.

Amplification and sequencing was conducted according to standard DNA barcoding
protocols based on Hajibabaei et al. (2005) and Smith et al. (2008). To amplify target
DNA, a solution comprised of 625 µl of trehalose, 200 µl of ddH2O, 125 µl of 10x buffer,
62.5 µl of MgCl2, 12.5 µl each of forward and reverse primer, 6.25 µl of 10 mM dNTPs
and 6 µl of Taq polymerase, was aliquoted into a 96 well plate and 1.0 µl of DNA
template was added to each well. The plate was then run on an Eppendorf® thermal
cycler (6325). PCR temperature profiles used for amplification differed with primer. For
a detailed description of PCR temperature profiles by primer see Appendix 3 in the
supplementary material. Amplicons were visualized using pre-cast E-Gel® agarose gels
by Invitrogen™.

A similar protocol was utilized for sequencing. A solution comprised of 550.0 µl of
trehalose, 210.83 µl of ddH2O, 100.83 µl of 5x buffer, 110 µl of 10 µM forward or
reverse primer and 18.33 µl of BigDye® was aliquoted into a 96 well plate and 2.0 µl of
amplicon were added to each well. The plate was then run on an Eppendorf® thermal
cycler using a PCR sequencing program with the following temperature profile: 2:00
minutes at 96°C, 30 cycles of 30 seconds at 96°C, 15 seconds at 55°C and 4:00
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minutes at 66°C. Target amplicons were sequenced using the ABI BigDye™ v. 3.1.
Cycle Sequencing Kit on an ABI 3730XL (Biodiversity Institute of Ontario) or ABI3730
(Genomics Facility, Advanced Analysis Centre) sequencing platform.

Sequence Editing and Phylogenetic Analysis

Sequences were edited and aligned using Sequencher v. 4.5 and v. 5.0 (Gene Codes
Corporation, Ann Arbor, Michigan) and BioEdit (Hall 1999) respectively. Sequences 160
bp or less in length or those that were more than 2% heteroplasmic were excluded from
further analysis.

Incongruence between amplifications originating from the same colony was investigated
using the number of synonymous (dS) and nonsynonymous (dN) changes. Sequences
that exhibited a marked deviation from the final alignment were excluded from further
analysis. COI and 28S phylogenetic trees were generated using one scale as a
representative from each collection event. Specimens were chosen based on sequence
length and sequence quality expressed in Sequencher version 5.0 as the proportion of a
sequence comprised of quality base calls (GeneCodesCorporation 2011). A subset of
COI and 28S sequences was utilized to conduct a partition analysis. Neighbour joining
and maximum parsimony analyses were conducted in MEGA 5.0 (Tamura et al. 2011)
while Bayesian and partition analyses were conducted in MrBayes version 3.1.2
(Huelsenbeck & Ronquist 2001). All analyses used evolutionary models determined by
the hierarchical likelihood ratio test employed in MrModelTest v. 3.7 (Nylander, 2004).
Analyses conducted in MEGA 5.0 used the Tamura-Nei model of evolution; the closest
available model to the best-fit model determined by the hLRT with the gamma
parameter specified. The Bayesian analyses were run for 60,000,000 million
generations each. Burnin was set at 25% and confirmed in Tracer v1.5 (Rambaut &
Drummond 2007).

The single and multiple threshold GMYC models (Monaghan et al. 2009) were utilized
to determine a potential species boundary and jMOTU (Jones et al. 2011) was used to

52

delimit MOTUs across a range of 0.0001-10% divergence at the default threshold of
97%. The ultrametric trees used in the GMYC analysis were generated in BEAST v
1.6.0 (Drummond & Rambaut 2007). DIVA-GIS v. 7.5 (Hijmans et al. 2001) was used to
associate sequences with unique habitats previously identified by Wilmé et al. (2006)
based on their distribution. Mantel tests were conducted in PASSaGE (Rosenberg &
Anderson 2011) using genetic distances determined under the Kimura 2-Parameter
model of evolution (with the gamma parameter specified based on Modeltest v. 3.7
results) and Euclidean distances determined via the spherical functions implemented in
the Geographic Distance Matrix Generator v. 1.2.3 (Ersts Internet). AMOVA analyses
was conducted in Arlequin v. 3.5 (Excoffier & Lischer 2010).

Cophylogenetic Analysis

The cophylogenetic reconstruction for M. insularis and Diaspididae was conducted in
CoRe-PA 0.5.1 (Merkle et al. 2010). The number of randomizations was set to 1,000
and default costs for evolutionary events were maintained (cospeciation: -2, sorting: 1,
duplication: 2, host-switch: 2). Analyses were run on 75%, 50% and 25% of the original
dataset. M. insularis and Diaspididae pairs were gradually excluded from the host and
parasite trees using a random number generator. In order to test whether error in the
phylogenetic trees or in the associations between taxa had a significant effect on the
number of cospeciations inferred the analysis was run using all four options for
randomization: randomizing the associations between taxa, host tree, parasite tree and
both trees. Although CoRe-PA 0.5.1 uses the term “cospeciation” to refer to congruence
in the branching pattern of the associated species, in the case of this study it is used to
refer to codiversification as it was inter-population as opposed to inter-specific
interactions that were tested.
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Results
Sequence statistics

A total of 130 Diaspididae specimens were amplified yielding 77 (59%) COI sequences
and 51 (39%) 28S sequences that complied with the sequence quality guidelines
established in the Methods. COI exhibited an AT bias common to insect mitochondrial
sequences (Schwarz et al. 2004) with a nucleotide composition of 40% T, 13% C, 40%
A and 7% G. 28S had a nucleotide composition of 21% T, 27% C, 19% A and 33% G.
COI yielded 270 (42%) parsimony informative sites while 28S yielded 64 (15%)
parsimony informative sites. All COI sequences had a nine base pair, in frame deletion
at position 1864 when aligned with the NCBI reference sequence NC_001709.1 likely
occurring in an intermembrane external loop in relation to the Bos taurus COI
annotation provided by UniProt. It is unlikely that the deletion indicated a pseudogene
as it was in frame and occurred in one of the external loops rather than a more
functionally conserved trans-membrane helix (Lunt et al. 1996)

Incongruent Amplifications

Although all Diaspididae specimens sequenced from the same collection event
originated from one Melissotarsus insularis colony, there was no a priori expectation
that they were related or even members of the same species. Therefore, unlike with
M.insularis, the apparent lack of congruence between sequences from the same
collection event did not necessarily indicate the presence of a pseudogene. Six
Diaspididae sequences exhibited a marked divergence (exceeding 10%) from the final
alignment (i.e. a 28S sequence amplified from ASMEL103-11) resulting in their
exclusion from phylogenetic analysis. A greater proportion of the incongruent
sequences exhibited a minor divergence (less than 6%). Where possible, a congruent
sequence from the same collection event was used.
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Phylogenetic Analysis

The best fit model determined for COI and 28S by the hierarchical likelihood ratio tests
(hLRTs) in ModelTest v. 3.7 (Posada & Crandall 1998) was GTR+I+G and TrNef+G
respectively. The Tamura-Nei model was used for the neighbour-joining and maximum
parsimony analyses conducted in MEGA 5.0 (Tamura et al. 2011). The best fit model for
both the COI and 28S partitions had gamma distributed among-site rate variation with
six substitution types. Partitions were therefore defined but run under the same model.

Phylogenetic Trees of Individual Genes

Six major clades were conserved across the Diaspididae COI neighbour-joining,
maximum parsimony and Bayes trees. One clade comprised of two sequences,
ASAM919-05 and ASMEL184-11, exhibited a deeper divergence on the Bayes and NJ
trees than on the MP tree.
The 28S Diaspididae sequences formed five major clades on the neighbour-joining,
maximum parsimony and Bayes trees. However two sequences that comprised clades
in the maximum parsimony and Bayes trees, ASAMI063-05 and ASMEL151-11, were
grouped individually on the neighbour joining tree. Furthermore, ASMEL099-11 paired
with ASAM919-05 on the neighbour joining tree likely as a result of long-branch
attraction. ASMEL099-11 is included in one of the major clades on both the maximum
parsimony and Bayes trees.

The majority of the clades on the 28S phylogenetic tree were unresolved while only five
sequences were unresolved on the COI phylogenetic tree. This is likely due to the
slower rate of evolution experienced by 28S as a nuclear gene (Saccone et al. 2000)
resulting in lower, on average, genetic divergences than those exhibited by COI.
Because the COI and 28S phylogenetic trees used different sets of sequences only
some sequences were included on both trees making them difficult to compare. The
major clades comprising the COI phylogeny differ from those comprising the 28S
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phylogeny, however some strongly supported sequence pairs, such as ASAMI076-05
and ASAMI080-05, appear on both trees.

The COI partition comprised 60% of the partition dataset biasing the resultant
phylogeny. The clades established by the partition phylogeny corresponded to those
established by the COI phylogeny. Clades with high bootstrap support or posterior
probabilities, usually comprised of two sequences, were present on the partition, COI
and 28S phyogenies. See Appendix 5 for all phylogenetic trees.

The clades established on the COI Bayes phylogenetic tree did not appear to group by
habitat and only grouped by latitude in some cases. It was not uncommon for
specimens from north Madagascar to form clades with specimens from the south (see
Fig. 10). The absence of a correlation between specimens originating from the same
habitat and position on the phylogenetic tree may be the result of incomplete sampling.
The majority of the specimens on the Bayes COI phylogeny exhibit deep divergences
apart from the group situated at the bottom of the tree. The bottommost group exhibits
relatively shallow genetic divergences and is comprised of specimens from a limited
range of latitudes. It is possible that the groups exhibiting deeper divergences represent
separate species but lack definition due to underrepresentation in the dataset.
Consequently specimens sampled at different latitudes are grouped together on the COI
tree despite relatively deep genetic divergences.

Mantel Analyses and AMOVA

Mantel analyses of the COI and 28S datasets both yielded a statistically significant,
positive r value (see Table 4). In the case of COI, the relationship between genetic and
geographic distance was stronger for Diaspididae than M. insularis which had an r of
0.19497. The r value for the partition dataset exceeded that of the COI dataset resulting
from stochasticity due to a reduced dataset or correlation between the genetic distances
of the COI and 28S sequences. A Mantel test comparing the genetic divergences of
COI and 28S yielded a statistically significant r of 0.57476 (see Fig 11). The relationship
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between genetic divergence and geographic distance has been summarized in Figure
12 for the COI, 28S and partition datasets.

The relationship between genetic divergence and the unique habitats identified by
Wilmé et al. (2006) was tested using an AMOVA approach. Analyses were run on COI,
28S and partition datasets. For the COI and 28S datasets the majority of the variation
occurred within populations (100.38% for COI and 93.03% for 28S) and variation
between unique habitats (regions) (8.43% for COI and 5.63% for 28S) was not
significant (see Table 5). Variation among populations (-8.810%) was negative and not
significant. The partition dataset exhibited significant variation among regions (pvalue=0.011) (23.28%), however, similarly to the COI and 28S datasets, the majority of
the total variation occurred within populations (79.41%).

Cophylogenetic reconstruction

The cophylogenetic reconstruction of M. insularis and Diaspididae yielded 14
cospeciations, 11 sortings, 4 duplications and 21 host switches (see Fig 13). The
number of cospeciations was not significant regardless of the randomization strategy
used, however significance varied between methods and is summarized in Table 6.

The effect of sample size was tested by reducing the number of specimens to 75%,
50% and 25% of the original dataset using a random number generator. The
significance of the number of observed cospeciations differed with dataset size
demonstrating the stochasticity inherent in cophylogenetic reconstruction when species
are incompletely sampled. See Table 7 for a summary of coevolutionary events and pvalues by dataset size. See Appendix 6 for figures of all cophylogenetic reconstructions.
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Discussion
Cophylogenetic reconstruction has traditionally focused on exploring relationships
between hosts and their parasites as opposed to species involved in mutualistic
relationships with a few exceptions (Silvieus et al. 2007). The current study is the first to
use the novel cophylogenetic reconstruction software, CoRe-PA 0.5.1 to explore the
presumably mutualistic relationship between Melissotarsus insularis and Diaspididae.

A total of 130 Diaspididae specimens were sequenced for cophylogenetic
reconstruction. As was expected, the Diaspididae sequences exhibited greater genetic
diversity than the M. insularis sequences likely because several known species of
Diaspididae were sampled (Ben-Dov & Fisher 2010). Diaspididae specimens were not
identified to species. However, according to Ben-Dov and Fisher (2010) M. insularis
tends to Melanaspis madagascariensis Mamet, Melissoaspis fisheri Ben-Dov,
Melissoaspis reticulata Ben-Dov, Morganella conspicua (Brain) and Morganella
formicaria Ben-Dov.

It is possible that some of the observed variation was the result of pseudogene
amplification. Although especially deviant sequences were excluded (i.e. ASMEL10311) it was impossible to conclusively differentiate between pseudogenes and functional
genes. Specimens were only sequenced once using one primer set and, unlike with M.
insularis, a comparison between sisters was not possible as Diaspididae from the same
colony do not necessarily share the same genotype.

ASMEL919-05 consistently diverged from the rest of the sequences forming a long
branch on all phylogenetic trees apart from maximum parsimony (see Appendix 5 for all
phylogenetic trees). ASMEL919-05 is part of the original specimen collection and was
initially included in the dataset as it was sampled from an M. insularis colony and
conformed to the sequence quality guidelines outlined in the Methods. Following its
inclusion in the Diaspididae phylogeny the sequence was run through the Basic Local
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Alignment Search Tool (BLAST) and identified as Pseudaonidia duplex or the peony
scale. Although Pseudaonidia duplex belongs to the family Diaspididae it has not, as of
yet, been associated with M. insularis (Ben-Dov & Fisher 2010). The identification of
ASMEL919-05 as Pseudaonidia duplex may be the result of a) contamination during
either field collection or the amplification process, b) misidentification of the ASMEL91905 sequence by BLAST or c) the association of a novel Diaspididae species with M.
insularis.

The Mantel test was employed to test for isolation by distance. All three datasets, COI,
28S and partition, yielded a statistically significant r. As was expected, the relationship
between genetic and geographic distance was stronger for Diaspididae than M.
insularis. The comparatively higher genetic distances exhibited by the Diaspididae
sequences were most likely responsible for the strong correlation between genetic and
geographic distance as ants and scales were sampled from the same colonies.

AMOVA analyses testing the association between genetic distance and habitat type as
defined by Wilmé et al. (2006) concluded that the relationship was not significant in the
case of COI and 28S and significant in the case of the partition dataset. The association
between genetic distance and habitat type exhibited by the partition dataset likely
resulted due to either the stochasticity introduced by the reduced dataset or the
correlation between the genetic distances of COI and 28S. The partition analysis used
specimens for which both the COI and 28S gene fragments were sequenced
successfully. The COI and 28S subsets included 41 and 62 specimens respectively
whereas the partition subset was comprised of 26 specimens. It is possible that the
specimens selected for partition analysis exhibited an overall higher genetic diversity
than those included in the COI and 28S subsets. Alternatively, when combined for the
partition subset, the COI and 28S sequences increased the genetic diversity and
therefore the genetic distance between sequences. Given the lack of a significant
relationship between genetic distance and habitat type for the COI and 28S datasets it
is unlikely that the significance of the relationship between the genetic distance of the
partition dataset and habitat type reflects diversification in response to habitat. Rather
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the increase in genetic distance between sequences resulting from the combination of
the COI and 28S datasets increased the strength of the relationship between genetic
and geographic distance (the partition dataset Mantel test yielded the highest r value)
thereby increasing the probability that the sequences would vary by habitat.

The cophylogeny of M. insularis and Diaspididae was tested using all four
randomization strategies. The stochasticity involved in cophylogenetic reconstruction
was explored by reducing the dataset to 75%, 50% and 25% of its original size. The
number of observed cospeciations was not significant in all cases apart from the
reconstruction of the dataset reduced to 75% of its original size. The predictions derived
from cophylogenetic reconstruction rely on the accuracy of the host and parasite
phylogenetic trees used. Therefore, cophylogenetic reconstruction is vulnerable to the
same challenges associated with the generation of phylogenies such as long-branch
attraction, incomplete lineage sorting and incomplete taxon sampling (Heath et al. 2008;
Maddison & Knowles 2006). In this case, the effect of incomplete taxon sampling was
tested by randomly reducing the number of specimens included in the reconstruction.
The range of p-values determined for each dataset highlights the stochasticity inherent
in reconstructing cophylogenies in cases of incomplete taxon sampling. P-values
ranged from 0.001 to 0.324 suggesting that depending on the specimens included the
number of cospeciations inferred may or may not have been significant. In comparison,
the p-values for the four different randomization strategies ranged from 0.171 to 0.246.

In all cases the number of observed cospeciations given the associations between the
host and parasite trees fell in the upper tail end of the normal distribution. Because
cophylogenetic reconstruction is a relatively novel discipline (Desdevises 2007) a
reference range for the expected number of observed cospeciations in mutualistic
relationships has not been estimated. Cophylogenetic reconstruction of host and
parasite relationships tend to exhibit signs of a significant congruence between
phylogenetic trees (Bruyndonckx et al. 2009; Dilcher et al. 2012; Light & Hafner 2007;
Morelli & Spicer 2007; Nemirov et al. 2010; Shafer et al. 2009) and in two of the three
published studies using CoRe-PA 0.5.1 the relationship between the host and virus was
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significant (Dilcher et al. 2012; Nemirov et al. 2010). The study that did not report a
significant number of cospeciations between the host and virus phylogenies generated
the virus phylogeny using molecular data while the host phylogeny was compiled from
literature data which may have confounded the cophylogenetic reconstruction
(Coulibaly-N'Golo et al. 2011).

The nature of symbiotic relationships is governed by extrinsic factors that vary
geographically such as abiotic environmental characteristics and community
composition (Thompson 1999). The geographic theory of coevolution provides a
theoretical framework for studying the variation in symbiotic relationships in response to
geographic heterogeneity (Thompson 1999). It is a tripartite hypothesis that establishes
three major tenets: 1) different evolutionary trajectories are favoured in different
populations depending on the environment and species involved, 2) there are
populations wherein reciprocal selection is occurring and they are referred to as
coevolutionary hotspots and 3) coevolutionary hot spots, gene flow, random genetic drift
and extinction of local populations contribute to a continuous shift in the range of
coevolving traits (Thompson 1999). According to the geographic theory of coevolution,
mutualistic relationships, much like the one between M. insularis and Diaspididae may
not necessarily exhibit evidence of codiversification in a cophylogenetic reconstruction.
Historic variation in the intimacy of the relationship between distinct populations may not
have allowed conditions favourable for codiversification to persist sufficiently long for
both species to accumulate distinguishing polymorphisms. In host and virus
relationships variation in environmental factors and distribution is minimized as the virus
resides within the host‟s body (Bruyndonckx et al. 2009). Physical or behavioural
changes experienced by the host (i.e. hypothermia, migration) affect the virus
increasing the probability of congruence between the host and virus phylogenies.
Furthermore, viruses are often transmitted both horizontally as well as vertically
(Lipsitch et al. 1996). Vertical transmission of a parasite or virus maintains the
association with its host increasing the probability of phylogenetic congruence
(Bruyndonckx et al. 2009; Wilkinson & Sherratt 2001). There has been no evidence of
the association between M. insularis and Diaspididae persisting by vertical transmission
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as Melissotarsus queens have never been observed transporting Diaspididae when
establishing novel colonies (Mony et al. 2002).

I hypothesize that the association between M. insularis and Diaspididae arose as a
result of continuous contact facilitated by the scale‟s abundance. According to Stadler
and Dixon (2005) the formation of mutualistic relationships between ants and their
associates evolved due to their shared cosmopolitan nature. The incidence of
mutualistic relationships between ants and aphids in particular, is positively affected by
aphid abundance (Stadler & Dixon 2005). Aphids and other ant associates tend to be
abundant in fragmented habitats (Stadler & Dixon 2005) much like Madagascar (Kull
2004). It is likely that the progressive fragmentation of Madagascar over the course of
the last century (Kull 2004) contributed to sustaining the relationship between M.
insularis and Diaspididae. Given that the association relies on the abundance of both
species, the persistence of the association favours generalists, discouraging intimate
codiversification between distinct populations of ant and scale. A cophylogenetic
reconstruction with a p-value that falls in the upper tail end of the distribution but not
within the range of significance is therefore expected as the association between M.
insularis and Diaspididae does not exhibit the intimacy characteristic of host and virus
relationships. Therefore, a threshold of 0.05 is not an accurate indication of the
presence or absence of a symbiotic relationship but only of the intimacy between the
evolutionary histories of the species involved.

Conclusion
Estimating the intimacy inherent in symbiotic relationships between ants and their
associates is notoriously complex (Heckroth et al. 1998). Unlike species richness,
symbiotic relationships lack a standardized metric complicating their inclusion in
biodiversity quantification initiatives (Dyer et al. 2010). Cophylogenetic reconstruction
has gained prominence over the course of the last decade as a tool for systematically
exploring the evolutionary history of species involved in symbiotic relationships
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(Desdevises 2007). However, it relies on the accuracy of its primary input, phylogenetic
trees, and is consequently vulnerable to the challenges associated with phylogeny
reconstruction.

The current study explored the relative intimacy of the relationship between M. insularis
and Diaspididae using the novel cophylogenetic reconstruction program, CoRe-PA 0.5.1
(Merkle et al. 2010). As expected, the number of cospeciations (codiversifications) fell in
the upper tail of the normal distribution but did not achieve significance. Although the
phylogenetic congruence between M. insularis and Diaspididae is likely influenced by
their association, it is possible that similar environmental constraints contributed to the
number of observed cospeciations. One possible method for elucidating the influence of
environmental constraints would have involved comparing a cophylogenetic
reconstruction between Diaspididae and M. insularis and Diaspididae and multiple
concurrent ant species. Unfortunately insufficient molecular data on concurrent ant
species precluded a comparison as using a small dataset (i.e. nine specimens)
introduced stochasticity.

Randomization strategy did not appear to have a significant effect on the outcome of the
reconstruction, however the size of the dataset and the specimens included in the
reconstruction determined whether the result was statistically significant. This suggests
that incomplete taxon sampling may play a primary role in confounding cophylogenetic
reconstruction results and should be accounted for in future research initiatives. Future
development in the field should focus on establishing a metric which can be used to
compare cophylogenetic reconstruction results. Comparing results between programs is
problematic as unique algorithms are employed and event types are not always
standardized.

The challenges inherent in cophylogenetic reconstruction are not unique and are
encountered by the majority of algorithms aimed at quantifying species characteristics
and interactions. Cophylogenetic reconstruction offers researchers an opportunity to
systematically study the evolutionary history of symbiotic relationships and, with further
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development, has the potential to significantly contribute to our understanding of
species interactions.
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Table 4: A summary of the r and p-values for Mantel tests of the COI, 28S and partition
Diaspididae datasets.
Dataset
COI
28S
Partition

r
0.485
0.277
0.566

p-value
0.001
0.002
0.001
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Table 5: A summary of the hierarchal AMOVA results for the a) COI, b) 28S and c)
partition datasets with specimen collection localities tested against unique habitats
identified by Wilmé et al. (2006).
a)
Source of
Variation
Among
regions
Among
populations
within
regions
Within
populations
Total

d.f.

Variance
Components
4.892

Percentage
of Variation
8.430

p-value

Phi

9

Sum of
Squares
546.808

0.283+-0.005

ΦCT: 0.084

4

199.667

-5.110

-8.810

0.981±0.002

ΦSC: -0.096

25

1455.500

58.220

100.380

0.478±0.005

ΦST: -0.004

38

2201.974

58.002

d.f.

Variance
Components
1.575

Percentage
of Variation
5.63

p-value

Phi

11

Sum of
Squares
374.720

0.335±0.005

ΦCT: 0.056

15

399.639

0.373

1.33

0.333±0.004

ΦSC: 0.014

32

832.471

26.015

93.03

0.295±0.005

ΦST: 0.070

38

2201.974

58.002

b)
Source of
Variation
Among
regions
Among
populations
within
regions
Within
populations
Total
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c)
Source of
Variation
Among
regions
Among
populations
within
regions
Within
populations
Total

d.f.

Variance
Components
20.692

Percentage
of Variation
23.280

p-value

Phi

7

Sum of
Squares
848.202

0.011±0.001

ΦCT: 0.233

4

266.098

-2.393

-2.690

0.712±0.004

ΦSC: -0.035

13

917.500

70.577

79.410

0.042±0.002

ΦST: 0.206

24

2031.800

88.875
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Table 6: A summary of the p-values for all four randomization options available in
CoRe-PA 0.5.1.
Randomization Strategy
Randomizing associations
Randomizing host tree
Randomizing parasite tree
Randomizing both trees

p-value
0.172
0.171
0.167
0.246
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Table 7: A summary of the p-values for datasets 100%, 75%, 50% and 25% the size of
the original dataset.
Dataset Size

p-value

100%
75%
50%
25%

0.172
0.001
0.324
0.129

Cospeciations Sortings Duplications Host
Switches
14
11
4
21
13
17
6
10
7
7
2
9
4
3
1
4

Figure 9: Cophylogenetic reconstruction of Crematogaster and Coccus sequences sourced from Quek (Quek et al. 2004)
and Ueda (2010). Both phylogenies were generated using the neighbour-joining algorithm in MEGA 5.0 (Tamura et al.
2011).
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Figure 10: Diaspididae COI Bayes tree generated in MrBayes version 3.1.2 (Huelsenbeck & Ronquist 2001). The
parsimony informative site in the H3 dataset is indicated by the colour of the taxa names as a T (red), a C (blue) or a Y
(purple). The colour coded bar on the right identifies branches corresponding to unique habitats identified by Wilmé et al.
(2006). Black bars represent specimens collected on the island of Mayotte off the coast of Madagascar. Phylogenies were
generated using the neighbour-joining algorithm in MEGA 5.0 (Tamura et al. 2011).
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Figure 11: Pairwise sequence divergence for COI and 28S determined in MEGA 5.0
(Tamura et al. 2011) using the Kimura 2-Parameter model with the gamma parameter
specified based on ModelTest v. 3.7 (Posada & Crandall 1998) results. A Mantel test
comparing the 28S and COI matrices yielded an r of 0.57476.
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Figure 12: Genetic distance exhibited by Diaspididae in relation to geographic distance
by dataset: a) COI, b) 28S and c) partition. Genetic distance was determined in MEGA
5.0 (Tamura et al. 2011) using the Kimura 2-Parameter model with the gamma
parameter specified according to ModelTest v. 3.7 (Posada & Crandall 1998) results.
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Figure 13: Cophylogenetic reconstruction of Melissotarsus insularis and Diaspididae
generated in CoRe-PA 0.5.1 (Merkle et al. 2010). Both the ant and scale phylogenies
were generated in MrBayes version 3.1.2 (Huelsenbeck & Ronquist 2001) using COI
sequences.

74

Chapter 4: Summary and Future Directions
Biodiversity quantification is inherent in mitigating biodiversity loss and remains a
primary challenge for conservation biologists (Balmford et al. 2005). In addition to
theoretical barriers such as defining species and sustainable biodiversity, biodiversity
quantification faces a scarcity of resources as it lacks funding, time and taxonomic
expertise (Balmford et al. 2005; Balmford & Whitten 2003; Gardner et al. 2008).
Modern advances in sequencing technology (Caterino et al. 2000; Hudson 2008; Zhang
& Hewitt 2003) and software (Kuhner 2006; Librado & Rozas 2009; Merkle et al. 2010;
Monaghan et al. 2009; Tamura et al. 2011) have actualized economic, fast and
accessible options for addressing biodiversity quantification .

My thesis has demonstrated the potential of using museum specimens combined with
novel software (two of the programs used were released within the last 4 years) to
elucidate the species status of Melissotarsus insularis and its relationship with the scale,
Diaspididae. The first chapter focussed on the apparent genetic diversity exhibited by
M. insularis in preliminary analyses suggesting that its current designation may
represent more than one species. M. insularis specimens were sourced from the
California Academy of Sciences and 199 were sequenced at the Biodiversity Institute of
Ontario and the Advanced Analysis Center Genomics Facility. Forty-five of the
specimens sequenced exhibited incongruence between different amplifications of COI
suggesting the presence of pseudogenes. Due to the absence of stop codons and
frameshift mutations the suspected pseudogenes were classified as cryptic (Bertheau et
al. 2011). Once the pseudogenes were accounted for the majority of the genetic
diversity was limited to a divergence of 3% or less and, in most cases, could be
explained by poor sequence quality. Furthermore, there appeared to be a lack of
association between habitat type and population suggested by both the COI
phylogenetic tree which appeared to group specimens by latitude as opposed to habitat
and the AMOVA analysis. I concluded that the majority of the genetic diversity exhibited
by M. insularis was an artefact of pseudogene amplification suggesting that M. insularis
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likely represents a single species. Using museum specimens, molecular data and novel
species delineation software, I was able to elucidate the species status of M.insularis
and explore the role of cryptic pseudogenes in species discovery.

The second chapter explored the intimacy of the relationship between M. insularis and
Diaspididae using the novel cophylogenetic reconstruction program CoRe-PA 0.5.1
(Merkle et al. 2010). CoRe-PA 0.5.1 inferred the number of codiversifications
experienced by M. insularis and Diaspididae by comparing their phylogenies. Four
different randomization strategies and four dataset sizes were tested for their effect on
the significance of the number of codiversifications. It was shown that significance
varied somewhat with randomization strategy and significantly with the size of the
dataset. Depending on the specimens included in the reconstruction the number of
codiversifications was either significant (p=0.001) or had a p-value of 0.34 implying that
incomplete taxon sampling may play a primary role in cophylogenetic reconstruction.
The significance of the number of codiversifications fell within the upper range of the
normal distribution but not within the range of significance (p<0.05). A standard metric
for quantifying the degree of intimacy inherent in symbiotic relationships is yet to be
developed. However the result adequately reflected the nature of the relationship in
relation to that shared by a host and its virus the latter tending to yield a statistically
significant number of cospeciations (Dilcher et al. 2012; Nemirov et al. 2010).

Future Directions

The use of molecular data in biodiversity conservation has experienced considerable
growth over the past decade (DeSalle & Amato 2004). In addition to its advantages
such as high through-put species identification (Vogler & Monaghan 2007) and
cophylogenetic reconstruction (Desdevises 2007), the use of molecular data in
biodiversity analysis has several disadvantages including cryptic pseudogene
amplification (Bertheau et al. 2011) and artefacts resulting from incomplete taxon
sampling (Maddison & Knowles 2006).
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Unlike apparent pseudogenes which can often be identified by stop codons or
frameshift mutations, the difference between cryptic pseudogenes and their functional
counterparts is minimally perceptible (Bertheau et al. 2011). As of yet, systematic
screening of sequences for cryptic pseudogene amplification is not a requirement prior
to uploading sequences to GenBank, the European Nucleotide Archive or the DNA Data
Bank of Japan. Future research initiatives should focus on developing protocols for
identifying cryptic pseudogenes that are targeted towards species delineation and
phylogeographic studies as they are particularly vulnerable to the incorporation of
unidentified pseudogenes. Economic and time efficient approaches should be prioritized
as current research endeavours are trending towards high throughput sequencing
(Hudson 2008).

In order to infer the intimacy of a symbiotic relationship using cophylogenetic
reconstruction software it is necessary to establish a standard metric. Because
cophylogenetic reconstruction programs such as CoRe-PA and TreeMap use unique
algorithms and assign arbitrary costs to different evolutionary events, results are difficult
to interpret in isolation. Further development in cophylogenetic reconstruction should
focus on estimating flexible ranges (referring to either the number of evolutionary events
or their significance) that may be used to compare and categorize symbiotic
relationships.

Despite its challenges molecular data offers a unique perspective on species richness
and inter species dynamics often faster and at a lower cost than alternative methods.
Novel developments in bioinformatics have maximized the information derived from
molecular data allowing for its use in the study of species delineation, quantification of
species richness, symbiotic and trophic interactions (Desdevises 2007; Dyer et al. 2010;
Vogler & Monaghan 2007). With sequencing technology decreasing in cost and the
popularization of mass sequencing endeavours, the role of molecular data in
biodiversity analysis will continue to evolve (DeSalle & Amato 2004; Hudson 2008).
Although molecular data cannot replace traditional methods of biodiversity analysis the
insights it provides are invaluable to mitigating biodiversity loss.
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Appendix 1: Melissotarsus insularis specimen
records
Process ID

Sample ID

Collection Date Locality

ASAM104-05

CASENT0422964-D01

25-Feb-2001

Anosiravo 345

ASAM105-05

CASENT0422964-D02

25-Feb-2001

Anosiravo 345

ASAM106-05

CASENT0422962-D01

22-Feb-2001

Orangea 90

ASAM107-05

CASENT0422962-D02

22-Feb-2001

Orangea 90

ASAM108-05

CASENT0426121-D01

11-Nov-2001

Ankidrodroa 100

ASAM109-05

CASENT0426121-D02

11-Nov-2001

Ankidrodroa 100

ASAM110-05

CASENT0426110-D01

09-Dec-2001

Belo sur Mer BSI21c

ASAM111-05

CASENT0426110-D02

09-Dec-2001

Belo sur Mer BSI21c

ASAM112-05

CASENT0426097-D01

10-Dec-2001

Belo sur Mer BSI21d

ASAM113-05

CASENT0426097-D02

10-Dec-2001

Belo sur Mer BSI21d

ASAM114-05

CASENT0426129-D01

12-Jan-2002

Manantalinjo 150

ASAM115-05

CASENT0426129-D02

12-Jan-2002

Manantalinjo 150

ASAM116-05

CASENT0426506-D01

12-Jan-2002

Manantalinjo 150

ASAM117-05

CASENT0426506-D02

12-Jan-2002

Manantalinjo 150

ASAM118-05

CASENT0426515-D01

16-Jan-2002

Tsimelahy 300

ASAM119-05

CASENT0426515-D02

16-Jan-2002

Tsimelahy 300

ASAM120-05

CASENT0426163-D01

03-Feb-2002

Bealoka 35

ASAM122-05

CASENT0426180-D01

03-Feb-2002

Bealoka 35

ASAM123-05

CASENT0426180-D02

03-Feb-2002

Bealoka 35

ASAM124-05

CASENT0426192-D01

03-Feb-2002

Bealoka 35

ASAM125-05

CASENT0426192-D02

03-Feb-2002

Bealoka 35

ASAM126-05

CASENT0426203-D01

03-Feb-2002

Bealoka 35

ASAM127-05

CASENT0426203-D02

03-Feb-2002

Bealoka 35

ASAM128-05

CASENT0426441-D01

03-Feb-2002

Bealoka 35

ASAM129-05

CASENT0426441-D02

03-Feb-2002

Bealoka 35

ASAM130-05

CASENT0426452-D01

06-Feb-2002

Malaza 40

ASAM131-05

CASENT0426452-D02

06-Feb-2002

Malaza 40

ASAM132-05

CASENT0426459-D01

07-Feb-2002

Anjapolo 65
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ASAM133-05

CASENT0426459-D02

07-Feb-2002

Anjapolo 65

ASAM134-05

CASENT0426423-D01

07-Feb-2002

Anjapolo 65

ASAM135-05

CASENT0426423-D02

07-Feb-2002

Anjapolo 65

ASAM136-05

CASENT0426428-D01

17-Feb-2002

Bevazoa 130

ASAM137-05

CASENT0426428-D02

17-Feb-2002

Bevazoa 130

ASAM138-05

CASENT0426210-D01

17-Feb-2002

Soamanitra 150

ASAM139-05

CASENT0426210-D02

17-Feb-2002

Soamanitra 150

ASAM140-05

CASENT0426214-D01

21-Feb-2002

Mahafaly 80

ASAM141-05

CASENT0426214-D02

21-Feb-2002

Mahafaly 80

ASAM142-05

CASENT0426236-D01

21-Feb-2002

Mahafaly 80

ASAM143-05

CASENT0426236-D02

21-Feb-2002

Mahafaly 80

ASAM144-05

CASENT0426228-D01

27-Feb-2002

Andranomite 75

ASAM145-05

CASENT0426228-D02

27-Feb-2002

Andranomite 75

ASAM146-05

CASENT0426248-D01

27-Feb-2002

Andranomite 75

ASAM147-05

CASENT0426248-D02

27-Feb-2002

Andranomite 75

ASAM148-05

CASENT0426412-D01

27-Feb-2002

Andranomite 75

ASAM149-05

CASENT0426412-D02

27-Feb-2002

Andranomite 75

ASAM150-05

CASENT0426261-D01

27-Feb-2002

Andranomite 75

ASAM151-05

CASENT0426261-D02

27-Feb-2002

Andranomite 75

ASAM152-05

CASENT0426271-D01

27-Feb-2002

Andranomite 75

ASAM153-05

CASENT0426359-D01

06-Mar-2002

Tsifota 70

ASAM154-05

CASENT0426359-D02

06-Mar-2002

Tsifota 70

ASAM155-05

CASENT0426351-D01

06-Mar-2002

Tsifota 70

ASAM156-05

CASENT0426351-D02

06-Mar-2002

Tsifota 70

ASAM157-05

CASENT0426330-D01

12-Mar-2002

Beroboka 80

ASAM158-05

CASENT0426330-D02

12-Mar-2002

Beroboka 80

ASAM159-05

CASENT0426342-D01

12-Mar-2002

Beroboka 80

ASAM160-05

CASENT0426342-D02

12-Mar-2002

Beroboka 80

ASAM161-05

CASENT0426466-D01

12-Mar-2002

Beroboka 80

ASAM162-05

CASENT0426466-D02

12-Mar-2002

Beroboka 80

ASAM163-05

CASENT0426479-D01

12-Mar-2002

Beroboka 80

ASAM164-05

CASENT0426479-D02

12-Mar-2002

Beroboka 80

ASAM165-05

CASENT0426308-D01

18-Mar-2002

Mitoho 40

ASAM166-05

CASENT0426308-D02

18-Mar-2002

Mitoho 40
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ASAM167-05

CASENT0035889-D01

12-Nov-2002

Andriabe 100

ASAM168-05

CASENT0035889-D02

12-Nov-2002

Andriabe 100

ASAM170-05

CASENT0489407-D02

19-Nov-2002

Androngonibe 30

ASAM171-05

CASENT0489405-D01

19-Nov-2002

Androngonibe 30

ASAM172-05

CASENT0489405-D02

19-Nov-2002

Androngonibe 30

ASAM173-05

CASENT0489415-D01

19-Nov-2002

Androngonibe 30

ASAM174-05

CASENT0489415-D02

19-Nov-2002

Androngonibe 30

ASAM175-05

CASENT0489346-D01

19-Nov-2002

Androngonibe 30

ASAM176-05

CASENT0489346-D02

19-Nov-2002

Androngonibe 30

ASAM177-05

CASENT0492138-D01

26-Nov-2002

Ambinda 10

ASAM178-05

CASENT0492138-D02

26-Nov-2002

Ambinda 10

ASAM179-05

CASENT0492334-D01

26-Nov-2002

Ambinda 10

ASAM180-05

CASENT0492334-D02

26-Nov-2002

Ambinda 10

ASAM181-05

CASENT0485636-D01

27-Jan-2003

Ranohira 725

ASAM182-05

CASENT0485636-D02

27-Jan-2003

Ranohira 725

ASAM183-05

CASENT0489664-D01

01-Feb-2003

Analalava 700

ASAM184-05

CASENT0489664-D02

01-Feb-2003

Analalava 700

ASAM185-05

CASENT0489469-D01

01-Feb-2003

Analalava 700

ASAM186-05

CASENT0489469-D02

01-Feb-2003

Analalava 700

ASAM187-05

CASENT0493486-D01

05-Feb-2003

Zombitse 770

ASAM188-05

CASENT0493486-D02

05-Feb-2003

Zombitse 770

ASAM190-05

CASENT0493615-D02

05-Feb-2003

Zombitse 770

ASAM192-05

CASENT0491245-D02

10-Feb-2003

Sahanafa 500

ASAM193-05

CASENT0491254-D01

10-Feb-2003

Sahanafa 500

ASAM194-05

CASENT0491254-D02

10-Feb-2003

Sahanafa 500

ASAM195-05

CASENT0498485-D01

11-Dec-2003

Ampondrabe 175

ASAM196-05

CASENT0498485-D02

11-Dec-2003

Ampondrabe 175

ASAM197-05

CASENT0496655-D01

01-Dec-2002

Saririaky 20

ASAM199-05

CASENT0496651-D01

01-Dec-2002

Saririaky 20

ASAM200-05

CASENT0496651-D02

01-Dec-2002

Saririaky 20

ASAM201-05

CASENT0426080-D01

12-Dec-2001

Bevazoa 130

ASAM202-05

CASENT0426080-D02

12-Dec-2001

Bevazoa 130

ASAM203-05

CASENT0426080-D03

12-Dec-2001

Bevazoa 130

ASAM204-05

CASENT0426065-D01

07-Jan-2001

Toliara airport

89

ASAM205-05

CASENT0426065-D02

07-Jan-2001

Toliara airport

ASAM207-05

CASENT0426155-D02

10-Jan-2001

Libanona

ASAM843-05

CASENT0057341-D01

16-Apr-2005

Malaza 40

ASAMX365-06 CASENT0067067-D01

13-Nov-2005

Mandrisy

ASAMX411-06 CASENT0067295-D01

13-Nov-2005

Mandrisy

ASAMX412-06 CASENT0067296-D01

13-Nov-2005

Mandrisy

ASAMX714-06 CASENT0070978-D01

19-Apr-2006

Mahabo 20

ASAMX715-06 CASENT0070980-D01

19-Apr-2006

Mahabo 20

ASAMZ041-07 CASENT0120365-D01

01-Dec-2006

Libanona 2006

ASAMZ043-07 CASENT0120368-D01

01-Dec-2006

Libanona 2006

ASIMB490-09

CASENT0125649

28-Nov-2007

Mont Chongui 550

ASIMB492-09

CASENT0125658

28-Nov-2007

Mont Chongui 550

ASIMB495-09

CASENT0125667

28-Nov-2007

Mont Chongui 550

ASIMB496-09

CASENT0125668

28-Nov-2007

Mont Chongui 550

ASIMB507-09

CASENT0132273

27-Nov-2007

Dapani 1

ASIMB563-09

CASENT0132633

25-Nov-2007

Mont combani 370

ASIMB939-09

CASENT0189646

27-Nov-2007

Dapani 1

ASIMB940-09

CASENT0189647

25-Nov-2007

Mont combani 370

ASIMB941-09

CASENT0189648

28-Nov-2007

Mont Chongui 550

ASIMB942-09

CASENT0189649

28-Nov-2007

Mont Chongui 550

ASMEL001-11 CASENT0426482-D01

17-Feb-2002

Bevazoa 130

ASMEL002-11 CASENT0426482-D02

17-Feb-2002

Bevazoa 130

ASMEL003-11 CASENT0426482-D03

17-Feb-2002

Bevazoa 130

ASMEL004-11 CASENT0426416-D01

07-Feb-2002

Anjapolo 65

ASMEL005-11 CASENT0426416-D02

07-Feb-2002

Anjapolo 65

ASMEL006-11 CASENT0426416-D03

07-Feb-2002

Anjapolo 65

ASMEL007-11 CASENT0426459-D03

07-Feb-2002

Anjapolo 65

ASMEL008-11 CASENT0426459-D04

07-Feb-2002

Anjapolo 65

ASMEL009-11 CASENT0426459-D05

07-Feb-2002

Anjapolo 65

ASMEL010-11 CASENT0426447-D01

06-Feb-2002

Malaza 40

ASMEL011-11 CASENT0426447-D02

06-Feb-2002

Malaza 40

ASMEL012-11 CASENT0426447-D03

06-Feb-2002

Malaza 40

ASMEL013-11 CASENT0426439-D01

03-Feb-2002

Bealoka 35

ASMEL014-11 CASENT0426439-D02

03-Feb-2002

Bealoka 35
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ASMEL015-11 CASENT0426439-D03

03-Feb-2002

Bealoka 35

ASMEL016-11 CASENT0426203-D03

03-Feb-2002

Bealoka 35

ASMEL017-11 CASENT0426203-D04

03-Feb-2002

Bealoka 35

ASMEL018-11 CASENT0426203-D05

03-Feb-2002

Bealoka 35

ASMEL019-11 CASENT0426189-D01

03-Feb-2002

Bealoka 35

ASMEL020-11 CASENT0426189-D02

03-Feb-2002

Bealoka 35

ASMEL021-11 CASENT0426189-D03

03-Feb-2002

Bealoka 35

ASMEL022-11 CASENT0426183-D01

03-Feb-2002

Bealoka 35

ASMEL023-11 CASENT0426183-D02

03-Feb-2002

Bealoka 35

ASMEL024-11 CASENT0426183-D03

03-Feb-2002

Bealoka 35

ASMEL025-11 CASENT0426167-D01

03-Feb-2002

Bealoka 35

ASMEL026-11 CASENT0426167-D02

03-Feb-2002

Bealoka 35

ASMEL027-11 CASENT0426167-D03

03-Feb-2002

Bealoka 35

ASMEL028-11 CASENT0426514-D01

16-Jan-2002

Tsimelahy 300

ASMEL029-11 CASENT0426514-D02

16-Jan-2002

Tsimelahy 300

ASMEL030-11 CASENT0426514-D03

16-Jan-2002

Tsimelahy 300

ASMEL031-11 CASENT0426503-D01

12-Jan-2002

Manantalinjo 150

ASMEL032-11 CASENT0426503-D02

12-Jan-2002

Manantalinjo 150

ASMEL033-11 CASENT0426503-D03

12-Jan-2002

Manantalinjo 150

ASMEL034-11 CASENT0426129-D03

12-Jan-2002

Manantalinjo 150

ASMEL035-11 CASENT0426129-D04

12-Jan-2002

Manantalinjo 150

ASMEL036-11 CASENT0426129-D05

12-Jan-2002

Manantalinjo 150

ASMEL037-11 CASENT0426097-D03

10-Dec-2001

Belo sur Mer BSI21d

ASMEL038-11 CASENT0426097-D04

10-Dec-2001

Belo sur Mer BSI21d

ASMEL039-11 CASENT0426109-D01

09-Dec-2001

Belo sur Mer BSI21c

ASMEL040-11 CASENT0426109-D02

09-Dec-2001

Belo sur Mer BSI21c

ASMEL041-11 CASENT0426109-D03

09-Dec-2001

Belo sur Mer BSI21c

ASMEL042-11 CASENT0422961-D01

22-Feb-2001

Orangea 90

ASMEL043-11 CASENT0422961-D02

22-Feb-2001

Orangea 90

ASMEL044-11 CASENT0422961-D03

22-Feb-2001

Orangea 90

ASMEL045-11 CASENT0422959-D01

25-Feb-2001

Anosiravo 345

ASMEL046-11 CASENT0422959-D02

25-Feb-2001

Anosiravo 345

ASMEL047-11 CASENT0422959-D03

25-Feb-2001

Anosiravo 345

ASMEL048-11 CASENT0492336-D01

26-Nov-2002

Ambinda 10
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ASMEL049-11 CASENT0492336-D02

26-Nov-2002

Ambinda 10

ASMEL050-11 CASENT0492336-D03

26-Nov-2002

Ambinda 10

ASMEL051-11 CASENT0492137-D01

26-Nov-2002

Ambinda 10

ASMEL052-11 CASENT0492137-D02

26-Nov-2002

Ambinda 10

ASMEL053-11 CASENT0492137-D03

26-Nov-2002

Ambinda 10

ASMEL054-11 CASENT0489345-D01

19-Nov-2002

Androngonibe 30

ASMEL055-11 CASENT0489345-D02

19-Nov-2002

Androngonibe 30

ASMEL056-11 CASENT0489345-D03

19-Nov-2002

Androngonibe 30

ASMEL057-11 CASENT0489404-D01

19-Nov-2002

Androngonibe 30

ASMEL058-11 CASENT0489404-D02

19-Nov-2002

Androngonibe 30

ASMEL059-11 CASENT0489404-D03

19-Nov-2002

Androngonibe 30

ASMEL060-11 CASENT0489407-D03

19-Nov-2002

Androngonibe 30

ASMEL061-11 CASENT0489407-D04

19-Nov-2002

Androngonibe 30

ASMEL062-11 CASENT0489407-D05

19-Nov-2002

Androngonibe 30

ASMEL063-11 CASENT0426468-D01

12-Mar-2002

Beroboka 80

ASMEL064-11 CASENT0426468-D02

12-Mar-2002

Beroboka 80

ASMEL065-11 CASENT0426468-D03

12-Mar-2002

Beroboka 80

ASMEL066-11 CASENT0426331-D01

12-Mar-2002

Beroboka 80

ASMEL067-11 CASENT0426331-D02

12-Mar-2002

Beroboka 80

ASMEL068-11 CASENT0426331-D03

12-Mar-2002

Beroboka 80

ASMEL069-11 CASENT0426354-D01

06-Mar-2002

Tsifota 70

ASMEL070-11 CASENT0426354-D02

06-Mar-2002

Tsifota 70

ASMEL071-11 CASENT0426354-D03

06-Mar-2002

Tsifota 70

ASMEL072-11 CASENT0426362-D01

06-Mar-2002

Tsifota 70

ASMEL073-11 CASENT0426362-D02

06-Mar-2002

Tsifota 70

ASMEL074-11 CASENT0426362-D03

06-Mar-2002

Tsifota 70

ASMEL075-11 CASENT0426273-D01

27-Feb-2002

Andranomite 75

ASMEL076-11 CASENT0426273-D02

27-Feb-2002

Andranomite 75

ASMEL077-11 CASENT0426273-D03

27-Feb-2002

Andranomite 75

ASMEL078-11 CASENT0426267-D01

27-Feb-2002

Andranomite 75

ASMEL079-11 CASENT0426267-D02

27-Feb-2002

Andranomite 75

ASMEL080-11 CASENT0426267-D03

27-Feb-2002

Andranomite 75

ASMEL081-11 CASENT0426254-D01

27-Feb-2002

Andranomite 75

ASMEL082-11 CASENT0426254-D02

27-Feb-2002

Andranomite 75
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ASMEL083-11 CASENT0426254-D03

27-Feb-2002

Andranomite 75

ASMEL084-11 CASENT0426251-D01

27-Feb-2002

Andranomite 75

ASMEL085-11 CASENT0426251-D02

27-Feb-2002

Andranomite 75

ASMEL086-11 CASENT0426251-D03

27-Feb-2002

Andranomite 75

ASMEL087-11 CASENT0426228-D03

27-Feb-2002

Andranomite 75

ASMEL088-11 CASENT0426228-D04

27-Feb-2002

Andranomite 75

ASMEL089-11 CASENT0426228-D05

27-Feb-2002

Andranomite 75

ASMEL090-11 CASENT0426215-D01

17-Feb-2002

Soamanitra 150

ASMEL091-11 CASENT0426215-D02

17-Feb-2002

Soamanitra 150

ASMEL092-11 CASENT0426210-D03

17-Feb-2002

Soamanitra 150

ASMEL093-11 CASENT0426210-D04

17-Feb-2002

Soamanitra 150

ASMEL094-11 CASENT0426210-D05

17-Feb-2002

Soamanitra 150

ASMEL095-11 CASENT0057341-D02

16-Apr-2005

Malaza 40

ASMEL192-11 CASENT0057341-D03

16-Apr-2005

Malaza 40

ASMEL193-11 CASENT0057341-D04

16-Apr-2005

Malaza 40

ASMEL194-11 CASENT0107796-D02

15-Dec-2004

Ambohimanga 250

ASMEL195-11 CASENT0107796-D03

15-Dec-2004

Ambohimanga 250

ASMEL196-11 CASENT0107796-D04

15-Dec-2004

Ambohimanga 250

ASMEL197-11 CASENT0107669-D01

14-Dec-2004

Ambohimanga 250

ASMEL198-11 CASENT0107669-D02

14-Dec-2004

Ambohimanga 250

ASMEL199-11 CASENT0107669-D03

14-Dec-2004

Ambohimanga 250

ASMEL200-11 CASENT0053834-D03

14-Dec-2004

Ambohimanga 250

ASMEL201-11 CASENT0053834-D04

14-Dec-2004

Ambohimanga 250

ASMEL202-11 CASENT0053834-D05

14-Dec-2004

Ambohimanga 250

ASMEL203-11 CASENT0107665-D02

09-Dec-2004

Ambato 150

ASMEL204-11 CASENT0107665-D03

09-Dec-2004

Ambato 150

ASMEL205-11 CASENT0107665-D04

09-Dec-2004

Ambato 150

ASMEL206-11 CASENT0107663-D02

09-Dec-2004

Ambato 150

ASMEL207-11 CASENT0107663-D03

09-Dec-2004

Ambato 150

ASMEL208-11 CASENT0107663-D04

09-Dec-2004

Ambato 150

ASMEL209-11 CASENT0110516-D01

06-Dec-2004

Analamerana-Bobakindro

ASMEL210-11 CASENT0110516-D02

06-Dec-2004

Analamerana-Bobakindro

ASMEL211-11 CASENT0110516-D03

06-Dec-2004

Analamerana-Bobakindro

ASMEL212-11 CASENT0107648-D02

01-Dec-2004

Ambondrobe 10
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ASMEL213-11 CASENT0107648-D03

01-Dec-2004

Ambondrobe 10

ASMEL214-11 CASENT0107648-D04

01-Dec-2004

Ambondrobe 10

ASMEL215-11 CASENT0056403-D01

01-Dec-2004

Ambondrobe 10

ASMEL216-11 CASENT0056403-D02

01-Dec-2004

Ambondrobe 10

ASMEL217-11 CASENT0056403-D03

01-Dec-2004

Ambondrobe 10

ASMEL218-11 CASENT0491253-D01

10-Feb-2003

Sahanafa 500

ASMEL219-11 CASENT0491253-D02

10-Feb-2003

Sahanafa 500

ASMEL220-11 CASENT0491253-D03

10-Feb-2003

Sahanafa 500

ASMEL221-11 CASENT0491244-D01

10-Feb-2003

Sahanafa 500

ASMEL222-11 CASENT0491244-D02

10-Feb-2003

Sahanafa 500

ASMEL223-11 CASENT0491244-D03

10-Feb-2003

Sahanafa 500

ASMEL224-11 CASENT0493489-D01

05-Feb-2003

Zombitse 770

ASMEL225-11 CASENT0493489-D02

05-Feb-2003

Zombitse 770

ASMEL226-11 CASENT0493489-D03

05-Feb-2003

Zombitse 770

ASMEL227-11 CASENT0489468-D01

01-Dec-2002

Analalava 700

ASMEL228-11 CASENT0489468-D02

01-Dec-2002

Analalava 700

ASMEL229-11 CASENT0489468-D03

01-Dec-2002

Analalava 700

ASMEL230-11 CASENT0489657-D01

01-Dec-2002

Analalava 700

ASMEL231-11 CASENT0489657-D02

01-Dec-2002

Analalava 700

ASMEL232-11 CASENT0489657-D03

01-Dec-2002

Analalava 700

ASMEL233-11 CASENT0496653-D01

01-Dec-2002

Saririaky 20

ASMEL234-11 CASENT0496653-D02

01-Dec-2002

Saririaky 20

ASMEL235-11 CASENT0496653-D03

01-Dec-2002

Saririaky 20

ASMEL236-11 CASENT0492483-D01

01-Dec-2002

Saririaky 20

ASMEL237-11 CASENT0492483-D02

01-Dec-2002

Saririaky 20

ASMEL238-11 CASENT0492483-D03

01-Dec-2002

Saririaky 20

ASMEL239-11 CASENT0156974-D01

31-Oct-2009

Beanka VII 160

ASMEL240-11 CASENT0156974-D02

31-Oct-2009

Beanka VII 160

ASMEL241-11 CASENT0156974-D03

31-Oct-2009

Beanka VII 160

ASMEL242-11 CASENT0156621-D01

21-Oct-2009

Beanka II 250

ASMEL243-11 CASENT0156621-D02

21-Oct-2009

Beanka II 250

ASMEL244-11 CASENT0156621-D03

21-Oct-2009

Beanka II 250

ASMEL245-11 CASENT0156657-D01

21-Oct-2009

Beanka II 250

ASMEL246-11 CASENT0156657-D02

21-Oct-2009

Beanka II 250
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ASMEL247-11 CASENT0156657-D03

21-Oct-2009

Beanka II 250

ASMEL248-11 CASENT0155912-D01

19-Oct-2009

Beanka II 250

ASMEL249-11 CASENT0155912-D02

19-Oct-2009

Beanka II 250

ASMEL250-11 CASENT0155912-D03

19-Oct-2009

Beanka II 250

ASMEL251-11 CASENT0121504-D01

09-Dec-2006

Behara Spiny Bush

ASMEL252-11 CASENT0121504-D02

09-Dec-2006

Behara Spiny Bush

ASMEL253-11 CASENT0121504-D03

09-Dec-2006

Behara Spiny Bush

ASMEL254-11 CASENT0122764-D01

09-Dec-2006

Behara Spiny Bush

ASMEL255-11 CASENT0122764-D02

09-Dec-2006

Behara Spiny Bush

ASMEL256-11 CASENT0122764-D03

09-Dec-2006

Behara Spiny Bush

ASMEL257-11 CASENT0121592-D01

08-Dec-2006

Vohidava 850

ASMEL258-11 CASENT0121592-D02

08-Dec-2006

Vohidava 850

ASMEL259-11 CASENT0121592-D03

08-Dec-2006

Vohidava 850

ASMEL260-11 CASENT0120365-D02

01-Dec-2006

Libanona 2006

ASMEL261-11 CASENT0120365-D03

01-Dec-2006

Libanona 2006

ASMEL262-11 CASENT0120365-D04

01-Dec-2006

Libanona 2006

ASMEL263-11 CASENT0120367-D01

01-Dec-2006

Libanona 2006

ASMEL264-11 CASENT0120367-D02

01-Dec-2006

Libanona 2006

ASMEL265-11 CASENT0120367-D03

01-Dec-2006

Libanona 2006

ASMEL266-11 CASENT0120368-D02

01-Dec-2006

Libanona 2006

ASMEL267-11 CASENT0120368-D03

01-Dec-2006

Libanona 2006

ASMEL268-11 CASENT0120368-D04

01-Dec-2006

Libanona 2006

ASMEL269-11 CASENT0070978-D02

19-Apr-2006

Mahabo 20

ASMEL270-11 CASENT0070978-D03

19-Apr-2006

Mahabo 20

ASMEL271-11 CASENT0070978-D04

19-Apr-2006

Mahabo 20

ASMEL272-11 CASENT0070980-D02

19-Apr-2006

Mahabo 20

ASMEL273-11 CASENT0070980-D03

19-Apr-2006

Mahabo 20

ASMEL274-11 CASENT0070980-D04

19-Apr-2006

Mahabo 20

ASMEL275-11 CASENT0066757-D01

23-Nov-2005

Ambohidena 20

ASMEL276-11 CASENT0066757-D02

23-Nov-2005

Ambohidena 20

ASMEL277-11 CASENT0066757-D03

23-Nov-2005

Ambohidena 20

ASMEL278-11 CASENT0067296-D02

13-Nov-2005

Mandrisy

ASMEL279-11 CASENT0067296-D03

13-Nov-2005

Mandrisy

ASMEL280-11 CASENT0067296-D04

13-Nov-2005

Mandrisy
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ASMEL281-11 CASENT0067295-D02

13-Nov-2005

Mandrisy

ASMEL282-11 CASENT0067295-D03

13-Nov-2005

Mandrisy

ASMEL283-11 CASENT0067295-D04

13-Nov-2005

Mandrisy

ASMEL284-11 CASENT0067067-D02

13-Nov-2005

Mandrisy

ASMEL285-11 CASENT0067067-D03

13-Nov-2005

Mandrisy

ASMEL286-11 CASENT0067067-D04

13-Nov-2005

Mandrisy

ASMEL322-11 CASENT0426159-D01

10-Jan-2001

Libanona

ASMEL323-11 CASENT0426159-D02

10-Jan-2001

Libanona

ASMEL324-11 CASENT0426159-D03

10-Jan-2001

Libanona

ASMEL325-11 CASENT0426062-D01

07-Jan-2001

Toliara airport

ASMEL326-11 CASENT0426062-D02

07-Jan-2001

Toliara airport

ASMEL327-11 CASENT0426062-D03

07-Jan-2001

Toliara airport

ASMEL328-11 CASENT0426087-D01

12-Dec-2001

Bevazoa 130

ASMEL329-11 CASENT0426087-D02

12-Dec-2001

Bevazoa 130

ASMEL330-11 CASENT0426087-D03

12-Dec-2001

Bevazoa 130

JDWAM016-04 CASENT0505295

03-Feb-2002

Bealoka 35

JDWAM342-05 CASENT0053830-D01

14-Dec-2004

Ambohimanga 250

JDWAM343-05 CASENT0053830-D02

14-Dec-2004

Ambohimanga 250

JDWAM344-05 CASENT0053834-D01

14-Dec-2004

Ambohimanga 250

JDWAM345-05 CASENT0053834-D02

14-Dec-2004

Ambohimanga 250

JDWAM528-05 CASENT0107577-D01

06-Dec-2004

Analamerana-Bobakindro

JDWAM623-05 CASENT0107648-D01

01-Dec-2004

Ambondrobe 10

JDWAM629-05 CASENT0107656-D01

01-Dec-2004

Ambondrobe 10

JDWAM636-05 CASENT0107668-D01

14-Dec-2004

Ambohimanga 250

JDWAM637-05 CASENT0107668-D02

14-Dec-2004

Ambohimanga 250

JDWAM715-05 CASENT0107796-D01

15-Dec-2004

Ambohimanga 250
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Appendix 1: Diaspididae specimen records
Process ID

Sample ID

Collection Date Locality

ASAM898-05

CASENT0426359-D11

06-Mar-2002

Tsifota 70

ASAM899-05

CASENT0426359-D12

06-Mar-2002

Tsifota 70

ASAM900-05

CASENT0426330-D11

12-Mar-2002

Beroboka 80

ASAM901-05

CASENT0426330-D12

12-Mar-2002

Beroboka 80

ASAM902-05

CASENT0426342-D11

12-Mar-2002

Beroboka 80

ASAM903-05

CASENT0426342-D12

12-Mar-2002

Beroboka 80

ASAM904-05

CASENT0426466-D11

12-Mar-2002

Beroboka 80

ASAM905-05

CASENT0426466-D12

12-Mar-2002

Beroboka 80

ASAM906-05

CASENT0426308-D11

18-Mar-2002

Mitoho 40

ASAM907-05

CASENT0426308-D12

18-Mar-2002

Mitoho 40

ASAM908-05

CASENT0489664-D11

01-Feb-2003

Analalava 700

ASAM909-05

CASENT0489664-D12

01-Feb-2003

Analalava 700

ASAM910-05

CASENT0493615-D11

05-Feb-2003

Zombitse 770

ASAM911-05

CASENT0491254-D11

10-Feb-2003

Sahanafa 500

ASAM912-05

CASENT0491254-D12

10-Feb-2003

Sahanafa 500

ASAM913-05

CASENT0107656-D11

01-Dec-2004

Ambondrobe 10

ASAM914-05

CASENT0107656-D12

01-Dec-2004

Ambondrobe 10

ASAM915-05

CASENT0107648-D11

01-Dec-2004

Ambondrobe 10

ASAM916-05

CASENT0107648-D12

01-Dec-2004

Ambondrobe 10

ASAM917-05

CASENT0107577-D11

06-Dec-2004

Analamerana-Bobakindro

ASAM918-05

CASENT0107577-D12

06-Dec-2004

Analamerana-Bobakindro

ASAM919-05

CASENT0107663-D11

09-Dec-2004

Ambato 150

ASAM920-05

CASENT0107663-D12

09-Dec-2004

Ambato 150

ASAM921-05

CASENT0053830-D11

14-Dec-2004

Ambohimanga 250

ASAM922-05

CASENT0053830-D12

14-Dec-2004

Ambohimanga 250

ASAM923-05

CASENT0107796-D11

15-Dec-2004

Ambohimanga 250

ASAM924-05

CASENT0107796-D12

15-Dec-2004

Ambohimanga 250

ASAM925-05

CASENT0057341-D11

16-Apr-2005

Malaza 40

ASAM926-05

CASENT0057341-D12

16-Apr-2005

Malaza 40

ASAM927-05

CASENT0496655-D11

01-Dec-2002

Saririaky 20
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ASAM928-05

CASENT0496655-D12

01-Dec-2002

Saririaky 20

ASAM929-05

CASENT0496651-D11

01-Dec-2002

Saririaky 20

ASAM930-05

CASENT0496651-D12

01-Dec-2002

Saririaky 20

ASAM931-05

CASENT0107668-D11

14-Dec-2004

Ambohimanga 250

ASAM932-05

CASENT0107668-D12

14-Dec-2004

Ambohimanga 250

ASAMI049-05 CASENT0426155-D11

10-Jan-2001

Libanona

ASAMI050-05 CASENT0426155-D12

10-Jan-2001

Libanona

ASAMI051-05 CASENT0426065-D11

07-Jan-2001

Toliara airport

ASAMI052-05 CASENT0426065-D12

07-Jan-2001

Toliara airport

ASAMI053-05 CASENT0426618-D11

19-May-2002

Cedarburg 800

ASAMI054-05 CASENT0426618-D12

19-May-2002

Cedarburg 800

ASAMI055-05 CASENT0426097-D11

10-Dec-2001

Belo sur Mer BSI21d

ASAMI056-05 CASENT0426097-D12

10-Dec-2001

Belo sur Mer BSI21d

ASAMI057-05 CASENT0426129-D11

12-Jan-2002

Manantalinjo 150

ASAMI058-05 CASENT0426129-D12

12-Jan-2002

Manantalinjo 150

ASAMI059-05 CASENT0426506-D11

12-Jan-2002

Manantalinjo 150

ASAMI060-05 CASENT0426506-D12

12-Jan-2002

Manantalinjo 150

ASAMI061-05 CASENT0426515-D11

16-Jan-2002

Tsimelahy 300

ASAMI062-05 CASENT0426515-D12

16-Jan-2002

Tsimelahy 300

ASAMI063-05 CASENT0426163-D11

03-Feb-2002

Bealoka 35

ASAMI064-05 CASENT0426163-D12

03-Feb-2002

Bealoka 35

ASAMI065-05 CASENT0426192-D11

03-Feb-2002

Bealoka 35

ASAMI066-05 CASENT0426192-D12

03-Feb-2002

Bealoka 35

ASAMI067-05 CASENT0426203-D11

03-Feb-2002

Bealoka 35

ASAMI068-05 CASENT0426203-D12

03-Feb-2002

Bealoka 35

ASAMI069-05 CASENT0426248-D11

27-Feb-2002

Andranomite 75

ASAMI070-05 CASENT0426248-D12

27-Feb-2002

Andranomite 75

ASAMI071-05 CASENT0426228-D11

27-Feb-2002

Andranomite 75

ASAMI072-05 CASENT0426228-D12

27-Feb-2002

Andranomite 75

ASAMI073-05 CASENT0426236-D11

21-Feb-2002

Mahafaly 80

ASAMI074-05 CASENT0426236-D12

21-Feb-2002

Mahafaly 80

ASAMI075-05 CASENT0426214-D11

21-Feb-2002

Mahafaly 80

ASAMI076-05 CASENT0426214-D12

21-Feb-2002

Mahafaly 80

ASAMI077-05 CASENT0426210-D11

17-Feb-2002

Soamanitra 150
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ASAMI078-05 CASENT0426210-D12

17-Feb-2002

Soamanitra 150

ASAMI079-05 CASENT0426428-D11

17-Feb-2002

Bevazoa 130

ASAMI080-05 CASENT0426428-D12

17-Feb-2002

Bevazoa 130

ASAMI081-05 CASENT0426423-D11

07-Feb-2002

Anjapolo 65

ASAMI082-05 CASENT0426423-D12

07-Feb-2002

Anjapolo 65

ASAMI083-05 CASENT0426459-D11

07-Feb-2002

Anjapolo 65

ASAMI084-05 CASENT0426459-D12

07-Feb-2002

Anjapolo 65

ASAMI085-05 CASENT0426452-D11

06-Feb-2002

Malaza 40

ASAMI086-05 CASENT0426452-D12

06-Feb-2002

Malaza 40

ASAMI087-05 CASENT0426441-D11

03-Feb-2002

Bealoka 35

ASAMI088-05 CASENT0426441-D12

03-Feb-2002

Bealoka 35

ASAMI089-05 CASENT0426412-D11

27-Feb-2002

Andranomite 75

ASAMI090-05 CASENT0426412-D12

27-Feb-2002

Andranomite 75

ASAMI091-05 CASENT0426261-D11

27-Feb-2002

Andranomite 75

ASAMI092-05 CASENT0426261-D12

27-Feb-2002

Andranomite 75

ASAMI093-05 CASENT0426271-D11

27-Feb-2002

Andranomite 75

ASAMI094-05 CASENT0426271-D12

27-Feb-2002

Andranomite 75

ASMEL096-11 CASENT0426482-D11

17-Feb-2002

Bevazoa 130

ASMEL097-11 CASENT0426482-D12

17-Feb-2002

Bevazoa 130

ASMEL098-11 CASENT0426482-D13

17-Feb-2002

Bevazoa 130

ASMEL099-11 CASENT0426416-D11

07-Feb-2002

Anjapolo 65

ASMEL100-11 CASENT0426416-D12

07-Feb-2002

Anjapolo 65

ASMEL101-11 CASENT0426459-D13

07-Feb-2002

Anjapolo 65

ASMEL102-11 CASENT0426459-D14

07-Feb-2002

Anjapolo 65

ASMEL103-11 CASENT0426459-D15

07-Feb-2002

Anjapolo 65

ASMEL104-11 CASENT0426447-D11

06-Feb-2002

Malaza 40

ASMEL105-11 CASENT0426447-D12

06-Feb-2002

Malaza 40

ASMEL106-11 CASENT0426447-D13

06-Feb-2002

Malaza 40

ASMEL107-11 CASENT0426203-D13

03-Feb-2002

Bealoka 35

ASMEL108-11 CASENT0426203-D14

03-Feb-2002

Bealoka 35

ASMEL109-11 CASENT0426203-D15

03-Feb-2002

Bealoka 35

ASMEL110-11 CASENT0426189-D11

03-Feb-2002

Bealoka 35

ASMEL111-11 CASENT0426189-D12

03-Feb-2002

Bealoka 35

ASMEL112-11 CASENT0426189-D13

03-Feb-2002

Bealoka 35
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ASMEL113-11 CASENT0426167-D11

03-Feb-2002

Bealoka 35

ASMEL114-11 CASENT0426167-D12

03-Feb-2002

Bealoka 35

ASMEL115-11 CASENT0426167-D13

03-Feb-2002

Bealoka 35

ASMEL116-11 CASENT0426514-D11

16-Jan-2002

Tsimelahy 300

ASMEL117-11 CASENT0426514-D12

16-Jan-2002

Tsimelahy 300

ASMEL118-11 CASENT0426514-D13

16-Jan-2002

Tsimelahy 300

ASMEL119-11 CASENT0426503-D11

12-Jan-2002

Manantalinjo 150

ASMEL120-11 CASENT0426503-D12

12-Jan-2002

Manantalinjo 150

ASMEL121-11 CASENT0426503-D13

12-Jan-2002

Manantalinjo 150

ASMEL122-11 CASENT0426129-D13

12-Jan-2002

Manantalinjo 150

ASMEL123-11 CASENT0426129-D14

12-Jan-2002

Manantalinjo 150

ASMEL124-11 CASENT0426129-D15

12-Jan-2002

Manantalinjo 150

ASMEL125-11 CASENT0426097-D13

10-Dec-2001

Belo sur Mer BSI21d

ASMEL126-11 CASENT0426097-D14

10-Dec-2001

Belo sur Mer BSI21d

ASMEL127-11 CASENT0426097-D15

10-Dec-2001

Belo sur Mer BSI21d

ASMEL128-11 CASENT0426468-D11

12-Mar-2002

Beroboka 80

ASMEL129-11 CASENT0426468-D12

12-Mar-2002

Beroboka 80

ASMEL130-11 CASENT0426468-D13

12-Mar-2002

Beroboka 80

ASMEL131-11 CASENT0426331-D11

12-Mar-2002

Beroboka 80

ASMEL132-11 CASENT0426331-D12

12-Mar-2002

Beroboka 80

ASMEL133-11 CASENT0426331-D13

12-Mar-2002

Beroboka 80

ASMEL134-11 CASENT0426362-D11

06-Mar-2002

Tsifota 70

ASMEL135-11 CASENT0426362-D12

06-Mar-2002

Tsifota 70

ASMEL136-11 CASENT0426362-D13

06-Mar-2002

Tsifota 70

ASMEL137-11 CASENT0426273-D11

27-Feb-2002

Andranomite 75

ASMEL138-11 CASENT0426273-D12

27-Feb-2002

Andranomite 75

ASMEL139-11 CASENT0426273-D13

27-Feb-2002

Andranomite 75

ASMEL140-11 CASENT0426267-D11

27-Feb-2002

Andranomite 75

ASMEL141-11 CASENT0426267-D12

27-Feb-2002

Andranomite 75

ASMEL142-11 CASENT0426267-D13

27-Feb-2002

Andranomite 75

ASMEL143-11 CASENT0426251-D11

27-Feb-2002

Andranomite 75

ASMEL144-11 CASENT0426251-D12

27-Feb-2002

Andranomite 75

ASMEL145-11 CASENT0426228-D13

27-Feb-2002

Andranomite 75

ASMEL146-11 CASENT0426228-D14

27-Feb-2002

Andranomite 75
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ASMEL147-11 CASENT0426228-D15

27-Feb-2002

Andranomite 75

ASMEL148-11 CASENT0426210-D13

17-Feb-2002

Soamanitra 150

ASMEL149-11 CASENT0426210-D14

17-Feb-2002

Soamanitra 150

ASMEL150-11 CASENT0426210-D15

17-Feb-2002

Soamanitra 150

ASMEL151-11 CASENT0057341-D13

16-Apr-2005

Malaza 40

ASMEL152-11 CASENT0057341-D14

16-Apr-2005

Malaza 40

ASMEL153-11 CASENT0057341-D15

16-Apr-2005

Malaza 40

ASMEL154-11 CASENT0107796-D13

15-Dec-2004

Ambohimanga 250

ASMEL155-11 CASENT0107796-D14

15-Dec-2004

Ambohimanga 250

ASMEL156-11 CASENT0107796-D15

15-Dec-2004

Ambohimanga 250

ASMEL157-11 CASENT0107669-D11

14-Dec-2004

Ambohimanga 250

ASMEL158-11 CASENT0107669-D12

14-Dec-2004

Ambohimanga 250

ASMEL159-11 CASENT0107669-D13

14-Dec-2004

Ambohimanga 250

ASMEL160-11 CASENT0107663-D13

09-Dec-2004

Ambato 150

ASMEL161-11 CASENT0107663-D14

09-Dec-2004

Ambato 150

ASMEL162-11 CASENT0107663-D15

09-Dec-2004

Ambato 150

ASMEL163-11 CASENT0110516-D11

06-Dec-2004

Analamerana-Bobakindro

ASMEL164-11 CASENT0110516-D12

06-Dec-2004

Analamerana-Bobakindro

ASMEL165-11 CASENT0110516-D13

06-Dec-2004

Analamerana-Bobakindro

ASMEL166-11 CASENT0107648-D13

01-Dec-2004

Ambondrobe 10

ASMEL167-11 CASENT0107648-D14

01-Dec-2004

Ambondrobe 10

ASMEL168-11 CASENT0107648-D15

01-Dec-2004

Ambondrobe 10

ASMEL169-11 CASENT0056403-D11

01-Dec-2004

Ambondrobe 10

ASMEL170-11 CASENT0056403-D12

01-Dec-2004

Ambondrobe 10

ASMEL171-11 CASENT0056403-D13

01-Dec-2004

Ambondrobe 10

ASMEL172-11 CASENT0491253-D11

10-Feb-2003

Sahanafa 500

ASMEL173-11 CASENT0491253-D12

10-Feb-2003

Sahanafa 500

ASMEL174-11 CASENT0491253-D13

10-Feb-2003

Sahanafa 500

ASMEL175-11 CASENT0493489-D11

05-Feb-2003

Zombitse 770

ASMEL176-11 CASENT0493489-D12

05-Feb-2003

Zombitse 770

ASMEL177-11 CASENT0493489-D13

05-Feb-2003

Zombitse 770

ASMEL178-11 CASENT0492483-D11

01-Dec-2002

Saririaky 20

ASMEL179-11 CASENT0492483-D12

01-Dec-2002

Saririaky 20

ASMEL180-11 CASENT0492483-D13

01-Dec-2002

Saririaky 20
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ASMEL181-11 CASENT0156974-D11

31-Oct-2009

Beanka VII 160

ASMEL182-11 CASENT0156974-D12

31-Oct-2009

Beanka VII 160

ASMEL183-11 CASENT0156974-D13

31-Oct-2009

Beanka VII 160

ASMEL184-11 CASENT0156621-D11

21-Oct-2009

Beanka II 250

ASMEL185-11 CASENT0156621-D12

21-Oct-2009

Beanka II 250

ASMEL186-11 CASENT0156621-D13

21-Oct-2009

Beanka II 250

ASMEL187-11 CASENT0156657-D11

21-Oct-2009

Beanka II 250

ASMEL188-11 CASENT0156657-D12

21-Oct-2009

Beanka II 250

ASMEL189-11 CASENT0156657-D13

21-Oct-2009

Beanka II 250

ASMEL190-11 CASENT0155912-D11

19-Oct-2009

Beanka II 250

ASMEL191-11 CASENT0155912-D12

19-Oct-2009

Beanka II 250

ASMEL287-11 CASENT0155912-D13

19-Oct-2009

Beanka II 250

ASMEL288-11 CASENT0121504-D11

09-Dec-2006

Behara Spiny Bush

ASMEL289-11 CASENT0121504-D12

09-Dec-2006

Behara Spiny Bush

ASMEL290-11 CASENT0121504-D13

09-Dec-2006

Behara Spiny Bush

ASMEL291-11 CASENT0122764-D11

09-Dec-2006

Behara Spiny Bush

ASMEL292-11 CASENT0122764-D12

09-Dec-2006

Behara Spiny Bush

ASMEL293-11 CASENT0122764-D13

09-Dec-2006

Behara Spiny Bush

ASMEL294-11 CASENT0121592-D11

08-Dec-2006

Vohidava 850

ASMEL295-11 CASENT0121592-D12

08-Dec-2006

Vohidava 850

ASMEL296-11 CASENT0121592-D13

08-Dec-2006

Vohidava 850

ASMEL297-11 CASENT0120367-D11

01-Dec-2006

Libanona 2006

ASMEL298-11 CASENT0120367-D12

01-Dec-2006

Libanona 2006

ASMEL299-11 CASENT0120367-D13

01-Dec-2006

Libanona 2006

ASMEL300-11 CASENT0120368-D11

01-Dec-2006

Libanona 2006

ASMEL301-11 CASENT0120368-D12

01-Dec-2006

Libanona 2006

ASMEL302-11 CASENT0120368-D13

01-Dec-2006

Libanona 2006

ASMEL303-11 CASENT0070978-D11

19-Apr-2006

Mahabo 20

ASMEL304-11 CASENT0070978-D12

19-Apr-2006

Mahabo 20

ASMEL305-11 CASENT0070978-D13

19-Apr-2006

Mahabo 20

ASMEL306-11 CASENT0070980-D11

19-Apr-2006

Mahabo 20

ASMEL307-11 CASENT0070980-D12

19-Apr-2006

Mahabo 20

ASMEL308-11 CASENT0070980-D13

19-Apr-2006

Mahabo 20

ASMEL309-11 CASENT0066757-D11

23-Nov-2005

Ambohidena 20
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ASMEL310-11 CASENT0066757-D12

23-Nov-2005

Ambohidena 20

ASMEL311-11 CASENT0066757-D13

23-Nov-2005

Ambohidena 20

ASMEL312-11 CASENT0067296-D11

13-Nov-2005

Mandrisy

ASMEL313-11 CASENT0067067-D11

13-Nov-2005

Mandrisy

ASMEL314-11 CASENT0067067-D12

13-Nov-2005

Mandrisy

ASMEL315-11 CASENT0067067-D13

13-Nov-2005

Mandrisy

ASMEL316-11 CASENT0426159-D11

10-Jan-2001

Libanona

ASMEL317-11 CASENT0426159-D12

10-Jan-2001

Libanona

ASMEL318-11 CASENT0426159-D13

10-Jan-2001

Libanona

ASMEL319-11 CASENT0426062-D11

07-Jan-2001

Toliara airport

ASMEL320-11 CASENT0426062-D12

07-Jan-2001

Toliara airport

ASMEL321-11 CASENT0426062-D13

07-Jan-2001

Toliara airport
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Appendix 2: Primers used to amplify Melissotarsus
insularis and Diaspididae DNA
Primer Name
LepF1
LepR1
C_ANTMR1DAMR1deg_R
RonMWASPdeg_t1

12Sai
12Sbi-f
H3F
H3R
Pcof
D2B
D3Ar

Primer Sequence
ATTCAACCAATCA
TAAAGATATTGG
TAAACTTCTGGAT
GTCCAAAAAATCA
CAWCCWGTWCC
KRMNCCWKCAT
TGTAAAACGACG
GCCAGTGGWTC
WCCWGATATAKC
WTTTCC
AAACTAGGATTA
GATACCCTATTAT
GAAAATGACGGG
CAATTTGT
ATGGCTCGTACC
AAGCAGACVGC
ATATCCTTRGGC
ATRATRGTGAC
CCTTCAACTAATC
ATAAAAATATYAG
GTCGGGTTGCTT
GAGAGTGC
TCCGTGTTTCAA
GACGGGTC

Gene Region
CO1

Source
Hebert et al., 2004

CO1

Hajibabaei et al., 2005

CO1

Smith and Fisher, 2009

CO1

Modified by M. Alex
Smith from Pfunder et
al., 2004

12S

Simon et al., 1994

12S
Histone H3

Modified from Simon et
al., 1994
Colgan et al., 1998

Histone H3

Colgan et al., 1998

CO1
28S

Doo-Sang Park
(unpublished)
Saux et al., 2004

28S

Saux et al., 2004
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Appendix 3: PCR Temperature Profiles
Primer Set
LepF1/ LepR1

PCR Temperature Profile

LepF1/C_ANTMR1DAMR1deg_R

94C at 1:00 minutes, 5 cycles of 94C at 0:40 seconds,
45C at 0:40 seconds and 72C at 1:00 minutes, 40 cycles
of 94C at 0:40 seconds, 51C at 0:40 seconds and 72C
at 1:00 minutes. Final elongation at 72C for 5:00 minutes.
Stores at 4C.

RonMWASPdeg_t1/LepR1

94C at 1:00 minutes, 5 cycles of 94C at 0:40 seconds,
45C at 0:40 seconds and 72C at 1:00 minutes, 40 cycles
of 94C at 0:40 seconds, 51C at 0:40 seconds and 72C
at 1:00 minutes. Final elongation at 72C for 5:00 minutes.
Stores at 4C.

12Sai/12Sbi-f

94C at 2:00 minutes, 35 cycles of 94C at 1:00 minute,
50C at 1:00 minute and 72C at 2:00 minutes. Final
elongation at 72C for 5:00 minutes. Stores at 4C.
(Moreau, 2008)

H3F/ H3R

94C at 2:00 minutes, 35 cycles of 94C at 1:00 minute,
57C at 1:00 minute and 72C at 2:00 minutes. Final
elongation at 72C for 5:00 minutes. Stores at 4C.
94C at 1:00 minutes, 5 cycles of 94C at 0:40 seconds,
45C at 0:40 seconds and 72C at 1:00 minutes, 40 cycles
of 94C at 0:40 seconds, 51C at 0:40 seconds and 72C
at 1:00 minutes. Final elongation at 72C for 5:00 minutes.
Stores at 4C.

Pcof

D2B/ D3Ar

94C at 1:00 minutes, 5 cycles of 94C at 0:40 seconds,
45C at 0:40 seconds and 72C at 1:00 minutes, 40 cycles
of 94C at 0:40 seconds, 51C at 0:40 seconds and 72C
at 1:00 minutes. Final elongation at 72C for 5:00 minutes.
Stores at 4C.

94C at 1:00 minutes, 5 cycles of 94C at 0:40 seconds,
45C at 0:40 seconds and 72C at 1:00 minutes, 40 cycles
of 94C at 0:40 seconds, 51C at 0:40 seconds and 72C
at 1:00 minutes. Final elongation at 72C for 5:00 minutes.
Stores at 4C.
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Appendix 4: Neighbor-joining, maximum parsimony
and Bayesian phylogenetic trees for Melissotarsus
insularis.
COI
Neighbor-joining
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Maximum Parsimony
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Partition
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12S
Neighbor-joining

109

Maximum Parsimony
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Bayesian
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Appendix 5: Neighbor-joining, maximum parsimony
and Bayesian phylogenetic trees for Diaspididae.
COI
Neighbor-joining
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Maximum Parsimony
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28S
Neighbor-joining
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Maximum Parsimony
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Bayesian
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Partition
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Appendix 6: Cophylogeny reconstruction of 25%,
50% and 75% reduced COI datasets for
Melissotarsus insularis and Diaspididae.
25% Reduced Dataset
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50% Reduced Dataset
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75% Reduced Dataset

