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ABSTRACT

Blow flies (Diptera: Calliphoridae) are among the most dominant and
conspicuous insects in the decomposition process. They are important in forensic
entomology to determine time of death and, in certain situations, cause of death or
relocation of a body. Insects are now included as standard operating procedures in crime
scene investigations in many countries, however, this is not standard procedure in the
Caribbean area due to lack of knowledge of insects involved in cadaveric decomposition.
Successful application of forensic entomology depends on solid underlying data. Our
main goal is to advance the knowledge of Calliphoridae in the Caribbean to enable
forensic entomology studies. We performed a mega-transect across the Caribbean and
extensively collected flies attracted to rotten meat baits during five years from 2011 to
2015. Overall we collected 61,332 flies of which 34,650 were Calliphoridae. We sampled
16 of the 18 species of forensically important Caribbean Calliphoridae and three
continental species. We determine the diversity and distribution of Calliphoridae in the
Caribbean. We also present a thorough DNA barcode dataset, covering the geographic
range of most species in the region. Finally we established phylogenetic relationships
among Calliphoridae species and test biogeographical hypotheses, and patterns of
diversification and endemism in the Caribbean. In sum, this is the most comprehensive
study of the family Calliphoridae from the Caribbean that will open the door for future
research on forensic entomology in the region.
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CHAPTER 1: INTRODUCTION

Calliphoridae (Diptera) is distributed worldwide with over 1000 blow fly species
currently recognized, comprising around 150 genera (Rognes 1991). The majority of
these species are metallic in appearance, with colors ranging from brilliant green or blue
to bronze or shiny black. This family is significant for its role in nutrient recycling and
community ecology because of their removal and breakdown of vertebrate carcasses from
the environment (Byrd and Castner 2010). One of the defining characteristics of blow
flies is the necessity to lay eggs on proteinaceous matter, either on the tissue of a living
vertebrate host, a form of parasitism known as myiasis (Hall, 1948) or on animal carrion
such as decomposing human tissues (Smith 1986, Goff 2000, Byrd and Castner 2010).
Within the Calliphoridae, a range of larval feeding habits exist, including coprophagy
(feeding on feces or dung), saprophagy (feeding on non-living organic material),
sanguinivory (feeding on blood) and ectoparasitism (living on the body surface of the
host) both facultative and obligate. Indeed, Calliphoridae include some of the most
economically important mammal parasites, notorious for their parasitism of livestock. In
addition to their economic importance, these flies are the most important species in
forensic entomology; they have been widely used in legal investigations (Byrd and
Castner 2010).

Blow flies are typically the first insects to detect and colonize human and animal
remains. Calliphorid flies have been recorded arriving at carcasses minutes after death
and laying eggs soon after their arrival. They can access almost every place and are found

in almost all terrestrial habitats. The wings enable them to travel considerable distances



when foraging for food or locating a suitable habitat for laying their eggs. This is an
extremely important characteristic, as species of forensic importance must quickly locate
and utilize temporary resources such as carrion, including human remains (Smith 1986,
Byrd and Castner 2010). Although the study of flies in legal investigations is an old
practice that dates back to the thirteenth century, it has become popular in the last five
decades due to the support they provide to determine post mortem interval - PMI (Wells
and LaMotte 2001). The postmortem interval is a matter of crucial importance in
investigations of homicides and other unexplained deaths. Such information can help to
identify both the criminal and the victim by excluding suspects and connecting the
deceased with individuals reported missing for the same amount of time (Catts and
Haskell 1990). The immature stages of flies, mainly maggots, are the most important in
determining time of death because they feed directly on the body. We can use the
developmental stage of retrieved larva of these species to estimate their age. This age, in
turn, can provide the minimum PMI. Depending on the insect species and conditions at
the scene, the stage of development can vary; different species have different growth
rates, diapause, preferences for the stage of decomposition, habitat preferences, and
feeding habits (Smith 1986, Goft 2000, Byrd and Castner 2010). For these reasons, one
of the first steps in order to use flies in legal investigations is the accurate identification
of the specimens, because the misidentification can lead to a wrong interpretation of the
postmortem interval. In addition to the estimation of IPM, the insects can also indicate
relocation of a corpse in homicide scenes (Goff 2000), using the presence or absence of
larvae pertaining to species with restricted distributions. If the blow fly species recovered

from the body are not what would be expected in the environment where the body was



discovered, it would be indicative of the remains being relocated to the site of discovery
(Byrd and Castner 2010). Consequently, we need to know the composition of species in
the area to be able to determine the species of insects that should be present in the
environment where the body was discovered. Thus knowledge of species distributions is
also important for forensic entomology.

One of the first efforts to identify species of blow flies was done by Shannon
(1926) who provided preliminary taxonomic keys and biological information for several
species of blow flies from the Americas. He described two new species from the
Caribbean, the endemics, Cochliomyia minima and Lucilia rica. Aubertin (1933, as cited
in Whitworth, 2006), included several species of Lucilia from the region but given the
few distinctive characters to distinguish species she was uncertain about what valid
species were in the area. Hall (1948) revised the species of Calliphoridae in North
America; here he provided taxonomic keys and descriptions of blow flies including
differentiation of species based on genitalia of males. However, those keys lacked clarity
and were difficult to interpret. (James 1967) in his work on the blow flies of Dominica
included Co. macellaria and what he described as non-typical L. eximia. James (1970)
published a catalog of Calliphoridae from the Neotropical region in which he listed many
species known from the Caribbean at the time. James (1971) described two species of
Lucilia from the Caribbean: Lucilia lucigerens from Jamaica and Lucilia retroversa from
the Bahamas and Cuba. Other important contributions are the works of Dear (Dear 1979,
Dear 1985) which revised subfamily Toxotarsinae and the tribe Chrysomyini. In the latter
paper he included several species found in the Caribbean. Smith (1986) discussed the

importance of insects in forensic science and included taxonomic keys of adults and



larvae of insects attracted to carrion. Also he included information about how to collect,
transport, preserve and rear insects and how to interpret the information that they provide
for forensic investigations. Rognes (1991) reviewed the Palearctic and Holarctic species
and recommended numerous changes in blow fly taxonomy. Those changes affected taxa
found in the Americas. Peris et al. (1998) described a new species of Calliphora from
Cuba, C. maestrica, based on female specimens only. Whitworth (2006) published the
first and most comprehensive key to North American blow flies since Hall (1948). In this
work he included several species from the Caribbean. In South America several authors
provided regional taxonomic keys for Calliphoridae: in Colombia (Amat 2009, Florez
and Wolff 2009), Brazil (Caravalho and Ribeiro 2000, Caravalho and Mello 2008),
Argentina (Dear 1979, Mariluis et al. 2008) and the Galapagos (Tantawi and Sinclair
2013). Peris and Mora have contributed taxonomic keys to Calliphoridae of the world,
focusing in some genera of Calliphoridae (2004) and the subfamily Rhinophoridae
(2007).

Despite all these works, identification of Calliphoridae from the Caribbean has
been difficult because the taxonomic keys included several species not present in the
Caribbean and lacked the endemic species unique to the area. It was not until Whitworth
(2010) published the first taxonomic key of Calliphoridae from the West Indies that
effective and accurate identification of calliphorids adults became possible. That
taxonomic key included detailed descriptions of male and female genitalia and the
description of a new species from the Caribbean, Lucilia fayeae. Another recent
contribution, of Calliphoridae from the Americas including species from the Caribbean

are taxonomic keys of the genus Calliphora from the Neotropical region (Whitworth,



2012) with a description of a new species from Southern Mexico and Central America,
Calliphora triseta. In the revision of Lucilia from the Neotropics by Whitworth (2014) he
described six new species, Lucilia albofusca, L. nitida, L. pulverulenta, L. rognesi, L.
vulgata and L. woodi. Tantawi and Whitworth (2014) published a taxonomic key to the
Lucilia bufonivora species group from North America and more recently, (Tantawi et al.
2017) revised Nearctic Calliphora.

For the immature Calliphoridae, several taxonomic keys and descriptions have
been published (Knipling 1939, Greenberg and Szyska 1984, Erzinclioglu 1985, Liu and
Greenberg 1989, Iwasa and Hori 1990, Morris 1991, Wells et al. 1999, Wallman 2001,
Thyssen and Linhares 2007, Florez and Wolff 2009, Sales et al. 2013, Szpila et al. 2013a,
Szpila et al. 2013b, Szpila et al. 2014). Regarding the endemic Caribbean species, only
the third instar larva of Cochliomyia minima has been described (Yusseff-Vanegas 2014)
and in this work the taxonomic key of Chrysomyinae published by Wells et al. (1999)
was updated. Florez and Wolff (2009) reported descriptions of immature stages of
Cochliomyia macellaria, Co. hominivorax, Lucilia eximia, Chrysomya rufifacies, Ch.
megacephala and Ch. albiceps from Colombia, species also reported from the Caribbean.
However, the immature stages for the other 11 species reported from this area are
unknown.

The Caribbean is a biodiversity hotspot with high endemism. However,
knowledge of blow flies in the hotspot is limited to the common species. The endemic
species, the most abundant and dominant species on almost all islands (personal
observation), are poorly studied and their distribution, habitat preference and immature

stages are unknown. Because all Caribbean islands are tropical or subtropical, insects are



active throughout the year and human remains become infested quickly. This increases
the probability that exposed bodies will become the focus of entomological analysis
increasing the potential use of insects in legal investigations in this area.

Thanks to intensive studies on forensic entomology in the last five decades (Smith
1986, Catts and Haskell 1990, Goff 2000, Byrd and Castner 2010, Tomberlin and
Benbow 2015), the acceptance of insects as evidence in legal investigations has increased
gradually, and their analysis is now included as a standard operating procedure in crime
scene investigations in many countries (Tomberlin and Benbow 2015). Still, this is not a
standard procedure in the Caribbean area due to lack of knowledge of insects involved in
cadaveric decomposition. Successful application of forensic entomology depends on solid
underlying data. Thus, our main goal is to expand the knowledge of the Calliphoridae in
the Caribbean providing a base line for forensic entomology studies. To achieve this goal
we need to (1) determine the diversity and distribution of Calliphoridae in the Caribbean
region and on each island (2) develop DNA barcoding tools that will allow identification
of any specimens of the family Calliphoridae in any developmental stage in the
Caribbean and (3) study the phylogenetic relationship among Calliphoridae species and

the colonization origin of Caribbean species and degree of local endemism.



CHAPTER 2: DIVERSITY AND DISTRIBUTION OF CALLIPHORIDAE IN
THE CARIBBEAN REGION INCLUDING MOST OF THE ISLANDS

2.1 Introduction

The distribution of Calliphoridae in many parts of the world is well known
(Richards et al. 2009a, Barbosa et al. 2010, Lambiase and Camerini 2012, Benbow et al.
2013, Cabrini et al. 2013, George et al. 2013, Jensen et al. 2013, Matuszewski et al. 2013,
Moophayak et al. 2014). Habitat preferences, abundance of species in a specific area, first
colonizer, and dominant species are also known for many areas, which enhances the
quality of forensic science in those areas (Byrne et al. 1995, Kavazos and Wallman 2012,
Charabidze et al. 2013, George et al. 2013, Matuszewski et al. 2013, Farinha et al. 2014,
Swiger et al. 2014). However, in the Caribbean this knowledge is largely lacking, limited
to studies conducted in Puerto Rico and Jamaica (Guarin 2005, Yusseff-Vanegas 2007,
Cranston 2008). Whitworth (2010) reported 24 species of Calliphoridae in the Caribbean
islands including Bermuda (most of them based on museums records 50 years old or
older) and the description of the new species Lucilia fayeae plus the redescription of
some other Calliphoridae species. Although the author reported valuable information
about the distribution of these species in the Caribbean, the ranges of distribution, habitat
preferences, and abundance of each species in different climatic regimes within each

island remain unknown.

Most of the spatial variation in abundance presumably reflects the extent to which
the local environment meets the niche requirements of a species. Each species tends to be
most abundant where all niche parameters are in the favorable range, and to be rare or
absent where one or more environmental factors are strongly limiting. Interspecific
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interactions such as competition, predation and mutualism can influence the dynamics of
populations and limit the geographic range of species (Lomolino et al. 2006). This
information is very important in forensic entomology because the most abundant species
in the area might be the first colonizer and the most informative species for cadaveric
decomposition in that area. Blow flies are ectotherms; temperature influences much of
their physiology and behavior, such as development, breeding, and geographic and
seasonal distribution (Smith 1986, Richards et al. 2009b, Byrd and Castner 2010). For
these reasons, it was assumed that temperature was the main factor determining the
geographic range of the Calliphoridae. However, work on seven species of Chrysomya in
South Africa done by Richards et al. (2009a) reveals that minimum and maximum
temperatures have little influence on blow fly distribution, while humidity and
evaporation influence their distribution greatly. On the other hand Koller et al. (2011Db),
reported that seasonality in Co. macellaria in Brazil was not determined by a single
climatic parameter but probably by an association of abiotic variables. In this context, it
is important to determine what environmental conditions factor into the distribution of
Calliphoridae species in the Caribbean. According to the National Oceanic and
Atmospheric Administration (NOAA) temperatures along Caribbean island shores are
remarkably steady year round, however, the amount of rain that falls in the Caribbean
varies greatly every year from island to island, from coast to coast and from beach to
mountain top. Thus, the relative humidity of air is a function of both water content and
temperature; if precipitation varies greatly, the relative humidity also will vary.
Consequently, if the distribution of flies is controlled by humidity more than temperature,

the range of these species will vary vastly with respect to the season in the Caribbean.



Although we are not certain about what environmental conditions are limiting the
distribution of Calliphoridae species in the Caribbean, we can predict the distribution of
some of the most studied species using their well-known habitat preferences elsewhere.
Species of Chrysomya have been broadly studied since they were introduced to the New
World in the late 1970s (Gagne 1981). These species are invasive and spread rapidly in
southern North America and the Neotropics (Wells 1991, Baumgartner 1993, Povolny
2002). They tolerate hot and dry weather very well and are commonly found in areas with
some level of human activity. Another well-studied species is Cochliomyia macellaria,
one of the most important and abundant species used in forensic science in the New
World from Canada to Argentina. Dear (1985) reported this species from numerous West
Indies islands, and it is common in collections from the region (Whitworth 2010). This
species prefers warm, humid weather and is most abundant during rainy periods (Byrd
and Castner 2010). Several species of Lucilia in the region are involved in cadaver
decomposition. This genus is the most diverse in the Caribbean, with high endemism.
Ten species are reported from the Caribbean islands including Bermuda, and five of them
are endemic (Whitworth 2010). The distribution of many Lucilia species in the Caribbean
is unknown, and predicting their ranges from habitat preference is difficult, because it
varies from cold, humid and high altitudes to hot, dry and low areas such as beaches. In
contrast most species of the genus Calliphora tend to be more common in areas where
the average temperatures are lower and are somewhat intolerant of high temperatures
(Smith 1986, Byrd and Castner 2010). Thus, we think that Calliphora maestrica, the only
Calliphora in the Caribbean, is restricted to permanently cool areas of the Caribbean, that

is, very high elevations.



To advance knowledge of Caribbean Calliphoridae, we provide a full account of
the distribution and abundance of calliphorid flies in the Caribbean region, both within
and among islands. We then use occurrence data to model spatial distribution of the most

abundant species.

2.2. Materials and methods

2.2.1. Taxon sampling

To establish diversity, abundance and distribution patterns of Calliphoridae from
the Caribbean, we collected blow flies from 110 sites on 20 different islands from 2011 to
2015 (Table 2.1). Samples from the Bahamas were collected by Molly Mactaggart. All
specimens were collected using the trap (Fig 2.1) described by (Yusseff-Vanegas and
Agnarsson 2017). Traps were hung 1m off the ground and were used to collect flies for 2-
3 days at each locality. These traps proved efficient in collecting specimens for taxonomy
purposes, because trapped specimens were immediately preserved in ethanol while the
trap remained in the field keeping specimens in good conditions for later examination and
correct identification in the laboratory. Collected specimens were transferred to Whirl-
paks with 95% ethanol and stored at -20 °C. Calliphoridae adults were sorted from
Sarcophagidae and other flies and insects. Blowflies where identified using the
Whitworth (2010) taxonomic keys. Specimens with uncertain identity were sent to Dr.
Whitworth at Washington State University for detailed examination and species

confirmation.
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Table 2.1: Detailed information for each collection site. Alt = elevation in meters (m)

Country Region Latitude Longitude Alt Date

Florida, USA Florida City-Urban 25.45751  -80.48630 2 13.vi.2013
Florida, USA Everglades - Flamingo CampC  25.13692  -80.94885 1 5-6.vi.2013
Florida, USA Everglades - Mahogani 25.13597  -80.94379 1 10-11.vi.2013
Florida, USA Everglades - Snake Bight Trail  25.19627  -80.87421 0 6.vi.2013
Florida, USA Everglades - Flamingo CampB ~ 25.32333  -80.83309 9 10-11.vi.2013
Florida, USA Everglades - Pineland trail 25.42305 -80.67911 3 10-11.vi.2013
Florida, USA Everglades - Close chikika 25.61438  -80.58447 6 13.vi.2013
Florida, USA Everglades - Key Largo 25.08663  -80.45222 3 12-13.vi.2013
Bahamas Nassau 25.02814  -77.53975 9 6.vii.2015
Bahamas Nassau 25.03405  -77.49520 5 16.vii.2015
Bahamas Nassau 25.07380  -77.31043 6 13.vii.2015
Bahamas Nassau 25.04786  -77.27276 18 18.vi.2015
Bahamas Marsh Habour 26.55082  -77.05803 5 18.vii.2015
Bahamas Governors Harbour 25.22917  -76.27355 40 13.vii.2015
Cuba Pinar del Rio-Vinales 22.62109  -83.73834 123 18-19.iv.2012
Cuba Camaguey-Sierra de Cubitas 21.59166  -77.78822 97 12-14.iv.2012
Cuba Granma Turquino Nal. Park 20.01235  -76.89063 881 24-25.1ii. 2012
Cuba Alejandro de Humboldt 20.33178  -74.56919 62 4-7.iv.2012
Cuba Alejandro de Humboldt 20.34501  -74.56642 360 4-7.iv.2012
Jamaica Windsor Center 18.35617 -77.64686 105 10-11.xi.2013
Jamaica Marshalls Pen House 18.05981 -77.53119 654 27.x1.2013
Jamaica Hillshire Hills 17.86619  -76.96492 108 21-23.x1.2013
Dominican Republic  Parque el Morro 19.89211  -71.65852 64 22-24.vi.2012
Dominican Republic  Parque el Morro 19.89155  -71.65806 52 22-24.vi.2012
Dominican Republic  Parque el Morro 19.89235  -71.65717 46 22-24.vi.2012
Dominican Republic Rabo de Gato 18.31657 -71.57645 405 2-3.vii.2012
Dominican Republic Rabo de Gato 18.39958  -71.57396  -26 4.vii.2012
Dominican Republic  Cachote 18.09708 -71.18955 1180 4-8.vii.2012
Dominican Republic  Cachote 18.09639  -71.18953 1184 4-7.vii.2012
Dominican Republic  Cachote 18.09786  -71.18925 1200 4-7.vii.2012
Dominican Republic  Cachote 18.09757  -71.18924 1195 4-8.vii.2012
Dominican Republic  Tablones 19.04756  -70.89207 1392 29-30.vi.2012
Dominican Republic  Tablones 19.04846  -70.89183 1370 29-30.vi.2012
Dominican Republic  Tablones 19.04995  -70.89046 1323 29-30.vi.2012
Dominican Republic  Tablones 19.05091 -70.88934 1310 29-30.vi.2012
Dominican Republic  Tablones 19.05776  -70.88866 1356 29-30.vi.2012
Dominican Republic  Valle Nuevo-Villa Pajon 18.82574  -70.69153 2119 25-26.vi.2012
Dominican Republic  Valle Nuevo-Villa Pajon 18.82756  -70.69105 2106 25-26.vi.2012
Dominican Republic  Valle Nuevo-Villa Pajon 18.82203  -70.68380 2138 25-26.vi.2012
Dominican Republic  Valle Nuevo-Villa Pajon 18.82052  -70.68291 2146 25-26.vi.2012
Dominican Republic  Valle Nuevo-Villa Pajon 18.82138  -70.67935 2191 25-26.vi.2012
Dominican Republic  Puerto Plata 19.74132  -70.65498 32 20-21.vi.2012
Dominican Republic  Ebano Verde 19.03565 -70.54384 1118 27-28.vi.2012
Dominican Republic  Ebano Verde 19.03627  -70.54337 1119 27-28.vi.2012
Dominican Republic Loma Quita Espuela 19.35069 -70.14920 674 14-15.vi.2012
Dominican Republic Loma Quita Espuela 19.34864  -70.14910 601 14-15.vi.2012
Dominican Republic Loma Quita Espuela 19.34637 -70.14860 517 14-15.vi.2012
Dominican Republic Loma Quita Espuela 19.34405 -70.14824 467 14-15.vi.2012
Dominican Republic  Parque Nal. los Haitises 19.06707  -69.46355 26 10-11.vi.2012
Dominican Republic  Parque Nal. los Haitises 19.06748  -69.46044 51 10-11.vi.2012
Dominican Republic  Parque Nal. los Haitises 19.06710  -69.46004 45 11-12.vi.2012
Dominican Republic  Parque Nal. los Haitises 19.06665  -69.45950 27 11-12.vi.2012
Dominican Republic  Parque del Este 18.33076  -68.81112 0 5-9.vi.2012
Dominican Republic  Parque del Este 18.32902  -68.80995 0 5-6.vi.2012
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Country Region Latitude Longitude Alt Date

Dominican Republic  Parque del Este 18.29236  -68.78480 3 5-9.vi.2012
Dominican Republic  Parque del Este 18.35698  -68.61609 20 8-9.vi.2012
Dominican Republic  Parque del Este 18.34436  -68.60890 65 5-8.vi.2012
Puerto Rico Mona Island 18.08422  -67.93942 18 21-23.v.2012
Puerto Rico Mona Island 18.11125  -67.93345 60 21-24.v.2012
Puerto Rico Mona Island 18.08624  -67.90634 69 21-24.v.2012
Puerto Rico Mona Island 18.06301 -67.88728 34 23-24.v.2012
Puerto Rico Parguera Urban 17.97511  -67.04547 10 19-21.vii.2011
Puerto Rico Guanica Dry Forest 17.97161 -66.86672 140 19-21.vii.2011
Puerto Rico Guanica Dry Forest 17.97106 -66.86444 143 19-21.vii.2011
Puerto Rico Guanica Dry Forest 1796111 -66.86381 59 19-21.vii.2011
Puerto Rico Guanica Dry Forest 17.96069 -66.86261 48 19-21.vii.2011
Puerto Rico Arecibo_Urban 18.46105 -66.72980 3 5.x.2013
Puerto Rico Mata de Platano 18.41397 -66.72870 145 25-26.vii.2011
Puerto Rico Mata de Platano 18.41411 -66.72839 134 25-26.vii.2011
Puerto Rico Mata de Platano 18.41297  -66.72722 116 25-26.vii.2011
Puerto Rico Mata de Platano 18.41303  -66.72666 119 25-26.vii.2011
Puerto Rico Mata de Platano 18.41302  -66.72585 116 25-26.vii.2011
Puerto Rico Cambalache 18.44630  -66.59618 61 6.x.2013
Puerto Rico Cambalache 18.44989  -66.59533 48 26.vii.2011
Puerto Rico Toro negro 18.17206  -66.59228 1325  28-30.vii.2011
Puerto Rico Toro negro 18.17472  -66.49186 828  27-30.vii.2011
Puerto Rico Toro negro 18.17114  -66.48875 896  27-30.vii.2011
Puerto Rico Toro negro 18.17872  -66.48811 942  28-30.vii.2011
Puerto Rico Dorado Urban 18.40236  -66.27342 58 8.ix.2013
Puerto Rico Toa Baja_Urban 18.42922  -66.17802 7 7.ix.2013
Puerto Rico Rio Piedras_Urban 18.40276  -66.05043 33 22-23.ix.2013
Puerto Rico Trujillo alto_Urban 18.37095  -66.02662 78 6-8.i1.2013
Puerto Rico Mangrove 18.44791  -65.94862 6 7-8.11.2013
Puerto Rico Maunabo 17.98829  -65.88500 7 22-23.vii.2012
Puerto Rico El Yunque Nal. Forest 18.32153  -65.81989 345 17-18.vii.2011
Puerto Rico El Yunque Nal. Forest 18.29344  -65.79192 733 17-18.vii.2011
Puerto Rico El Yunque Nal. Forest 18.29400 -65.79156 740 17-18.vii.2011
Puerto Rico El Yunque Nal. Forest 18.30869  -65.77517 510 17-18.vii.2011
Puerto Rico Vieques 18.09967 -65.55117 144 10-12.i1.2013
Puerto Rico Vieques 18.09132  -65.46758 0 12.ii.2013
Saba Saba 17.63980 -63.23373 479 3-4.i1.2013
St. Martin Near Loterie Farm 18.07779  -63.05772 148 28-30.1.2013
St. Martin Near Loterie Farm 18.07668  -63.05589 223 28-30.1.2013
St. Martin Near Loterie Farm 18.07638  -63.04991 397 28-30.1.2013
St. Martin Dry forest natural reserve 18.11677  -63.03902 21 16-18.1.2013
St. Martin Dry forest natural reserve 18.11900  -63.03837 62 13-18.1.2013
St. Estatius St Estatius 17.47637 -62.97470 151 9-11.ii.2013
St. Barthelemy St. Barthelemy 1791878  -62.86395 66 22-23.1.2013
St. Barthelemy St. Barthelemy 1791924  -62.86366 42 22-23.1.2013
St. Kitts St. Kitts 17.34048 -62.74104 274 15.11.2013
Nevis Nevis 17.14145  -62.57784 387 26-28.11.2013
Montserrat Montserrat 16.80772  -62.20232 91 4.11i.2013
Antigua Antigua 17.03586 -61.82464 166 17.x.2013
Barbuda Barbuda 17.60547 -61.80058 6 23.x.2013
Guadeloupe Guadeloupe 16.37752  -61.47869 12 9.111.2013
Dominica Dominica 15.29628 -61.38277 557 19.iv.2013
St. Lucia St. Lucia 14.10003  -60.92654 97 13.iv.2013
Martinique Martinique 14.47428  -60.81463 11 21.111.2013
Barbados Barbados 13.20517 -59.52956 184 4.x1.2013
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2.2.2. Data analysis

All specimens were carefully counted and included in the database to determine
abundance of each species from each site and estimate diversity using nonparametric
measures. Abundance, dominance, diversity, equitability and similarity of species were
compared. The Berger-Parker index (d) is the intuitively simple dominance measure
(Berger and Parker 1970), which expresses the proportional abundance of the most
abundant species in a given area. The value of this index is obtained by the expression
d=Nmax/N, where d is the degree of dominance, Ny is the number of individuals of the
most abundant species, and N is the total number of individuals sampled in the area.
Dominance has values between 0 and 1, with 1 being complete dominance. The Shannon
index (H') was used to calculate species diversity. It assumes that individuals are
randomly sampled from an infinitely large community, and that all species are
represented in the sample. The Shannon Index is calculated from the equation H= -} pi In
pi, where pi is the proportion of individuals found in the ith species. The Shannon
equitability Index (J') was calculated from the equation J'= H'/Hmax, where H' is the
Shannon index and Hmax is the logarithm of the total number of species in the sample (S).
Equitability assumes a value between 0 and 1, with 1 being complete evenness. The
similarity analysis, calculated using the Morisita-Horn index (Cwmn), is @ measure of how
similar or different two sets of data are. The index ranges from 0 no similarity to 1
complete similarity and was calculated by the equation: Cmu=2) (ai.bi)/(datdp)*(NatNp),
where N,= the total number of individuals at site A; N,= the total of individuals at site B;

a; = the number of individuals in the ith species in A; b; = the number of individuals in
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the ith species in B; and d, (and d}) are calculated as follows: d,=Sa’/N,°. All statistical

analyses were done using Microsoft Excel 2010.

Strings to hang the trap

White lid

Collection Container

95% ethanol
20cm
4‘ X ’. v 5:’ g 8 M 2 3 v,

x p .

‘ v

~'.4',J‘ 40 cm
Velcro opener to place —f— 7 -

. RFXR : M
the bait a TR :
7 Fly entrance

Base to Keep Bait in aluminum foil

the bait

Figure 2.1: Trap designed to collect Calliphoridae flies in the Caribbean Islands.
2.2.3. Predictive model

All species selected for modeling were represented in the study area by a
minimum of 10 unique occurrence records. In total 10 of the 16 Caribbean Calliphoridae
species included in this study were modeled with a sum of 402 presences ranging from 13

to 69 records per species (Table 2.2). We used the program R (R Core Team 2017) to
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obtain the bioclimatic data with the getData function in the package raster (Hijmans
2013), which retrieved all bioclimatic variables. All bioclimatic variables (biol to biol9)
were downloaded from WorldClim, a set of global climate layers

(http://www.worldclim.org/, Hijmans et al. 2005) at a spatial resolution of 2.5 minutes

(4.5 kilometers at the equator). The bioclimatic variables codes and details can be found

at http://www.worldclim.org/bioclim. Temperature was recorded in degrees Celsius (°C),

and precipitation was recorded in millimeters (mm). In addition, a Global Digital
Elevation Model (GDEM) data layer was downloaded from Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) and was added to the bioclimatic
variables.

We modeled the occurrence of Caribbean Calliphorids using Maxent (Phillips et
al. 2006), a method that predicts the distribution of a species over a geographical region
from a sample of present localities and a set of environmental data. Maxent uses
maximum entropy modeling and was chosen because decisions can be made about the
complexity of the fitted functions. It generally performs well in delineating both, broad
trends across areas and species and at the species level (Elith et al. 2006). The Maxent
function in the dismo package (Hijmans et al. 2013) of R was used for two models. The
first model used the species-occurrence points for presence data (divided into random
groups), 800 random points as pseudo-absence points, and all 20 variables as predictors.
A jackknife analysis via Maxent was conducted to determine the variables with the
highest contribution to the model. The second model used these highest contributing
variables, the presence data, and 800 random points, which was repeated 25 times to

generate an average area under the Receiver Operating Characteristic curve (AUC) value.
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The AUC integrates the true false positive rates and the true positive rates of
classification and is used for model comparison, in which a higher AUC indicates better
model predictive power (Bradley 1997). If the average AUC was over 0.8 using the
second model, the model was used to predict the species distribution across the Caribbean

1slands.

Table 2.2: Species occurrences used to create the bias layer and Maxent models. The species
given in parentheses were not modelled with Maxent due to their low number of
occurrences

Species Total presences
Calliphora maestrica 13
(Chloroprocta idioidea) 6
(Chrysomya albiceps) 3
Chrysomya megacephala 51
Chrysomya rufifacies 67
(Cochliomyia aldrichi)
(Cochliomyia hominivorax)
Cochliomyia macellaria 69
Cochliomyia minima 46
(Lucilia cluvia)
(Lucilia cuprina) 5
Lucilia eximia 37
Lucilia fayeae 21
Lucilia lucigerens 14
Lucilia retroversa 42
Lucilia rica 16
Sum 402
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2.3. Results

2.3.1. Distribution and abundance of Calliphoridae

A total of 32,100 specimens of Calliphoridae (Diptera), from 16 species in five
genera (Table 2.3) were collected from 2010 to 2015 in the Caribbean. Figure 2.2 shows
that, except for the Bahamas, the most abundant species in each island are Caribbean
endemics, being L. retroversa the most abundant species in Cuba and the Dominican
Republic, L. lucigerens in Jamaica, L. fayeae and Co. minima in Puerto Rico and L. rica
in most of the Lesser Antilles. The islands with higher richness are the Dominican
Republic and Puerto Rico with nine species each, followed by Cuba with eight species
though Cuba has been far less thoroughly sampled and diversity there may thus be
underestimated. The most abundant species in this study was Lucilia rica, an endemic
species restricted to the Lesser Antilles, followed by Ch. rufifacies, L. retroversa and Co.
macellaria (Table 2.3). In contrast the least abundant species was L. cluvia with only two
specimens collected during the study. The species with the broadest distribution ranges
are Co. macellaria, Ch. rufifacies and Ch. megacephala which are present on almost all

islands in the Caribbean (Fig. 2.2, Table 2.3).
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Table 2.3: Abundance of Caribbean Calliphoridae species in each island or group of islands
(Lesser Antilles and Bahamas).

” 5
Species g 2 :é —% = o} B j

=l O = Ax A a< =
Cochliomyia macellaria 1654 364 338 529 165 999 4049
Chrysomya rufifacies 39 368 172 727 947 2513 4766
Chrysomya megacephala 5 146 453 1331 490 2425
Cochliomyia minima 500 260 2273 1 3034
Lucilia eximia 67 260 625 33 985
Lucilia retroversa 29 896 3603 4528
Cochliomyia hominivorax 7 3 13 23
Chloroprocta idioidea 14 9 23
Lucilia lucigerens 1315 1315
Calliphora maestrica 52 52
Lucilia fayeae 2462 2462
Cochliomyia aldrichi 357 357
Lucilia cluvia 2 2
Lucilia cuprina 17 17
Chrysomya albiceps 151 151
Lucilia rica 7911 7911
TOTAL 1722 2221 1974 5906 8179 12098 32100
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2.3.2. Distribution and abundance of species by island

2.2.3.1. Hispaniola

A total of 5906 specimens distributed in five genera and nine species (Table 2.5)
were collected from ten different sites from June to July 2012 (Table 2.1). The highest
abundance and species richness were found in El Parque del Este (n=2546, S=7) and Los
Haitises National Park (n=1587, S=7) both subtropical humid forest. Rabo de Gato also
yielded seven species but the abundance in this site was far less than the other two places.
In contrast, lower values of diversity were found in Cachote and Ebano Verde at altitudes
>1100 m, where only L. retroversa was collected. All sites have low values of
equitability except El Parque del Este and Villa Nueva. Those lower values of equitability
show that individuals are not distributed equally among the species, caused by dominance
(Table 2.5).

The most abundant and common species of Calliphoridae in the island was the
Caribbean endemic L. retroversa (n=3603), which represent more than 60% of all
individuals collected. It was found in all but one site in The Dominican Republic and was
the dominant species in eight of the ten sites sampled (Table 2.5). This species was found
abundantly in warm wet and humid forest and absent in Dry Forest, indicating its
preference for humid areas (Fig. 2.3, Table 2.5). In contrast, Calliphora maestrica, a
Caribbean endemic and the only Calliphora present in the Caribbean, was found
exclusively in Valle Nuevo at altitudes >2140 m, showing its preference for cooler areas
which are typically found at higher elevations. The least abundant species were
Chloroprocta idioidea, a rare species seldom collected, and Cochliomyia hominivorax, an

important parasitic species of livestock in the Neotropics (Table 2.5). Cochliomyia
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different sites (For abundances see Table 9).



minima, Co. macellaria, Chrysomya megacephala, Ch. rufifacies and Lucilia eximia were
present in El Parque del Este, Los Haitises and Loma Quita Espuela and absent from
Valle Nuevo, Cachote and Ebano Verde. This indicates that they share similar habitat
preferences, though Co. minima may have different requirements because it is the only
one of them absent from El Morro Dry Forest and present in Los Tablones humid forest
(Table 2.5). Analysis of similarity in composition of species between different areas
(Table 2.4) using the Morisita-Horn Similarity Index, showed high similarity (>0.95)
among the subtropical wet and humid forests at Los Haitises, Rabo de Gato, Los
Tablones and Loma Quita Espuela, but, low similarity (<0.35) between each of them and
Villa Nueva Subtropical montane wet forest or El Morro Dry Forest. No similarity was

found between the latter two sites (Table 2.4).

Table 2.4: Morisita-Horn similarity index matrix of species composition between sites in
Dominican Republic. High similarity is shown in bold

o
E g = 3 : e g7
Parque del Este 1.000
Haitises 0.832 1.000
Villa Nueva 0.286 0.353 1.000
Rabo de Gato 0.826 0.980 0.355 1.000
Tablones 0.723 0.961 0.350 0.974 1.000
Morro 0.391 0.070 0.000 0.114 0.000 1.000
Quita Espuela 0.804 0.958 0.344 0.968 0.934 0.048 1.000
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Table 2.5: Abundance (n), richness (S), relative abundance (pi), dominance (d) and Shannon evenness (J’) of species of blow flies collected
from different sites in Dominican Republic

Q

2 3 = @ = . o

3 - 2 = 5

P 5 é 3 = o § n; < ~

= = s £ > £ s = < 2

. < < = o Q = = 59 o
Sites ~ = > H = o ~ © m  Total

Species n n n n n n n n n n
Calliphora maestrica 52 52
Chloroprocta idioidea 4 5 9
Cochliomyia hominivorax 10 1 2 13
Cochliomyia macellaria 273 213 1 40 1 1 529
Cochliomyia minima 11 60 12 11 160 6 260
Chrysomya megacephala 420 25 3 5 453
Chrysomya rufifacies 507 26 30 134 29 1 727
Lucilia eximia 157 49 17 1 36 260
Lucilia retroversa 1168 1210 20 253 304 562 37 31 18 3603
Total (N) 2546 1587 72 319 315 180 793 45 31 18 5906
Total of species (S) 7 7 2 7 2 5 6 4 1 1
Dominance (d) d=Nmax/N 0.459 0.762 0.722 0.793 0965 0.744 0.709 0.822 1 1
Shannon (H") = -Y pi In pi 1.433 0.855 0.591 0.787 0.151 0.701 0.869 0.599
Hmax = Ln(S) 1.946 1.946  0.693 1.946 0.693 1.609 1.792 1.386

J’ = H'/Hmax 0.736  0.440 0.852 0.404 0.218 0.436 0.485 0.432




2.2.3.2. Puerto Rico

A total of 8179 specimens distributed in four genera and nine species were
collected (Table 2.6) from 12 different sites in Puerto Rico during July 2011, May 2012
and February 2013 (Table 2.1). The highest abundance and richness was found in the
metropolitan area of San Juan (n=2250, S=8) including collections from four urban areas
in or near the metropolitan area (Rio Piedras, Trujillo Alto, Dorado and Toa Baja, Table
2.1). The second highest abundance and richness was found at Mata de Platano (n=2032,
S=6) a subtropical humid forest. The lowest values of diversity of Calliphoridae in Puerto
Rico were found in Toro Negro and Cambalache, due to high dominance of Lucilia
fayeae (Table 2.6, Fig. 2.4). In contrast, higher values for diversity were found in
Guanica Dry Forest and the metropolitan area (Table 2.6). Most of the sites have low
values of equitability except for the Guanica dry forest and the mangrove area in Loiza
(Table 2.6).

The two most abundant species in Puerto Rico are the Caribbean endemics L.
fayeae (n=2462) and Co. minima (n=2273), representing 57% of all individuals collected.
Both species were abundant in tropical rain and subtropical humid forests, indicating that
they prefer cooler and humid environments. Lucilia fayeae was the dominant species in
the Toro Negro tropical rain forest, while Co. minima was the most abundant species in
Mata de Platano, a subtropical humid forest (Table 2.6, Fig. 2.4). The least abundant
species were Lucilia cluvia (n=2) and L. cuprina (n=17). Lucilia cluvia, rarely collected

species, was in this study found only in Toa Baja (urban area) despite collecting efforts
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Figure 2.4: Distribution of Caribbean Calliphoridae from Puerto Rico showing the proportion of each species collected in different sites
(For abundances see Table 2.6).



throughout the island. Lucilia cuprina was found only in the metropolitan area and
Arecibo; this species is restricted to urban areas. Cochliomyia aldrichi was collected only
on Mona Island (subtropical dry forest). Cochliomyia macellaria, Chrysomya
megacephala, Ch. rufifacies and Lucilia eximia where collected in most of the areas,
though there is a variation in the order of abundance among sites (Table 2.6, Fig. 2.4).
Chrysomya megacephala was the third most abundant species in the island (n=1331)
being abundantly collected in urban areas and absent from Mona island consistent with
its synanthropic behavior. Chrysomya rufifacies and L. eximia were found throughout the
island, these species seem to prefer dry and hot environments as indicated by its high
abundance in Mona Island and urban areas and their absence from the tropical rain forests
Toro Negro and El Yunque. Cochliomyia macellaria was found in most of the sites; but,
it was one of the less abundant species collected (Table 2.6, Fig. 2.4).

Analysis of similarity in composition of species (Table 2.7) showed no similarity
(0.002) between Toro Negro (humid tropical forest) and Guanica (dry forest), two areas
that are separated by less than 30 kilometers, less than half the distance these flies can
travel during their lifespan. In contrast, high similarity (0.939) was found between the
wet regions Toro Negro and El Yunque even though separated by more than 100 km.
Also the composition of species between the Guanica dry forest and all urban areas

showed high similarity with values over 0.732 (Table 2.7).
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Table 2.6: Abundance (n), relative abundance (pi), dominance (d) and Shannon evenness (J°) of species of blow flies collected from
different sites in Puerto Rico

:
[ e = 2 g g
= an o Q £ = =
g z 2 = & g s 2 28 7
S e s £ & & & § 2 g ® &
. ) 1) s < = =] 2 5 o e <
sites o = p= O © = > = = = < —~  Total
Species n n n n n n n n n n n n
Lucilia fayeae 637 983 518 319 3 1 1 2462
Cochliomyia minima 285 122 1317 18 3 19 25 479 5 2273
Chrysomya megacephala 11 1 25 75 1 6 1101 86 25 1331
Chrysomya rufifacies 144 2 38 438 2 2 263 57 1 947
Lucilia eximia 14 33 44 145 3 24 43 313 3 3 625
Cochliomyia macellaria 1 2 14 38 7 14 4 81 2 2 165
Cochliomyia aldrichi 357 357
Lucilia cuprina 10 7 17
Lucilia cluvia 2 2
Total (N) 934 1108 2032 372 198 948 23 49 74 2250 160 31 8179
Total of species (S) 4 4 6 4 5 5 5 3 4 8 6 4
Dominance (d) d=Nmax/N 0.682 0.887 0.648 0.858 0.379 0.377 0.609 0.490 0.581 0.489 0.538 0.806
Shannon (H') =->'pi In pi 0.683 0367 0.940 0.521 1.399 1.055 1.182 0.974 0.937 1.358 1.076 0.687
Hmax 1.386  1.386 1.792 1.386 1.609 1.609 1.609 1.099 1.386 2.079 1.792 1.386

J'= H'/Hmax 0.493 0.265 0.524 0.376 0.869 0.656 0.735 0.887 0.676 0.653 0.600 0.496
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Table 2.7: Morisita-Horn similarity index matrix of species composition between sites in Puerto Rico. Numbers in bold mean high
similarity index

(=]
= =
*E o =) = S s
o = = s = = s 5
= = = = = ) < = =
s z < = S 2 2 g =3 2 k5 20
s £ I £ £ X & & & £ £ &
: E £ & £ §8 & g &£ s T s &5
Sites - = = ) <) = > < = = & -
Yunque 1
Toro negro 0.940 1
Mata de platano 0.709 0.461 1
Cambalache 0.919 0.992 0.406 1
Guanica 0.036 0.027 0.060 0.041 1
Mona Island 0.002 0.002 0.079 0.030 0.384 1
Vieques Island 0.084 0.026 0.213 0.032 0.523 0.163 1
Arecibo 0.032 0.006 0.115 0.009 0.824 0.420 0.163 1
Toa Baja 0.213 0.058 0.491 0.048 0.768 0.140 0.420 0.762 1
Trujillo Alto 0.138 0.041 0.308 0.082 0.776 0.208 0.140 0.596 0.846 1
Rio Piedras 0.099 0.025 0.245 0.022 0.824 0.281 0.208 0.958 0.901 0.73 1

La Parguera 0.016 0.001 0.023 0.012 0.732 0.058 0.281 0.826 0.788 0.679 0.898 1




2.2.3.3. Lesser Antilles

A total of 12098 specimens distributed in three genera and seven species (Table
2.8) were collected from 14 different islands during 2013 (Table 2.1). The highest species
richness was found in Dominica (S=5), However, in most of the islands Calliphoridae are
represented by three or four species. Lucilia rica, Ch. rufifacies, Ch. megacephala and
Co. macellaria (Table 2.8). Yet, it is possible the diversity in each island is higher than
we reported because we only collected in one area in each island except for San Martin.
The lowest species richness was found in Saba where only L. rica was collected. The
lowest diversity values for the Calliphoridae were found in Saba, Nevis and St Barts due
to high dominance of L. rica (Table 2.8, Fig. 2.5). Most of the islands showed low values
of equitability except for Barbuda and Guadeloupe. Those lower values of equitability are
caused the by dominance of Lucilia rica on most of the islands (Table 2.8, Fig. 2.5).

The most abundant and common species of Calliphoridae in the Lesser Antilles
Islands was the Caribbean endemic L. rica (n=7911), which represent 65% of all
individuals collected. Lucilia rica was the most abundant species in St. Martin, St. Barts,
Saba, St Kitts, Nevis, Antigua, Montserrat and Guadeloupe. The most abundant species
for the other islands are the three species of the genus Chrysomya, Ch. rufifacies the most
abundant species in St. Eustatius and Dominica, Ch. megacephala in Barbuda and
Barbados and Ch. albiceps in St. Lucia (Table 2.8, Fig. 2.5). The least abundant species
was Co. minima (n=1) found only in Dominica. Another species with low abundance was
L. eximia (n=33), collected in Dominica, St. Lucia, Barbados and Montserrat (Table 2.8).
The most common and broadly distributed species in the Lesser Antilles are Co.

macellaria, Ch. rufifacies, Ch. megacephala and L. rica. Analysis of similarity in
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composition of species between different areas was done only in St. Martin, where
several places were sampled (Table 2.9). Results of the Morisita-Horn Similarity Index
showed high similarity (>0.99) between Loterie Farm and Pic Paradis, but, low similarity

(<0.47) between them and the Dry Forest natural Reserve (Table 2.9).

\ I
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\S;- Barts -
aba
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t Kitts e
evis = Antigua
Montserrat -— ‘
Guadeloupe"‘/
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Dominique‘/

m Cochliomyia macellaria
m Cochliomyia minima )
m Chrysomya albiceps Manmlqu¥

m Chrysomya megacephala

m Chrysomya rufifacies St. Lucia‘—
m Lucilia eximia
=] lia ri . Vincent
Lucilia rica St. Vincen ‘ Barbados V

Figure 2.5: Distribution of Caribbean Calliphoridae in the Lesser Antilles showing the
proportion of each species collected on each island (For abundances see Table 2.8).
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Table 2.8: Abundance (n), relative abundance (pi), dominance (d) and Shannon evenness (J’) of species of blow flies collected from
different sites in Lesser Antilles

sites San Martin

g

= - @ p= & Q

T R : e s « E 2 § & = 3

T 2 g B E £ 2 3 &% £ = & E 8 73

E > 5 82 £ 3§ ¥ % £ £ § § E F =2 £

S A & & & & & 2z & < 5 & A =2 & A&  TOTAL
Species n n n n n n n n n n n n n n n n
Cochliomyia macellaria 11 667 48 29 31 2 10 132 45 8 16 999
Cochliomyia minima 1 1
Chrysomya albiceps 2 146 3 151
Chrysomya megacephala 1 1 44 269 2 21 2 33 75 10 32 490
Chrysomya rufifacies 1 140 4 1804 118 13 1 184 248 2513
Lucilia eximia 1 18 2 12 33
Lucilia rica 1727 405 133 1223 46 1128 1412 1302 10 160 12 338 12 3 7911
Total (N) 1740 1212 133 1276 46 3005 1830 1306 41 175 14 687 387 22 174 50 12098
Total of species (S) 4 3 1 4 1 4 4 3 3 3 3 4 5 3 4 4
Dominance (d) d=Nmax/N  0.993 0.550 1.000 0.958 1.000 0.600 0.772 0.997 0.512 0.914 0.857 0.492 0.641 0.545 0.839 0.640
Shannon (H') = -Y'pi In pi 0.048 0.944 0.188 0.781 0.728 0.023 1.031 0.326 0.509 1.165 1.011 0916 0.582 0.966
Hmax - Ln(S) 1.386 1.099 1.386 1.386 1.386 1.099 1.099 1.099 1.099 1386 1.609 1.099 1386 1.386
J'= H'/Hmax 0.035 0.860 0.135 0.563 0.525 0.021 0.938 0.297 0.463 0.840 0.628 0.834 0.420 0.697

Table 2.9: Morisita-Horn similarity index matrix of species composition between sites in St. Martin

-_g 7
2 £ &
fe = ¢
Sites S & £ a
Loterie Farm 1
Pic Paradis 0.9999 1
Dry Forest 0.4745 0.468 1




2.2.3.4. Cuba

A total of 2221 specimens distributed in four genera and eight species were
collected from four different sites from March to April 2012 (Table 2.1). The sites with
highest abundances were Alejandro de Humboldt National Park (n=874) and Pinar del
Rio-Vinales National Park (n=871). However, the maximum number of species was
foundin Granma Turquino National Park (S=7) follow by Pinar del Rio (S=6). The
highest values of diversity and therefore low values of dominance, were registered in
Pinar del Rio (H'=1.27, Table 2.10). The lowest value of equitability, at Granma

Turquino, was caused by the high abundance of Ch. rufifacies (Table 2.10).

Pinar del Rio

Camaguey

u Cochliomyia minima

m Chloroprocta idioidea
Lucilia retroversa

u Chrysomya rufifacies

m Cochliomyia macellaria

Turquino

® Chrysomya megacephala
Lucilia eximia
Cochliomyia hominivorax
Alejandro de Humboldt

Figure 2.6: Distribution of Caribbean Calliphoridae in Cuba showing the proportion of
each species in each site (for abundances see Table 2.10).
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The Caribbean endemic Lucilia retroversa was the most abundant species of
Calliphoridae on the island (n=896), representing more than 40% of the total individuals
collected. It was found in all sites in Cuba and was the dominant species in Alejandro de
Humboldt National Park (Table 2.10, fig 2.6). The least abundant species was Chrysomya
megacephala (n=5) found only in Granma Turquino, as well as Lucilia eximia. This is
surprising, since both species have been found abundantly in almost all islands in the
Caribbean. Other species with low abundance were Cochliomyia hominivorax (N=7) only
found in Pinar del Rio (Table 2.10) and Chloroprocta idioidea. Although this is a rare
species, eleven specimens were collected in Camaguey, where it was the most abundant
species (Table 2.10, Fig. 2.6). Cochliomyia minima was collected abundantly in Pinar del
Rio and Alejandro Humboldt though; it is surprising that only one specimen was
collected from Turquino National Park, a humid montane region in Cuba, which is the
preferred environment for Co. minima. Cochliomyia macellaria was the most abundant
species in Pinar del Rio and Chrysomya rufifacies in Turquino National park (Table 2.10
Fig. 2.6). Calliphora maestrica was not collected although it was previously reported for
the island. Results of the Morisita-Horn similarity Index showed no similarity (<0.6) in

composition of species among places (Table 2.11).
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Table 2.10: Abundance (n), relative abundance (pi), dominance (d) and Shannon evenness
(J”) of species of blow flies collected from different sites in Cuba.

g

- o 2 ° 3

3 g5 B 23

s g g £ o &

Sites £ = S 22 Total

Species n n n n
Cochliomyia minima 288 1 211 500
Chloroprocta idioidea 1 2 11 14
Lucilia retroversa 204 20 9 663 896
Chrysomya rufifacies 42 326 368
Cochliomyia macellaria 329 35 364
Chrysomya megacephala 5 5
Lucilia eximia 67 67
Cochliomyia hominivorax 7 7
Total (N) 871 456 20 874 2221
Total of species (S) 6 7 2 2
Dominance (d) d&=Nmax/N 0.378 0.715 0.550 0.759
Shannon (H') = -Y'pi In pi 1.266 0.943 0.688 0.553
Hmax = Ln(S) 1.792 1.946 0.693 0.693
J'= H'/Hmax 0.707 0.484 0.993 0.797

Table 2.11: Morisita-Horn similarity index matrix of species composition between sites in
Cuba

Sites Pinar del Rio ,Sl rrzzlrlllr;; Camagiiey I/}ILeJn?l?(?lii(;

Pinar del Rio 1

Granma Turquino 0.1752 1

Camagiiey 0.2604 0.0442 1

Alejandro Humboldt 0.5461 0.0576 0.5995 1
2.2.3.5. Bahamas

A total of 1722 specimens representing three genera and three species were
collected in the Bahamas from June to July 2015 (Table 2.1). The dominant (d>0.93) and
most abundant species in all sites was Co. macellaria (Table 2.12, Fig. 2.7). In total it
represents 96% of all individuals collected. The other two species present in the

Bahamas were L. retroversa and Ch. rufifacies being Ch. rufifacies slightly more
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abundant than L. retroversa. All sites have low values of equitability and diversity (Table

2.12) and high similarity in composition of species between different areas (Table 2.13).

o Abaco

Islands
N R

Central
'(S Eleuthera
New \2/

Providence

Qo »

Lucilia retroversa X
m Cochliomyia macellaria g j IS
m Chrysomya rufifacies
o Ain
o

Figure 2.7: Distribution of Caribbean Calliphoridae from Bahamas, showing the proportion
of each species in each site (see Table 2.12).
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Table 2.12: Abundance (n), relative abundance (pi), dominance (d) and Shannon evenness
(J°) of species of blow flies collected from different sites in Bahamas.
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sites Z. < 3 Total

Species n n n
Lucilia retroversa 15 13 1 29
Cochliomyia macellaria 550 876 228 1654
Chrysomya rufifacies 25 11 3 39
Total (N) 590 900 232 1722
Total of species (S) 3 3 3
Dominance (d) d&=Nmax/N 0.932 0.973 0.983
Shannon (H') = - pi In pi 0.293 0.141 0.097
Hmax - Ln(S) 1.099 1.099 1.099
J'= H'/Hmax 0.266 0.129 0.088

Table 2.13: Morisita-Horn similarity index matrix of species composition between sites in
Bahamas

New Abaco Central
Sites providence Islands Eleuthera
New providence 1
Abaco islands 0.9985 1
Central Eleuthera 0.9979 0.9999 1

2.2.3.6. Jamaica

A total of 1974 specimens representing three genera and five species (Table 2.14)
were collected from three different sites during October 2013 (Table 2.1). The site with
the highest abundance was Windsor Center (n=971), however, the greater number of
species occurred in the Hillshire Hills Dry Forest, (S=5, Table 2.14, Fig. 2.8). The lowest
values of diversity, richness and equitability were found in Windsor Center (wet tropical
forest) due to high dominance of the endemic Lucilia lucigerens, as shown by the Berger

Parker Index (d) values (Table 2.14).
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Marshall's Pen House
Hillshire Hills

Figure 2.8: Distribution of Caribbean Calliphoridae from Jamaica showing the proportion
of each species from each site (for abundances see Table 2.14).

The Caribbean endemic Lucilia lucigerens was the most abundant species of
Calliphoridae on the island (n=1315), representing more than 66% of all individuals
collected (Fig 2.3, 2.8, Table 2.14). It was found in all sites, and was the most abundant
species in Marshall’s pen House and Windsor Center. The least abundant species was
Cochliomyia hominivorax (n=3) found only in Hellshire dry forest. Cochliomyia
macellaria was the second most abundant species (n=338). It was found in all sites, with
the highest abundance in Hellshire dry forest. Chrysomya megacephala and Ch. rufifacies
were found in Hellshire and Marshall’s pen house. Both species were abundantly present
in Marshall’s pen house, which is located near to Mandeville, a densely populated area.

Results of the Morisita-Horn similarity Index showed high similarity (0.83) in
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composition of species between Marshall’s pen house and Windsor Center, but low

similarity (0.31) between them and Hellshire Dry Forest (Table 2.15).

Table 2.14: Abundance (n), relative abundance (pi), dominance (d) and Shannon evenness
(J°) of species of blow flies collected from different sites in Jamaica

]

2 =2 5.

= 2T S8

2z E£: EZ:

sites T = a B O Total

Species n n n
Cochliomyia hominivorax 3 3
Cochliomyia macellaria 173 88 77 338
Chrysomya megacephala 7 139 146
Chrysomya rufifacies 49 123 172
Lucilia lucigerens 9 412 894 1315
Total (N) 241 762 971 1974
Total of species (S) 5 4 2
Dominance (d) d=Nmax/N 0.718 0.541 0.921
Shannon (H') =-> pi In pi 0.842 1.187 0.277
Hmax - Ln(S) 1.609 1.386 0.693
J'= H'/Hmax 0.523 0.856 0.400

Table 2.15: Morisita-Horn similarity index matrix of species composition between sites in
Jamaica

Hillshire  Marshall's Windsor

Hills Pen House Center
Hillshire Hills 1
Marshall's Pen House 0.3056 1
Windsor Center 0.1292 0.8332 1

38



2.3.3. Predicting distribution of ten forensically significant blow fly species

2.3.3.1. The role of environmental variables

Of the 20 variables included, precipitation seasonality (Biol5) had the highest
contribution for six of the 10 species, and temperature seasonality (Bio4) had the second
highest contribution for five of those species (Table 2.16). In contrast temperature
seasonality (Bio4) had the highest contribution for L. retroversa with precipitation
seasonality (Biol5) second. Mean diurnal temperature range (Bio2) had the highest
contribution for two of the species, and minimum temperature of coldest month (Bio6)
for one of the species (Table 2.16). The performance of all MaxEnt models was better
than random with the average test area under the curve (AUC) values above 0.926
including all variables, and an AUC value above 0.910 including only the most important

variables for each species (Bold values in Table 2.16).

Table 2.16: Estimates of relative contributions of the environmental variables to the
MaxEnt model of 10 Caribbean Calliphoridae species.

Most important variables

Species AUC

First Second Third
Calliphora maestrica 0.977 BIOG6 BIOS BIO10
Cochliomyia minima 0.975 BIO15 BIO4 BIO14
Cochliomyia macellaria 0.911 BIO15 BIO4 BIO14
Chrysomya megacephala 0.941 BIO15 BIO4 BIO14
Chrysomya rufifacies 0.914 BIO15 BIO4 BIO14
Lucilia eximia 0.921 BIO15 BIO4 BIO3
Lucilia retroversa 0.914 BIO4 BIO1S BIOS
Lucilia fayeae 0.910 BIO15 BIO9 BIO3
Lucilia lucigerens 0.912 BIO2 BIOS Elevation
Lucilia rica 0.972 BIO2 BIOIS BIO7
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Calliphora maestrica has a predicted environmental suitability in the high
elevations of Hispaniola, in the central mountain range, Sierra de Neiba and Sierra de
Bahoruco (Fig 2.9 A). Mean temperature of the coldest month was the most important
variable predicting its distribution. Furthermore, the response curve indicates that
predictive suitability generally increases with decreasing temperatures.

Chrysomya megacephala, Ch. rufifacies, Co. macellaria, Co. minima, L. eximia
and L. fayeae have a predicted environmental suitability in the northeast region of the
Greater Antilles, northern Bahamas and northern Lesser Antilles with low probabilities of
occurring in the southwest part of the islands and southern Lesser Antilles (Figs. 2.9 B -
G). However, Co. minima, L. fayeae and L. eximia also have low probability of occurring
in most of Cuba and the Bahamas (Fig. 2.9 B, F G), and L. eximia has some suitable areas
in the center and south of the Dominican Republic and southwest Puerto Rico.
Precipitation seasonality is the most important variable predicting the distribution of
these six species and except for L. fayeae, is followed by temperature seasonality (Table
2.16). For all these species, predictive suitability increases with decreasing fluctuation of
monthly precipitation. For Ch. megacephala, Ch. rufifacies and Co. macellaria,
predictive suitability increases with increasing fluctuation of monthly temperature, but,
for Co. minima and L. eximia with decreasing fluctuation of monthly temperature.

Lucilia retroversa has a predicted environmental suitability in northeastern
Hispaniola, Central and northern Puerto Rico, northeastern Cuba and Jamaica, the
northern Lesser Antilles, the Bahamas and the Florida Keys (Fig. 2.9 I). Temperature
seasonality, precipitation seasonality and mean temperature of the wettest quarter are the

most important variables predicting its distribution. The predictive suitability in general
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increases with decreasing fluctuation of monthly temperature, monthly precipitation and
temperature of the wettest quarter.

For L. lucigerens and L. rica the predictive distribution model showed that
Jamaica, Bahamas, Key West and the Lesser Antilles, harbor suitable environments for
both species but very low probabilities of occurring in Cuba, the Dominican Republic and
Puerto Rico (Fig. 2.9 H, J). Mean diurnal range is the most important variable predicting
their distribution, and predictive suitability generally increases with decreasing

fluctuations in temperature.
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Figure 2.9: Predicted distribution maps for 10 blow fly species produced by Maximum
entropy modelling. The color scheme on each map represents the probability of blowfly
distribution ranging from white (least likely to occur) to green (most likely to occur).
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2.4. Discussion

The current study is by far the most comprehensive survey of Caribbean
Calliphoridae to date and expands on the earlier work of Whitworth 2010 by studding the
diversity patters of the blow fly assemblage in the Caribbean Islands. The number of
forensically important blow fly species from the Caribbean is consistent with the most
recent review of Calliphoridae from this area (Whitworth 2010). The composition of
species and species abundance varies among islands (Table 2.17), and new patterns of
species distributions were found. For instance, Ch. megacephala, Ch. rufifacies, Co.
macellaria and L. rica are more broadly distributed than previously reported (Whitworth
2010), being found on most islands (Table 2.17, green diagonal areas). The new
distribution records come mainly from the Lesser Antilles that have historically been
understudied. This is the first time Calliphoridae have been collected in St. Martin, St.
Barts, Saba, St. Eustatius, Nevis and Barbuda. Furthermore, this study expands
knowledge on Calliphoridae from St. Kitts, Antigua, Montserrat, Guadalupe, Martinique,
St. Lucia and Barbados. Except for Dominica, all Lesser Antilles islands revealed higher
richness than previously reported (Dear, 1985; Whitworth, 2010). In contrast, on each of
the Greater Antilles we found fewer species than previously reported. For instance, C.
maestrica, Co. aldrichi and L. cuprina are reported from several islands in the Caribbean
but each of them we only collected them on one island (Table 2.17). Other species
previously reported and not collected were C. idioidea in the Bahamas, L. cluvia in Cuba,

Co. minima in Jamaica and Co. hominivorax in Puerto Rico.
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Table 2.17: Updated distribution of forensically important Caribbean Calliphoridae. Solid gray color means: previously reported and not
found in this study. Green diagonal lines mean: new reports. Vertical orange lines mean: both, collected during this study and previously
reported. Islands names in italic mean: we did not collect in those islands. (*) eradicated using the sterile insect technic SIT (Vargas-Teran
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In the Greater Antilles, sites associated with human activities or impacted
environments show higher richness than natural environments (Figures 2.3 to 2.8 and
tables 2.5 to 2.14). These findings are in agreement with those of Cabrini et al. (2013)
and Amat et al. (2016). Cochliomyia macellaria, Ch. megacephala, Ch. rufifacies and L.
eximia were found abundantly in areas associated with human activities and also in dry
forest showing the tolerance of these species for arid environments. In contrast those
species were scarce or absent from more humid natural areas at high altitudes like Los
Tablones, Ebano Verde, Valle Nuevo and Cachote in the Dominican Republic, and El
Yunque and Toro Negro in Puerto Rico. An exception was seen in Cuba where all those
species were collected in Turquino National Park in the mountains of the Sierra Madre.
This is likely due to the placement of traps very close to a small human settlement in the
mountains. Similarly, in Puerto Rico a few specimens of Ch. megacephala and Co.
macellaria were collected in Toro Negro and El Yunque, these species were only
collected in traps located in areas close to human activities such as the information
centers, restaurants, and camping areas.

The sites with lowest richness and highest dominance were undisturbed areas
mainly in tropical and subtropical wet or rain forests and the most abundant species in
those areas were Caribbean endemics. For example, L. retroversa and Co. minima were
the only two species found in Alejandro Humboldt National Park, one of the best
preserved areas in Cuba. The same was seen in the Dominican Republic, where L.
retroversa and Co. minima were the only two species found in Los Tablones, a well

preserved and isolated area inside the José Armando Bermudez National Park. In Puerto
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Rico Co. minima and L. fayeae were the only two species found throughout Toro Negro
State Forest and El Yunque National Forest, except for the few specimens of Co.
macellaria and Ch. megacephala found in areas with human activities inside the parks. In
Jamaica, L. lucigerens was the dominant species in the Windsor Research Centre located
inside Cockpit Country, considered one of the most inhospitable regions (for humans) in
Jamaica.

The Lesser Antilles, present the same pattern. Most of the areas sampled in the
Lesser Antilles were close to urban or suburban areas with some degree of human
activities, this is evident in the presence of the synanthropic species Co. macellaria, Ch.
rufifacies, Ch. megacephala and Ch. albiceps. The highest richness was found in
collections from an urban area in Dominica. In contrast, the lowest richness was found in
natural environments like Pic Paradise in Saint Martin and at the base of Mount Scenery
at 479 m on Saba, where only the endemic L. rica was found (Table 2.8).

Species composition between localities on each island was related to the
environmental similarity between areas. In the Dominican Republic the composition of
species was similar in all the subtropical wet or humid forest, but different from
contrasting environments such as El Morro dry forest or Villa Nueva Subtropical
montane wet forest (Table 2.5). The same pattern was encountered in Puerto Rico,
Jamaica and Saint Martin, where composition of species were similar from subtropical
wet or humid forest but different when compared with dry forest or urban areas. This was
expected; different species have different habitat preferences and their distribution is
determined by a specific combination of biotic and abiotic factors. Thus, each species

tend to be abundant where all niche parameters are in the favorable range, and to be rare
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or absent where one or more environmental factors are strongly limiting (Lomolino et al.
2006).

This information is very useful for legal investigations. Accurate time estimation
of colonization and post mortem interval is dependent upon intimate knowledge of the
immediate community, specific successional patterns, and life histories of forensically
important flies common in the area of the crime (Catts 1992). Detailed distribution
information helps forensic entomologists determine, for example, if the body has been
moved from the original crime scene (Byrd and Castner 2010). Also, by knowing the
composition of species from each area, entomologists can make more accurate
interpretations about the time of colonization based on the proximity and availability of
certain species to the area where the body was discovered. The most abundant species is
generally the first colonizer and probably the most relevant species for the decomposition

process in a specific area.

2.4.1. Distribution and habitat preferences of Caribbean Calliphoridae

Until now the geographic distribution and habitat preferences of Calliphoridae in
the Caribbean have been poorly studied; what has been available is either anecdotal,
fragmentary or outdated information (Shannon 1926, Hall 1948, Dear 1985). Whitworth
(2010) provided taxonomic information for all Calliphoridae in the Caribbean, but
offered limited insights into their geographic distribution. Our extensive collection of
Caribbean Calliphoridae offers valuable information about the abundance, habitat
preference, and biology for each species. Furthermore, predictions of suitable habitat for

10 of those 16 species are provided in detailed predictive distribution maps.
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Six species, C. idioidea, Co. hominivorax, Co. aldrichi, Ch. albiceps, L. cluvia
and L. cuprina were not included in the analysis due to limited data. Here, we report
current distribution, habitat preferences, and aspects of their biology.

Chloroprocta idioidea: Chloroprocta is a New World genus containing only one
species. It is found from southern North America to southern South America (Dear 1985,
Whitworth 2010). This was one of the least abundant species in this study. In Cuba, it
was most abundant in Camaguey, a degraded area with high agriculture activities,
characterized by semi-deciduous forest and spiny xeromorphic scrub. In contrast, in the
Dominican Republic, this species was collected in Los Haitises and Rabo de Gato
subtropical moist and wet forest. It was previously reported from the Bahamas based on
one specimen collected on New Providence in 1922 (Hall 1948). Although we collected
in the same area we did not find this species. Given its rarity (in the United States and the
Caribbean), it would not be surprising if more exhaustive collections would recover it
from the Bahamas. This species may be locally abundant and its biology and ecology are
unknown. A recent study of Calliphoridae in the Brazilian amazon reported it as the
dominant species in three different areas of the Amazon rain forest (Amat et al. 2016),
revealing a probable preference for humid areas. In our study habitat preferences are not
clear because only a few specimens were collected at each site. The population from the
Dominican Republic was found in natural humid forest habitats, while populations from
Cuba were found in drier conditions in agricultural areas. These results are important
when this species is used for forensic approaches, because information from one

population cannot be extrapolated to another (see Yusseff and Agnarsson 2017). Further
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collections of this species from both islands are necessary to make sound conclusions
about its habitat preferences.

Cochliomyia aldrichi: This species has been recorded on several islands in the
Caribbean, including Key West, New Providence, Nassau and San Salvador (Bahamas),
Cuba, the Caiman islands, the Virgin Islands, Puerto Rico and Mona Island (Hall 1948,
Dear 1985, Whitworth 2010). Yet, despite intensive collections in almost all these areas,
we only found Co. aldrichi on Mona Island. Yusseff and Agnarsson (2016) suggested
possible local extinctions or sampling bias as the reason. Most of the collections for this
project were made during summer when humidity and temperature is very high. A
possible explanation is seasonality; if the species was more abundant during winter when
conditions are dryer and cooler it would be difficult to find in the wet, hot season.
However, information from museum specimens reported by Dear (1985), showed that
this species was collected throughout the year showing record dates from January to
December and from different places ranging from humid to dry areas. Furthermore,
Gregor (1975) collected extensively in Cuba during 1966, and reported that he observed
Co. aldrichi practically everywhere on the island, reaching altitudes of about 1200 m
with preferences for urban and suburban areas. He also reported the maximum numbers
of this species in the second half of May, which coincides with our collection dates in
Cuba. Surprisingly, we did not find Co. aldrichi in Cuba. Instead, we found its sister
species, Co. minima, to be one of the most abundant calliphorids on the island. That
species, according to Gregor (1975), was scarce during his collections in 1966. In Puerto
Rico, Co. aldrichi was reported from Mayaguez. While we did not collect in this area

during this project, Yusseff-Vanegas (2007) collected calliphorids in this area using small
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pigs as baits from March to November of 2006 and never found Co. aldrichi. Thus, we
think that Co. aldrichi has faced local extinction caused by possible displacement by
invasive species like Chrysomya rufifacies, or because of climate change or habitat
destruction, in the last five decades, driving it to local extinction. Studies including
abundance and distribution of Calliphoridae from the Caribbean have not been done
previously, so, we do not have information to compare to our findings and make robust
conclusions. Most of the reports of Co. aldrichi date from 1912 to 1958. Except for San
Salvador in the Bahamas, all those reports are based only on one or two specimens (Dear,
1985), giving us little information to understand the dynamics of this species in the past.
While more studies are necessary, the current results suggest that Mona Island may be the
only reservoir for this species in the Caribbean, so that this species could be in danger of
extinction.

Little is known about the biology of this species. According to Gregor (1975), Co.
aldrichi was more abundant in suburban and urban areas than in natural areas, with its
maximum abundance registered in May. Hall (1948), also collected this species
abundantly in meat bait traps in Nassau (Bahamas), during May, 1943. Both authors
reported that this species can be found on fresh horse manure and excrement but it prefers
meat. In this study it was abundantly collected using spoiled chicken in Mona Island, a
dry natural reserve. This indicates preference for dry habitats.

Cochliomyia hominivorax: This species is an obligate parasite; feeding on living
tissue, its larvae produce myiasis and (Hall 1948, Guimaraes et al. 1983). It is one of the
most important insect pests of livestock in the Neotropics (Vargas-Teran et al. 2005),

present throughout the year in warm and humid areas (Hall 1948). Dear (1985) reported
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this species from southern North America to northern Argentina, however, it has been
eradicated from North and Central America, Puerto Rico and Virgin Islands using the
sterile insect technic SIT (Vargas-Teran et al. 2005). Despite its eradication this species
continues to be a pest parasite on several islands in the Caribbean and in South America.
We collected this species from Hispaniola, Jamaica and Cuba, mainly in places close to
livestock, in both humid and dry forest. This indicates that the Caribbean continues to be
a reservoir for this pest parasite, with the potential to facilitate the reintroduction of Co.
hominivorax into areas where the species has been eradicated (Klassen & Curtis, 2005).
Evidence of this is the recent reintroduction of Co. hominivorax into Florida probably
from Cuba in 2016 (USDA 2016). Even more alarming is that Jamaica’s populations are
probably genetically different from other populations. The SIT approach that successfully
eradicated Co. hominivorax from Central and North America failed in eradicating Co.
hominivorax from Jamaica. This increases the risk not only of reintroduction, but
potentially also reestablishment of Co. hominivorax in other areas (See details in
McDonagh and Stevens, 2013).

Chrysomya albiceps: This species was introduced into Brazil during the 70’s and
rapidly spread throughout South America and the southern Lesser Antilles. This species
was previously reported from Puerto Rico (Dear 1985), but that report is most likely a
misidentification (see Yusseff and Agnarsson, 2017). We collected this species in
Barbados, St. Lucia, Martinique and Dominica but suggest that this species has not
reached farther north. We found a few specimens in dry forest in Martinique, and in a
suburban area in Barbados, but it was more abundant in St. Lucia in a suburban area near

a densely populated settlement. Whitworth (2010) found it on Dominica near Calibishie

52



in the northeast of the island close to the coast. We collected in urban areas in Dominica
and we did not find Ch. albiceps. This species is widely distributed in South America and
has been intensely studied. Further information about their preferences, life cycles and
feeding habits can be found in (Baumgartner and Greenberg 1984, daSilvaJunior and
MoyaBorja 1996, Aguiar-Coelho and Milward-De-Azevedo 1998, Faria et al. 1999, De
Andrade et al. 2002, Povolny 2002, Serra et al. 2007, Lambiase and Camerini 2012)

Lucilia cluvia: this species is southern Nearctic to northern Neotropical in
distribution. It has been reported from several areas in the Caribbean (Whitworth, 2010;
Table 2.17), but we only collected two specimens in Toa Baja Puerto Rico. This species
was also collected recently in Mayaguez (T. Whitworth, personal communication).
According to Gregor (1975), this species is rare and prefers excrement to carrion; the
species is mostly found in urban areas. It is possible that we did not collect this species on
other islands besides Puerto Rico because of sampling bias. Our collection efforts were
focused on natural areas in all the Greater Antilles except Puerto Rico where urban
collections were included. Although several authors have reported L. cluvia as a rare
species (Gregor 1975, Whitworth 2010, Yusseff-Vanegas and Agnarsson 2017), Shannon
(1926) reported it as fairly common species in the West Indies. This suggests that its
abundance and distribution probably have decreased in the last century.

Lucilia cuprina: This species is cosmotropical/ semi-tropical. In the New World,
it is found from the southern United States to Uruguay and northern Argentina
(Whitworth, 2014). This species has been intensely studied, and its habitat and
environmental preferences are well known (Norris 1990, Stevens and Wall 1996, Gleeson

and Heath 1997, Stevens and Wall 1997b, a, Kerswell and Burd 2012, Williams and
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Villet 2013, Williams et al. 2014). In the New World L. cuprina is restricted to urban
areas; and in the tropics it is found year round. Like Lucilia cluvia, this species also
prefers excrement to carrion, but is commonly attracted to both (Byrd and Castner 2010).
In the Caribbean it is reported from several islands (Whitworth, 2010), but only collected
by us in Puerto Rico due to sampling bias toward natural areas in all other islands.
2.4.1.1. Predictive distribution and habitat preferences for the 10 species included in
the MaxEnt model.

Analyses of predictive distribution for the 10 Calliphoridae species showed that
variation in precipitation is the most important environmental variable influencing
geographic distribution of most of the Caribbean Calliphoridae followed by temperature
variation (Table 2.15). This agrees with previous studies where variables related to
humidity had more influence on distribution of Calliphoridae species than variables
related to temperature (Richards et al 2009). Humidity is a limiting factor for the survival
of adult Calliphoridae, more so than extreme temperature (Smith 1986, Byrd and Castner,
2010). Also, humidity is an essential factor for the survival and development of eggs and
maggots. For this reason female calliphorids tend to lay eggs in sheltered areas of the
cadaver i.e. inside wounds, body orifices or areas between the ground and the body to
avoid desiccation (Smith 1986, Catts and Haskell 1990). This explains why humidity is a
limiting factor for most of the species. Regarding temperature; flies as poikilothermic
animals can change their activities greatly depending on the environmental temperature.
Temperatures at the thermal optimal cause acceleration of the insect’s metabolism and in

consequence, they will fly longer distances searching for food, mates and a safe site for
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laying their eggs. This will increase their chances of survival and reproduction (Neven
2000, Jaworski and Jacek 2013).

Calliphora maestrica: This species was collected only in Valle Nuevo at altitudes
> 2000 m, which is strongly reflected in its predicted distribution at cool high elevations
of the Hispaniola’s central mountain range, Sierra de Neiba and Sierra de Bahoruco (Fig
2.9 A). Although the analysis suggests that Cuba and Jamaica do not host highly suitable
environments for this species, previous studies have reported C. maestrica on both
islands. The report of Calliphora maestrica from Jamaica is based on one specimen
collected in 1930 and deposited at the Natural History Museum, London, United
Kingdom (Whitworth, 2010), no exact location or collector was specified. The report of
C. maestrica from Cuba, from which this species was described, is based on four females
collected in 1963 (See details in Peris et al. 1998) and one female collected in 1922
examined by Whitworth (2010). Calliphora maestrica has not been collected in the last
50 years. According to Stephenson et al. (2014) the temperature in the Caribbean has
increased in the last five decades and this increase is more significant for minimum
annual temperatures than maximum annual temperatures. Thus, colder places like the
mountain areas are affected more by this increase. This could potentially decrease the
area with suitable habitat for C. maestrica, which depends on low temperatures for its
survival. Further sampling at highest altitudes would be important to confirm if this

species is currently present in those islands.

Chrysomya megacephala, Ch. rufifacies and Co. macellaria: These species are
present on most of the Caribbean islands. All of them have a predicted environmental

suitability on the northeast of the Greater Antilles and in the northern Bahamas and
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Lesser Antilles with low probabilities of occurring in the southwest part of the islands
(Figs. 2.9 C. D, E). Due to the sample bias toward natural environments the distribution
of these species is likely underestimated as they are abundant in urban areas. We found
these species from dry forest to subtropical humid forest at low altitudes, with a
preference for suburban and urban areas. Chrysomya rufifacies tolerates high
temperatures and aridity better than the other two species, being the most abundant of the
three species in dry forest. Chrysomya megacephala prefers urban areas, being the most
abundant species in the metropolitan area in Puerto Rico. In contrast Co. macellaria
prefers warm areas with high humidity and so is abundant in humid/wet forest at low
altitudes. These three species are widely distributed in the Americas, and all of them have
been intensely studied. Further information about their preferences, life cycles and
feeding habits can be found in (Wells 1991, Wells and Greenberg 1992, Byrd and Butler
1996, daSilvaJunior and MoyaBorja 1996, Godoy et al. 1996, Wells and Kurahashi 1997,
Aguiar-Coelho and Milward-De-Azevedo 1998, Faria et al. 1999, Sukontason et al. 2001,
De Andrade et al. 2002, Povolny 2002, Serra et al. 2007, Yusseff-Vanegas 2007, Nelson
et al. 2009, Boatright and Tomberlin 2010, Koller et al. 2011a, Singh et al. 2011,
Lambiase and Camerini 2012, Chaudhury and Skoda 2013, Zhu et al. 2013, Owings et al.
2014, Rezende et al. 2014, Sanford et al. 2014, Swiger et al. 2014). Several authors have
reported that Ch. rufifacies has displaced and greatly reduced the populations of Co.
macellaria due to its aggressive behavior (Wells and Greenberg 1992, Wells and
Kurahashi 1997, Yusseff-Vanegas 2007). Information about the abundance of Co.
macellaria prior the introduction of Ch. rufifacies does not exist for the Caribbean, so we

cannot determine how the introduction of Ch. rufifacies affected Co. macellaria
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populations. From our results, we can see that collections of Co. macellaria in Puerto
Rico and St Eustatius are low, but from the other islands, the differences in abundance
seem to be related to habitat preferences. Also, populations of Co. macellaria in the
Bahamas do not appear to be affected by the presence of Ch. rufifacies. Further
collections in urban areas and additional information from recent museum collections are
necessary to increase the accuracy of the predicted distribution of these species (Williams

et al. 2014).

Cochliomyia minima: We collected this species abundantly in the Greater
Antilles and some of the Lesser Antilles (Table 2.3). It has predicted environmental
suitability on the northeast of the Greater Antilles and northern Lesser Antilles (Figs. 2.9
B). We found Cochliomyia minima widely distributed in Cuba, the Dominican Republic
and Puerto Rico. This species prefers areas with high humidity at altitudes ranging from 0
m to 1400 m, we found it abundantly in subtropical humid and rain forest. However, we
also collected it in urban, suburban, and rural areas. This species can tolerate cold
temperatures as evidenced by its presence at high altitudes, but it seems that extreme
aridity is a limiting factor for its distribution and survival indicated by its absence from
dry forest (Yusseff, 2014). Although this species was reported previously from Jamaica,
we did not find it on the island. The reports of Co. minima from Jamaica are based on a
few specimens collected in two urban areas, Spanish Town in 1911 and Kingston in 1960
(Dear, 1985). Furthermore, Cranston 2008 collected during July 2007 and February 2008
in known localities of this species but did not find it. From previous studies (YussefT,
2016), we know this species is abundant in humid rain forest and humid tropical forest.

Unfortunately, we were unable to collect in the large remaining pocket of wet forest in
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Jamaica, the Blue Mountains. Thus we cannot confirm its presence or argue for its

extinction in Jamaica.

Lucilia eximia: we collected this species in the Greater Antilles and in some of
the Lesser Antilles (Table 2.8). It has predicted environmental suitability on the northern
Lesser Antilles and northeast Hispaniola with some suitable areas in the center and south
of the island. In Puerto Rico it has predicted environmental suitability on the north and
southwest parts of the island (Figs. 2.9 F). We collected this species in subtropical humid
and wet forest in Cuba and the Dominican Republic, and humid forest, dry forest and
urban and suburban areas in Puerto Rico and the Lesser Antilles at altitudes ranging from
0 to 900 m. It is important to highlight that collections from the Dominican Republic and
Cuba are biased, because we only collected in natural areas and unfortunately we do not
have information from urban areas. Nevertheless, our results agree with those of Gregor
(1975), who he reported this species to be abundant in natural forest and in suburban and
urban areas in Cuba. He also reported that L. eximia prefers excrement, fruit and cheese
more than meat; however, it can change its preferences according to the type of food

available.

Lucilia fayeae: This is a Caribbean endemic that we only found in Puerto Rico
(Table 2.3), but has been previously reported from several islands in the Lesser Antilles
(Whitworth, 2010). It has a predicted environmental suitability on the northeast of Cuba,
Hispaniola and Puerto Rico and most of the Lesser Antilles (Fig 2.9 G). We found this
species frequently in subtropical humid and rain forest, showing preference for rain
forest, which agreed with previous studies (Whitworth 2010). We found it at altitudes

ranging from 0 to 1339 m. Only very few specimens were collected in urban areas and in
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dry forest (Table 2.6) showing that this is not a suitable environment for this species but
it can reach those areas when foraging for food.

Lucilia lucigerens: This is an endemic Jamaican species and is found in several
parts of the island (Fig 2.8 Table 2.14). It has a predictive distribution in the western and
eastern parts of Jamaica. We found this species frequently in subtropical humid and wet
forest, but only few specimens were collected from dry forest. This species seems to
prefer natural areas, however, it can be found in low abundances in urban areas (Cranston
2008). The predictive distribution model showed that the northern Lesser Antilles, the
southern Bahamas and Key West are also suitable environmental areas for this species. In
contrast Cuba, Hispaniola and Puerto Rico are unsuitable areas (Fig 2.9 H).

Lucilia retroversa: this species is one of the Caribbean endemics abundant in
Cuba, Hispaniola and the Bahamas (Table 2.3). The model shows a predicted
environmental suitability on most parts of Hispaniola, Central and northern Puerto Rico,
the northeast of Cuba and Jamaica, the northern Lesser Antilles, the Bahamas and Florida
Keys (Fig. 2.9 I). Except for dry forest, we found this species in all sites in Cuba, the
Dominican Republic and the Bahamas. It has a wide altitudinal range being found from 0
to 2200 m of altitude. We found Lucilia retroversa in urban and suburban areas in the
Bahamas, and in natural areas in the Dominican Republic and Cuba. This was the most
abundant species in the Dominican Republic and Cuba, showing preference for warm
subtropical humid and wet forest at low altitudes (Tables 2.5, 2.10), but being found also
in subtropical montane wet forest with low temperatures.

Lucilia rica: This is an endemic Caribbean species that we collected frequently

throughout the Lesser Antilles (Table 2.8). It is also reported from Bermuda (Woodley
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and Hilburn 1994, Whitworth 2010) and was reported from Puerto Rico based on one
specimen collected in 1914 (Shannon, 1926). Nowadays, this species is well established
and found commonly throughout the Lesser Antilles. Lucilia rica was collected
abundantly in rural and natural areas showing preferences for subtropical humid
environments at low altitudes. It was also collected in low abundances in suburban and
arid areas and was absent from urban areas. This species has predicted environmental
suitability in the northern lesser Antilles, parts of Jamaica, the southern Bahamas and
Key West in Florida but lower probability to occur in the Greater Antilles and southern

lesser Antilles (Fig 2.9 J).

In general the predictive-distributions results from MaxEnt analysis correspond to
our findings of the distribution of species collected throughout the Caribbean. However,
the known range of distribution of each species is not as broad as the one predicted by
MaxEnt. When we use climatic variables to predict species distributions, the assumption
is made that those variables actually define the limits of the distribution of the species,
yet, other factors like geographic barriers, unidentified climatic variables, or biotic
interactions may limit the species’ distribution, (Soberon and Peterson 2005). MaxEnt
predicts potential distributions, not realized distributions (Phillips and Dudik 2008), the
unoccupied areas may be predicted to be suitable for these blowflies based on the
environmental variables used. However, the flies are not found in those areas because
there are other interspecific interactions such as competition, predation and mutualism
that can influence the dynamics of populations and may affect their ability to establish
and succeed in those areas. For instance, the predictive model shows that L. retroversa

and L. fayeae could potentially be established throughout the Caribbean and occupy
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basically the same environment. However, these species do not overlap in distribution; L.
fayeae is found in Puerto Rico and the Lesser Antilles, while L. retroversa is found in
Cuba Jamaica and Bahamas. It is possible that these two species are competing for the
same essential resources; in consequence, they cannot coexist based on the competitive
exclusion principle (Lomolino et al. 2006). In contrast, other species like Co. macellaria
and Ch. rufifacies can coexist in the same area. Even though the environmental
conditions that predict their distribution are the same, these species are not competing for
identical resources. For instance, Co. macellaria is usually the first colonizer of carrion
while Ch. rufifacies is a second colonizer they feed from the same source but at different
time, allowing both species to develop and survive (Yusseff 2007).

Physical barriers also limit distribution of species, in our case an important factor
because each island is separated by an oceanic barrier. Often, suitable sites are
unoccupied because they are isolated from inhabited areas by some combination of
distance and intervening areas with unfavorable environmental conditions, so that
individuals are not able to disperse to those localities (Lomolino et al. 2006). A good
example of this is L. lucigerens, a species endemic to Jamaica. The predictive distribution
model for this species indicates that the Bahamas, Key West and the northern Lesser
Antilles are suitable areas for this species (Fig. 2.9 H). However, in order to colonize
those areas from Jamaica, L. lucigerens would have to disperse via Cuba, Hispaniola and
Puerto Rico, which are not suitable environments for L. /ucigerens, making it nearly
impossible for this species to reach the Bahamas or the Lesser Antilles. This could

explain why L. lucigerens is the only island endemic from the Caribbean.
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In sum, when looking at the habitats and the flies in the area, interesting patterns
emerge. For example, Ch. rufifacies, Ch. megacephala and Ch. macellaria and L. eximia
would be the most important species in cadaveric decomposition in areas close to human
settlements and arid areas on all islands, but absent from humid areas at high altitudes
where other species adapted to this environment, are dominant. In wet forest the most
forensically important species in Puerto Rico would be L. fayeae and Co. minima while
on Hispaniola it would be Lucilia retroversa, in Jamaica L. lucigerens and on the Lesser
Antilles L. rica. In Mona Island Co. aldrichi, Ch. rufifacies and L. eximia will dominate
in cadaveric decomposition, but in wet montane forest in the Dominican Republic C.
maestrica will be the most important one. This information with other biological
information about each species in the Caribbean will help investigators to identify
potentially forensically important species of Calliphoridae for study on each island.

Studies of this magnitude, including detailed information about distribution,
abundance, habitat preferences, and insights about biology and behavior of each species,
greatly contribute to the knowledge about Calliphoridae, not only for forensic studies but
also to understand the dynamics and assemblages of these populations from the
Caribbean. Our findings reveal that in the last 70 years some species have expanded in
their distribution and abundance, while others have decreased and nowadays are rare
species probably facing local or species-level extinction, as may be the case for L.
problematica from Bermuda, which may now be extinct (Woodley and Hilburn 1994).
The abundance and distribution of species and populations change through time, and
most of this change presumably reflect temporal variation in niche parameters. Species

that were in the past abundant and wide spread on some islands like Co. aldrichi and L.
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cluvia (Shannon 1926, Hall 1948, Gregor 1975), today are rarely encountered or very
localized. In contrast species like L. rica that were rare in the past (Hall, 1948) today are
widespread being abundant almost everywhere in the Lesser Antilles. Similar patterns
were reported in recent surveys in California were several species reported from 1955 are
not found today and vice versa. Furthermore, they reported species that in the past were
not considered important for forensic studies, but today are some of the most common
species found in cadaveric decomposition (Brundage et al. 2011). Also, the introduction
of Ch. rufifacies and Ch. megacephala and their facilitated dispersal by humans
throughout the Caribbean have changed the dynamic of populations in recent years and
probably will continue affecting native species as reported in previous studies. Our study
confirms that extensive collections from a variety of environments are critical in
identifying what species are present in each area, and therefore, what species can be

expected to be most important in legal cases.
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CHAPTER 3: DNA-BARCODING OF FORENSICALLY IMPORTANT BLOW
FLIES (DIPTERA: CALLIPHORIDAE) IN THE CARIBBEAN REGION

3.1 Introduction

Forensic entomology is the application of the study of insects in legal
investigations. Although several group of insects, mainly of the orders Diptera and
Coleoptera, are associated with cadaveric decomposition, blow flies (Diptera:
Calliphoridae) are among the most dominant and conspicuous insects in the
decomposition process (Catts 1992). They are useful to determine time of death and, in
particular situations, cause of death (Goff 2000) or relocation of a body (Matuszewski et
al. 2013). During the last five decades of intensive studies in forensic entomology (Smith
1986, Catts and Haskell 1990, Goff 2000, Byrd and Castner 2010, Tomberlin and
Benbow 2015), the acceptance of insects as evidence in legal investigations has increased
gradually and they are now included as standard operating procedures in crime scene
investigations in many countries (Tomberlin and Benbow 2015). Determining the post
mortem interval (PMI) is one of the most important tasks during an investigation, and the
use of immature stages of Calliphoridae is essential whenever time of death is difficult to
establish based on other means (Catts and Haskell 1990). Although the accurate
determination of PMI and period of insect activity (PIA) depend of several factors that
are discuss in detail by Catts (1992), the first one, and most important to resolve, is the
correct identification of the specimens found at the crime scene. As each species has a
specific developmental rate and range of distribution, the accurate identification of

insects, mainly the larval stages, is critical because the incorrect determination will
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invalidate the estimated post mortem interval and impact other interpretations of the
evidence (Goff 2000, Wells and LaMotte 2001).

Morphology is most commonly used to identify insects involved in cadaver
decomposition and taxonomic keys are available for most of the Calliphoridae species. In
general, these taxonomic keys include the detailed description of the male and female
genitalia, which is examined when external characteristics are not sufficient to establish
identity (Whitworth 2010, Whitworth and Rognes 2012, Whitworth 2014, Tantawi et al.
2017). Identification of immature stages (eggs, larvae and pupae) is more challenging,
but possible when detailed taxonomic descriptions exist (Greenberg and Szyska 1984,
Wells et al. 1999, Sukontason et al. 2005, Szpila and Villet 2011, Szpila et al. 2013a,
Szpila et al. 2014). However, in places like the Caribbean, where forensic entomology
has not yet been developed, this approach is limited due to the lack of detailed
descriptions of immature stages. For instance, from the 18 forensically important
calliphorid species currently recognized in the Caribbean, plus the most important
livestock pest parasite in the Americas, Co. hominivorax (Whitworth 2010), only eight
have been documented well enough to be identified based on larvae, mainly using
morphology of the third instar (Wells et al. 1999, Florez and Wolff 2009). For the other
species, the identification of immature specimens would need to be done by rearing them
to adulthood (Goff 2000), which is time consuming, may delay legal investigations, and
relies on the survival of larvae in the laboratory. Given local endemism, the scarce studies
on this group in the Caribbean, and the lack of knowledge of immature stages for at least

11 species, developing alternative tools for identification is important.
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With the advances in molecular methods, DNA barcoding has become a widely
used technique for species delimitation and identification. This approach allows the
identification of specimens during any development stage, including incomplete or
damaged specimens, does not require taxonomic expertise, and it is also useful to
recognize cryptic species that morphological approaches may not detect (Hebert et al.
2003b, Hebert et al. 2004b, Hebert et al. 2004a). Worldwide many authors have used this
method to identify species of the family Calliphoridae and these studies showed the
potential of the ‘standard barcoding gene’ cytochrome c oxidase subunit I (COI) to
distinguish between forensically significant species (Harvey et al. 2003, Nelson et al.
2007, Wells and Williams 2007, Chen et al. 2009, Liu et al. 2011, Aly and Wen 2013).
However, COI does not reliably distinguish among certain closely related calliphorid
species, specifically Chrysomya saffranea and Ch. megacephala (Nelson et al. 2007,
Harvey et al. 2008), Ch. semimetalica and Ch. latifrons (Nelson et al. 2007), Calliphora
stygia and C. albifrontalis, C. dubia and C. augur (Wallman and Donnellan 2001,
Harvey et al. 2008), Co. aldrichia and C. montana (Tantawi et al. 2017), Cochliomyia
macellaria and Co. aldrichi (Yusseff-Vanegas and Agnarsson, 2016), Lucilia mexicana
and L. coeruleiviridis (DeBry et al. 2013, Whitworth 2014), L. bazini and L. hainanenesis
(Chen et al. 2014), L. illustris and L. caesar (Reibe et al. 2009, Sonet et al. 2012), L.
cuprina and L. sericata (Williams and Villet 2013). Given the serious implications of
misidentification of forensic insects, an improved protocol for accurate identification is
necessary. We propose using the nuclear internal transcribed spacer ITS2 as a second
barcoding locus for taxonomic species determinations in calliphorids as suggested by

GilArriortua et al. (2014). Although evaluations of ITS2 as unique identification marker
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have limitations for some taxa (Agnarsson 2010), several studies have shown the
potential application of ITS2 for blowfly species identification (Nelson et al. 2007, 2008,
Song et al. 2008, Jordaens et al. 2013, Yusseff-Vanegas and Agnarsson 2016). We expect
a combination of barcodes from the nuclear and mitochondrial genomes to offer a
general, simple and reliable way of identifying forensically important insects, even
problematic sister species, as successfully done in certain other arthropod groups (Anslan
and Tedersoo 2015, Cao et al. 2016).

The success of DNA barcoding directly links to the quality of the underlying
database (Harvey et al. 2003, DeBry et al. 2013, Candek and Kuntner 2015, Coddington
et al. 2016) not only in terms of quality of identifications but also in terms of taxon
sampling (species, geographic localities, populations). Existing efforts in this respect are
lacking for Calliphoridae in the Caribbean, limiting the reliability of this technique for
delimitation of species. Hitherto, three studies have included molecular data of a few
Calliphoridae from the Caribbean (McDonagh et al. 2009, Whitworth 2014, Yusseft-
Vanegas and Agnarsson 2016), they lack the geographic variation necessary to estimate
the ratio between intraspecific variation and interspecific divergence from which
barcoding accuracy depends (Meyer and Paulay 2005). Our study provides the first
thorough molecular study of Caribbean Calliphoridae.

Our aims are: 1) to establish COI barcode libraries for all Caribbean species and
to test if barcodes offer reliable means of their identification, 2) to assess the usefulness
of ITS2 as a second barcoding locus in species delimitation and identification, and, 3) to

improve online databases with sequences from the Caribbean including specimens from
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multiple localities in each island covering the geographic range for each species. To

achieve these goals, we sampled 468 specimens of Calliphoridae representing 19 species.

3.2. Materials and methods

3.2.1. Specimens and DNA extraction

A total of 473 specimens were included in this study. Of these, 468 represented
ingroup taxa and five represented outgroup taxa from the family Sarcophagidae
(Sarcophaga Carnaria Linnaeus, 1758; Neobellieria bullata Parker, 1916; Ravinia
stimulans Walker, 1849; Blaesoxipha masculina Aldrich, 1916 and Blaesoxipha alcedo
Aldrich, 1916). We used a total of 600 DNA sequences, we obtained 521 (COI=398,
ITS2=123) while 79 (COI=44, ITS2=35) were previously published (Table 3.1). The
specimens were collected throughout the Caribbean from between 2011 and 2013 (see
Table 3.1 for details). All specimens were collected under appropriate permits. Although
L. vulgata, L. mexicana and L. coeruleiviridis are not present in the Caribbean islands,
they are included as outgroups to the Calliphoridae from the West Indies. James (1970)
reported L. coeruleiviridis from Cuba, however, this is likely an error as no specimens
have been seen in collections from the region (Whitworth 2010) and no specimens were
collected during this study. All specimens, except the ones from Mexico, were collected
using a novel trap designed for this study. We modified a standard butterfly trap by
adding a conic form on the top with a vessel attached to the highest point like in the
Malaise trap. Flies entered the trap attracted by the bait (chicken) and funneled into the
collecting vessel containing 95% ethanol. Traps were hung 1m off the ground and were
used to collect flies for 2-3 days at each locality. These traps proved efficient in
collecting specimens for our molecular purposes, given that caught specimens were
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preserved in ethanol while the trap remained in the field. Collected specimens were
transferred to Whirl-paks with 95% ethanol and stored at -20 °C. Adults were identified
using the Whitworth (2010) taxonomic keys and the specimens with uncertain identity
were sent to Dr. Whitworth at Washington State University for detailed examination and
species confirmation. DNA was isolated from thoracic muscle or two legs of each
individual with the QTAGEN DNeasy Tissue Kit (Qiagen, Inc., Valencia, CA). The
remainder of the specimen was retained as a voucher currently held by the Agnarsson
Lab; they will be placed in the Zadock Thompson Zoological Collections at the UVM
Natural History Museum following completion of other studies currently being conducted

using the material.

North America

® Martinique

Barbados
® St Vincent B L

South America

Figure 3.1: Map of collecting localities of all specimens used for the molecular analysis.
Source: map based on the http://gmt.soest.hawaii.edu/ Generic Mapping Tools
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3.2.2. PCR amplification and sequencing

A region of the mitochondrial genome encoding COI was amplified in a single
fragment using the primers LCO1490 (Folmer et al. 1994), and C1-N-2776 (Hedin and
Maddison 2001). Those primers amplified successfully in all Calliphoridae except Lucilia
Robineau-Desvoidy. From the eight Caribbean species of Lucilia, only Lucilia retroversa
amplified successfully using these primers. For the remaining Lucilia species two
different primer-pairs were used. the Primer 1 (Gibson et al. 2011) with C1-N-2191
(Simon et al. 1994) and the C1-J-1751 (Gibson et al. 2011) with C2-N-3014. For the
second internal transcribed spacer ITS2 we used the primers ITS4 and ITS5.8 (White et
al. 1990). The primer sequences and protocols are listed in Table 3.2. Amplified
fragments were sequenced in both directions by University of Arizona Genetics Core.
Sequences were interpreted from chromatograms using Phred and Phrap (Green 1999.,
Green and Ewing 2002) using the Chromaseq module (Maddison and Maddison 2010a)
in Mesquite 3.03 (Maddison and Maddison 2010b) with default parameters. The
sequences were then proofread by examining chromatograms by eye. Alignments were
done using MAFFT (Katoh et al. 2002) through the online portal EMBL-EBI with default
settings. The matrices were exported to Mesquite 3.03 (Maddison and Maddison 2010b)
and the translation of coding sequences to proteins for COI were checked for potential

CIrors.
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Table 3.1: Specimen details, collection information and GenBank accession numbers.
*Estimated coordinate points. “Accession numbers from BOLD systems. - blank.

Genus Species Country Latitude longitude COIl ITS2
Calliphora maestrica Hispaniola N 18.82138 W 70.67935 MF097182 MF097580
Calliphora maestrica Hispaniola N 18.82138 W 70.67935 MF097183 -
Calliphora maestrica Hispaniola N 18.82138 W 70.67935 MF097184 -
Calliphora maestrica Hispaniola N 18.82138 W 70.67935 MF097185 -
Calliphora maestrica Hispaniola N 18.82138 W 70.67935 MF097186 MF097581
Chloroprocta  idioidea Cuba N 20.054178 W 76.917603 MF097187 MF097582
Chloroprocta  idioidea Cuba N 21.582414 W 77.783464 MF097188 MF097583
Chloroprocta  idioidea Cuba N 21.582414 W 77.783464 MF097189 MF097584
Chloroprocta idioidea Cuba N 21.582414 W 77.783464 MF097190 -
Chloroprocta  idioidea Hispaniola N 18.316572 W 71.576447*  MF097191 -
Chloroprocta  idioidea Hispaniola N 18.316572 W 71.576447*  MF097192 MFO097585
Chloroprocta  idioidea Hispaniola N 18.316572 W 71.576447*  MF097193 -
Chloroprocta  idioidea Hispaniola N 19.06753 W 69.46445 MF097194 -
Chloroprocta  idioidea Hispaniola N 19.06753 W 69.46445 MF097195 MF097586
Chloroprocta  idioidea Mexico N 21.07645 W 89.501083 - MF097587
Chloroprocta idioidea Mexico N 21.07645 W 89.501083 MF097196 MF097588
Chrysomya albiceps Colombia N 5.900544 W 74.852897* - MF097589
Chrysomya albiceps Colombia N 5.900544 W 74.852897* - MF097590
Chrysomya albiceps Colombia N 5.900544 W 74.852897* - MF097591
Chrysomya albiceps Martinique N 14.47428 W 60.81463 MF097199 MF097592
Chrysomya albiceps Martinique N 14.47428 W 60.81463 MF097200 MF097593
Chrysomya albiceps Saint Lucia N 14.100031 W 60.92654 MF097201 MF097594
Chrysomya albiceps Barbados N 13.205166 W 59.5295556  MF097197 -
Chrysomya albiceps Barbados N 13.205166 W 59.5295556  MF097198 -
Chrysomya megacephala  Colombia N 5.900544 W 74.852897*  MF097202 MF097595
Chrysomya megacephala  Colombia N 5.900544 W 74.852897* - MF097596
Chrysomya megacephala ~ Colombia N 6.266242 W 77.374903*  MF097203 MF097597
Chrysomya megacephala ~ Colombia N 5.900544 W 74.852897* - MF097598
Chrysomya megacephala  Hispaniola N 19.89155 W 071.65806 MF097205 -
Chrysomya megacephala  Hispaniola N 19.89155 W 071.65806 MF097206 -
Chrysomya megacephala  Hispaniola N 19.06710 W 69.46004 MF097207 -
Chrysomya megacephala  Hispaniola N 19.06710 W 69.46004 MF097208 -
Chrysomya megacephala  Hispaniola N 18.35698 W 68.61609 MF097209 -
Chrysomya megacephala  Hispaniola N 18.35698 W 68.61609 MF097210 -
Chrysomya megacephala  Hispaniola N 18.35698 W 68.61609 MF097211 -
Chrysomya megacephala  Hispaniola N 18.35698 W 68.61609 MF097212 -
Chrysomya megacephala  Hispaniola N 18.32902 W 68.80995 MF097213 MF097599
Chrysomya megacephala  Hispaniola N 18.32902 W 68.80995 MF097214 MF097611
Chrysomya megacephala  Hispaniola N 18.32902 W 68.80995 MF097215 -
Chrysomya megacephala  Hispaniola N 18.32902 W 68.80995 MF097216 -
Chrysomya megacephala  Florida, USA N 25.614383 W 80.584467 KX529521 KX529561
Chrysomya megacephala  Florida, USA N 25.614383 W 80.584467 MF097218 -
Chrysomya megacephala  Florida, USA N 25.086633 W 80.452217 MF097219 -
Chrysomya megacephala  Jamaica N 18.059805 W 77.5311944 - MF097600
Chrysomya megacephala ~ Dominica N 15.34066 W 61.33351 MF097220 -
Chrysomya megacephala  Saint Eustatius N 17.47637 W 62.97470 MF097225 -
Chrysomya megacephala  Saint Eustatius N 17.47637 W 62.97470 MF097217 -
Chrysomya megacephala  Saint-Martin N 18.07779 W 63.05772 MF097235 -
Chrysomya megacephala  Saint Barthélemy N 17.91924 W 62.86366 MF097234 -
Chrysomya megacephala  Dominica N 15.34066 W 61.33351 MF097204 -
Chrysomya megacephala  Guadeloupe N 16.37752 W 61.47869 MF097221 -
Chrysomya megacephala  Guadeloupe N 16.37752 W 61.47869 MF097222 -
Chrysomya megacephala  Nevis N 17.14145 W 62.57784 MF097226 -
Chrysomya megacephala  Saint Kitts N 17.340408 W 62.7410389  MF097223 -
Chrysomya megacephala  Saint Kitts N 17.340408 W 62.7410389  MF097224 -
Chrysomya megacephala  Saint Lucia N 14.100031 W 60.92654 - MF097604
Chrysomya megacephala  Mexico N 25.598592 W 103.441156 - MF097601
Chrysomya megacephala  Mexico N 25.598592 W 103.441156 - MF097602
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Genus Species Country Latitude longitude COlI ITS2
Chrysomya megacephala  Puerto Rico N 18.412972 W 66.026619 MF097227 -
Chrysomya megacephala  Puerto Rico N 18.370953 W 66.026619 MF097228 -
Chrysomya megacephala  Puerto Rico N 18.370953 W 66.026619 MF097229 MF097603
Chrysomya megacephala  Puerto Rico N 18.370953 W 66.026619 MF097230 -
Chrysomya megacephala  Puerto Rico N 18.370953 W 66.026619 MF097231 -
Chrysomya megacephala  Puerto Rico N 18.447911 W 65.948617 MF097232 -
Chrysomya megacephala  Puerto Rico N 18.447911 W 65.948617 MF097233 -
Chrysomya rufifacies Saint Barthélemy N 17.91924 W 62.86366 MF097236 -
Chrysomya rufifacies Saint Barthélemy N 17.91924 W 62.86366 MF097237 -
Chrysomya rufifacies Cuba N 20.054178 W 76.917603 MF097238 -
Chrysomya rufifacies Cuba N 20.054178 W 76.917603 MF097239 -
Chrysomya rufifacies Cuba N 20.054178 W 76.917603 KX529555 KX529562
Chrysomya rufifacies Cuba N 20.054178 W 76.917603 MF097240 -
Chrysomya rufifacies Cuba N 20.054178 W 76.917603 MF097241 -
Chrysomya rufifacies Cuba N 22.621386 W 83.725944 MF097242 -
Chrysomya rufifacies Cuba N 22.621386 W 83.725944 MF097243 -
Chrysomya rufifacies Cuba N 22.621386 W 83.725944 MF097244 -
Chrysomya rufifacies Cuba N 22.621386 W 83.725944 MF097245 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097248 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097249 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097250 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097251 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097252 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097253 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097254 -
Chrysomya rufifacies Hispaniola N 19.89155 W 71.65806 MF097255 -
Chrysomya rufifacies Hispaniola N 18.316572 W 71.576447*  MF097256 -
Chrysomya rufifacies Hispaniola N 18.316572 W 71.576447*  MF097257 -
Chrysomya rufifacies Hispaniola N 18.316572 W 71.576447*  MF097258 -
Chrysomya rufifacies Hispaniola N 18.316572 W 71.576447*  MF097259 -
Chrysomya rufifacies Hispaniola N 19.06710 W 69.46004 MF097260 -
Chrysomya rufifacies Hispaniola N 19.06710 W 69.46004 MF097261 MF097605
Chrysomya rufifacies Hispaniola N 19.06710 W 69.46004 - MF097606
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097262 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097263 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097264 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097265 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097266 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097267 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097268 -
Chrysomya rufifacies Hispaniola N 18.35698 W 68.61609 MF097269 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097270 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097271 -
Chrysomya rufifacies Hispaniola N 19.74131 W 70.654975*  MF097272 -
Chrysomya rufifacies Hispaniola N 19.34405 W 70.14824 MF097273 -
Chrysomya rufifacies Hispaniola N 19.34405 W 70.14824 MF097274 -
Chrysomya rufifacies Hispaniola N 19.34405 W 70.14824 MF097275 -
Chrysomya rufifacies Hispaniola N 19.34405 W 70.14824 MF097276 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097277 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097278 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097279 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097280 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097281 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097282 -
Chrysomya rufifacies Hispaniola N 18.32902 W 68.80995 MF097283 -
Chrysomya rufifacies Florida, USA N 25.6143 W 80.584467 MF097288 -
Chrysomya rufifacies Florida, USA N 25.08663 W 80.452217 MF097289 MF097607
Chrysomya rufifacies Jamaica N 18.05980 W 77.5311944  MF097293 MF097608
Chrysomya rufifacies Saint Eustatius N 17.47637 W 62.97470 MF097284 -
Chrysomya rufifacies Saint Eustatius N 17.47637 W 62.97470 MF097285 -
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Genus Species Country Latitude longitude COlI ITS2
Chrysomya rufifacies Saint Eustatius N 17.47637 W 62.97470 MF097286 -
Chrysomya rufifacies Saint Eustatius N 17.47637 W 62.97470 MF097287 -
Chrysomya rufifacies Saint-Martin N 18.11677 W 63.03902 MF097316 -
Chrysomya rufifacies Saint-Martin N 18.11677 W 63.03902 MF097317 -
Chrysomya rufifacies Saint-Martin N 18.11677 W 63.03902 MF097318 -
Chrysomya rufifacies Saint-Martin N 18.11677 W 63.03902 MF097319 -
Chrysomya rufifacies Dominica N 15.34066 W 61.33351 MF097246 -
Chrysomya rufifacies Dominica N 15.34066 W 61.33351 MF097247 -
Chrysomya rufifacies Guadeloupe N 16.37752 W 61.47869 MF097290 -
Chrysomya rufifacies Guadeloupe N 16.37752 W 61.47869 MF097291 -
Chrysomya rufifacies Guadeloupe N 16.37752 W 61.47869 MF097292 -
Chrysomya rufifacies Martinique N 14.47428 W 60.81463 MF097310 -
Chrysomya rufifacies Montserrat N 16.77608 W 62.30904 MF097309 -
Chrysomya rufifacies Saint Kitts N 17.3404083 W 62.7410389  MF097294 MF097609
Chrysomya rufifacies Mona, Puerto Rico N 18.086239 W 67.906339 MF097295 -
Chrysomya rufifacies Mona, Puerto Rico N 18.086239 W 67.906339 MF097296 -
Chrysomya rufifacies Mona, Puerto Rico N 18.11125 W 67.933447 MF097297 -
Chrysomya rufifacies Mona, Puerto Rico N 18.11125 W 67.933447 MF097298 -
Chrysomya rufifacies Mona, Puerto Rico N 18.06301 W 67.88728 MF097299 -
Chrysomya rufifacies Mona, Puerto Rico N 18.06301 W 67.88728 MF097300 -
Chrysomya rufifacies Mona, Puerto Rico N 18.06301 W 67.88728 MF097301 -
Chrysomya rufifacies Mona, Puerto Rico N 18.084222 W 67.939417 MF097302 -
Chrysomya rufifacies Mona, Puerto Rico N 18.084222 W 67.939417 MF097303 -
Chrysomya rufifacies Mona, Puerto Rico N 18.084222 W 67.939417 MF097304 -
Chrysomya rufifacies Mona, Puerto Rico N 18.084222 W 67.939417 MF097305 -
Chrysomya rufifacies Mona, Puerto Rico N 18.084222 W 67.939417 MF097306 -
Chrysomya rufifacies Mona, Puerto Rico N 18.11125 W 67.933447 MF097307 -
Chrysomya rufifacies Mona, Puerto Rico N 18.11125 W 67.933447 MF097308 -
Chrysomya rufifacies Puerto Rico N 18.370953 W 66.026619 MF097311 -
Chrysomya rufifacies Puerto Rico N 18.370953 W 66.026619 MF097312 -
Chrysomya rufifacies Puerto Rico N 18.370953 W 66.026619 MF097313 -
Chrysomya rufifacies Puerto Rico N 18.370953 W 66.026619 MF097314 -
Chrysomya rufifacies Puerto Rico N 18.093306 W 65.556083 MF097315 MF097610
Cochliomyia  aldrichi Mona, Puerto Rico N 18.084222 W 65.939417 KX529529 KX529563
Cochliomyia  aldrichi Mona, Puerto Rico N 18.11125 W 67.933447 MF097320 -
Cochliomyia  aldrichi Mona, Puerto Rico N 18.11125 W 67.933447 KX529530 KX529564
Cochliomyia  aldrichi Mona, Puerto Rico N 18.06301 W 67.88728 KX529531 KX529565
Cochliomyia  aldrichi Mona, Puerto Rico N 18.06301 W 67.88728 MF097321 -
Cochliomyia  aldrichi Mona, Puerto Rico N 18.06301 W 67.88728 MF097322 -
Cochliomyia  aldrichi Mona, Puerto Rico N 18.11125 W 67.933447 MF097323 -
Cochliomyia  aldrichi Mona, Puerto Rico N 18.11125 W 67.933447 KX529532 KX529566
Cochliomyia  aldrichi Mona, Puerto Rico N 18.085972 W 67.933447 MF097324 -
Cochliomyia  aldrichi Mona, Puerto Rico N 18.085972 W 67.933447 KX529533 KX529567
Cochliomyia  aldrichi Mona, Puerto Rico N 18.084222 W 67.939417 MF097325 -
Cochliomyia  aldrichi Mona, Puerto Rico N 18.084222 W 67.939417 KX529534 KX529568
Cochliomyia ~ hominivorax Colombia N 5.900544 W 74.852897* - MF097612
Cochliomyia ~ hominivorax Cuba N 22.621386 W 83.725944 - MF097613
Cochliomyia ~ hominivorax Cuba N 22.621386 W 83.725944 KX529556 KX529571
Cochliomyia ~ hominivorax Hispaniola N 18.316572 W 71.576447*  KX529557 KX529572
Cochliomyia ~ hominivorax Hispaniola N 18.35698 W 68.61609 KX529558 KX529573
Cochliomyia  macellaria Saint Barthélemy N 17.910299 W 62.847221 MF097326 -
Cochliomyia  macellaria Saint Barthélemy N 17.910299 W 62.847221 MF097327 -
Cochliomyia  macellaria Colombia N 5.900544 W 74.852897*  KX529522 KX529574
Cochliomyia  macellaria Colombia N 6.266242 W 77.374903*  KX529545 KX529575
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 MF097330 -
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 MF097331 -
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 KX529541 KX529577
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 MF097332 -
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 MF097333 -
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 MF097334 -
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Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 KX529526 KX529578
Cochliomyia  macellaria Cuba N 22.621386 W 83.725944 MF097335 MF097614
Cochliomyia  macellaria Cuba N 21.582414 W 77.750131 MF097336 -
Cochliomyia ~ macellaria Cuba N 21.582414 W 77.750131 MF097337 -
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 MF097341 -
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 KX529536 KX529579
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 MF097342 -
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 MF097343 -
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 MF097344 -
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 MF097345 -
Cochliomyia  macellaria Hispaniola N 19.89155 W 71.65806 MF097346 -
Cochliomyia  macellaria Hispaniola N 18.316572 W 71.576447*  MF097347 -
Cochliomyia  macellaria Hispaniola N 19.06710 W 69.46004 MF097348 -
Cochliomyia  macellaria Hispaniola N 19.06710 W 69.46004 MF097349 -
Cochliomyia  macellaria Hispaniola N 19.06710 W 69.46004 MF097350 -
Cochliomyia  macellaria Hispaniola N 19.06710 W 69.46004 MF097351 -
Cochliomyia  macellaria Hispaniola N 19.06710 W 69.46004 MF097352 -
Cochliomyia  macellaria Hispaniola N 18.35698 W 68.61609 MF097353 -
Cochliomyia  macellaria Hispaniola N 18.35698 W 68.61609 MF097354 -
Cochliomyia  macellaria Hispaniola N 18.35698 W 68.61609 MF097355 -
Cochliomyia  macellaria Hispaniola N 18.35698 W 68.61609 MF097356 -
Cochliomyia  macellaria Hispaniola N 18.35698 W 68.61609 MF097357 -
Cochliomyia  macellaria Hispaniola N 18.32902 W 68.80995 MF097358 -
Cochliomyia  macellaria Hispaniola N 18.32902 W 68.80995 MF097359 -
Cochliomyia  macellaria Hispaniola N 19.741319 W 70.654975*%  KX529527 KX529580
Cochliomyia  macellaria Hispaniola N 19.34405 W 70.14824 MF097360 -
Cochliomyia  macellaria Florida, USA N 25.614383 W 80.584467 - MF097615
Cochliomyia  macellaria Florida, USA N 25.457514 W 80.4863 MF097361 -
Cochliomyia  macellaria Jamaica N 18.0598056 W 77.5311944 - MF097616
Cochliomyia ~ macellaria Saint-Martin N 18.07779 W 63.05772 MF097384 -
Cochliomyia  macellaria Saint-Martin N 18.07779 W 63.05772 MF097385 -
Cochliomyia  macellaria Saint-Martin N 18.07779 W 63.05772 MF097386 -
Cochliomyia  macellaria Saint-Martin N 18.11677 W 63.03902 MF097387 -
Cochliomyia  macellaria Saint-Martin N 18.11677 W 63.03902 MF097388 -
Cochliomyia  macellaria Saint-Martin N 18.11677 W 63.03902 MF097389 -
Cochliomyia ~ macellaria Saint-Martin N 18.11677 W 63.03902 MF097390 -
Cochliomyia ~ macellaria Saint-Martin N 18.11677 W 63.03902 MF097391 -
Cochliomyia  macellaria Saint Barthélemy N 17.91924 W 62.86366 MF097371 -
Cochliomyia  macellaria Saint Barthélemy N 17.91924 W 62.86366 MF097372 -
Cochliomyia  macellaria Saint Barthélemy N 17.91924 W 62.86366 MF097373 -
Cochliomyia  macellaria Saint Barthélemy N 17.91924 W 62.86366 MF097383 -
Cochliomyia  macellaria Saint Barthélemy N 17.91924 W 62.86366 MF097374 -
Cochliomyia  macellaria Dominica N 15.34066 W 61.33351 MF097338 -
Cochliomyia  macellaria Dominica N 15.34066 W 61.33351 MF097339 -
Cochliomyia  macellaria Dominica N 15.34066 W 61.33351 MF097340 -
Cochliomyia  macellaria Dominica N 15.34066 W 61.33351 KX529525 KX529583
Cochliomyia  macellaria Guadeloupe N 16.37752 W 61.47869 MF097362 -
Cochliomyia  macellaria Guadeloupe N 16.37752 W 61.47869 MF097363 -
Cochliomyia  macellaria Guadeloupe N 16.37752 W 61.47869 MF097364 -
Cochliomyia  macellaria Nevis N 17.14145 W 62.57784 MF097368 -
Cochliomyia ~ macellaria Martinique N 14.47428 W 60.81463 KX529524 KX529584
Cochliomyia  macellaria Martinique N 14.47428 W 60.81463 MF097367 -
Cochliomyia ~ macellaria Saint Kitts N 17.3404083 W 62.7410389  MF097365 -
Cochliomyia ~ macellaria Saint Kitts N 17.3404083 W 62.7410389  MF097392 -
Cochliomyia  macellaria Barbuda N 17.6054722 W 61.8005833  MF097328 -
Cochliomyia  macellaria Barbuda N 17.6054722 W 61.8005833  MF097329 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097375 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097376 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097377 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 KX529523 KX529592
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Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097378 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097379 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097380 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097381 -
Cochliomyia  macellaria Saint Barthélemy N 17.897522 W 62.849694 MF097382

Cochliomyia  macellaria Mexico N 25.598592 W 103.441156 - MF097617
Cochliomyia  macellaria Mona, Puerto Rico N 18.086239 W 67.906339 KX529539 KX529585
Cochliomyia  macellaria Mona, Puerto Rico N 18.11125 W 67.933447 KX529537 KX529586
Cochliomyia  macellaria Mona, Puerto Rico N 18.11125 W 67.933447 KX529544 KX529589
Cochliomyia  macellaria Mexico N 21.07645 W 89.501083 MF097366 -
Cochliomyia  macellaria Puerto Rico N 17.961111 W 66.863806 MF097369 -
Cochliomyia ~ macellaria Puerto Rico N 18.178722 W 66.488111 MF097370 -
Cochliomyia  macellaria Puerto Rico N 18.370953 W 66.026619 KX529544 KX529589
Cochliomyia  macellaria Puerto Rico N 18.093306 W 65.552111 KX529540 KX529590
Cochliomyia  macellaria Puerto Rico N 18.093306 W 65.552111 KX529542 KX529591
Cochliomyia ~ minima Cuba N 20.054178 W 76.917603 MF097393 -
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 MF097394 -
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 KX529549 KX529593
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 KX529550 KX529594
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 MF097395 -
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 MF097396 -
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 MF097397 -
Cochliomyia ~ minima Cuba N 22.621386 W 83.725944 MF097398 -
Cochliomyia ~ minima Cuba N 20.517817 W 74.65865 MF097399 -
Cochliomyia ~ minima Cuba N 20.517817 W 74.65865 MF097400 -
Cochliomyia ~ minima Cuba N 20.517817 W 74.65865 MF097401 -
Cochliomyia ~ minima Cuba N 20.517817 W 74.65865 KX529547 KX529595
Cochliomyia ~ minima Hispaniola N 19.04995 W 70.89046 MF097402 -
Cochliomyia ~ minima Hispaniola N 19.04995 W 70.89046 MF097403 -
Cochliomyia ~ minima Hispaniola N 19.04995 W 70.89046 MF097404 -
Cochliomyia ~ minima Hispaniola N 19.04995 W 70.89046 MF097405 -
Cochliomyia ~ minima Hispaniola N 18.316572 W 71.576447*  MF097406 -
Cochliomyia ~ minima Hispaniola N 18.316572 W 71.576447*  MF097407 -
Cochliomyia ~ minima Hispaniola N 18.316572 W 71.576447*  MF097408 -
Cochliomyia ~ minima Hispaniola N 18.316572 W 71.576447*  MF097409 -
Cochliomyia ~ minima Hispaniola N 18.316572 W 71.576447*  MF097410 -
Cochliomyia ~ minima Hispaniola N 19.06753 W 69.46445 MF097411 -
Cochliomyia ~ minima Hispaniola N 19.06753 W 69.46445 MF097412 -
Cochliomyia ~ minima Hispaniola N 19.06753 W 69.46445 KX529552 KX529596
Cochliomyia ~ minima Hispaniola N 19.06753 W 69.46445 MF097413 -
Cochliomyia ~ minima Hispaniola N 19.06710 W 69.46004 MF097414 -
Cochliomyia ~ minima Hispaniola N 19.34864 W 70.14910 MF097415 -
Cochliomyia ~ minima Hispaniola N 19.34864 W 70.14910 MF097416 -
Cochliomyia ~ minima Hispaniola N 19.34864 W 70.14910 MF097417 -
Cochliomyia ~ minima Hispaniola N 19.34864 W 70.14910 MF097418 -
Cochliomyia ~ minima Hispaniola N 19.34864 W 70.14910 MF097419 -
Cochliomyia ~ minima Hispaniola N 19.741319 W 70.654975 KX529548 KX529597
Cochliomyia ~ minima Hispaniola N 19.741319 W 70.654975 MF097420 -
Cochliomyia ~ minima Hispaniola N 19.741319 W 70.654975 MF(097421 -
Cochliomyia ~ minima Hispaniola N 19.741319 W 70.654975 MF097422 -
Cochliomyia ~ minima Hispaniola N 19.34405 W 70.14824 MF097423 -
Cochliomyia ~ minima Hispaniola N 18.32902 W 68.80995 MF097424 -
Cochliomyia ~ minima Puerto Rico N 18.412972 W 66.727222 MF097425 -
Cochliomyia ~ minima Puerto Rico N 18.412972 W 66.727222 MF097426 -
Cochliomyia ~ minima Puerto Rico N 18.321333 W 65.818722 MF097427 -
Cochliomyia ~ minima Puerto Rico N 18.321333 W 65.818722 MF097428 -
Cochliomyia ~ minima Puerto Rico N 18.321333 W 65.818722 MF097429 -
Cochliomyia ~ minima Puerto Rico N 18.174722 W 66.491861 MF097430 -
Cochliomyia ~ minima Puerto Rico N 18.093306 W 65.552111 MF097431 -
Cochliomyia ~ minima Puerto Rico N 18.093306 W 65.552111 KX529553 KX529598
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Cochliomyia ~ minima Puerto Rico N 18.093306 W 65.552111 KX529554 KX529599
Cochliomyia ~ minima Puerto Rico N 18.447911 W 65.948617 MF097432 MF097618
Cochliomyia ~ minima Puerto Rico N 18.447911 W 65.948617 KX529551 KX529600
Cochliomyia ~ minima Puerto Rico N 18.449889 W 65.595333 MF097433 -
Cochliomyia ~ minima Puerto Rico N 18.449889 W 65.595333 MF097434 -
Lucilia cluvia Florida, USA N 25.614383 W 80.584467 - MF097619
Lucilia cluvia Florida, USA N 25.136917 W 80.94855 MF097436 MF097620
Lucilia cluvia Florida, USA N 25.136917 W 80.94855 - MF097621
Lucilia cluvia Florida, USA N 25.323331 W 80.833094 MF097437 -
Lucilia cluvia Florida, USA N 25.323331 W 80.833094 MF097438 MF097622
Lucilia cluvia Florida, USA N 25.423053 W 80.679114 MF097439 MF097623
Lucilia cluvia Florida, USA N 25.423053 W 80.679114 MF097440 MF097624
Lucilia cluvia Puerto Rico N 18.429222 W 66.178022 MF097441 MF097625
Lucilia cluvia Puerto Rico N 18.429222 W 66.178022 MF097442 MF097626
Lucilia coeruleiviridis  Florida, USA N 25.457514 W 80.4863 - MF097627
Lucilia coeruleiviridis ~ Florida, USA N 25.136917 W 80.94885 MF(097443 MF097628
Lucilia coeruleiviridis  Florida, USA N 25.136917 W 80.94855 - MF097629
Lucilia coeruleiviridis  Florida, USA N 25.136917 W 80.94885 MF097444 MF097630
Lucilia coeruleiviridis  Florida, USA N 25.136917 W 80.94885 MF097445 MF097631
Lucilia coeruleiviridis  Florida, USA N 25.457514 W 80.4863 MF097446 MF097632
Lucilia coeruleiviridis  Florida, USA N 25.457514 W 80.4863 MF097447 MF097633
Lucilia cuprina Florida, USA N 25.457514 W 80.4863 MF(097448 MF097634
Lucilia cuprina Florida, USA N 25.457514 W 80.4863 MF097449 MF097635
Lucilia cuprina Florida, USA N 25.457514 W 80.4863 MF097450 MF097636
Lucilia cuprina Florida, USA N 25.457514 W 80.4863 MF(097451 MF097637
Lucilia cuprina Puerto Rico N 18.370953 W 66.026619 MF097452 -
Lucilia cuprina Puerto Rico N 18.370953 W 66.026619 MF097453 -
Lucilia cuprina Puerto Rico N 18.370953 W 66.026619 MF097454 -
Lucilia cuprina Puerto Rico N 18.370953 W 66.026619 KX529559 KX529602
Lucilia cuprina Puerto Rico N 18.370953 W 66.026619 MF097455 MF097638
Lucilia cuprina Puerto Rico N 18.370953 W 66.026619 MF097456 -
Lucilia cuprina Puerto Rico N 18.461053 W 66.729803 MF097457 -
Lucilia cuprina Puerto Rico N 18.461053 W 66.729803 MF097458 MF097639
Lucilia eximia Colombia N 5.900544 W 74.852897*  MF097459 -
Lucilia eximia Colombia N 5.900544 W 74.852897*  MF097460 MF097640
Lucilia eximia Colombia N 5.900544 W 74.852897*  MF097461 MF097641
Lucilia eximia Colombia N 5.900544 W 74.852897*  MF097462 MF097642
Lucilia eximia Colombia N 5.900544 W 74.852897* - MF097643
Lucilia eximia Colombia N 6.067217 W 73.645411 MF097463 MF097644
Lucilia eximia Colombia N 6.067217 W 73.645411 MF097464 MF097645
Lucilia eximia Cuba N 20.054178 W 76.917603 - MF097646
Lucilia eximia Cuba N 20.054178 W 76.917603 - MF097647
Lucilia eximia Hispaniola N 19.89155 W 071.65806 MF097467 MF097650
Lucilia eximia Hispaniola N 18.316572 W 71.576447*  MF097468 -
Lucilia eximia Hispaniola N 18.316572 W 71.576447 - MF097651
Lucilia eximia Hispaniola N 18.32902 W 68.80995 MF097469 -
Lucilia eximia Florida, USA N 25.086633 W 80.452217 MF097470 MF097652
Lucilia eximia Florida, USA N 25.086633 W 80.452217 MF097471 MF097653
Lucilia eximia Dominica N 15.34066 W 61.33351 MF097465 MF097648
Lucilia eximia Dominica N 15.34066 W 61.33351 MF097466 MF097649
Lucilia eximia Saint Lucia N 14.100031 W 60.92654 MF097483 MF097665
Lucilia eximia Saint Lucia N 14.100031 W 60.92654 - MF097666
Lucilia eximia Saint Lucia N 14.100031 W 60.92654 MF097484 MF097667
Lucilia eximia Mona, Puerto Rico N 18.086239 W 67.906339 MF097472 MF097654
Lucilia eximia Mona, Puerto Rico N 18.084222 W 67.939417 MF(097473 -
Lucilia eximia Mona, Puerto Rico N 18.084222 W 67.939417 MF097474 -
Lucilia eximia Mona, Puerto Rico N 18.11125 W 67.933447 MF097475 MF097655
Lucilia eximia Mona, Puerto Rico N 18.11125 W 67.933447 MF097476 MF097656
Lucilia eximia Mexico N 21.07645 W 89.501083 MF097477 MF097657
Lucilia eximia Mexico N 21.07645 W 89.501083 - MF097658
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Lucilia eximia Mexico N 21.07645 W 89.50108 MF097478 MF097659
Lucilia eximia Puerto Rico N 18.44988 W 66.59533 MF097479 MF097660
Lucilia eximia Puerto Rico N 17.97161 W 66.86536 MF097480 MF097661
Lucilia eximia Mona, Puerto Rico N 18.11125 W 67.93344 - MF097662
Lucilia eximia Puerto Rico N 18.37095 W 66.02661 MF097481 -
Lucilia eximia Puerto Rico N 18.09330 W 65.55211 - MF097663
Lucilia eximia Puerto Rico N 18.09330 W 65.55211 - MF097664
Lucilia eximia Puerto Rico N 18.08422 W 67.93941 MF097482 -
Lucilia fayeae Mona, Puerto Rico N 18.08422 W 67.93941 MF097485 MF097668
Lucilia Sfayeae Puerto Rico N 18.41297 W 67.72722 MF097486 MF097669
Lucilia Sfayeae Puerto Rico N 18.41297 W 67.72722 MF097487 -
Lucilia Sfayeae Puerto Rico N 18.32133 W 65.81872 MF097488 -
Lucilia Sfayeae Puerto Rico N 18.32133 W 65.81872 MF097489 -
Lucilia fayeae Puerto Rico N 18.29344 W 65.79191 MF097490 MF097670
Lucilia fayeae Puerto Rico N 18.17472 W 66.49186 MF097491 MF097671
Lucilia fayeae Puerto Rico N 18.44988 W 66.59533 MF097492 MF097672
Lucilia fayeae Puerto Rico N 18.37095 W 66.03217 MF097493 -
Lucilia lucigerens Jamaica N 18.05980 W 77.53119 MF097494 MF097673
Lucilia lucigerens Jamaica N 18.05980 W 77.53119 MF097495 -
Lucilia lucigerens Jamaica N 18.05980 W 77.53119 MF097496 MF097674
Lucilia mexicana Mexico N 25.59859 W 103.4411 MF097497 MF097675
Lucilia mexicana Mexico N 25.59859 W 103.4411 MF097498 MF097676
Lucilia mexicana Mexico N 25.59859 W 103.4411 MF097499 MF097677
Lucilia retroversa Cuba N 20.05417 W 76.91760 MF097500 MF097678
Lucilia retroversa Cuba N 22.62138 W 83.72594 MF097501 -
Lucilia retroversa Cuba N 22.62138 W 83.72594 MF097502 -
Lucilia retroversa Cuba N 22.62138 W 83.72594 MF097503 MF097679
Lucilia retroversa Cuba N 22.62138 W 83.72594 MF097504 -
Lucilia retroversa Cuba N 20.51781 W 20.51781 MF097505 -
Lucilia retroversa Cuba N 20.51781 W 20.517817 MF097506 -
Lucilia retroversa Cuba N 20.51781 W 20.51781 MF097507 -
Lucilia retroversa Cuba N 20.51781 W 20.51781 MF097508 MF097680
Lucilia retroversa Cuba N 20.51781 W 20.51781 MF097509 -
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097510 -
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097511 -
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097512 -
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097513 -
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097514 MF097681
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097515 -
Lucilia retroversa Hispaniola N 19.04871 W 70.88084 MF097516 -
Lucilia retroversa Hispaniola N 18.31657 W 71.57644 MF097517 -
Lucilia retroversa Hispaniola N 18.31657 W 71.57644 MF097518 -
Lucilia retroversa Hispaniola N 18.31657 W 71.57644 MF097519 -
Lucilia retroversa Hispaniola N 18.31657 W 71.57644 MF097520 -
Lucilia retroversa Hispaniola N 19.06753 W 69.46445 MF097521 -
Lucilia retroversa Hispaniola N 19.06753 W 69.46445 MF097522 -
Lucilia retroversa Hispaniola N 19.06753 W 69.46445 MF097523 -
Lucilia retroversa Hispaniola N 19.06753 W 69.46445 MF097524 -
Lucilia retroversa Hispaniola N 19.06753 W 69.46445 MF097525 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097526 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097527 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097528 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097529 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097530 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097531 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097532 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097533 -
Lucilia retroversa Hispaniola N 19.34864 W 70.14910 MF097534 -
Lucilia retroversa Hispaniola N 18.35698 W 68.61609 MF097535 -
Lucilia retroversa Hispaniola N 18.35698 W 68.61609 MF097536 -
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Lucilia retroversa Hispaniola N 18.35698 W 68.61609 MF097537 -
Lucilia retroversa Hispaniola N 18.32902 W 68.80995 MF097538 -
Lucilia retroversa Hispaniola N 18.32902 W 68.80995 MF097539 MF097682
Lucilia retroversa Hispaniola N 18.32902 W 68.80995 MF097540 MF097683
Lucilia retroversa Hispaniola N 18.32902 W 68.80995 MF097541 -
Lucilia retroversa Hispaniola N 18.32902 W 68.80995 MF097542 -
Lucilia retroversa Hispaniola N 18.32902 W 68.80995 MF097543 -
Lucilia retroversa Hispaniola N 19.74139 W 70.65497* MF097544 -
Lucilia retroversa Hispaniola N 19.74139 W 70.65497* MF097545 -
Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097546 -
Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097547 -
Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097548

Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097549 -
Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097550 -
Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097551 -
Lucilia retroversa Hispaniola N 18.09786 W 71.18925 MF097552 -
Lucilia rica Saint Eustatius N 17.47637 W 62.97470 MF097558 -
Lucilia rica Saint Eustatius N 17.47637 W 62.97470 MF097559 -
Lucilia rica Saint Eustatius N 17.47637 W 62.97470 - MF097684
Lucilia rica Saint Eustatius N 17.47637 W 62.97470 MF097560 -
Lucilia rica Saint-Martin N 18.07779 W 63.05772 MF097572 -
Lucilia rica Saint-Martin N 18.07779 W 63.05772 MF097573 MF097697
Lucilia rica Saba N 17.63980 W 63.23373 MF097435 -
Lucilia rica Saba N 17.63980 W 63.23373 - MF097692
Lucilia rica Saba N 18.07779 W 63.05772 MF097569 MF097693
Lucilia rica Saint-Martin N 18.11677 W 63.03902 MF097574 -
Lucilia rica Saint Barthélemy N 17.91924 W 62.86366 MF097570 MF097694
Lucilia rica Saint Barthélemy N 17.91924 W 62.86366 MF097571 MF097696
Lucilia rica Nevis N 17.14145 W 62.57784 MF097567 MF097690
Lucilia rica Nevis N 17.14145 W 62.57784 MF097568 MF097691
Lucilia rica Martinique N 14.47428 W 60.81463 MF097565 MF097688
Lucilia rica Martinique N 14.47428 W 60.81463 MF097566 MF097689
Lucilia rica Montserrat N 16.77608 W 62.30904 MF097564 MF097687
Lucilia rica Saint Kitts N 17.34040 W 62.74103 MF097563 -
Lucilia rica Antigua N 17.03586 W 61.82463 MF097553 -
Lucilia rica Antigua N 17.03586 W 61.82463 MF097554 -
Lucilia rica Antigua N 17.03586 W 61.82463 MF097555 -
Lucilia rica Barbuda N 17.60547 W 61.80058 MF097556 -
Lucilia rica Barbuda N 17.60547 W 61.80058 MF097557 -
Lucilia rica Guadeloupe N 16.37752 W 61.47869 MF097561 MF097685
Lucilia rica Guadeloupe N 16.37752 W 61.47869 MF097562 MF097686
Lucilia rica Antigua and Barbuda  As published ? BNNRO042" -
Lucilia rica Antigua and Barbuda  As published ? BNNRO043* -
Lucilia rica Antigua and Barbuda  As published ? BNNRO044* -
Lucilia rica Antigua and Barbuda  As published ? BNNRO46* -
Lucilia sp. Colombia N 6.067217 W 73.645411 MF097575 MF097698
Lucilia vulgata Colombia N 6.067217 W 73.645411 MF097576 MF097699
Lucilia vulgata Colombia N 6.067217 W 73.645411 MF097577 MF097700
Lucilia vulgata Colombia N 6.067217 W 73.645411 MF097578 MF097701
Lucilia vulgata Colombia N 6.067217 W 73.645411 MF097579 MF097702
Outgroups

Neobellieria  bullata As published ® JQ807156.1 -
Ravinia stimulans As published JQ807112.1 -
Sarcophaga carnaria As published © JQ582094.1 -
Blaesoxipha  alcedo As published ® JQ806830.1 -
Blaesoxipha  masculina As published® JQ806832.1 -

@ Whitworth (2014), ® Stamper et al. (2012), ¢ Jordaens et al. (2013).
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3.2.3. Phylogenetic analysis

The COI gene was partitioned by codon positions, each partition and ITS2 gene
were exported from Mesquite for model choice. The appropriate models were chosen
using jModeltest v2.1.4 (Posada and Crandall 1998), and the AIC criterion (Posada and
Buckley 2004). The corresponding model of evolution was used for the Bayesian
analysis: GTR + I" + I for COllst, F81+ I for COI2nd, GTR + I for COI3rd and HKY +
" +1 for ITS2. We ran the MC? (Metropolis Coupled Markov Chain Monte Carlo) chain
in MrBayes v3.2.3 (Huelsenbeck and Ronquist 2001) through the online portal Cipres
Science Gateway v3.3 (Miller et al. 2010). The analysis was run for 20.000.000
generations, sampling every 1000 generations, and the sample points of the first
5,000,000 generations were discarded as ‘burnin’, after which the chains had reached
stationarity as determined by analysis in Tracer (Rambaut and Drummond 2009).
Maximum likelihood (ML) analysis of the concatenated matrix was done in Garli (Zwickl
2006) using the same partitioning scheme and models. Sequences were submitted to
GenBank and BOLD.

Table 3.2: COI amplification primers and protocols

. Protocol
Primer Sequence (5' to 3")
name D CY D AN E FE
LCO1490 F  GGTCAACAAATCATAAAGATATTGG 95°C ;5 95°C  4eC T2cC 720C
CI-N-2776 R GGATAATCAGAATATCGTCGAGG 2 min 30sec  45sec  45sec 10 min
Primer 1 F TACAATTTATCGCCTAAACTTCAGCC 95°C 35 94°C 51°C 72°C 720C
CI-N-2191 R CCCGGTAAAATTAAAATATAAACTTC 3 min 15sec  15sec  30sec 5 min
Cl-J-1751  F  GGAGCTCCTGACATAGCATTCCC 94°C 3 9°C  4C T2cC 720C
C2-N-3014 R TCCATTGCACTAATCTGCCATATTA 90 sec 22sec  30sec 80sec 60 sec
ITS4 F TCCTCCGCTTATTGATATGC 94°C i C  4eC TC 7900
ITS5.8 R  GGGACGATGAAGAACGCAGC 2 min 30sec  35sec 30sec 3 min

F, Forward; R, reverse; ID, Initial denaturation; CY, cycles; D, Denaturation; AN, annealing; E, Extension; FE, Final
extension.
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3.2.4. Species delimitation

We used MEGAG to calculated genetic distances within and among species level
clades suggested by the barcoding analysis of the COI data and by morphology. We used
the species delimitation plugin in Geneious 8.1.5 (Masters et al. 2011, Kearse et al. 2012)
to estimate species limits under Rosenberg’s reciprocal monophyly P(AB) (Rosenberg
2007) and Rodrigo’s P(RD) method (Rodrigo et al. 2008). For this analysis we used a
317 taxa subset of our data, produced by reducing the most densely sampled species like
Co. minima, Co. macellaria, Ch. rufifacies and L. retroversa to 38 exemplars since
P(RD) probability cannot be computed when there are more than 40 exemplars per clade.
We also estimated the probability of population identification of a hypothetical sample
based on the groups being tested P ID (Strict) and P ID (Liberal)). The genealogical
sorting index (gsi) statistic (Cummings et al. 2008) was calculated using the gsi
webserver (http://genealogicalsorting.org) on the estimated tree. As genetic distances in
MEGAG®6, gsi and species delimitation metrics from Geneious require a priory species
designation, 26 putative species were assigned to the data based on combined analysis of
phylogenetic topology from COI and morphological and geographic information. Finally,
we used a single locus Bayesian implementation (bPTP) of the Poisson tree processes
model (Zhang et al. 2013) to infer putative species boundaries on a given single locus
phylogenetic input tree available on the webserver: http://species.h-its.org/ptp/. The
analysis was run as a rooted tree from the MrBayes analysis, for 500,000 generations
with 10% burnin removed. For gsi and bPTP analysis we reduced the data to 103 taxa

representing the 26 putative species because of limitations of the server.
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3.3 Results

We present by far the most extensive DNA barcoding dataset of Calliphoridae
from the Caribbean. It includes a ~1200 bp fragment of the mitochondrial COI gene from
437 Calliphoridae specimens and ~450 bp of the ITS2 gene from 158 specimens chosen
to represent unique COI haplotypes of all putative species and all localities (20 different
islands in the Caribbean plus Florida, Colombia and Mexico). Ninety nine of the
sequences are from specimens collected in the mainland and the other 496 are from the
Caribbean Islands. In total, we included 19 species of Calliphoridae identified
morphologically (Whitworth, 2006, 2010) 16 of them reported from the Caribbean and
three species, L. coeruleiviridis, L. mexicana and L. vulgata, from the mainland. The
sequences from the Caribbean represent 16 of the 18 species of forensically important
Calliphoridae that occur in the West Indies plus one of the most important livestock pest
parasite in the Americas, Co. hominivorax (Whitworth 2010). The two species not
included in this dataset are reported from Bahamas (Phormia regina) and Trinidad
(Hemilucilia segmentaria), where we were not able to sample. For most species we
included numerous exemplars, covering the geographic range of each species in the

region.

3.3.1 Species delimitation using COI

Although based on traditional taxonomy we recognized 19 species of
Calliphoridae in this study, COI gene analyses suggest that the diversity of Calliphoridae

in the Caribbean is greater than morphology can detect. The phylogenetic analysis of COI

81



------------------------- Outgroup i
12345678
Calliphora | Ca. maestrica | inninn
------------- C. idioidea-CU I I i |
o R (LR — C. idioidea-ME 1
—————————————— C. idioidea-DR ikl
----------------- Co. macellaria |} I I in
| 4 aldrichi [ (I
D I Co. minima | iinn
f“ochliorZ\"ia ---------- Co. hominivorax |} innni
7‘ _{ _____________ Ch. albiceps |} innni
Calliphoridae
4,_—4 Ch. rufifacies |} (A RER
chryz‘m,m ------------------------ Ch. megacephala i iiinl
—————— L clwia | (FERR
__________________ L. coeruleiviridis | A
mexicana . i
11 I L. eximia-FL 1 (ARR N
—————————————————————— L. vulgata | innni
-~ L. eximia-CO+ME (RER]
—————————————— L. eximia-LA innnl
------------------- L. fayeae | 1Nl
L. retroversa-CU il I |
L. retroversa-DR iIiill
----------------- L. lucigerens | innnl
7| ------------------- L. eximia-GA . innni
Luci
---------------------- L. rica-1 inigi
....................... L. rica-2 (RRRR
_< ----------------------------------- L. cuprina |} innni

002
Figure 3.2: Summary of the Bayesian tree based on the COI dataset including 442
individuals, with the results of four different species delimitation approaches in addition to
morphology, genetic distances of >2% mtDNA, ITS2 and the concatenated matrix. See
figure S1 for bootstrap support values in Yusseff-Vanegas and Agnarsson (2017).
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recuperates 24 distinct clades (Fig 3.2, S1- see Yusseff-Vanegas and Agnarsson (2017)),
showing substantial geographic variation for L. eximia (four clades), C. idioidea (three
clades), L. retroversa (two clades) and L. rica (two clades). However, COI did not
distinguish between the pairs, Co. macellaria and Co. aldrichi from the Caribbean and L.
coeruleiviridis and L. mexicana from the mainland. These four species are clearly
identifiable based on morphological characteristics. Most putative species lineages
showed genetic distances >2.7% (Table 3.3) and most of them are separated by a
barcoding gap (Table 3.4). All species delimitation methods supported Ca. maestrica, C.
idioidea-DR, Co. minima, Co. hominivorax, Ch. albiceps, Ch. rufifacies, Ch.
megacephala, L. cluvia, L. cuprina, L. eximia-CO+ME, L. eximia-LA, Lucilia eximia-GA
L. lucigerens, Lucilia retroversa-DR, and L. rica 1 and 2 (Fig 3.2, Table 3.5); however,
the other eight putative species were poorly supported in our analyses. Lower
divergences, between 0.5 and 1.2% were found between clades, L. coeruleiviridis+L.
mexicana, L. vulgata and L. eximia-FL, L. fayeae and L. retroversa CU, and between L.
rica 1 and 2 (Table 3.3). All but bPTP methods of species determination supported L.
eximia-FL clade, L. vulgata, L. fayeae, L. retroversa-CU (Table 3.5). Regarding C.
idioidea, the Cuban and Mexico species-clades are only supported by bPTP and P ID
(liberal). The bPTP analysis estimated between 21 and 29 species including the initial 26
putative species. Other species delimitation methods showed similar results, 22 putative
species had P ID (liberal) higher of 89, 20 had significant Rosenberg values and 21 had
GSI values of 100. All species determination methods fail in distinguishing between the

pairs Co. macellaria and Co. aldrichi, and L. coeruleiviridis and L. mexicana as sequence
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divergences between species pairs are extremely low <0.08%. Given that no one method
can distinguish between these species, the addition of ITS2 as a second barcoding locus
was necessary to clarify the monophyly and validity of these species and increase the

confidence of delimitation and identification of species with low genetic divergences.

3.3.2. Phylogenetic Inference

From the 26 putative species analyzed here, 25 were represented by multiple
individuals and one by a single individual in the COI analysis. All phylogenetic analyses
(COI, ITS2, COI+ITS?2) yielded well resolved trees with strong posterior probability
support for most of the branches and broadly agreed on species limits but with some
differences in topology (Figs 3.2 —3.4, S1-S3 see Yusseff-Vanegas and Agnarsson,
2017). The Bayesian analysis of the ITS2 supported the monophyly of 21 of 26 putative
species. It recovered the monophyly of Co. aldrichi, Co. macellaria, L. mexicana and L.
coeruleiviridis, which failed with all other analysis. However it did not recover the
geographic variation of C. idioidea from Mexico and Dominican Republic, L. retroversa
from Cuba and Dominican Republic or L. rica 1 and 2, and it only recovers three of the
four L. eximia clades indicated by COI analyses (Fig 3.3, S2 see Yusseff-Vanegas and
Agnarsson, 2017). The concatenated tree supports 24 of the 26 putative species including
two clades within L. retroversa, L. rica, and C. idioidea, and three clades within L.
eximia. The concatenated matrix did not support the monophyly of C. idioidea-CU that is
nested within C. idioidea-ME and L. eximia-CO+ME nested within L. eximia-LA (Fig

3.4, S3).
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3.4. Discussion

Accurate identification of insects is a crucial step to using them as reliable
evidence in legal investigations. Although morphology has been successfully used to
identify immature specimens involved in cadaveric decomposition (Wells et al. 1999,
Florez and Wolff 2009, Szpila and Villet 2011, Szpila et al. 2013a, Szpila et al. 2013b,
Cardoso et al. 2014, Szpila et al. 2014), this approach depends of the availability of
taxonomic keys of the species present in the region. In the Caribbean, the immature
stages of 11 species are unknown and other approaches are needed in order to identify
them. Besides this, morphology may overlook potentially cryptic species and cannot be
used on incomplete or destroyed specimens found on a crime scene. Here, we show
DNA barcoding to be useful in overcoming these problems and provide tools to
accelerate the identification and discovery of species. This is particularly important in
areas like the Caribbean, where studies of insects involved in cadaveric decomposition
are scarce (Yusseff-Vanegas 2007, Whitworth 2010, Yusseff-Vanegas 2014, Yusseft-
Vanegas and Agnarsson 2016). One of the first steps required for this approach is
creating a reliable DNA barcode database that can be used with confidence in order to
identify unknown specimens found in death scenes investigation (Harvey et al. 2003,
DeBry et al. 2013).

The success of DNA barcoding relies on the quality of the underlying database
used to compare DNA sequences of new samples. A good database should contain DNA
barcodes of expertly identified individuals, and preferably taxon sampling covering the
distribution range of each species. Our study complies with both requirements and is the

first thorough molecular study of Calliphoridae from the Caribbean. It includes a
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representative collection from all but two forensically relevant Calliphoridae from the
region, and covers the whole geographic range of most of the investigated species (Table
3.1). All specimens in this study were carefully identified using traditional morphological
taxonomy (Whitworth 2006, 2010, 2014) and each individual was successfully allocated
to one of the currently recognized calliphorid species, except for specimen CO027 that
could only be identified to the genus level. Although morphological identification of
specimens collected in this study corresponded to 19 previously reported species
(Whitworth 2010), our results based on molecular data indicate higher diversity. In all, 26
putative species lineages were identified, and in particular our results indicate that Lucilia
and Chloroprocta are more diverse than suggested by current taxonomy. COI recovered
substantial geographic variation for C. idioidea, L. eximia, L. retroversa and L. rica such
that molecular data indicate up to eleven putative species lineages that cannot be, or at
least have not been, recognized by morphology.

Lucilia eximia is considered a widespread species being found from the southern
United States through Central America to southern South America (Whitworth 2014).
Nevertheless, our molecular results show four distinct genetic clusters with an average
inter-cluster divergence from 2.5 to 7.4% (Table 3.3). The clusters are geographically
structured and three of them are widely separated (Fig 3.2, S1 see Yusseff-Vanegas and
Agnarsson, 2017). The first one is the Greater Antilles cluster (GA) that includes
specimens from Puerto Rico, Mona Island and Dominican Republic; the second is a small
cluster that includes specimens from Florida (FL), the third one contains specimens from
Colombia and Mexico (CO-MEX), and the fourth contains specimens from the Lesser

Antilles Islands of Dominica and Saint Lucia (LA).
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Table 3.3: Genetic distances expressed in percentage among the 26 putative species groups as determined by an analysis in MEGAG6.

Putative species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
1 Ca. maestrica

2 C. idioidea-CU 16.3

3 C idioidea-DR 153 28

4 C idioidea-ME 156 21 21

5 Ch. albiceps 155 138 13.1 13.1

6  Ch. megacephala 144 95 106 102 57

7 Ch. rufifacies 155 145 141 141 28 67

8 Co. aldrichi 144 106 95 99 102 92 120

9  Co. hominivorax 13.7 8.7 9.1 80 11.5 9.8 12.6 8.4

10 Co. macellaria 144 106 95 99 103 92 120 0.1 84

11 Co. minima 157 105 105 102 98 88 110 42 97 42

12 L. cluvia 1.1 114 121 121 149 114 145 124 116 124 137

13 L. coeruleiviridis ~ 12.1 113 134 134 159 127 152 117 126 116 114 46

14 L. cuprina 116 92 95 102 131 95 138 106 119 106 112 82 85

15 L eximia-CO-ME 124 123 117 124 140 118 140 128 130 128 134 54 7.1 76

16 L. vulgata 114 113 127 127 159 127 159 117 126 117 120 39 07 85 64

17 L. eximia-FL 116 110 124 124 155 124 148 120 124 119 111 48 12 87 69 12

18 L. eximia-GA 135 120 134 141 145 127 152 127 137 127 130 7.1 49 95 74 49 55

19 L. eximia-LA 121 113 99 113 131 113 138 117 115 116 123 43 60 67 26 53 58 64

20 L. fayeae 132 112 126 126 135 117 139 126 109 126 133 47 49 84 57 49 54 56 45

21 L. lucigerens 119 117 124 124 145 117 141 127 119 127 127 32 49 78 37 42 48 60 32 42

22 L mexicana 121 113 134 134 159 127 152 117 126 116 114 46 00 85 7.1 07 12 49 60 49 49

23 L retroversa-CU 137 112 126 126 140 122 144 126 114 126 133 52 48 84 56 48 54 53 45 05 41 48

24 L retroversa-DR 135 124 131 131 148 134 145 127 133 127 134 40 50 92 54 43 48 57 46 28 36 50 27

25 L. rica I 139 121 121 116 148 119 147 130 111 130 136 61 68 82 66 61 66 75 54 50 54 68 47 50
26 L. rica 2 134 119 119 112 147 116 148 126 107 126 133 56 63 80 64 56 61 73 56 56 52 63 53 53 10
CO, Colombia; CU, Cuba; DR, Dominican Republic; FL, Florida; GA, Greater Antilles; LA, Lesser Antilles; ME, Mexico.



Similar results were reported by Solano et al. (2013) and Whitworth (2014) where
widely separate clades of L. eximia were found using DNA barcodes. All species
delimitation methods supported the uniqueness and genetic isolation of the four clades,
each showing low intra-clade divergence (<1%, Table 3.4), and thus likely representing
four distinct species. Although we found some morphological variation between L.
eximia from mainland and islands and among islands as previously reported (James 1967,
Whitworth 2010), detailed revision of those specimens by Dr. Whitworth from
Washington State University, concluded that there is not enough evidence to separate
them as different morphological species, suggesting they may be morphologically cryptic
species. Further studies on these populations will be necessary to establish their
taxonomic status.

Lucilia rica was collected throughout the Lesser Antilles and is very abundant in
most of the islands (personal observation). Although James (1970) listed this species
from Puerto Rico, we did not find any specimens after very extensive collections on the
i1sland. Thus, we believe that L. rica is restricted to the Lesser Antilles and has not
dispersed beyond Anguilla. Whitworth (2010) reported this species from Antigua,
Bermuda, Guadeloupe and St. Lucia; however, we found it in eight more islands (Table
3.1) and our data showed two geographic clusters (Figs 3.2, 3.4). The first cluster (L.
rica-1) contains specimens from St Martin, Saba, St Eustatius, St Kitts, Nevis and
Martinique and the second one (L. rica 2) from Barbuda, Antigua, Montserrat and
Guadeloupe). Although the genetic distance between clades is low (1%), it is much

greater than the intra-clade divergences (<0.3%). While all species delimitation methods
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support the possibility of two different species (Tables 3.5, 3.6); we did not find
morphological evidence to support it.

Table 3.4: Genetic distances within the 26 putative species groups, as determined by an
analysis in MEGAG6. The values are expressed as a percentage.

Putative species % variation within species
Ca. maestrica 0.14
C. idioidea-CU 0.00
C. idioidea-DR 0.00
C. idioidea-ME n/a
Ch. albiceps 0.00
Ch. megacephala 0.00
Ch. rufifacies 0.01
Co. aldrichi 0.00
Co. hominivorax 0.24
Co. macellaria 0.15
Co. minima 0.29
L.. cluvia 0.10
L.. coeruleiviridis 0.00
L. cuprina 0.00
L. eximia-CO-ME 0.61
L. vulgata 0.00
L. eximia-FL 1.06
L. eximia-GA 0.00
L. eximia-LA 0.00
L. fayeae 0.14
L. lucigerens 0.00
L. mexicana 0.00
L. retroversa-CU 0.18
L. retroversa-DR 0.08
L. rica 1 0.40
L. rica 2 0.15

CO, Colombia; CU, Cuba; DR, Dominican Republic; FL, Florida; GA, Greater Antilles; LA, Lesser
Antilles; ME, Mexico.

Nevertheless, given that this is the most abundant Lucilia species of the Lesser
Antilles, additional studies on these populations are important to determine if the genetic
difference is due to intraspecific variation or if they are cryptic species.

For Lucilia retroversa we find two geographic clusters, one from Cuba and one
from the Dominican Republic with an average mtDNA distance of 2.5% (Table 3.3) and
with low intra-clade divergence (<0.2%, Table 4). Whitworth (2010) reported some
morphological differences between specimens from Bahamas (which share morphology
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with Cuban specimens) and Dominican Republic, but after examination of male and

female genitalia he concluded that those differences were intraspecific variation.
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Table 3.5: Results of species delimitation analysis based on COI. The various measures of distance and isolation and exclusivity metrics of
these clades follow including: (D), the probability of population identification of a hypothetical sample based on the groups being tested (P
ID (Strict) and P ID (Liberal)), Rosenberg’s reciprocal monophyly (P(AB)), the genealogical sorting index (gsi), and a single locus
Bayesian implementation of the Poisson tree processes model (bPTP). Sp congru. refers to species hypothesis that are congruent with all

methods, and Sp cons. is our conservative estimate of actual species richness based on agreement among all methods and >2% mtDNA

sequence divergence. Morph, refers to species richness based morphology and Concat. refers to species richness based on the
concatenated tree.

Putative species Mono })n ra })n or g:z;‘/ P ID(Strict) PID(Liberal)  P(AB)  GSI bPTP f(‘)’n f(‘)’ns Mor Co
1. C. maestrica yes 0001 0.096 0.0l 093(0.80,1.0) 0098(0.88,1.0) NAN 1 Y 1 1 1 1
2. C. idioidea-CU yes  0.0009 0.012 007  0.74(0.57,0.92) 0.97(0.82,1.0) 0.17 1 Y 2 2 2 2
3. C. idioidea-ME yes  nla 0012 nla  nh 0.96 (0.83,1.0)  0.17 NA Y

4. C. idioidea-DR yes  0.003 0.014 0.9  0.81(0.68, 093) 0095(0.85,1.0) 1.98E-03 1 Y 3 3 3
5. Co. aldrichi no 0.0008 0.002 046  0.82(0.75,0.89) 0.95(0.91,0.99) NA 039 N 4 4 3 4
6. Co. macellaria no 0.003  0.002  1.47  0.00(0.00,0.00) 0.31(0.28,0.34) NA 061 N 4 5
7. Co. minima yes  0.002 0.030 007 097(0.92,1.0) 0.99(0.96,1.0)  6.30E-27 1 Y 5 5 5 6
8. Co. hominivorax yes  0.004  0.066 007  0.75(0.57,0.92) 0.97(0.83,1.0)  1.90E-07 1 Y 6 6 6 7
9. Ch. albiceps yes  0.002  0.033 005 090(0.77,1.0)  0.97(0.87,1.0)  4.90E-08 1 Y 7 7 7 8
10. Ch. rufifacies yes  0.0009 0.033  0.03  0.99(0.93,1.0) 1.00(0.97,1.0) 4.90E-08 1 Y 8 8 8 9
11. Ch. megacephala ~ yes ~ 0.001  0.054 0.2  0.99(0.94,1.0)  1.00(0.97,1.0)  1.40E-24 1 Y 9 9 9 10
12. L. cluvia yes  0.002 0.033 007 091(0.81,1.0) 098(0.92,1.0) 7.10E-12 1 Y 0 10 10 11
13. L. coeruleiviridis  no 0.0008 0.0008 1.12  0.18(0.05,0.31) 0.49(0.38,0.59) NA 059 N 11112
14. L. mexicana no 0.0007 0.0008 0.88  0.20 (0.02,0.39) 0.51(0.36,0.66) NA 049 N 12 13
15. L. eximia-FL yes  0.002  0.005 040  0.39(0.24,0.54) 0.74(0.58,0.89) 0.03 1 N 13 14
16. L. vulgata yes  0.002 0.007 032  0.65(0.51,0.79) 0.89(0.78,1.0)  0.03 1 N 14 15
17. L. eximia-ME-CO  yes  0.004  0.016 027  0.82(0.71,0.92) 0.93(0.87,0.99) 3.60E-04 1 Y 12 12 16
18. L. eximia-LA yes  0.002 0.016 0.12  0.79(0.64,0.93) 0.95(0.84,1.0)  3.60E-04 1 Y 13 13

19. L. fayeae yes  0.002  0.008 031  0.82(0.73,0.91) 0.94(0.89,0.99) 2.40E-06 1 N 14 14 15 17
20. L. retroversa-CU ~ yes ~ 0.004  0.008 046  0.75(0.67,0.84) 0.92(0.87,0.97) 2.40E-06 1 N 16 18
21.L. retroversa-DR  yes ~ 0.002  0.024  0.09  0.96(0.91,1.0)  0.99(0.96,1.0)  2.60E-14 1 Y 15 15 19
22. L. lucigerens yes  0.002  0.035 005  0.76(0.58,0.94) 0.98(0.84,1.0)  9.90E-07 1 Y 16 16 17 20
23. L. eximia-GA yes  0.001  0.048 003  098(0.91,1.0) 1.00(0.96,1.0)  1.30E-11 1 Y 17 17 21
24. L. rica_1 yes  0.003 0011 024  090(0.83,0.96) 0.97(0.92,1.0) 4.40E-09 1 Y 18 18 18 22
25. L. rica 2 yes  0.002 0011 022  090(0.83,0.97) 0.97(0.92,1.0) 4.40E-09 1 Y 19 23
26. L. cuprina yes 0002 0.076 003  098(0.91,1.0) 1.00(0.96,1.0) 4.30E-19 1 Y 20 19 19 24

CO, Colombia; CU, Cuba; DR, Dominican Republic; FL, Florida; GA, Greater Antilles; LA, Lesser Antilles; ME, Mexico.



However, he noticed that our L. retroversa specimens have a brown basicosta
instead of white or yellow basicosta which is an important character used to separate L.
retroversa from other species (see taxonomic key in Whitworth 2010). Given that all our
species delimitation results support two possible cryptic species, we recommend further
detailed molecular and morphological studies of these populations to determine if they
merit the description of a separate species.

Chloroprocta idioidea, the only species of Chloroprocta, is a widespread species
found from southern North America to southern South America (Dear 1985, Whitworth
2010). Our results show that C. idioidea is also geographically structured, into three
clades, one from Dominican Republic, one from Cuba and one from Mexico (Fig 3.2).
Analysis of the genetic divergence between clades show more than 2% divergence
between Cuba and Dominican Republic clades but less than 2% divergence between
Mexico and Cuba clades (Table 3.3). Some authors (Shannon 1926, Hall 1948) believed
there were two species of the genus in the Americas, however (Dear 1985) concluded that
was only one single widespread species that exhibits some color variations which is
dependent upon geographic distribution. Our molecular results indicate at least two, and
perhaps three, separate species of Chloroprocta. All species delimitation methods (Table
3.5) and the concatenated matrix (Fig 3.4) suggest that the Dominican Republic versus
the Cuba and Mexico clade are separate species, but were ambiguous about the status of
C. idioidea-CU that is nested within C. idioidea-ME. Cuban and Mexican specimens are
morphologically similar, dark-bluish in color with brownish to orange legs, however, as

reported by Dear (1985) the Cuban females have
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Ca. maestrica
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Figure 3.3: Bayesian tree based on ITS2 dataset including 158 specimens. Individual
terminal taxa have been replaced with species names, while full taxon clade structure is
retained. Colors represent different species based on morphology. See figure S2 for
bootstrap support values in Yusseff-Vanegas and Agnarsson (2017).
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Figure 3.4: Bayesian tree based on the concatenate dataset including 137 specimens.
Individual terminal taxa have been replaced with species names, while full taxon clade
structure is retained. Colors represent different species based on morphology. See figure S3
for bootstrap support values in Yusseff-Vanegas and Agnarsson (2017).
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brownish, instead of yellow-white calypters. Our specimens from Dominican Republic
are similar to the southern U.S.A specimens described by Dear (1985) but have darker
post spiracles and clear wings with only the costa faintly tinted. Although we could see
morphological differences between populations, those differences were based on a
limited number of specimens (e.g. five specimens from Dominican Republic and three
from Mexico). Further studies with larger number of specimens of C. idioidea, including
detailed morphological descriptions and expanded molecular analysis, are necessary to
further test species limits within this genus.

Our focus here is not to fully resolve calliphorid taxonomy. However, it is
important to highlight the consequences of our findings for forensic entomology studies.
Currently L. eximia is one of the most widespread and abundant Lucilia in the Neotropics
(Whitworth 2014). However, our results suggest that, in fact, this is not one widely
distributed species, but potentially several species that differ in geographic range and
possibly in biological traits (rates of development, diapause, habitat preference, feeding
habits etc.). The same is true for L. retroversa and C. idioidea, both show have genetically
distinct clades in the Dominican Republic and in Cuba (Figs 3.2, 3.4). This finding will
have direct consequences for the use of these species in legal investigations, if that
variation reflects differences in behavior and biology, that can affect post mortem interval
estimations (Tarone et al. 2015). Previous studies of Phormia regina (Byrd and Allen
2001), Co. macellaria and Ch. rufifacies (Yusseff-Vanegas 2007) have shown that their
developmental rate differ from different populations. Picard and Wells (2009) suggested
that that variation is in part due to differences in population genetic structure, and for that

reason, ecological data obtained from one population should not be generalized or
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extrapolated to other populations (Byrne et al. 1995). This is important at least for
specimens collected in Cuba where both populations are present, probably as the result of
recent dispersal of L. retroversa and C. idoidea from the Dominican Republic to Cuba.
Our results (S1 in Yusseff-Vanegas and Agnarsson 2017) show that two of the southeast
Cuban specimens, CU007 (L. retroversa) and CU008 (C. idioidea), collected in Turquino
National Park in Cuba (Table 1), cluster tightly with Dominican Republic specimens
(S1). To confirm the genetic affinity of these specimens we added three more nuclear
genes for a limited number of individuals from both populations and re-ran the analysis.
The multi-gene analysis again strongly clustered CU007 and CU008 with the Dominican
Republic specimens for each species. Thus, both the Dominican Republic and Cuban
populations are clearly present in Cuba.

COlI recuperated substantial geographic variation with high COI sequences
divergence between populations of Lucilia eximia, L. retroversa, L. rica and C. idioidea
(Fig 3.2), suggesting the possibility of different species (Hebert et al. 2003b, Hebert et al.
2003a). However, genetic variation is not always indicative of species differentiation. For
instance, studies including Phormia regina have found that the genetic distance between
N American and W European populations is higher than 4% (Desmyter and Gosselin
2009, Boehme et al. 2012). But After detailed molecular and morphological analysis of
both populations, Jordaens et al. (2013) concluded that the high differentiation at COI,
COII and cytb, but low (16S, nDNA) and lack of morphological differentiation, was
indicative of substantial intraspecific mtDNA sequence divergence, rather than a species
level differentiation. In light of those results, definite conclusions cannot yet be drawn

regarding the taxonomy of these species. Further population level studies of the four
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species in question are therefore necessary. A comprehensive molecular analysis
including several mitochondrial and nuclear genes in combination with morphological
examination and detailed description of the genitalia, are required to determine if they are
in fact different species, or if the genetic difference between populations is the product of
intraspecific variation. Meanwhile the use of these species for forensic purposes should
be evaluated carefully and with reference to genetic and behavioral differences among its
populations.

Regarding the other Calliphoridae species, Ca. maestrica, Co. minima, Co
hominivorax, Ch. albiceps, Ch. rufifacies, Ch. megacephala, L. cluvia, L. cuprina and L.
lucigerens, all showed reciprocal monophyly with strong posterior probability support
and all can be successfully identified using the DNA barcoding approach. All species
delimitation methods, phylogenetic analysis of ITS2, and the concatenated tree support
their monophyly and species status, and the results are congruent with morphology.
Calliphora maestrica is the only Calliphora species reported for the Caribbean and is
endemic from the region. This species was originally described from Sierra Maestra
region in Cuba (Peris et al. 1998) and later reported also from Jamaica and Dominican
Republic (Whitworth 2010). Although we collected on all three islands, we only found C.
maestrica in Villa Pajon, Dominican Republic, a cold region at altitudes >2140 m. We
did not find it in Cuba or Jamaica, likely due to lack of sampling at altitudes above 1200
m on both islands.

The three species of Chrysomya were recently introduced to the New World
(Baumgartner and Greenberg 1984). Although Whitworth (2010) reported Ch.

megacephala and Ch. rufifacies from Dominica, Dominican Republic, Jamaica and
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Puerto Rico, they are abundantly present in most of the islands being found from Cuba to
Martinique (Table 3.1). In contrast, Chrysomya albiceps has more restricted distribution
being found in islands closer to South America (Table 3.1, Whitworth, 2010). Although
Dear 1985 reported this species from Puerto Rico, we did not find it after extensive
collections on the island. That report was based on a single larva found in a goat,
probably of Ch. albiceps but the species was not confirmed (Gagne 1981). We believe
that Ch. albiceps has not dispersed beyond Dominica and that the species reported by
Dear 1985 was in fact Ch. rufifacies. Given the high dispersal abilities of the species of
this genus (Baumgartner and Greenberg 1984) and their invasive behavior (Wells and
Greenberg 1992, Aguiar-Coelho and Milward-De-Azevedo 1998, Faria et al. 1999, De
Andrade et al. 2002), it is not surprising to find them widely distributed and very well
established throughout the Caribbean. They do not show any geographic structure,
suggesting their recent colonization from the mainland and the constant gene flow among
populations.

Lucilia cluvia and L. cuprina, are widely distributed flies found in different parts
of the world (Byrd and Castner 2010). Lucilia cluvia is considered rare (Whitworth
2010). Although it has been reported from several locations in Puerto Rico, Cuba, and
Martinique, we have only found two specimens in a suburban area in Toa Baja, Puerto
Rico. Lucilia cuprina is reported from several islands in the Caribbean, but we only
found it in urban areas of Puerto Rico as our focus on other islands was on non-urban
areas. Finally L. lucigerens is an endemic species from Jamaica and was collected

abundantly throughout the Island.
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DNA barcoding in animals typically employs a single mitochondrial marker for
identification and delimitation of species (Herbert et al 2003ab), and this approach has
shown to be useful in Calliphoridae species identification. However it does not reliably
distinguish among some recently diverged species (Harvey et al. 2003, Nelson et al.
2007), leading to doubt that COI alone is sufficient for identification of species (Nelson
et al. 2007, Wells et al. 2007). Rather, the use of multiple markers has been suggested as
a means to increase the accuracy of species identification. Indeed, our results show that
COI barcoding successfully identified most species, but did not distinguish between the
pairs L. mexicana and L. coeruleiviridis as previously reported (DeBry et al. 2013,
Whitworth 2014, Williams et al. 2016) and between Co. aldrichi and Co. macellaria
(Tables 3.3, 3.5). The latter species is considered one of the most important Calliphoridae
for forensic studies in the Americas (see discussion in Yusseff-Vanegas and Agnarsson,
2016). Additionally, COI showed very low genetic divergences (<0.7%, Table 3.3)
between the putative species L. vulgata and L. coeruleiviridis, and L. fayeae and L.
retroversa-CU; species that are clearly distinguished based on morphological
characteristics. This low genetic divergence may reflect short histories of reproductive
isolation (Hebert et al. (2003a), or mitochondrial introgression. In either case the addition
of the nuclear gene ITS2 resolved the monophyly of the four species that COI alone did
not support, and added resolution for uncertain groups with mtDNA genetic distances
lower than 2%. This findings agreed with previous studies where the analysis of ITS2
resolve complex species delimitation (Song et al. 2008, GilArriortua et al. 2014),

however, not always addition of more genes resolve the monophyly of the sister species
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like is the case of L. illustris and L. caesar where after analysis including six genes the
monophyly remain unresolved (Sonet et al. 2012).

In sum, our study demonstrates the importance employing a second nuclear
marker for barcoding analyses and species delimitation of calliphorids and the power of
molecular data in combination with a complete reference database to enable identification
of taxonomically and geographically diverse insects of forensic importance. The
combination of the two markers supported the higher diversity of Calliphoridae in the
Caribbean recovering the monophyly of nine of the eleven possible cryptic species.
However, definite conclusion about the taxonomy of these species will depend on further

studies combining molecular and morphological approaches.
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Table 3.6: Results of species delimitation analysis based on the concatenated tree. (D), the probability of population identification of a
hypothetical sample based on the groups being tested (P ID (Strict) and P ID (Liberal)), Rosenberg’s reciprocal monophyly (P(AB))

Putative species Closest Species  Mono i)n tra ?n or B:Z’r‘/ P ID(Strict) P ID(Liberal) P(AB)

1. Ca. maestrica L. cuprina yes 0.005 0.19 0.03 0.58 (0.43, 0.73) 0.97 (0.82, 1.0) 1.00E-05
2. L. cluvia L. coeruleiviridis  yes 0.005 0.05 0.10 0.87 (0.74, 0.99) 0.97 (0.87, 1.0) 5.50E-09
3 L. coeruleiviridis L. eximia-FL yes 0.001 0.01 0.14 0.84 (0.72, 0.97) 0.96 (0.86, 1.0) 0.01

4. L. mexicana L. coeruleiviridis  yes 0.0009 0.02 0.06 0.75 (0.58, 0.93) 0.97 (0.83, 1.0) 0.01

5. L. eximia-FL L. coeruleiviridis  yes 0.005 0.01 0.48 0.34 (0.19, 0.50) 0.69 (0.53, 0.84) 4.94E-03
6. L. vulgata L. coeruleiviridis  yes 0.003 0.02 0.18 0.75 (0.60, 0.89) 0.94 (0.83, 1.0) 0.1

7. L. eximiaCO-ME L. eximia-LA yes 0.006  0.02 0.32 0.79 (0.69, 0.90) 0.92 (0.86, 0.99) 0.01

8. L. fayeae L. retroversa-CU  yes 0.006 0.04 0.15 0.84 (0.71, 0.96) 0.96 (0.86, 1.0) 4.30E-04
9. L. retroversa-CU L. retroversa-DR  yes 0.004 0.02 0.18 0.50 (0.35, 0.65) 0.87 (0.72, 1.0) 0.03

10. L. lucigerens L. eximia-LA yes 0.003 0.04 0.08 0.55 (0.40, 0.70) 0.93 (0.78, 1.0) 3.10E-04
11 L. eximia-GA L. rica 2 yes 0.002  0.06 0.04 0.91 (0.78, 1.0) 0.98 (0.87, 1.0) 2.70E-06
12. L. rica 1 L. rica 2 yes 0.005 0.02 0.33 0.81 (0.72, 0.90) 0.94 (0.88, 0.99) 4.20E-04
13. L. rica 2 L. rica 1 yes 0.004  0.02 0.30 0.59 (0.42, 0.77) 0.84 (0.69, 0.98) 4.20E-04
14. L. cuprina L. cluvia yes 0.003 0.15 0.02 0.94 (0.83, 1.0) 1.00 (0.94, 1.0) 1.90E-11
15. Ch. albiceps Ch. rufifacies yes 0.003 0.04 0.06 0.75 (0.57, 0.93) 0.97 (0.83, 1.0) 2.98E-03
16. Ch. rufifacies Ch. albiceps yes 0.002  0.04 0.05 0.90 (0.78, 1.0) 0.97 (0.87, 1.0) 2.98E-03
17. Ch. megacephala  Ch. albiceps yes 0.003 0.11 0.02 0.92 (0.79, 1.0) 0.98 (0.87, 1.0) 2.80E-05
18. Co. aldrichi Co. macellaria yes 0.002  0.01 0.13 0.85(0.72, 0.97) 0.96 (0.86, 1.0) 4.70E-07
19. Co. macellaria Co. aldrichi yes 0.007  0.01 0.52 0.84 (0.78, 0.89) 0.96 (0.93, 0.99) 4.70E-07
20. Co. minima Co. aldrichi yes 0.007  0.05 0.14 0.88 (0.77, 0.99) 0.96 (0.90, 1.0) 4.50E-09
21. Co. hominivorax Co. aldrichi yes 0.007 0.09 0.08 0.88 (0.76, 1.0) 0.97 (0.87, 1.0) 1.00E-07
22. C. idioidea-DR C. idioidea-ME yes 0.003 0.02 0.19 0.74 (0.60, 0.88) 0.94 (0.83, 1.0) 4.08E-03
23 C. idioidea-CU C. idioidea-ME yes 0.001 0.01 0.06 0.56 (0.41, 0.71) 0.94 (0.79, 1.0) 0.33

24: L. retroversa-DR L. retroversa-CU  yes 0.004  0.02 0.16 0.76 (0.62, 0.90) 0.94 (0.83, 1.0) 0.03

25: C. idioidea-ME C. idioidea-CU no 0.005 0.01 0.38 0.40 (0.24, 0.55) 0.75 (0.59, 0.90) NA

26. L. eximia-LA L. eximiaCO-ME  no 0.007  0.02 0.36 0.63 (0.48, 0.77) 0.88 (0.77, 0.99) NA

CO, Colombia; CU, Cuba; DR, Dominican Republic; FL, Florida; GA, Greater Antilles; LA, Lesser Antilles; ME, Mexico.



3.5. Conclusion

In forensic entomology, the traditional time consuming method of raising
immature stages to adulthood and seeking expert taxonomic aid for identifications is still
in practice. While DNA-based methods have been applied in the field for over a decade,
this technique is not being universally implemented due to limits of the necessary
underlying database. Sequence gaps, sequence errors, misidentification of specimens in
DNA reference databases, and shortcomings of databases in terms of taxon sampling both
within and among species all contribute to lower reliability of this method. Few forensic
entomology studies to date have provided or accessed a complete reference data set, and
even when the underlying database is good, COI barcodes do not accurately discriminate
among some closely related species resulting in uncertainty in identifications. Here we
have addressed both issues by providing a comprehensive database for blow flies,
representing multiple populations of each species in the Caribbean, based on extensive
fieldwork over the last 6 years. We also added the nuclear ITS2 as a second marker to
improve accuracy of DNA identifications. With this database, we confirm that COI
barcodes can be highly useful for species identification of Caribbean calliphorids, and
that were COI falls short, ITS2 improves resolution and allows accurate identification of
all but one specimen tested here. Our study thus provides the necessary resources to
accurately identify species of the family Calliphoridae from the Caribbean, and opens the
door for future studies on biodiversity, biogeography, distribution and ecology of these

forensically important flies.
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CHAPTER 4: MOLECULAR PHYLOGENY OF THE FORENSICALLY

IMPORTANT GENUS COCHLIOMYIA (DIPTERA: CALLIPHORIDAE)

4.1. Introduction

Cochliomyia Townsend is endemic to the Americas and includes only four
species: Cochliomyia minima Shannon, Co. aldrichi Del Ponte, Co. macellaria
(Fabricius) and Co. hominivorax (Coquerel). All of them are flesh eaters during their
larval stage and are locally abundant. In particular, Cochliomyia macellaria is one of the
most broadly distributed blow flies in the New World (Whitworth 2010). These species
vary in habitat preference, feeding habits, dispersal abilities, and morphology among the
species (Hall 1948, Whitworth 2010). For instance, Co. aldrichi, C minima and Co.
macellaria are primarily carrion feeders, while, Co. hominivorax is an obligate parasite of
mammals (Hall 1948, Stevens and Wallman 2006, McDonagh et al. 2009, McDonagh
and Stevens 2011).

Cochliomyia hominivorax and Co. macellaria have been intensely studied due to
their commercial and forensic importance. Cochliomyia macellaria is one of the most
forensically important species commonly found on decomposing remains. This species is
considered important for post mortem interval estimations (Smith 1986, Byrd and Castner
2010) being among the first species to colonize corpses. In contrast, Cochliomyia
hominivorax is an obligate parasite with its larvae producing myiasis and feeding on
living tissue (Hall 1948, Guimaraes et al. 1983). This species is one of the most
important insect pests of livestock in the Neotropics causing economic losses of billions

of dollars every year (Vargas-Teran et al. 2005). Both species are common throughout
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the year in tropical, warm and humid areas (Hall 1948). Cochliomyia macellaria can be
found in temperate climates from Canada to Argentina during the summer months
(Whitworth 2010). Cochliomyia hominivorax initially ranged from southern United States
to northern Argentina (Guimaraes et al. 1983) but has been eradicated from North
America, Central America, Puerto Rico and the Virgin Islands (Vargas-Teran et al.
2005). It is worth noting that in 1988 this species was introduced in Libya and it was
successfully eradicated in 1992 based on the sterile insect technique (SIT). This was the
major international effort and avoid a major disaster for the livestock industry of Africa
and Southern Europe (Lindquist et al. 1992). Despite those successfully eradications Co.
hominivorax continues to be an economically important pest in South America and parts
of the Caribbean (Vargas-Teran et al. 2005).

The other two congeners, Co. minima and Co. aldrichi, are poorly known and
research has been limited to descriptive morphology and faunistics (Hall 1948, Dear
1985, Whitworth 2010). These two species are restricted to the West Indies and Co.
aldrichi has been reported in the Florida Keys (Whitworth 2010). Dear (1985) listed Co.
minima for the Florida Keys, however Whitworth (2010) concluded that Dear mistakenly
identified one Co. aldrichi specimen as Co. minima. Forensically important insects in the
Caribbean are generally understudied and these two species have not played an important
role in forensic entomology. Yet, due to their abundance and broad distribution in this
region, including Cuba, Dominican Republic, Jamaica, Puerto Rico, Virgin Islands,
Bahamas and Cayman Islands (Hall 1948, Dear 1985, Whitworth 2010) they have an

enormous forensic potential. For example, recent studies conducted in Puerto Rico
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showed that Co. minima is abundant and widely distributed on the island, and that adults
are attracted to, and feed on, carrion (Yusseff-Vanegas 2014).

Although the adult morphology of the four species is well known (Hall 1948,
Dear 1985, Whitworth 2010), studies on the relationship among Cochliomyia species
have not been conducted yet. Morphological studies have provided synapomorphies of
Cochliomyia that clearly diagnose it from all other Calliphoridae (Hall, 1948; Dear, 1985;
Whitworth, 2010). These include short and filiform palpus and phallus with extremely
elongated paraphallus and a complex distiphallus (Dear, 1985, figs 37-44). Prior studies
on the relationships among Calliphoridae (Stevens 2003, Harvey et al. 2008, McDonagh
and Stevens 2011) and the subfamily Chrysomyinae (Singh and Wells 2011), including
Co. macellaria and Co. hominivorax, supported Cochliomyia monophyly, and placed it as
sister to Compsomyiops Townsend. However, the monophyly of the genus has not been
formally tested with thorough sampling of all species, and the relationships among its
species remain unknown. Furthermore, DNA-based methods can provide reliable
identification of specimens by non-experts and will be particularly important for the
identification of larval stages of C. minina and Co. aldrichi that remain poorly known.
For example, only the third instar of Co. minima has been described (Yusseff-Vanegas
2014).

Here we provide a robust phylogenetic hypothesis of Cochliomyia based on four
genes sequenced from 38 individuals collected throughout the Caribbean, including for
the first time molecular data about Co. minima and Co. aldrichi. Our main goals are to

test the monophyly of this genus and the validity of, and relationships among, its species.

105



4.2. Materials and methods

4.2.1. Specimens and DNA extraction

A total of 44 specimens were included in this study, 38 representing the ingroup
plus six outgroup species [ Chrysomya megacephala (Fabricius), Ch. rufifacies
(Macquart), Hemilucilia sp., Lucilia cuprina (Wiedemann), Compsomyiops fulvicrura
(Robineau-Desvoidy) and Compsomyiops callipes (Bigot). All sequences used here are
new except for Compsomyiops fulviclura and C. callipes (Table 4.1). The specimens
were collected in the Caribbean (Jamaica, Cuba, Dominican Republic, Puerto Rico, Saint
Barts Martinique and Dominica) from 2011 to 2013 and in the following countries,
Colombia (2014), Florida (2013) and Mexico (2010 and 2012) (Table 4.1). All specimens
were killed and preserved in 95% ethanol and stored at -20 °C. The adults were examined
with a Leica MZ16 stereomicroscope and identified using the Whitworth (2010) keys.
The DNA was isolated from thoracic muscle or two legs of each individual with the
QIAGEN DNeasy Tissue Kit (Qiagen, Inc., Valencia, CA). Voucher specimens were
deposited at the UVM Natural History Museum (in the Zadock Thompson Zoological

Collections) and sequences were submitted to Genbank.

4.2.2. PCR amplification and sequencing

We amplified regions of three nuclear loci: the protein coding elongation factor-1
alpha (EF-1a), the ribosomal 28S, and internal transcribed spacer 2 (ITS2), plus the
mitochondrial protein coding cytochrome oxidase I (COI). The primer sequences are
listed in Table 4.2. Protocols for COI reactions included an initial denaturation step of 95

°C for 2 min, followed by 35 cycles of 95 °C for 30 s, 44 °C for 45 s and 72 °C for 45 s,
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and a final elongation step of 72 °C for 10 min (Agnarsson et al. 2007). For ITS2 an
initial denaturation step of 94 °C for 2 min was followed by 38 cycles of 94 °C for 30 s,
44 °C for 35 s and 72 °C for 30 s, and a final elongation step of 72 °C for 3 min
(Agnarsson 2010). For EF-1a an initial denaturation of 95 °C for 5 min was followed by
35 cycles of 94 °C for 30 s, 55 °C for 35 s and 72 °C for 1 min, and a final elongation
step of 72 °C for 10 min (McDonagh et al. 2009). For 28S rRNA initial denaturation of
94 °C for 5 min was followed by 35 cycles of 93 °C for 1 min, 60 °C for 1 min and 72 °C
for 2 min, and a final elongation step of 72 °C for 3 min (Friedrich and Tautz 1997).
Amplified fragments were sequenced in both directions by University of Arizona
Genetics Core. Sequences were interpreted from chromatograms using Phred (Green and
Ewing 2002) and Phrap (Green 1999., Green and Ewing 2002) using the Chromaseq
module (Maddison and Maddison 2010a) in the evolutionary analysis program Mesquite
3.03 (Maddison and Maddison 2010b) with default parameters. The sequences were then
proofread by examining chromatograms by eye. Alignments were done using MAFFT
(Katoh et al. 2002) through the online portal EMBL-EBI. The gene matrices were then
concatenated in Mesquite 3.03 (Maddison and Maddison 2010b) and the full aligned data

set is 3368 bp.

4.2.3. Phylogenetic analysis

We partitioned each gene and codon position for a total of eight partitions that were
exported from Mesquite for model choice and the appropriate models were chosen using
jModeltest v2.1.4 (Posada and Crandall 1998), and the AIC criterion (Posada and

Buckley 2004). The corresponding model of evolution was used for the Bayesian
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Table 4.1. Specimen details, collection information and GenBank accession numbers.

Species name —Voucher Number Location co1 EF-la ITS2 28S rRNA
Cochliomyia macellaria CO002 Colombia, El refugio Dry Forest KX529522 KX529616  KX529574  KX529487
Cochliomyia macellaria CO010 Colombia, Choco, Jardin botanico del Pacifico KX529545 KX529617  KX529575 KX529488
Cochliomyia macellaria CO017 Colombia, Santander, Chipaté, Finca el Castillo KX529543 KX529618 KX529576  KX529489
Cochliomyia macellaria MEO15* Mexico, Torreon, Coahuila KX529546 KX529629  KX529588 KX529492
Cochliomyia macellaria FL0O06 USA, Florida, Everglades National Park, Northeast KX529535 KX529623 KX529581 KX529503
Cochliomyia macellaria JA002 Jamaica, Marshall's Pen House KX529538 KX529624  KX529582  KX529502
Cochliomyia macellaria CU0I8 Cuba, Pinar del Rio, Vifiales Nacional Park KX529526 KX529620 KX529578 KX529499
Cochliomyia macellaria CUOI4 Cuba, Pinar del Rio, Vifiales Nacional Park KX529541 KX529619  KX529577 KX529497
Cochliomyia macellaria DR134 Dominican Republic, Puerto Plata KX529527 KX529622  KX529580 KX529504
Cochliomyia macellaria DRO10 Dominican Republic, El Morro, Monte Cristi KX529536  KX529621  KX529579  KX529496
Cochliomyia macellaria PR129 Puerto Rico, Vieques, Monte Pirata KX529542 - KX529591  KX529501
Cochliomyia macellaria PR128 Puerto Rico, Vieques, Monte Pirata KX529540 - KX529590 KX529494
Cochliomyia macellaria PR121 Puerto Rico, Trujillo Alto, Ciudad Universitaria KX529544 KX529630 KX529589  KX529500
Cochliomyia macellaria M112 Puerto Rico, Isla de Mona, Los Caobos KX529528 - KX529587 KX529493
Cochliomyia macellaria M0S1 Puerto Rico, Isla de Mona, Los Caobos KX529537 KX529628 KX529586 KX529498
Cochliomyia macellaria M077 Puerto Rico, Isla de Mona, Bajuras - Cerezos KX529539 KX529627  KX529585  KX529495
Cochliomyia macellaria LA142 Saint Barts, Colombier Deciduos Dry Forest KX529523 KX529631  KX529592 -

Cochliomyia macellaria LA096 Martinique, Cap de Macré Coastal Forest KX529524 KX529626  KX529584 KX529491
Cochliomyia macellaria LA071 Dominica, Middleham Falls Trail KX529525 KX529625  KX529583  KX529490
Cochliomyia aldrichi MOS80 Puerto Rico, Isla de Mona, Near Cueva Portugues KX529529 KX529605  KX529563 KX529513
Cochliomyia aldrichi M085 Puerto Rico, Isla de Mona, Los Caobos KX529530 KX529606  KX529564 KX529515
Cochliomyia aldrichi M086 Puerto Rico, Isla de Mona, Camino del Indio KX529531 KX529607 KX529565 KX529514
Cochliomyia aldrichi M103 Puerto Rico, Isla de Mona, Los Caobos KX529532 KX529608 KX529566 KX529516
Cochliomyia aldrichi M105 Puerto Rico, Isla de Mona, Near Cueva Portugues KX529533 KX529609  KX529567 KX529518
Cochliomyia aldrichi M107 Puerto Rico, Isla de Mona, Near Cueva Portugues KX529534 KX529610 KX529568 KX529517
Cochliomyia minima CU046 Cuba, Guantanamo, Alejandro de Humboldt Nal. Park KX529547 KX529633 KX529595 KX529510
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Species name —Voucher Number Location co1 EF-la ITS2 28S rRNA
Cochliomyia minima CU022 Cuba, Pinar del Rio, Vifiales National Park KX529549 KX529632  KX529593 KX529511
Cochliomyia minima CU023 Cuba, Pinar del Rio, Vifiales National Park KX529550 - KX529594  KX529508
Cochliomyia minima DR136 Dominican Republic, Puerto Plata KX529548 KX529635  KX529597 KX529509
Cochliomyia minima DR055 Dominican Republic, Haitises National Park KX529552 KX529634  KX529596 KX529507
Cochliomyia minima PR141 Puerto Rico, Loiza, Mangrove area KX529551 - KX529600 KX529512
Cochliomyia minima PR132 Puerto Rico, Loiza, Mangrove area KX529553 KX529636  KX529598 -

Cochliomyia minima PR133 Puerto Rico, Vieques, Monte Pirata KX529554 KX529637 KX529599 KX529506
Cochliomyia hominivorax CO001 Colombia, El refugio Dry Forest - KX529611  KX529569  KX529482
Cochliomyia hominivorax CU020 Cuba, Pinar del Rio, Vifiales Nacional Park - KX529612  KX529570 KX529483
Cochliomyia hominivorax CU033 Cuba, Pinar del Rio, Vifiales Nacional Park KX529556 KX529613 KX529571 KX529484
Cochliomyia hominivorax DR042 Dominican Republic, Rabo de Gato KX529557 KX529614  KX529572  KX529485
Cochliomyia hominivorax DR105 ~ Dominican Republic, East National Park, Yuma KX529558  KX529615 KX529573 KX529486
Chrysomya megacephala FL003 USA, Florida, Everglades National Park, Northeast KX529521 KX529603  KX529561 KX529480
Chrysomya rufifacies CU004 Cuba, Granma: Turquino National Park KX529555 KX529604  KX529562 KX529481
Hemilucilia sp. CO018 Colombia, Santander, Chipaté, Finca el Castillo KX529560 KX529638 KX529601 KX529519
Lucilia cuprina PR0O73 Puerto Rico, Trujillo Alto, Ciudad Universitaria KX529559 KX529639  KX529602 KX529520
Compsomyiops fulvicrura As Published (Kutty et al. 2008) FJ025607 FJ025667 - FJ025504
Compsomyiops callipes As Published (Wells and Sperling 2001) AF295549 - - -

*The sample from Mexico was collected by Fabian Garcia Espinoza from Universidad Antonio Narro Unidad Laguna.



analysis: GTR + I" + I for 28S, ITS2 and COI3rd, GTR + I for COI1st, COI2nd, EF-
la3rd, HKY + T for EF-102nd and F81 for EF-1alst. We ran the MC? (Metropolis
Coupled Markov Chain Monte Carlo) chain in MrBayes v3.2.3 (Huelsenbeck and
Ronquist 2001) through the online portal Cipres Science Gateway v3.3 (Miller et al.
2010). The analysis was run for 30.000.000 generations, sampling every 1000
generations. Chain stationary, ESS, and appropriate burnin was verified using Tracer 1.6
(Rambaut and Drummond 2009). Maximum likelihood (ML) analysis of the concatenated
matrix was done in Garli (Zwickl 2006) using the same partitioning scheme and models.

Table 3.2. PCR primers use in this study

Gene Primer name Sequence (5' to 3") Source
COI LCO1490 GGTCAACAAATCATAAAGATATTGG Folmer et al. (1994)

CI-N-2776 GGATAATCAGAATATCGTCGAGG Hedin and Maddison (2001)
EF-la B1 CCCATYTCCGGHTGGCACGG McDonagh et al. (2009)

Cl CTCTCATGTCACGDACRGCG McDonagh et al. (2009)
28S D1.F CCCCCTGAATTTAAGCATAT Friedrich and Tautz (1997)

D35.486.R TCGGAAGGAACCAGCTACTA Friedrich and Tautz (1997)
ITS ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)

ITS5.8 GGGACGATGAAGAACGCAGC Agnarsson (2010)

4.3. Results

The phylogenetic analyses of the concatenated matrix, either using Bayesian or
maximum likelihood approaches, recovered a generally well supported monophyletic
Cochliomyia (Fig. 3.1). Cochliomyia macellaria, Co. hominivorax and Co. minima were
recovered as monophyletic, while Co. aldrichi was recovered as paraphyletic.
Independent analyses of 28S and ITS2 supported the monophyly of Cochliomyia, while
COI and EF-1a recovered it as a paraphyletic group (Suppl. material lin Yusseft-

Vanegas and Agnarsson 2016). At the species level,
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Figure 4.1: Phylogenetic relationship within Cochliomyia (ingroup) based on partitioned
Bayesian analysis of the combined gene (COI, EF-1a, 28S rRNA and ITS2) data set. Branch
support values: normal fond, Bayesian posterior probability; bold-italic font, maximum

likelihood percentage bootstrap. Each color represents different species.

EF-1a and 28S had limited signal and did not distinguish between Co. minima and Co.

aldrichi. COl recovered the monophyly of Co. minima, but did not resolve relationships

among Co. aldrichi and Co. macellaria. ITS2 fully resolved the relationships within

Cochliomyia, and is the only gene that recovered the monophyly of Co. aldrichi. Despite

of the incongruence detected among the four gene trees, they all recovered monophyletic
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Co. hominivorax and three of the four genes (COI, 28S and ITS2) strongly supported a
monophyletic C. hominivorax as sister to the other three species.

The concatenated dataset yielded a topology supporting a close relationship
between Co. minima and Co. aldrichi which is congruent with the current taxonomy and

indicates Co. macellaria as the sister lineage of these two.

4.4. Discussion

We present the first species complete phylogeny of the genus Cochliomyia
including samples collected throughout the Caribbean from 13 different localities (Table
4.1). The concatenated matrix recovered a monophyletic Cochliomyia, partially resolved
relationships among its species and recovered Compsomyiops as its sister group (Fig.
4.1), in congruence with prior studies (McDonagh and Stevens 2011, Singh and Wells
2011).

Independent gene trees did not yield fully congruent relationships among species,
unsurprising as genes have independent histories. Two nuclear genes, 28S and ITS2
(adjacent loci), strongly supported the monophyly of Cochliomyia while the other two
genes, COI and EF-1a did not. These results differ from McDonagh (2009), where EF-1a
and COI strongly supported the monophyly of Cochliomyia, while 28S recovered
Cochliomyia as paraphyletic. However, McDonagh (2009) included only two of the
species of Cochliomyia represented by one specimen each. The differences between the
studies could be due to a variety of taxon sampling issues, where our sampling was
designed specifically to test monophyly and relationships among Cochliomyia species.

The monophyly of Co. hominivorax is supported in all analyses, however,

independent gene trees were not congruent with regards to other species. The relatively
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slowly evolving nuclear genes EF-1a and 28S supported Co. macellaria but failed to
distinguish between Co. minima and Co. aldrichi. The relatively rapidly evolving COI
“DNA barcode” was found suitable for species identification and delineation (Hebert et
al. 2003b). COI was the only gene that recovered the monophyly of Co. minima,
however, COI did not resolve relationships among specimens of Co. aldrichi and Co.
macellaria. This is surprising as these species are clearly identifiable based on
morphological characteristics (Hall 1948, Whitworth 2010). Other studies also reported
similar results where COl failed to distinguish among some closely related calliphorids
(Wallman and Donnellan 2001, Nelson et al. 2007, Whitworth et al. 2007, Harvey et al.
2008, DeBry et al. 2013, Whitworth 2014), a result that has been attributed to incomplete
lineage sorting. Results from COI, EF-1a, and 28S combined suggested Co. aldrichi as
sister to Co. macellaria, instead of to Co. minima as we would expect based on
morphological characteristics. Based on these results we opted to add the rapidly
evolving nuclear marker, ITS2 to help resolve species level relationships (Nelson et al.
2007, Agnarsson 2010). ITS2 was the only gene that recovered Co. aldrichi as a
monophyletic group and supported Co. minima as its sister lineage.

Despite the incongruence detected between the four genes, a concatenate matrix
recovered the monophyly of Co. hominivorax, Co. macellaria and Co. minima, and
supported the monophyly of Co. minima plus Co. aldrichi, mostly congruent with the
current taxonomy. However, we found that Co. minima is nested within Co. aldrichi.
That one species is paraphyletic with respect to another is not unexpected and does not

necessarily refute their species status. The non-monophyly of Co. aldrichi is surprising in
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Figure 4.2. Variability in feeding habits, habitat preference and morphology within
Cochliomyia. * Co. aldrichi has been reported in the Florida Keys Islands. ** We refer to
temperatures around 10°C-15°C. @, Carrion feeder; a, primary facultative parasite;@,
secondary facultative parasite; %, obligate parasite.

that all specimens included in this study were collected from the tiny Mona Island (22
square miles). This indicates incomplete lineage sorting, or possibly recent speciation,
rather than other processes like gene flow among species (given Mona’s isolation,
expectation of panmixia among Co. aldrichi on the tiny island, and absence of Co.
aldrichi from other islands sampled). In contrast, Co. macellaria and Co. minima are
present on most of the islands (Table 4.1) and the populations in different islands do not
show any geographic structure (Fig. 4.1), indicating a constant gene flow among
populations through migration.

The variability in feeding habits, habitat preference and morphology within
Cochliomyia is considerable (Fig 4.2). In feeding habits, Co. aldrichi, C minima and Co.
macellaria share similar behaviors. They are primarily carrion feeders, commonly found
on decomposing cadavers. However, they are also capable of producing myiasis in open
wounds as secondary facultative parasites under certain conditions or as primary

facultative parasites as in the case of Co. minima, (Hall 1948, Dear 1985). In contrast,
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Co. hominivorax is an obligate parasite of mammals never found in decaying meats (Hall
1948, Stevens and Wallman 2006, McDonagh et al. 2009, McDonagh and Stevens 2011),
but see (Brody and Knipling 1943). Several authors have studied the evolution of
parasitism within Calliphoridae and have concluded that the parasitic behavior in this
family evolved independently several times (Stevens and Wallman 2006, McDonagh and
Stevens 2011, Singh and Wells 2011). Within Cochliomyia, we conclude that parasitism
evolved once in Co. hominivorax, since the congeners are carrion feeders, as are
members of the sister group, Compsomyiops (Fig 4.2).

The habitat preferences of Co. hominivorax and Co. macellaria are largely known
(Hall 1948, Greenberg 1971, Smith 1986, Wells and Greenberg 1992, Byrd and Butler
1996, Byrd and Castner 2010, Koller et al. 2011a), however, little is known about Co.
minima and Co. aldrichi. In recent studies of Co. minima in Puerto Rico, Yusseff-
Vanegas (2014) reported that Co. minima prefer highly humid areas and can tolerate
relatively cool conditions at altitudes >800m, while this species is absent from extremely
dry and hot areas. Similar results were found in Dominican Republic and Cuba where Co.
minima was found abundantly in tropical and subtropical rain/moist forest even at
altitudes >1300m, but absent from dry forest (unpublished data). These results supported
the assumption that Co. minima prefer humid cool areas, however, more studies are
needed to understand its habitat preferences. In contrast, Co. aldrichi seems to prefer hot
dry areas, different from what we expected given the apparent recent divergence between
Co. minima and Co. aldrichi. This is the case of recently divergent species like Lucilia
sericata (Meigen) and L. cuprina Wiedemann, and L. coeruleiviridis Macquart and L.

mexicana Macquart that have similar habitat preferences (Stevens and Wall 1996, 1997a,
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Whitworth 2006, Byrd and Castner 2010, Whitworth 2010, 2014). However, Co. aldrichi
was found only on Mona Island, a subtropical dry forest with an average annual
temperature of 27°C (National Oceanic and Atmospheric Administration - NOAA) and
low humidity through the year, strikingly different from Co. minima. Yet, similar results
have been reported before for closely related species like Ch. megacephala and C.
pacifica (Singh et al. 2011) which are characterized by very different habitat preferences
(Kurahashi, 1981, 1991). Despite we have extensively collected in Florida (Everglades
and the Keys), Cuba, Puerto Rico and the Bahamas, where Co. aldrichi was previously
reported (Whitworth 2010), we did not find this species. This could be explained by
sampling bias as we only collected during the summer when precipitation and relative
humidity are very high in the Caribbean. It is possible, for example, that Co. aldrichi may
be seasonal, being present during the winter when conditions are generally drier and
cooler in the Caribbean. Alternatively, our sampling might indicate the recent extinction
of this species from areas outside Mona, nevertheless, further studies are necessary to test
these alternative hypotheses.

Two of the four species, Co. minima and Co. aldrichi are Caribbean endemics
while the other two are widespread (Figs. 1-2). It is difficult to assess the biogeographical
history of widespread species, however, we can conclude from our data that divergence
between Co. minima and Co. aldrichi probably occurred in the Caribbean after the area
was colonized. Island colonization is sometimes accompanied by a reduction in dispersal
abilities and such processes may have led to reduced gene flow among islands, and
promoted the formation of the Caribbean endemics. Further phylogeographic

/phylogenomic studies including more taxa from the Caribbean and the continents are
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necessary to assess the colonization history of the genus and the possible secondary loss

of dispersal ability in this group.

4.5. Conclusions

We provide the first complete phylogeny of Cochliomyia, supporting its monophyly and
placement within the subfamily Chrysomyinae. Given incongruence among gene trees
and low level of information at the species level for slowly evolving genes, the resolution
of the outstanding questions in Cochliomyia phylogeny will require more data rich
approaches, such as those offered by NGS methods. Nevertheless, we advance
knowledge on the phylogeny, distribution, and life history of these species that should
prove useful in future research and in realizing the potential of these species as forensic

Insects.
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CHAPTER 5: EVOLUTION AND BIOGEOGRAPHY OF BLOW FLIES

(DIPTERA CALLIPHORIDAE) FROM THE CARIBBEAN REGION

5.1. Introduction

Understanding the relationships among species of Calliphoridae can help us to
illuminate the origin and patterns of diversification of this group in the Caribbean. Two
hypotheses have been proposed concerning the relationship of the three most diverse
subfamilies of Calliphoridae. Morphological characters support a Calliphorinae plus
Chrysomyinae clade sister to Luciliinae (Rognes 1997). But more recent molecular data
suggest a Calliphorinae plus Luciliinae as sister to Chrysomyinae (Stevens 2003,
Wallman et al. 2005, McDonagh and Stevens 2011, Marinho et al. 2012). A robust
phylogeny of this group can be used to test evolutionary hypotheses, and phylogenies are
being used mainly to understand the evolution of parasitic behavior in blow flies (Stevens
2003, Stevens and Wallman 2006, Stevens et al. 2006, McDonagh and Stevens 2011) or
to understand the evolution of sex determination and larval anatomy of Chrysomya
species (Singh et al. 2011). No studies have yet addressed the phylogeography of
Calliphoridae; a dated phylogenetic hypothesis will cast light on the origin of
Calliphoridae and patterns of diversification in the Caribbean.

The origin of Calliphoridae is not well understood, and reliable fossil data of
Calliphoridae is lacking. Insights into the timing of blow fly evolution can be obtained
from recent studies on other dipterans that include Calliphoridae. Those studies estimated
the origin of Calliphoridae during the late Eocene ~34 mya (Zhao et al. 2013) — early
Oligocene ~30 mya (Wiegmann et al. 2011, Cerretti et al. 2017) and late Oligocene ~25

mya (Ding et al. 2015). Further insights into the timing of blow fly evolution can be
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derived from the work of (Wallman et al. 2005), who applied a molecular-clock approach
to studying the divergence of Australian carrion breeding calliphorids. They estimated the
age of the node separating the Chrysomyinae from the [Luciliinae-Calliphorinae] to be
21.7 mybp and the divergence of the Calliphorinae-Luciliinae 19.7 mybp. The divergence
among genera occurred mostly between approximately one and 15 mybp.

How and when colonization and diversification of the Calliphoridae occurred in
the Caribbean is unknown. Based on the great dispersal capacities of this group of flies
(Baumgartner and Greenberg 1984), the Calliphoridae most likely colonized the
Caribbean primarily by long distance dispersal over water . However, we cannot a priori
discard the importance of geological hypothesis for land routes such as the GAARIlandia
landbridge connecting the Greater Antilles about ~35-33 mya (Iturralde-Vinent and
MacPhee 1999). If Calliphoridae originated in the late Eocene ~34 mya as Zhao et al
(2013) estimated, some Calliphoridae flies could have used the GAARIlandia’s bridge as
a route to colonize the Caribbean.

To be able to test the alternative hypotheses of long-distance dispersal versus
incremental landbridge migration and reconstruct the colonization history of
Calliphoridae in the Caribbean, a robust phylogeny and estimation of divergence time of
this group of flies are necessary. Our main goal is to study the relationship among taxa
and date the origin of those lineages to test biogeographical colonization patterns and

diversification and endemism of Calliphoridae in the Caribbean.

5.2. Materials and methods

5.3.1. Specimens and DNA extraction
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Sequence data for 154 taxa including six genera (Table 5.1) were obtained either
directly via PCR amplification of extracted DNA from collected specimens or from
sequence data deposited on GenBank (Table 5.1). Most of the Cochliomyia sequences
were from Yusseff-Vanegas and Agnarsson (2016), and most of the COI and ITS samples
from (Yusseff-Vanegas and Agnarsson 2017). For the newly obtained sequences, flies
were collected from 2011 to 2015 using the trap and methods described by Yusseftf-
Vanegas and Agnarsson (2017). Adults were identified using the Whitworth (2010)
taxonomic keys and the specimens with uncertain identity were sent to Dr. Whitworth at
Washington State University for detailed examination and species confirmation. DNA
was isolated from thoracic muscle or two legs of each individual with the QTAGEN
DNeasy Tissue Kit (Qiagen, Inc., Valencia, CA). The remainder of the specimen was
retained as a voucher. They will be placed in the Zadock Thompson Zoological
Collections at the UVM Natural History Museum following completion of other studies

currently being conducted using the material.

5.2.2. PCR amplification and sequencing

We amplified the mitochondrial protein-coding cytochrome oxidase I (COI) using the
primers LCO1490 (Folmer et al. 1994), C1-N-2776 (Hedin and Maddison 2001), Primer
1 (Gibson et al. 2011) with C1-N-2191 (Simon et al. 1994) and the C1-J-1751 (Gibson et
al. 2011) with C2-N-3014. For the internal transcribed spacer ITS2 we used the primers
ITS4 and ITS5.8 (White et al. 1990). For the ribosomal DNA 28S (28S rRNA) we used
the primers D1.F and D35.486.R (Friedrich and Tautz 1997) and for the nuclear protein-
coding gene elongation factor-1 alpha (EF-1a) we used the primers B1 and C1

(McDonagh et al. 2009). Sequences and protocols for these reactions are described in

120



detail by Yusseff and Agnarsson (2016, 2017). Amplified fragments were sequenced in
both directions by the University of Arizona Genetics Core. Sequences were interpreted
from chromatograms using Phred (Green and Ewing 2002) and Phrap (Green 1999.,
Green and Ewing 2002) using the Chromaseq module (Maddison and Maddison 2010a)
in the evolutionary analysis program Mesquite 3.03 (Maddison and Maddison 2010b)
with default parameters. The sequences were then proofread by examining
chromatograms by eye. Alignments were done using MAFFT (Katoh et al. 2002) through
the online portal EMBL-EBI. Sequences for each individual were then concatenated in

Mesquite 3.03 (Maddison and Maddison 2010b); the full aligned data set is 3418 bp.

5.2.3. Phylogenetic analysis

We partitioned each gene and codon position for a total of eight partitions that
were exported from Mesquite for model choice, and the appropriate models were chosen
using jModeltest v2.1.4 (Posada and Crandall 1998)with the AIC criterion (Posada and
Buckley 2004). The following models of evolution was used for the Bayesian analysis:
HKY +I' + I for 28S; GTR + I for EF-1a3rd, COIlst and COI3rd; GTR + I" + I for ITS2,
F81+ I' + I for COI2nd, and GTR + I for EF-1alst and EF-102nd. We used MrBayes
V3.2.3 on XSEDE (Ronquist et al. 2012) through the online portal CIPRES (Miller et al.
2015), to run a Bayesian analysis for independent genes and the concatenated four loci.
The Bayesian analyses ran Metropolis coupled Markov chain Monte Carlo (MC3) (for
20,000,000 generations), sampling every 1,000 generations. The sample points of the first
5,000,000 generations were discarded as ‘burnin’, after which the chains had reached

stationarity as determined by analysis in Tracer 1.6 (Rambaut and Drummond 2009).
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Maximum likelihood (ML) analysis of the concatenated matrix was done in GARLI

(Zwickl 2006) using the same partitioning scheme and models.

5.2.4. Divergence time estimation

Divergence times of Calliphoridae lineages were inferred with BEAST 1.8
(Drummond et al. 2012) through the Cipres portal, using partitioning by gene.
Substitutions models were unlinked among the different genes. We employed GTR +T" +
I model for COI and EF-1a and the same models of evolution used in Bayesian analysis
for ITS2 and 28s with a Yule-process tree prior (Gernhard 2008) and a random starting
tree. We relaxed the model for the molecular clock to accommodate heterogeneity among
lineages, using the uncorrelated log-normal model. In order to constrain the age of nodes
in a linearized tree, it is preferable to use data from the fossil record. Unfortunately the
only fossil of Calliphoridae to have been reported, Cretaformia fowleri (McAlpine 1970)
cannot be reliably assigned to the family Calliphoridae (Erzinclioglu 1985, Zherikhin
2002). Thus, in the absence of the fossil record for the blow flies, we used a calibration
point for the entire group with a normal distribution prior based on the estimated age for
divergence of the clade comprising Tachinidae and Calliphoridae by (Wiegmann et al.
2011). The median age was 30 mya with 95% prior density to 36.68. We used the
molecular clock for arthropod mtDNA COI, with an evolutionary rate of 2.3% pairwise
sequence divergence per million years (Browner 1994). We set the prior distribution for
COl as a normal distribution with a mean of 0.0115 and an SD of 0.01. MCMC chain
length was 400 million generations with trees store every 4,000 generations and
parameters logged every 4,000 generations. A conservative burn-in interval of 25% was

used based on visual examination using Tracer 1.6. Tree annotator v1.8 was used to
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calculate the maximum clade credibility tree, and the final tree was visualized in FigTree
v1.4.2.

We inferred ancestral ranges using RASP 3.2 (Yu et al. 2015) inputting the
Bayesian tree with the greatest maximum likelihood. The defined geographic areas were
each of the Caribbean islands for the Greater Antilles and two regions for the Lesser
Antilles (northern and southern Lesser Antilles), S. America (Colombia) and N. America

(USA, Mexico). S-DIVA, S-DEC and Bayesian Binary ancestral area analyses were run.

5.3. Results

5.3.1. Phylogenetic analysis

All single-marker analyses supported the monophyly of the subfamilies
Calliphorinae and Luciliinae, while only EF-1a and COI supported the monophyly of
Chrysomyinae. Three of the four markers supported the monophyly of each genus, the
exception was COI, which recovered Cochliomyia as paraphyletic. At the species level all
independent markers recovered the monophyly of Chloroprocta idioidea, Chrysomya
megacephala, Cochliomyia hominivorax and Lucilia cuprina. EF-1a and 28S had limited
signal and did not distinguish among most of the Lucilia species, however, both
recovered the monophyly of L. coeruleiviridis. COI recovered the monophyly of most of
the species but did not resolve relationships between Co. aldrichi and Co. macellaria and
between L. mexicana and L. coeruleiviridis. ITS2 fully resolved the monophyly of all

Lucilia species and was the only gene that recovered the monophyly of Co. aldrichi.
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Table 5.1 Specimen details, collection information and GenBank accession numbers for published sequences. (*) Estimated coordinate

points. (x) New sequences. - Blank.

Genus Species Voucher ID  Country Latitude Longitude COI ITS2 28S EF-1a
Calliphora maestrica DR084 Hispaniola N 18.82138 W 70.67935 MF097182  MF097580 X X
Calliphora maestrica DRO8S8 Hispaniola N 18.82138 W 70.67935 MF097186  MF097581 X X
Chloroprocta idioidea Cu008 Cuba N 20.054178 W 76.917603 MF097187 MF097582 X -
Chloroprocta idioidea Cuo047 Cuba N 21.582414 W 77.783464 MF097188  MF097583 X X
Chloroprocta idioidea DR044 Hispaniola N 18.316572 W 71.576447* MF097192  MF097585 X

Chloroprocta idioidea DRO052 Hispaniola N 19.06753 W 69.46445 MF097195  MF097586 X -
Chloroprocta idioidea MEO001 Mexico N 21.07645 W 89.501083 X MF097587 X X
Chrysomya albiceps C0O003 Colombia N 5.900544 W 74.852897* - MF097589 X X
Chrysomya albiceps C0O004 Colombia N 5.900544 W 74.852897* - MF097590 X X
Chrysomya albiceps CO005 Colombia N 5.900544 W 74.852897* - MF097591 X X
Chrysomya albiceps LA103 Martinique N 14.47428 W 60.81463 MF097199  MF097592 X X
Chrysomya albiceps LA104 Martinique N 14.47428 W 60.81463 MF097200 MF097593 X X
Chrysomya albiceps LA125 Saint Lucia N 14.100031 W 60.92654 MF097201 MF097594 X X
Chrysomya megacephala CO006 Colombia N 5.900544 W 74.852897* MF097202  MF097595 X X
Chrysomya megacephala CO008 Colombia N 6.266242 W 77.374903* MF097203  MF097597 X -
Chrysomya megacephala DRI116 Hispaniola N 18.32902 W 68.80995 MF097213  MF097599 X X
Chrysomya megacephala FL003 Florida, USA N 25.614383 W 80.584467 KX529521  KX529561 X X
Chrysomya megacephala JA004 Jamaica N 18.0598056 W 77.5311944 - MF097600 X X
Chrysomya megacephala MEO013 Mexico N 25.598592 W 103.441156 - MF097601 X X
Chrysomya megacephala MEO014 Mexico N 25.598592 W 103.441156 - MF097602 X X
Chrysomya megacephala PR125 Puerto Rico N 18.370953 W 66.026619 MF097229  MF097603 X -
Chrysomya rufifacies Cu004 Cuba N 20.054178 W 76.917603 KX529555 KX529562 X X
Chrysomya rufifacies DRO71 Hispaniola N 19.06710 W 69.46004 MF097261  MF097605 X X
Chrysomya rufifacies FLO10 Florida, USA N 25.086633 W 80.452217 MF097289  MF097607 X X
Chrysomya rufifacies JA003 Jamaica N 18.0598056 W 77.5311944 MF097293  MF097608 X X
Chrysomya rufifacies LA110 Saint Kitts N 17.3404083 W 62.7410389 MF097294  MF097609 X X
Chrysomya rufifacies PR130 Puerto Rico N 18.093306 W 65.556083 MF097315 MF097610 - X
Cochliomyia aldrichi MO080 Mona, Puerto Rico N 18.084222 W 65.939417 KX529529  KX529563 X X
Cochliomyia aldrichi MO085 Mona, Puerto Rico N 18.11125 W 67.933447 KX529530 KX529564 X X
Cochliomyia aldrichi MO086 Mona, Puerto Rico N 18.06301 W 67.88728 KX529531 KX529565 X X
Cochliomyia aldrichi M103 Mona, Puerto Rico N 18.11125 W 67.933447 KX529532 KX529566 X X
Cochliomyia aldrichi M105 Mona, Puerto Rico N 18.085972 W 67.933447 KX529533  KX529567 X X
Cochliomyia aldrichi M107 Mona, Puerto Rico N 18.084222 W 67.939417 KX529534 KX529568 X X
Cochliomyia hominivorax C0O001 Colombia N 5.900544 W 74.852897* - MF097612 X X
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Genus Species Voucher ID  Country Latitude Longitude COlI I1TS2 28S EF-1a
Cochliomyia hominivorax Cu020 Cuba N 22.621386 ~ W 83.725944 - MF097613 X X
Cochliomyia hominivorax CU033 Cuba N 22.621386 W 83.725944 KX529556  KX529571 X X
Cochliomyia hominivorax DR042 Hispaniola N 18.316572 W 71.576447* KX529557 KX529572 X X
Cochliomyia hominivorax DR105 Hispaniola N 18.35698 W 68.61609 KX529558  KX529573 X X
Cochliomyia macellaria C0002 Colombia N 5.900544 W 74.852897* KX529522 KX529574 X X
Cochliomyia macellaria CO010 Colombia N 6.266242 W 77.374903* KX529545  KX529575 X X
Cochliomyia macellaria Cuo014 Cuba N 22.621386 W 83.725944 KX529541 KX529577 X X
Cochliomyia macellaria CuUo018 Cuba N 22.621386 W 83.725944 KX529526  KX529578 X X
Cochliomyia macellaria DRO10 Hispaniola N 19.89155 W 71.65806 KX529536  KX529579 X X
Cochliomyia macellaria DR134 Hispaniola N 19.741319 W 70.654975* KX529527  KX529580 X X
Cochliomyia macellaria FL006 Florida, USA N 25.614383 W 80.584467 X MF097615 X X
Cochliomyia macellaria JA002 Jamaica N 18.0598056 W 77.5311944 X MF097616 X X
Cochliomyia macellaria LAO71 Dominica N 15.34066 W 61.33351 KX529525 KX529583 X X
Cochliomyia macellaria LA096 Martinique N 14.47428 W 60.81463 KX529524  KX529584 X X
Cochliomyia macellaria LA142 Saint Barthélemy N 17.897522 W 62.849694 KX529523  KX529592 X X
Cochliomyia macellaria MO077 Mona, Puerto Rico N 18.086239 W 67.906339 KX529539  KX529585 X X
Cochliomyia macellaria MO081 Mona, Puerto Rico N 18.11125 W 67.933447 KX529537  KX529586 X X
Cochliomyia macellaria M112 Mona, Puerto Rico N 18.11125 W 67.933447 KX529544  KX529589 X -
Cochliomyia macellaria MEO004 Mexico N 21.07645 W 89.501083 MF097366 X X X
Cochliomyia macellaria PR121 Puerto Rico N 18.370953 W 66.026619 KX529544  KX529589 X X
Cochliomyia macellaria PR128 Puerto Rico N 18.093306 W 65.552111 KX529540 KX529590 X -
Cochliomyia macellaria PR129 Puerto Rico N 18.093306 W 65.552111 KX529542  KX529591 X -
Cochliomyia minima Cu022 Cuba N22.621386 W 83.725944 KX529549  KX529593 X X
Cochliomyia minima CuU023 Cuba N 22.621386 W 83.725944 KX529550 KX52959%4 X -
Cochliomyia minima CU046 Cuba N 20.517817 W 74.65865 KX529547 KX529595 X X
Cochliomyia minima DRO55 Hispaniola N 19.06753 W 69.46445 KX529552 KX529596 X X
Cochliomyia minima DR136 Hispaniola N 19.741319 W 70.654975 KX529548 KX529597 X X
Cochliomyia minima PR132 Puerto Rico N 18.093306 W 65.552111 KX529553  KX529598 X X
Cochliomyia minima PR133 Puerto Rico N 18.093306 W 65.552111 KX529554  KX529599 - X
Cochliomyia minima PR140 Puerto Rico N 18.447911 W 65.948617 MF097432  MF097618 -
Cochliomyia minima PR141 Puerto Rico N 18.447911 W 65.948617 KX529551  KX529600 -
Compsomyiops  callipes As published AF295549* - - -
Compsomyiops  fulvicrura As published FJ025607° - FJ025504®> FJ025667°
Lucilia cluvia FL005 Florida, USA N 25.614383 W 80.584467 - MF097619 X X
Lucilia cluvia FLO17 Florida, USA N 25136917 W 80.94855 MF097436  MF097620 X X
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Genus Species Voucher ID  Country Latitude Longitude COlI I1TS2 28S EF-1a
Lucilia cluvia FLO18 Florida, USA N 25.136917 W 80.94855 - MF097621 X X
Lucilia cluvia FLO19 Florida, USA N 25.323331 W 80.833094 MF097437 - X X
Lucilia cluvia FL020 Florida, USA N 25.323331 W 80.833094 MF097438  MF097622 X X
Lucilia cluvia FL025 Florida, USA N 25.423053 W 80.679114 MF097439  MF097623 X X
Lucilia cluvia FL026 Florida, USA N 25.423053 W 80.679114 MF097440 MF097624 X X
Lucilia cluvia PR147 Puerto Rico N 18.429222 W 66.178022 MF097441  MF097625 X X
Lucilia cluvia PR148 Puerto Rico N 18.429222 W 66.178022 MF(097442  MF097626 X X
Lucilia coeruleiviridis FLO007 Florida, USA N 25.457514 W 80.4863 - MF097627 X X
Lucilia coeruleiviridis FLO13 Florida, USA N 25.136917 W 80.94885 MF(097443  MF097628 X X
Lucilia coeruleiviridis FLO14 Florida, USA N 25.136917 W 80.94855 - MF097629 X X
Lucilia coeruleiviridis FLO15 Florida, USA N 25.136917 W 80.94885 MF097444  MF097630 X X
Lucilia coeruleiviridis FLO16 Florida, USA N 25.136917 W 80.94885 MF097445  MF097631 X X
Lucilia coeruleiviridis FLO023 Florida, USA N 25.457514 W 80.4863 MF097446  MF097632 X X
Lucilia coeruleiviridis FL024 Florida, USA N 25.457514 W 80.4863 MF097447 MF097633 X X
Lucilia cuprina FL027 Florida, USA N 25.457514 W 80.4863 MF(097448 MF097634 X X
Lucilia cuprina FL028 Florida, USA N 25.457514 W 80.4863 MF097449  MF097635 X X
Lucilia cuprina FL029 Florida, USA N 25.457514 W 80.4863 MF097450  MF097636 X X
Lucilia cuprina FL030 Florida, USA N 25457514 W 80.4863 MF097451  MF097637 X X
Lucilia cuprina PRO73 Puerto Rico N 18.370953 W 66.026619 KX529559 KX529602 X X
Lucilia cuprina PR122 Puerto Rico N 18.370953 W 66.026619 MF(097455  MF097638 X X
Lucilia cuprina PR154 Puerto Rico N 18.461053 W 66.729803 MF097458  MF097639 X X
Lucilia eximia CO011 Colombia N 5.900544 W 74.852897* MF097459 - X X
Lucilia eximia C0O012 Colombia N 5.900544 W 74.852897* MF097460  MF097640 X X
Lucilia eximia CO013 Colombia N 5.900544 W 74.852897* MF097461  MF097641 X X
Lucilia eximia CO015 Colombia N 5.900544 W 74.852897* MF097462  MF097642 X X
Lucilia eximia CO016 Colombia N 5.900544 W 74.852897* - MF097643 X X
Lucilia eximia C0022 Colombia N 6.067217 W 73.645411 MF097463  MF097644 X X
Lucilia eximia C0023 Colombia N 6.067217 W 73.645411 MF097464  MF097645 X X
Lucilia eximia Cu002 Cuba N 20.054178 W 76.917603 - MF097646 X X
Lucilia eximia CU006 Cuba N 20.054178 W 76.917603 - MF097647 X X
Lucilia eximia DRO19 Hispaniola N 19.89155 W 071.65806 MF097467  MF097650 X X
Lucilia eximia DRO050 Hispaniola N 18.316572 W 71.576447 X MF097651 X X
Lucilia eximia FLO021 Florida, USA N 25.086633 W 80.452217 MF097470  MF097652 X X
Lucilia eximia FL022 Florida, USA N 25.086633 W 80.452217 MF097471  MF097653 X X
Lucilia eximia LA064 Dominica N 15.34066 W 61.33351 MF097465 MF097648 X X
Lucilia eximia LA065 Dominica N 15.34066 W 61.33351 MF097466 ~ MF097649 X X
Lucilia eximia LA124 Saint Lucia N 14.100031 W 60.92654 MF097483  MF097665 X X
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Genus Species Voucher ID  Country Latitude Longitude COlI ITS2 28S EF-1a
Lucilia eximia LA127 Saint Lucia N 14.100031 W 60.92654 MF097484  MF097667 X X
Lucilia eximia MO076 Mona, Puerto Rico N 18.086239 W 67.906339 MF097472  MF097654 X X
Lucilia eximia M110 Mona, Puerto Rico N 18.11125 W 67.933447 MF097475 MF097655 X X
Lucilia eximia Ml111 Mona, Puerto Rico N 18.11125 W 67.933447 MF097476  MF097656 X X
Lucilia eximia MEOQ05 Mexico N 21.07645 W 89.501083 MF097477  MF097657 X X
Lucilia eximia MEO007 Mexico N 21.07645 W 89.501083 MF097478  MF097659 X X
Lucilia eximia PRO50 Puerto Rico N 18.449889 W 66.595333 MF097479  MF097660 X X
Lucilia eximia PRO60 Puerto Rico N 17.971611 W 66.865361 MF097480 MF097661 X X
Lucilia eximia PR134 Puerto Rico N 18.093306 W 65.552111 - MF097663 X X
Lucilia eximia PR135 Puerto Rico N 18.093306 W 65.552111 - MF097664 X X
Lucilia fayeae MO079 Mona, Puerto Rico N 18.084222 W 67.939417 MF097485  MF097668 X X
Lucilia fayeae PRO0S8 Puerto Rico N 18.412972 W 67.727222 MF097486  MF097669 - X
Lucilia fayeae PRO023 Puerto Rico N 18.293444 W 65.791917 MF097490 MF097670 X X
Lucilia fayeae PRO53 Puerto Rico N 18.449889 W 66.595333 MF097492  MF097672 X X
Lucilia lucigerens JA005 Jamaica N 18.0598056 W 77.5311944 MF097494  MF097673 X X
Lucilia lucigerens JA007 Jamaica N 18.0598056 W 77.5311944 MF097496  MF097674 X X
Lucilia mexicana MEO16 Mexico N 25.598592 W 103.441156 MF097497  MF097675 X X
Lucilia mexicana MEO020 Mexico N 25.598592 W 103.441156 MF097498 MF097676 X X
Lucilia mexicana MEO021 Mexico N 25.598592 W 103.441156 MF097499  MF097677 X X
Lucilia retroversa Ccuo007 Cuba N 20.054178 W 76.917603 MF097500 MF097678 X X
Lucilia retroversa CuU030 Cuba N 22.621386 W 83.725944 MF097503  MF097679 X X
Lucilia retroversa CuUo031 Cuba N 22.621386 W 83.725944 MF097504 - X X
Lucilia retroversa CuU041 Cuba N 20.517817 W 20.517817 MF097508 MF097680 X X
Lucilia retroversa DRO030 Hispaniola N 19.04871 W 70.88084 MF097516 X X X
Lucilia retroversa DR123 Hispaniola N 18.32902 W 68.80995 MF097539  MF097682 X X
Lucilia retroversa DR124 Hispaniola N 18.32902 W 68.80995 MF097540  MF097683 X X
Lucilia rica LA009 Saint Eustatius N 17.47637 W 62.97470 X MF097684 X X
Lucilia rica LAO16 Saint-Martin N 18.07779 W 63.05772 MF097572 X X X
Lucilia rica LAO17 Saint-Martin N 18.07779 W 63.05772 MF097573  MF097697 - X
Lucilia rica LA027 Saba N 17.63980 W 63.23373 - MF097692 X X
Lucilia rica LA028 Saba N 18.07779 W 63.05772 MF097569 MF097693 X X
Lucilia rica LA045 Saint Barthélemy N 17.91924 W 62.86366 MF097570  MF097694 X X
Lucilia rica LA047 Saint Barthélemy N 17.91924 W 62.86366 - X X X
Lucilia rica LAO61 Saint Barthélemy N 17.91924 W 62.86366 MF097571  MF097696 X X
Lucilia rica LA073 Nevis N 17.14145 W 62.57784 MF097567 MF097690 X X
Lucilia rica LA074 Nevis N 17.14145 W 62.57784 MF097568 MF097691 X -
Lucilia rica LA098 Martinique N 14.47428 W 60.81463 MF097565 MF097688 X X
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Genus Species Voucher ID  Country Latitude Longitude CoI ITS2 28S EF-1a
Lucilia rica LA099 Martinique N 14.47428 W 60.81463 MF097566  MF(097689 X X
Lucilia rica LA106 Montserrat N 16.77608 W 62.30904 MF097564 MF097687 X X
Lucilia rica LA083 Guadeloupe N 16.37752 W 61.47869 MF097561  MF097685 X X
Lucilia rica LAO87 Guadeloupe N 16.37752 W 61.47869 MF097562  MF097686 X X
Lucilia sp. C0027 Colombia N 6.067217 W 73.645411 MF097575  MF097698 X X
Lucilia vulgata CO019 Colombia N 6.067217 W 73.645411 MF097576 ~ MF097699 X X
Lucilia vulgata C0O025 Colombia N 6.067217 W 73.645411 MF097577  MF097700 X X
Lucilia vulgata C0026 Colombia N 6.067217 W 73.645411 MF097578  MF097701 X X
Lucilia vulgata C0028 Colombia N 6.067217 W 73.645411 MF097579  MF097702 X X
Musca domestica As published AB479528° - AJ551427¢  AF503149f
Stomoxys calcitrans As published AB479521¢ - EF531151°  FJ025698°

%Wells and Sperling 2001), ®(Kutty et al. 2008), “(Iwasa and Ishiguro 2010), 4(Stevens 2003), *(Petersen et al. 2007), {(Collins and Wiegmann 2002)



The phylogenetic analyses of the concatenated data, using either Bayesian or
maximum likelihood approaches, recovered a well-supported monophyletic Calliphoridae
(Fig. 5.1). Luciliinae and Calliphorinae subfamilies were recovered as monophyletic
while Chrysomyinae was recovered as paraphyletic. All genera and species were
recovered as monophyletic except for Cochliomyia aldrichi, Lucilia eximia and Lucilia

retroversa.

5.3.3. Relationships among species

No strongly supported clades in either single marker analyses contradict the
concatenated tree, except for the position of the genera Calliphora and Chloroprocta.
ITS2 and EF-1a recovered Calliphora as a sister group of all other Calliphoridae, while
28S, COI and the concatenated trees recovered it as a sister group of all Lucilia. The
position of Chloroprocta was different in all trees. The Bayesian analysis of the
concatenated matrix recovered C. idioidea sister to Calliphora and all Lucilia instead of
sister to one of the genus from the subfamily Chrysomyinae (Fig 5.1). 28S recovered
Chloroprocta as sister to all other Calliphoridae, EF-1a recovered it as sister to
Cochliomyia -Chrysomya, ITS2 recovered it as sister to all other Calliphoridae but
Calliphora, and COI recovered Chloroprocta within the genus Cochliomyia, sister to Co.
hominivorax. Thus, single marker analyses do not help to clarify the relationship of

Chloroprocta given that the position of this genus was different in each marker.
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Figure 5.1. Phylogenetic relationship within Caribbean Calliphoridae based on partitioned
Bayesian analysis of the combined data set (COI, EF-1a, 28S rRNA and ITS2). Numbers
indicate posterior probability support values. Each color represents a different species. Red
starts represent endemic Caribbean species.
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The concatenated tree recovered substantial geographic variation within species.
It recovered three separate clades of Lucilia eximia, one including specimens from the
Greater Antilles (GA), a second from Florida (FL), and a third included specimens from
Colombia, Mexico and the Lesser Antilles (CO-ME-LA). This last revealed a clear
geographic structuring between Lucilia eximia from the Lesser Antilles and L. exima
from Colombia and Mexico (Figs. 5.1, 5.2). The tree recovered two clades for L.
retroversa and two for C. idioidea, one from Cuba and one from the Dominican Republic
for both species. BEAST analysis also recovered this geographic variation (Fig. 5.2), but,
it recovered Lucilia eximia CO-ME-LA clade sister to all continental species, L. vulgata,
L. coeruleiviridis and L. mexicana, instead of sister to the Caribbean endemics, L.
lucigerens, L retroversa and L. fayeae (Fig 5.1).

The topologies from Bayesian analyses (Fig. 5.1) and BEAST (Fig 5.2), yielded
similar results in terms of species relationships except for Lucilia lucigerens (endemic
from Jamaica) and L. eximia CO-ME-LA clade. The concatenated tree recovered L.
lucigerens sister to the Caribbean endemics L. retroversa, plus L. fayeae and L. eximia
CO-ME-LA (pp=76%, Fig. 5.1), while the BEAST analysis recovered it sister to
widespread species L. cluvia (pp=95%, Fig. 5.2). Examination of the independent genes
does not clarify the position of L. lucigerens. EF1a and 28S recovered it within L. eximia
GA clade, while ITS2 recovered it sister to L. cluvia and COI sister to L. retroversa + L.
fayeae and L. eximia CO-ME-LA clade. Furthermore, the analysis done in BEAST
recovered the monophyly of the three subfamilies recovering C. idioidea inside the

Chrysomyinae subfamily instead of sister to Calliphora plus Lucilia clades.
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5.3.4. Colonization and biogeography patterns

The endemic Calliphorid species in the Caribbean are seven, comprising by Ca.
maestrica, Co. minima, Co. aldrichi and four species of Lucilia genus (Fig. 5.1). At least
five independent colonizations from the continents to the Caribbean are needed for the
origin of these groups, followed by dispersal to other islands and geographic isolation
promoted speciation (Figs. 5.1- 5.3).

The dating analysis in BEAST suggests an origin of Calliphoridae 29.3 mya and
the separation of the subfamilies Chrysomyinae from Luciliinae and Calliphorinae 26
mya. The divergence between Luciliinae and Calliphorinae occurred 19 mya and
divergence within genera occurred mostly between 2.5 and 16 mya. Within species
divergences occurred mostly less than 2 mya. Most of the speciation events yielding
Caribbean endemics occurred between 2.5 and 5.2 Mya (Fig. 5.2). Within Chrysomyinae,
the separation between Chrysomya and all other Chrysomyinae occurred 21 mya.
Chloroprocta diverged from Cochliomyia 16.3 mya, the separation between the two
populations of Chloroprocta idioidea (Cuba+Mexico and The Dominican Republic)
occurred 4.2 mya and the separation between Cuba and Mexico populations occurred 2
mya. Within Cochliomyia, Co. hominivorax diverged from all other Cochliomyia 7.3 mya
and the separation between Co. macellaria and the sister Caribbean endemics Co.
aldrichi and Co. minima occurred 4.3 mya. Finally Co. minima diverged from Co.
aldrichi 2.7 mya. Further studies adding more taxa and calibration with fossils are
necessary to increase the resolution of the analysis and confirm our findings because the

node age error bars in most of the nodes are considerable (Fig. 5.2).
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Within Lucilia, L. cuprina diverged from all other Lucilia species 14.4 mya. The
separation of the L. rica + L. eximia_GA clade from all other Lucilia included in this
study occurred 8.7 mya and L. rica diverged from L. eximia_GA 7.1 mya. The divergence
of the endemic L. lucigerens and the widespread L. cluvia occurred 5.2 mya. The clade
containing the continental Lucilia species diverged from the clade containing the endemic
Caribbean Lucilia retroversa and L. fayeae 6.3 mya. Separation of L. fayeae from L.
retroversa_CU occurred 2.5 mya and they diverged from L. retroversa DR 3.5 mya. The
separation between L. eximia_CO+ME and L.eximia form Lesser Antilles occurred 3.7
mya.

The RASP analysis of ancestral areas is consistent with multiple colonizations
from mainland sources to islands (Fig. 5.3). In general, species are not isolated on single
islands except by Lucilia lucigerens (endemic to Jamaica) and Cochliomyia aldrichi
(found only to Mona Island). Chrysomya rufifacies, Ch. megacephala and Co. macellaria
are distributed throughout the Caribbean islands as well as on the mainland. These three
did not show any clear geographic structuring, probably due to recent colonization or
constant gen flow through migration between populations, or both. Other species have a
more restricted distribution, being found only in the Caribbean, but occurring on several
islands, demonstrating the capacity of these flies to disperse among islands. For instance,
Co. minima is found in the Greater Antilles and L. rica is found in most of the Lesser
Antilles, both species apparently maintaining their gene flow among populations (Fig
5.1). In contrast C. idioidea and L. retroversa showed genetic structure, distinguishing

populations from Cuba and Hispaniola. This suggests that oceanic barriers between Cuba
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and Hispaniola effectively have limited gene flow for some time promoting genetic

divergence.

5.4. Discussion

5.4.1. Phylogenetic analysis and relationships

We present the most comprehensive phylogenetic analysis of Calliphoridae from
the Caribbean based on a combination of a mitochondrial gene (COI) nuclear genes (EF-
la and 288S), and nuclear internal transcribed spacer (ITS2). This study expands on the
earlier work of Yusseff-Vanegas and Agnarsson (2017) and continues toward our aim to
provide a comprehensive set of DNA sequences for virtually all Calliphoridae with
forensic importance in the Caribbean Region. The addition of more genes allows us a
better understanding of the phylogenetic relationships among species of this family and
the evolution and speciation of this group in the Caribbean.

Bayesian analysis did not recover the monophyly of the subfamily Chrysomyinae,
placing C. idioidea closer to Calliphora than to Chrysomya (Fig. 5.1). However, BEAST
analysis recovered the monophyly of the three subfamilies with posterior probability
support > 95% congruent with other phylogenetic studies using molecular approaches
(Stevens 2003, Young and Coleman 2004, Wallman et al. 2005, McDonagh and Stevens
2011, Marinho et al. 2012, Solano et al. 2013).

The relationships between genera and species of the subfamily Chrysomyinae
agreed with previous studies (Wells and Sperling 2001, Wallman et al. 2005, McDonagh
and Stevens 2011, Yusseff-Vanegas and Agnarsson 2016, Yusseff-Vanegas and

Agnarsson 2017). Three species of the genus Chrysomya are present in the Caribbean,
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analysis of ancestral areas under the Bayesian binary model.
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and the relationship between species is consistent with previous studies, recovering Ch.
megacephala sister to Ch. rufifacies plus Ch. albiceps with support values of 100% for
each node (McDonagh and Stevens 2011, Singh et al. 2011, Singh and Wells 2011,
Yusseff-Vanegas and Agnarsson 2017). Cochliomyia is a small genus that comprises only
four species, all of which are sampled from the Caribbean here. Although Yusseft-
Vanegas and Agnarsson (2017) recovered Co. aldrichi as sister to Co. macellaria, our
Bayesian analysis recovers Co. minima sister to Co. aldrichi as expected from
morphology and consistent with previous studies (Yusseff-Vanegas and Agnarsson
2016). These results demonstrate that addition of more genes to the analysis improves our
understanding of species relationships, as evidenced by congruence between morphology
and multi-locus analyses. Yusseff-Vanegas and Agnarsson (2017) focused on DNA
barcoding and included only two genes, while this study and Yusseff-Vanegas and
Agnarsson (2016) included four genes. We also added two species of Compsomyiops, the
likely sister group to Cochliomyia, improving the basis for character polarity in the
Americas. All species of this genus were recovered as monophyletic with posterior
probabilities of 100% except for Co. aldrichi. In our Bayesian analysis (Fig. 5.1) Co.
minima is nested within Co. aldrichi, possibly via incomplete lineage sorting or recent
speciation (Yusseff-Vanegas and Agnarsson, 2016).

Chloroprocta idioidea, the single species of the genus Chloroprocta was
recovered as monophyletic in all analysis; however, its placement varied among analyses.
The position of C. idioidea also varied according to the gene(s) or phylogenetic method
employed in prior studies. Some studies find it related to Cochliomyia (Solano et al.

2013, Yusseff-Vanegas 2014, Marinho et al. 2017) while others reported it sister to
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Hemilucilia (Singh and Wells 2011) or to all other Chrysomyinae (Marinho et al. 2012).
Perhaps this species is underrepresented in all phylogenetic studies to date, including
only one or two individuals from a limited area, thus poorly representing the genetic
variability of this species in America. Chloroprocta idioidea is a rarely collected species
(Buitrago et al. 2011). In this study from the ~35,000 Calliphoridae specimens collected,
less than 20 individuals belong to C. idioidea and only five are included in the analysis.
Despite the small representation of this species in our study (two from Cuba, two from
The Dominican Republic and one from Mexico) the intraspecific geographic structure is
obvious two different clades were recovered, one from The Dominican Republic and the
second one from Cuba + Mexico.

Calliphora maestrica (subfamily: Calliphorinae) is an endemic Caribbean species,
is the only species of this genus present in the region. This species has been reported
from the Dominican Republic, Cuba and Jamaica but we only collected it in The
Dominican Republic. Since we have not included other species of this genus, it is not
possible to study the relationships of this species with respect to other Calliphora. The
Luciliinae in the Caribbean is represented only by Lucilia, the most diverse and abundant
genus of Calliphoridae in the Caribbean with seven species reported, four of them
endemic from the region (Fig. 5.1). Furthermore, Yusseff-Vanegas and Agnarsson (2017)
suggested that this genus is more diverse than morphology can detect, reporting four
distinct genetic clusters for L. eximia (two of them from the Caribbean), two for L.
retroversa and two for L. rica for a total of nine potentially different species of this genus
in the region (see Yusseff-Vanegas and Agnarsson, 2017 Figs. 2 — 4, Tables 5 and 6). Our

concatenated matrix including four genes recovered basically the same clades,
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geographic structure and relationship among species reported by Yusseff-Vanegas and
Agnarsson (2017) except for the position of L. eximia —FL clade and the relationships
between both clades of L. retroversa and L. fayeae (Fig. 5.1). Although the position of L.
eximia-FL varied slightly in the two studies, both agreed that L. exima —FL is closer
related to the continental species L, coeruleiviridis, L. mexicana and L. vulgata, than to
any of the other Lucilia eximia clades. Similar results were observed in the topology of
Neotropical Lucilia using COI DNA barcodes (Whitworth 2014), where L. eximia
specimens from Louisiana were recovered in the same clade with L. coeruleiviridis and
L. mexicana instead of with other L. eximia from the Neotropical region. Whitworth
(2014) also reported several discrete widely separated clusters of L. eximia, raising a
possibility of cryptic species.

Regarding to the relationship between L. fayeae and the two discrete clusters of
Lucilia retroversa from the Dominican Republic and Cuba, previous studies based on
COI agreed with our results reporting L. retroversa from Cuba and Bahamas as more
closely related to L. fayeae than to L. retroversa from The Dominican Republic (see
Whitworth 2014 Fig 161, Yusseff and Agnarsson 2017 Fig 2). Although the combination
of COI+ITS2 recovered the monophyly of L. retroversa (Yusseff-Vanegas and
Agnarsson 2017 Fig 4), our results including the four genes did not support its
monophyly, rather showing L. retroversa-CU to be more closely related to L. fayeae than
to L. retroversa-DR with support values >97% (Fig. 5.1). Yusseff and Agnarsson (2017)
suggested that Lucilia retroversa from The Dominican Republic and Cuba are two
different species instead of two different populations of a single one. Our results from

both the concatenated analysis and BEAST analysis (Figs 5.1, 5.2) support the hypothesis
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that L. retroversa as well as L. eximia and C. idioidea each comprise more than a single
species. The degree of divergence between clusters of accessions of these species
suggests that they have been evolving independently for millions of years. Thus, they
probably should be considered cryptic species since morphological differences are not
sufficient to separate them (See discussion in Yusseff-Vanegas and Agnarsson 2017;

Whitworth 2014).

5.4.2. Colonization and divergence times of Calliphoridae in the Caribbean

Here we examine how the divergence times estimated for the evolution of
Caribbean Calliphoridae (Fig. 5.2) relate to the historical biogeography of the Caribbean
Region. Our phylogenetic analysis of the Calliphoridae was focused on the Caribbean
Calliphoridae rather than on the whole clade. Our goal was to employ available data to
arrive at the best estimate of Caribbean Calliphoridae phylogeny, to serve as a framework
for estimating ages of origin for endemic species.

The age of the family and subfamilies of Calliphoridae estimated in this study are
largely consistent with other recent estimates of divergence times using a variety of
molecular data sets. Previous studies have estimated the origin of Calliphoridae at 25 mya
(Ding et al. 2015), 30mya (Wiegmann et al. 2011, Cerretti et al. 2017), and 34.15 mya
(Zhao et al. 2013). Our estimate is similar at 29.3 mya indicating that Calliphoridae may
date from early Oligocene. Our results for the age of the node separating the subfamily
Chrysomyinae from the Luciliinae-Calliphorinae subfamilies was 26.07 mya and the
divergence of the Calliphorinae and Luciliinae 19.2 mya. Those results are highly

congruent with previous estimates of 24.0 and 17.0 mya (Cerretti et al. 2017) using fossil
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calibrations, and 21.7 and 19.7 mya (Wallman et al. 2005) using a molecular-clock
approach. These results contrast with previous hypotheses for the possible origin of
Calliphoridae during the early Cretaceous 144 — 100 mya (Stevens et al. 2006). Given the
association of various blowfly genera and subfamilies with particular geographic regions
(e.g., Cochliomyia in the New World, Chrysomya in the Old World and
Auchmeromyiinae in the Afrotropical and oriental regions), it was thought that the origin
of Calliphoridae could occur before the breakup of Gondwana ~105 mya. Then after the
breakup, many blow fly groups could have come into existence because of the
geographical isolation and subsequently localize divergence and speciation (Stevens et al.
2006). However, all recent studies of the evolution of Diptera including Calliphoridae,
strongly support the origin of Calliphoridae around 30 mya, discounting the “Gondwana
hypothesis”.

The presence of Calliphoridae in the Caribbean is probably the result of several
independent colonization events from North, Central and South America. Given that the
origin of Calliphoridae was estimated after the formation of the GAARIlandia landbridge
(35— 33 mya), we concluded that all Calliphoridae species colonized the Caribbean by
over water dispersal. Species of the Old-World genus Chrysomya were recently
introduced in America (during the 1970’s) (Gagne 1981); species in this genus dispersed
acrossthe Caribbean soon after. Based on their distribution, the most probable scenario is
that Ch. rufifacies and Ch. megacephala colonized the Caribbean via Central and North
America while Ch. albiceps did so via South America. This rapid and successful
distribution throughout the Caribbean is attributed to their high dispersal abilities

(Baumgartner and Greenberg 1984) and invasive behavior (Wells and Greenberg 1992,
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Aguiar-Coelho and Milward-De-Azevedo 1998, Faria et al. 1999, De Andrade et al.
2002). However, we think that their rapid dispersal has been facilitated in part by humans
since these species are synanthropic and live in close association with humans.

For the remaining genera, colonization apparently occurred without humans as
enablers. All endemic species or clades containing endemic species are paired with non-
endemic clades (Fig. 5.2). Divergence of non-endemic and endemic clades probably
occurred from 8.6 to 4.2 mya and speciation yielding species on separate islands occurred
from 3.5 to 2.5 mya. The first colonization event of blowflies from the mainland to the
Caribbean occurred during the late Miocene 8.6 mya; this lineage later diverged to yield
L. eximia-GA and L. rica at 7.1 mya. Dispersal from the mainland could have been
facilitated by the increased proximity of Cuba to the Yucatan peninsula and Florida
during the late Miocene (9 — 7 mya) when there was increased land area in the region
due to low sea levels (Iturralde-Vinent 2006). This increase lasted till 7 mya allowing this
species to disperse and become established throughout the Caribbean. At the end of the
Miocene (7 — 5.3 mya), sea levels increased considerably creating marine barriers that
have since kept the islands isolated. This isolation promoted the divergence of L. eximia-
GA restricted to the Grater Antilles and L. rica restricted to the Lesser Antilles.

All of the other four colonization events of blowflies from the mainland to the
islands occurred during the Miocene — Pliocene transition (6.3 — 4.2 mya). Most
divergences are Pliocene (5.3 — 2.6 mya) after a major transition in the Caribbean climate
from warm and humid (during the Miocene) to cold and dry (during the Pliocene)
(Iturralde-Vinent 2006). More recently, global cooling of the late Pliocene (3 mya) may

have caused extensive habitat change impacting the Caribbean. According to Iturralde-
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Vinent (2006), this was a time of general uplift in many areas of the Caribbean, where
islands became defined as we know them today and major mountains range formed.
However, the topographically low parts of the landscape were subjected to repeated
cycles of inundation and desiccation due to oscillation of sea level. The Pleistocene was
an epoch of alternation of warm and cold with several glacial and interglacial cycles (Haq
et al. 1987). During glacial maxima the sea level was more than 100 m lower, at that
time, all continental and island areas were larger, thus reducing the distance between
islands and facilitating over-water dispersal. Then during the interglacial the increase of
sea levels isolated islands promoting the diversification and speciation that we see today
in the Caribbean. These glacial events could reduce rainfall in the Caribbean increasing
aridity mainly in the lower altitudes (Bonatti and Gartner 1973). Since the distribution
and abundance of blowflies is heavily influenced by moisture and temperature (Richards
et al. 2009a), this aridity may have been instrumental in promoting divergent evolution. If
s0, it is particularly likely to have played a role in the speciation between Co. aldrichi and
Co. minima. Cochliomyia aldrichi is a species adapted to arid conditions and in the
Caribbean is restricted to Mona Island, which supports a subtropical dry forest. In
contrast, Co. minima does not tolerate dry conditions being found abundantly in tropical
and subtropical humid and rain forest and absent from dry forest (Yusseff-Vanegas and
Agnarsson 2016). Probably for populations restricted to Mona, adaptation to arid
conditions was the only route of survival, since this island is a raised mainly flat plateau
with very arid conditions throughout. However, for many wet-adapted populations in the
Greater Antilles dispersal to high altitudes (with probably humid conditions) has been an

option. These conditions, in isolated patches in various islands, kept populations isolated,
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thus promoting origin of new species by allopatric speciation (Lomolino et al. 2006). A
similar history of geographic isolation probably applies to L. retroversa and L. fayeae.
Both species are abundantly found in subtropical humid and wet forests, but are absent
form dry forests (personal observation). After colonization from the mainland this species
most likely disperse throughout the Caribbean. However, arid conditions during the
middle Pliocene probably obliged populations to move to small habitat refugia at high
altitudes and remain there till humid and warmer conditions returned to the Caribbean.

Isolation of the populations in different refugia could lead to speciation. .

5.4.3. Cryptic species

The possibility that cryptic species lurk in L. eximia, L. retroversa and C. idioidea
has been a controversial topic in previous studies (Whitworth 2014, Yusseff-Vanegas and
Agnarsson 2017). Hall (1948) and Shannon (1926) believed that there were two different
species included in C. idioidea but Dear (1985) and Whitworth (2010) disagreed
suggesting that the differences between the Cuba and The Dominican Republic
populations were intraspecific variability. Recent molecular approaches support the
possibility of two different species, because sequence divergences of COI are > 2%
(Yusseff-Vanegas and Agnarsson 2017). Our results from the concatenated matrix and
beast analysis again support two different species. The degree of divergence between C.
idioidea from The Dominican Republic and Cuba suggests that these species have been
evolving independently for at least 4.1 million years. Thus, C. idioidea from The
Dominican Republic and Cuba or Mexico would not be different populations, but rather
distinct species. Regarding L. retroversa, two well-resolved clades of this species were

recovered, from Cuba and The Dominican Republic. Whitworth (2010) reported
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morphological differences between The Dominican Republic and Bahamas populations,
but he decided that those differences were not enough to warrant their recognition as
separate species. Yusseff-Vanegas and Agnarsson (2017) also discussed the
morphological differences between populations and, based on the generic distance of
more than >2%, suggested two different species instead of two populations. Results from
this study also support recognizing two different species. Since L. retroversa is
paraphyletic in our analysis with reference to L. fayeae, L. retroversa-CU and L.
retroversa-DR must constitute different species or they all pertain to a single species.
However, the degree of divergence between these two clades suggests that these species
have been evolving independently for at least 3.4 mya, suggesting that species status is
appropriate.

Evidence of speciation is based on reproductive isolation of the two populations
in question. Yusseff-Vanegas and Agnarsson (2017) reported that populations of L.
retroversa and C. idioidea from The Dominican Republic are present in Cuba. Our
BEAST analysis showed that colonization of individuals from The Dominican Republic
populations to Cuba occurred around 1 mya and it seems that the two populations have
maintained their reproductive isolation as confirmed by the genetic affinity of those
specimens collected from Cuba with the Dominican Republic populations and
presumably retained genetic divergence between the species (Fig 5.1 and 5.2).

Although detailed analysis of Lucilia eximia morphology reveals differences
between populations, Whitworth (2010, 2014) suggested that those differences are
attributable to intraspecific variation instead of species differentiation. Recent studies

based on molecular approaches have revealed several discrete clades of L. eximia widely
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separated in the phylogenetic tree (Solano et al. 2013, Whitworth 2014, Yusseft-Vanegas
and Agnarsson 2017); these studies suggest the possibility of cryptic species of L. eximia.
Yusseff-Vanegas and Agnarsson (2017) reported genetic distances between the separated
clades >6.9%. Our results support at least three different species of L. eximia two of them
present in the Caribbean. The degree of divergence between those clades indicated that
these species have been evolving independently for at least 8.6 mya.

In sum, Caribbean Calliphoridae is more diverse than morphology can detect as
Yusseff-Vanegas and Agnarsson (2017) suggested. Bayesian evolutionary analysis of a
concatenated dataset comprising four markers in two compartments, in combination with
the reconstruction of ancestral states, support the independent evolution of each clade. At
least four new species of Calliphoridae are present in the Caribbean and detailed study of
the morphology and description of this species are necessary. The diversity of
Calliphoridae in the Caribbean is the result of a combination of recent colonization
probably facilitated by human activities and ancient overwater dispersal followed by
isolation and allopatric speciation accelerated by the dramatic changes to which the

Caribbean has been subjected for the last 10 mya.
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