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Abstract
The New World buckeye butterflies (genus Junonia) are a valuable experimental model

organisms, but the taxonomy of this group has been problematic and contentious. I have clarified
the taxonomy of the Junonia species in North America using molecular and morphological data
from contemporary and museum collections, focusing on Florida, the American Southwest, and
Mexico. Junonia populations in Florida have been assigned to different species and J. coenia
grisea in the American Southwest has been elevated to full species status. Using this framework,
I reconstructed the invasion history of the tropical buckeye (J. zonalis) into South Florida. For
the species that occur in the American Southwest and Mexico, I have plotted the contemporary
distributions of the five species that occur in this region. Evidence of hybridization was
documented and a cryptic species pair was identified (J. coenia and J. grisea). An improved

taxonomy will encourage and support further comparative biology research.

II



Acknowledgements

I would first and foremost like to thank my advisor Dr. Jeffrey Marcus for his continued support,
many discussions, and for keeping me on track. If it was not for him asking me as an
undergraduate what I was doing “next year” I would not be where I am today, and I am so
grateful to have had the opportunity.

I would like to thank my committee members Dr. Anne Worely and Dr. Richard Westwood for
their guidance and feedback during my Masters Degree Program. Without the continued support
and stream of questions during our meetings my thesis would not be what it is.

I would like to thank my parents Alfred and Kim Lalonde for their continued support and putting
up with me over the years of me being a student. For always giving me the nudge I needed to get
things done on time, for always listening when I need to talk, and telling me when I needed to
take a break and live life a little. Also for being proud of me for how far I have come and never
letting me forget it.

I would like to thank my grandparents Ron and Evelyn Skelton for their support and for picking
me up and dropping me off at the University of Manitoba on a daily basis. Also for helping with
my son Landen by picking him up and dropping him off at school as well as watching him on his
days off from school. For always giving me a push to do my best and telling me how proud they
and how proud great grandma Thompson would be of me as I am doing what she had wished she
could have.

Bonnie McCullugh, Rooholla Abassi, Melissa Peters and, Ashley Haverstick for being my
support team in the lab. For keeping me on track when I felt like giving up, the numerous dance
parties had in the lab during the summer, and for the amazing discussions relating to everything
and anything. Also all past members of the Marcus lab for paving the way for this project to be
possible. This thesis benefitted from financial support form the NSERC Discovery Grant
program (RGPIN386337-201 and RGPIN-2016-06012), the Canada Foundation for Innovation
(212382), and the Canada Research Chair program (950-212382) (to Jeffrey Marcus).

Sarah Wolfe, Stephanie Breault, Christine Quiring, Kayla Verot, Stephanie Klumper, Perry
Lalonde, Alfred Lalonde, Merrick Lalonde and Alan Van Dorp for being my rock solid support
team. For the endless coffee dates, fishing trips, cry sessions and for keeping me sane when I was
on the verge of going insane. Also for listening to my numerous presentations and discussions
about my research even when you had no idea what I was talking about. I love you all to the
moon and back.

III



Dedication
For my son Landen and my great grandmother Juanita who no matter what told me I could do
this. Landen is and will continue to be my biggest motivation no matter what I do in life.

v



Table of Contents

80 F S TP I
ADSITACT. . .o I
ACKNOWICAZMENTS. ...\t e e e 1
DeAICAtION. . .. e v
LSt Of Tables. . .. e VI
] A0 G S D P VII
Chapter 1: IntrodUCHION. ... .o e e et e e e e e e aaae e 1
Literature CIted. . .....oou e e e 22
Chapter 2: The taxonomy and population structure of the buckeye butterflies (genus Junonia,
Nymphalidae: Nymphalini) of Florida, USA ... ... e 31
Literature CIted. . .....oou e e e 63
Chapter 3: Entomological Time Travel: Reconstructing the invasion history of the buckeye
butterflies (genus Junonia) from Florida, USA....... ..., 72
Literature CIted. . ... .oouenii i e e 118

Chapter 4: Getting Western: Biogeographical analysis of morphological variation and
mitochondrial haplotypes reveals cryptic species and hybrid zones in the Junonia butterflies of

the American Southwest and MeXICO. ... ...ouiitiiiii e 125
Literature CIted. . .....oouoinii e 168
Chapter 5: Discussion and Future DIir€ctions. ............ovvuiiiiiiiiiiii i e eeeaas 173
Literature CIted. ......oouoin i e 177
Appendix 1. Junonia specimens for the contemporary Florida data set.............................. 180
Appendix I1. Junonia specimens for the historical Florida data set................................. 187
Appendix III. Junonia specimens for the American Southwest and Mexico data set.............. 195



List of Tables

Table 1-1. Haplotype divergence times for the New World buckeye butterflies (genus

o 77 TS 16
Table 2-1. Taxonomic names used by various authorities for the 3 Florida Junonia species
.................................................................................................................. 34
Table 2-2. Defining characteristics of the 3 Junonia species found in Florida, USA............... 41
Table 2-3. Test for genic differentiation using nuclear wingless..................ccooiiiiiiiiann, 58
Table 3-1. Point biserial correlations between latitude or longitude and the presence of
mitochondrial haplotype A in Florida,............ooiiiiiii e, 89
Table 3-2. Point biserial correlations between time (year of collection) and the presence of
mitochondrial haplotype A for each Junonia species in the Florida Keys and the south Florida
Mainland. ... e 95

Table 3-3. Point biserial correlations between annual maximum, minimum, and mean
temperatures and the presence of haplotype A for each Junonia species in the Florida Keys and
the south Florida Mainland...............o i 101
Table 4-1. Morphological characteristics of the Junonia of the American Southwest and

1 1537 T N 131

Table 4-2. Life cycle data for the 5 Junonia species in the American Southwest and Mexico.

Table 4-3. Native larval host plant preferences for the Junonia of the American Southwest and
1 1537 T N 147
Table 4-4. Introduced larval host plant preferences for the Junonia of the American Southwest

ANA M EXICO. ettt e e 148

VI



List of Figures

Fig. 1-1. Suture zones proposed by Remington (1968).........ccccceeviiiiviiiniiieeieeeiee e 14
Fig. 2-1. Adult photos of the Junonia species found in Florida, USA.....................oonl . 40
Fig. 2-2. Map of Florida showing the known distributions of Junonia species, collection
localities, and cytochrome oxidase subunit I (COI) haplotype group assignments .................. 48
Fig. 2-3. Restriction digest map used for the determination of haplotype groups for the
contemporary Florida dataset............c.ooiuiiiiiiiiii i s 52
Fig. 3-1. Restriction digest map used for the determination of haplotype groups for the historical
FIOrida dataset. . .. ..ot e 82
Fig. 3-2. Temporal distribution of Junonia samples genotyped .............ccooiiiiiiiiiiiiinnn. 86
Fig. 3-3. Map of South Florida showing the collection localities of Junonia coenia examined,
including haplotype group assIgNMENTS. . .......ouuientietteete et eae et eaeeaeeeareeaeeanaeennns 88
Fig. 3-4. Map of South Florida showing the collection localities of Junonia neildi examined,
including haplotype group assigNMENtS .........c..ivtieinteente et et et eaeeaiteeaeeaeeenneennns 90

Fig. 3-5. Map of South Florida showing the collection localities of Junonia zonalis examined

including haplotype group assigNMENtS ............ivtieinteenteett et et eaeeeiteeaeeaaeenneennns 92
Fig. 3-6. Proportion of Haplotype A over time for Florida......................ooooiiiiii 93
Fig. 3-7. Proportion of Haplotype A over time for Cuba and the Bahamas.......................... 98

Fig. 4-1. Adult phenotypes of the 5 Junonia species and species hybrids found in the American
SOUthWEst AN MEXICO ... ..enuiint ettt sttt et et esat e e b e saeeenee s 138
Fig. 4-2. Restriction digest map used for the determination of haplotype groups for the American

SOUTRIWEST ANA IMEXICO - ..ottt e e e e e e e e e e et e e e e e e e e e ee e aaeeeeeeeeenenans 141

VII



Fig. 4-3. Map of the American Southwest and Mexico showing the distribution of Junonia
coenia specimens including haplotype group assignments and core range......................... 149
Fig. 4-4. Map of the American Southwest and Mexico showing the distribution of Junonia grisea
specimens, haplotype group, assignments and COTe TaNge.........c.evvueerrreeireernieenneenneeennn. 150
Fig. 4-5. Map of the American Southwest and Mexico showing the distributions of Junonia
nigrosuffusa specimens, haplotype group, assignments and core range.................c.eeuvennnn. 151
Fig. 4-6. Map of the American Southwest and Mexico showing the distribution of Junonia
litoralis specimens, haplotype group, assignments and cOre Tange............oceeveveeiveenneennnns 152
Fig. 4-7. Map of the American Southwest and Mexico showing the distribution of Junonia
zonalis specimens, haplotype group, assignments and cOre range..............ccoevveeveennnennnn. 153
Fig. 4-8. Map of the American Southwest and Mexico showing the distribution of Junonia
hybrids specimens and haplotype group assignments.............coevvieeiiiieiieiieeeineennnennnnn. 155
Fig. 4-9. Heat maps showing the geographic distributions of Californian haplotype B“* and

North American haplotype B across all Junonia species............coooviiiiiiiiiiiiiiiiiiiiinnnnnn. 156

VIII



Chapter 1: Introduction



Mitochondrial DNA: Function and Uses

Mitochondrial deoxyribonucleic acid (mtDNA) is found within the
mitochondrion, which is the primary energy producing organelle in almost all eukaryotic
cells (Avise 2000). Mitochondria are originally derived from bacterial endosymbionts,
and thus have a genome that is distinct from the eukaryotic nuclear genome (Lane 2005;
Godfrey-Smith 2015). Mitochondrial DNA is haploid and in most animals is passed
almost exclusively from female to offspring with no genetic input from the male (Vawter
& Brown 1986; Avise 2000; Hebert et al. 2003; Zink & Barrowclough 2008). These
sequences are considered to be highly conserved between all animal species due to its
biological importance in maintaining cell function (Brown et al. 1979; Vawter & Brown
1986).

What makes mtDNA useful as a molecular tool is that it occurs in high copy
number on a per cell basis, it has a rapid mutation rate, and lacks recombination (Brown
et al. 1979; Avise 2000; Hebert et al. 2003; Zink & Barrowclough 2008). Mitochondrial
DNA has been used for a vast array of studies including delimitation of cryptic species
(De Barro & Ahmed 2011), observing historical patterns of genetic diversity (Leonard
2008) , tracking patterns of migration (Wilkinson & Fleming 1996) and species invasion
(De Barro & Ahmed 2011), biogeography (Wahlberg et al. 2005), reconstructing
phylogeographic ranges (Pons et al. 2006; Keyghobadi et al. 2013), defining
matrillineages (Avise 2000; Zink & Barrowclough 2008), and determining the
geographical and taxonomic limits of recently diverged groups (Zink & Barrowclough
2008). One advantage to using mtDNA is that its high copy number on a per cell basis

gives researchers a more usable template when performing molecular analysis. In



contrast, nuclear DNA (nDNA) occurs in low copy number and when using small or
degraded tissue samples, extracting usable nuclear DNA can be difficult (Vawter &
Brown 1986; Watts ef al. 2007; Keyghobadi et al. 2013).

The mitochondrial cytochrome oxidase subunit 1 (COI) has been one of the most
widely used gene sequences in molecular analysis (Wahlberg et al. 2005; Kerr et al.
2007; Hubert et al. 2008; Pfeiler et al. 2012; Gemmell et al. 2014; Gemmell & Marcus
2015; Jose & Harikrishanan 2016). Its gene product is part of the enzyme complex IV
subunit in the electron transport chain, which catalyzes the last enzymatic reaction during
oxidative phosphorylation (Li ef al. 2006; Balsa et al. 2012; Aras et al. 2013). Oxidative
phosphorylation is the process by which cells convert energy into stores of adenosine
triphosphate (ATP), which is used for many cellular processes (Wilson et al. 2012).
Enzyme complex IV, also called cytochrome c oxidase, aids in the final steps in
transferring electrons to the final electron acceptor (oxygen) producing water and ATP
(Li et al. 2006). This process is essential in the energy production of all eukaryotic cells
that conduct aerobic respiration, and therefore the gene sequences associated with
respiratory metabolism are considered to be highly conserved (Brown et al. 1979; Vawter
& Brown 1986).

The barcode region of the mitochondrial cytochrome oxidase subunit I gene is a
658 base pair (bp) region near the 5’ end of the gene, where robust universal primers exist
that allow for isolation of this gene from nearly any animal species (Folmer et al. 1994;
Hebert et al. 2003; Hajibabaei et al. 2006). The COI gene sequence differs somewhat in
length, depending on which group of organisms is being examined, so a highly conserved

segment of this gene is utilized (Marshall 2005). The amino acids within this gene



sequence change more slowly than in any other mitochondrial gene (Lynch & Jarrell
1993), and DNA sequences from the barcode region can often be used as a diagnostic
tool for species identification (Folmer ef al. 1994; Hebert et al. 2003; Hajibabaei et al.
2006). The phylogenetic signal in the barcode region of COI has allowed assignment of
organisms into higher taxonomic classes with little difficulty (Hebert et al. 2003;
Ratnasingham & Hebert 2007). Databases for DNA barcodes have been created (eg.
BOLD (Ratnasingham & Hebert 2007)) and there are examples where amplification of
this gene sequence from type specimens has allowed for the correct identification of
insect species (Meusnier et al. 2008; Price et al. 2015). However, some issues with
species delimitation do still exist (Janzen et al. 2005). Species that have diverged from
one another very recently are sometimes problematic as their gene sequences have not
had enough time to develop distinguishable variation (Pfeiler et al. 2012; Borchers &
Marcus 2014; Gemmell et al. 2014; Gemmell & Marcus 2015). About 3% of the
Lepidoptera species defined by morphological criteria, cannot be distinguished from
closely related species by their COI barcodes (Janzen et al. 2005). Similar problems
occur in organisms which have undergone hybridization and experience transfer of
mitochondria between species (Halbert & Derr 2007; Good 2008).

Even given these considerations, mtDNA is a powerful tool for phylogeographic
studies (Chapters 2 and 4), and examining historical patterns of migration and species
distributions (Goldstein & Desalle 2003; Keyghobadi et al. 2013; Heintzman et al. 2014;
Hernandez-Triana et al. 2014)(Chapter 3). Having well-developed molecular tools
already available allows for the possibility of determining mitochondrial genotypes from

specimens in museum collections (Watts et al. 2007; Winston 2007). Museum



collections hold immense potential for scientific study (Leonard 2008; Saarinen &
Daniels 2012). They are compilations of specimens collected by the museum itself and
from donated private collections that may span entire species ranges over hundreds of
years (Goldstein & Desalle 2003; Habel ef al. 2009; Heintzman et al. 2014). Specimens
within these collections have collection data associated with them and include such
information as, where and when the specimens were collected, as well as who collected
them (Winston 2007).

Having large spatial and time series data sets available allows for the observation
of changes in allele frequencies in a population over time, migration patterns of
organisms over time, biogeographic changes in species distributions, and biological
invasions of non-native species (Harper ef al. 2006; Estoup et al. 2010; Ugelvig et al.
2011; Keyghobadi et al. 2013). Museum collections have been used to explore various
questions relating to population genetics and evolution in both vertebrates (Iudica et al.
2001; Estoup et al. 2010; Smith et al. 2011) and invertebrates (Goldstein & Desalle 2003;
Harper et al. 2006; Habel et al. 2009; Saarinen & Daniels 2012; Keyghobadi et al. 2013;
Heintzman ef al. 2014). These questions focused on looking at specific time points and
comparing them to contemporary populations in order to observe changes in allele
frequencies, Metagenomic analysis, and bottleneck effects (Harper et al. 2003; Harper et
al. 2006; Habel et al. 2009; Ugelvig et al. 2011; Saarinen & Daniels 2012).

One particular interest in the scientific community over the last 200 years has
been the topic of invasion biology (Reichard & White 2003; Falk-Petersen ef al. 2006;
Davis 2009; Cristescu 2015). Invasion biology includes many topics of interest that

include but are not limited to adaptive radiation, the creation of secondary contact zones,



invasion events by non-native species, long-range dispersal events, speciation, and
hybridization events (Mooney & Cleland 2001; Didham et al. 2005; Durand et al. 2009;
Stigall 2010; Flohr et al. 2013; Cristescu 2015). Non-native species in some cases are
referred to as invasive species, as they are organisms that have potential to establish
populations and habituate to new habitats (Reichard & White 2003; Didham et al. 2005;
Falk-Petersen et al. 2006). When such occurrences take place it is of great concern, as
these species may have no natural predators, outcompete native species for habitat and
resources, and/or hybridize with native species if reproductive isolation mechanisms do
not exist (Mooney & Cleland 2001; Reichard & White 2003; Didham et al. 2005). This
thesis will explore many of these issues as they pertain to the butterfly genus Junonia

(Lepidoptera: Nymphalidae).

Junonia Butterfly Taxonomy

The buckeye butterflies of the genus Junonia originated in Africa, and this group
contains both Old and New World representatives (Kodandaramaiah & Wahlberg 2007;
Kodandaramaiah 2009). The New World Junonia have long been thought to be
monophyletic (Forbes 1928; Forbes 1947; Kodandaramaiah & Wahlberg 2007), but it has
recently been suggested that patterns of mitochondrial variation in the genus may be
consistent with multiple colonization events from the Old World (Gemmell & Marcus
2015).

In the New World there are currently 9 or 10 described species of buckeye
butterflies from the genus Junonia: J. coenia, J. divaricata, J. evarete, J. genoveva, J.

litoralis, J. neildi, J. vestina, J. wahlbergi, and J. zonalis. (Gemmell et al. 2014). For



example, some authors also include J. nigrosuffusa as a full species (Brown ef al. 1992)
while others refer to it as a subspecies of J. evarete (Hafernik 1982). Because of its
phenotypic distinctiveness and its unique larval host plants (not used by other Junonia), 1
will follow Brown et al. (1992) in treating it as a full species.

The taxonomy of the New World Junonia butterflies has not always been clear
and still under revision today. Clear species definitions and proper identification of some
populations have not been established in some cases, and have caused the taxonomic
history in this group to be very complicated (Schwartz 1989; Neild 2008; Calhoun 2010;
Brévignon & Brévignon 2011; Brévignon & Brévignon 2012; Gemmell et al. 2014). For
example, the grey buckeye, J. coenia grisea (Austin & Emmel 1998), is rejected as a
distinctive subspecies by some authours (Brock & Kaufman 2003; Knerl & Bowers
2013), but based on my on research, I will argue deserves full species status (Chapter 4),
is an example of a Junonia taxon with a murky taxonomic past (Gemmell & Marcus
2015). Other factors that have further complicated the taxonomy within the genus
Junonia include: hybridization (Forbes 1928; Rutkowski 1971; Hafernik 1982; Minno &
Emmel 1993); phenotypic variation occurring both geographically and seasonally within
species (Forbes 1928; Clark 1932; Mather 1967; Remington 1985; Smith 1991; Rountree
& Nijhout 1995); the close phenotypic resemblance of some forms (DeVries 1987;
Glassberg 2007); vague species descriptions (Cramer 1775; Cramer 1780; Turner &
Parnell 1985); the loss or absence of type specimens (Munroe 1951; Neild 2008); and the
interchangeability of the genus names Junonia and Precis by many authors (De Lesse

1952; Kimball 1965; Wahlberg et al. 2005).



Because of their importance as an experimental model organism in many fields of
scientific study, the taxonomy of the genus Junonia is important. Some work has been
done to aid in the taxonomic ambiguities that exist. Wahlberg et al. (2005) determined
using molecular phylogenetics that Junonia and Precis (restricted to Africa) were not
synonymous genera, and in fact were not even sister clades. Additional progress has been
made as new type specimens have been established, better species definitions published,
and cryptic species identified (Brévignon 2004; Brévignon 2008; Neild 2008; Brévignon
2009; Brévignon & Brévignon 2011; Brévignon & Brévignon 2012). Junonia from
different geographic locations in the New World have been studied in an attempt to
associate geographic variation within species with appropriate taxonomic designations. A
key problem with theses associations is that naming authorities have not been specified

when submitting barcodes for reference specimens (Gemmell & Marcus 2015).

Mitochondrial Haplotypes in New World Junonia

The buckeye butterflies in the New World can be divided into two major
mitochondrial haplotype groups using DNA barcodes; haplotype group A and haplotype
group B (Pfeiler et al. 2012). Within these two major groups there are populations where
these haplotypes exhibit enough variation to be considered unique (Pfeiler ef al. 2012).
With this added variation, four distinct haplotype groups can be found within the Western
Hemisphere Junonia. Haplotype group A is found in populations at high elevations in
Peru restricted to a sole species (Junonia vestina), Haplotype group A, is predominant
throughout South America, Haplotype group B is predominant in North and Central

America, and B* is found in populations in the South Western United States (Pfeiler et



al. 2012; Gemmell et al. 2014; Gemmell & Marcus 2015). The Caribbean seems to be a
zone of genetic admixture where only the A, and B haplotypes are present (Gemmell et
al. 2014; Gemmell & Marcus 2015). Within the genus Junonia it has also been found that
all of the mitochondrial haplotypes can be found within all species (Brévignon &
Brévignon 2012; Borchers & Marcus 2014; Gemmell et al. 2014). Using these DNA
barcodes to distinguish species is not useful but they can be used to distinguish specific
geographic locations as the signals present in these sequences differ (Gemmell ef al.
2014; Gemmell & Marcus 2015). The distribution of haplotype groups A and B will be
used to explore current (Chapter 2) and historical (Chapter 3) biogeographic patterns of
Junonia in Florida, while the distribution of haplotype groups B and B“* will be used to

explore biogeographic patterns of Junonia in western North America (Chapter 4).

Florida Junonia

In Florida, there are three species of Junonia butterflies that occur: the common
buckeye (J. coenia), the mangrove buckeye (J. genoveva), and the tropical buckeye (J.
evarete). The identity of the common buckeye, J. coenia, has not been disputed but the
identity of the other two species has been the subject of much discussion (Calhoun 2010).
I will note that all of the species designations that will be discussed here are based solely
on morphological characteristics and geography with the exception of the taxonomic
designations proposed based on work done in this thesis. Prior to 1928 it was thought that
only J. coenia occurred in Florida and that there was seasonal and individual variation
within this species (Forbes 1928). Then, it was recognized based on morphology that not

only the common buckeye occurred in Florida but an additional form as well, the



mangrove buckeye (Davis 1928; Forbes 1928). It was not until 1951 when it was
observed that there were potentially three forms of buckeye butterflies in Florida; the
common buckeye, the tropical buckeye and the mangrove buckeye (Klots 1951; Munroe
1951). It should also be noted that while the identity of the common buckeye (J. coenia)
was considered to be distinct and was largely undisputed, both the tropical and mangrove
buckeyes were considered to be seasonal forms of the same species based on
morphology; the wet seasonal form and the dry seasonal form respectively (Munroe
1951). Based on morphology and geography this was still the main view in 1977 (Clench
1977).

In 1980 it was recognized that the tropical (Junonia evarete) and mangrove
(Junonia genoveva) buckeyes were actually distinct species bringing the number of
Junonia species in Florida and the Bahamas to three based on morphology (Clench &
Bjorndal 1980). In 1985 Turner & Parnell (also using morphology) also agreed that the
tropical and mangrove buckeyes were separate species but suggested that the taxonomic
names be switched (the tropical buckeye switched to J. genoveva and the mangrove
buckeye switched to J. evarete (Turner & Parnell 1985)). In 2008 Neild suggested based
on morphology that the correct taxonomic designations were those proposed by Clench
and Bjorndal in 1980 (Clench & Bjorndal 1980; Neild 2008).

Subsequent work done in 2011 and 2012 found that J. evarete and J. genoveva
were actually restricted to South America and thus did not occur in the Caribbean
(Brévignon & Brévignon 2011; Brévignon & Brévignon 2012). The mangrove buckeye
in the region that includes the Caribbean and Florida was therefore properly referred to as

J. neildi and the tropical buckeye as J. zonalis (Brévignon & Brévignon 2011; Brévignon
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& Brévignon 2012; Gemmell ef al. 2014). It was also determined that neither J. evarete
nor J. genoveva use black mangrove (4vicennia germinans) as a larval host plant, and
that the mangrove-feeding buckeyes of Central and South America belong to a third
species, J. litoralis, which is also distinct from the mangrove-feeding buckeye species, J.
neildi, in the Caribbean (Brévignon & Brévignon 2011; Brévignon & Brévignon 2012).
Junonia zonalis, the tropical buckeye occurs in Florida, the Caribbean, and in Central
America (Gemmell ef al. 2014). The work described in this thesis (Chapters 2 & 3) will
clarify the distributions, colonization history, and patterns of hybridization in Florida

Junonia.

Junonia of Western North America

Within the southwestern United States of America (California, Nevada, New
Mexico, Arizona, Texas, New Mexico, Oklahoma, Colorado, southern Oregon, and
southern Wyoming) and Mexico there are at least 5 different forms of Junonia in this
region with overlapping ranges. These forms include J. coenia, J. grisea, J. litoralis, J.
nigrosuffusa, and J. zonalis (Barnes & McDunnough 1916; Forbes 1928; Tilden 1970,
Rutkowski 1971; Schwartz 1987; Minno & Emmel 1993; Paulsen 1996; Elster et al.
1999; Walker 2001; Neild 2008; Calhoun 2010; Gemmell & Marcus 2015). The recent
diversification (within the last 3 million years) of this genus in the New World is the
result of the Junonia ancestors invading from the Old World (McCullagh 2016). The Old
World sister clade to almost all of the New World Junonia appears to be J. villida from
the Indo-Pacific region (Gemmell & Marcus 2015; McCullagh 2016). Hybridization

between species of the New World Junonia occurs at some frequency, also suggesting
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recent divergence (Hafernik 1982; Borchers & Marcus 2014; Gemmell et al. 2014). The
degree to which hybridization occurs between species in the wild is still unknown, but
putative hybrids have been found in the wild in some regions where multiple forms of
Junonia occur (Forbes 1928; Rutkowski 1971; Hafernik 1982; Minno & Emmel 1993).
The distributions of some Junonia species in this region are known in part, but
have not yet been fully documented. Junonia grisea (northern or gray buckeye) was
described from southern California, and was thought to occur in California and adjacent
parts of Arizona, USA and Baja California, Mexico (Austin & Emmel 1998). Hafernik
(1982) made range maps of the Junonia in this region, but did not distinguish between J.
coenia and J. grisea. Junonia nigrosuffusa can be found in southern Arizona, and
southern Texas in the USA, and throughout north and central Mexico (Hafernik 1982).
Junonia zonalis can be found in south Texas USA, along the eastern coast of Mexico and
throughout southern Mexico (Hafernik 1982). It should be noted that Hafernik (1982)
also did not distinguish between J. zonalis and J. litoralis and he considered both to be J.
zonalis in his distribution maps. Junonia litoralis uses black mangrove (4vicennia
germinans) as a larval host plant, and its distribution is closely associated with the
presence of the larval host in marine coastal regions (Brévignon & Brévignon 2011;
Brévignon & Brévignon 2012). Previous attempts to clarify the distribution of the various
Junonia forms in this region suffered from limited sampling and difficulties interpreting
the observed phenotypic variation (Hafernik 1982; Gemmell & Marcus 2015). Using
mitochondrial genotyping to supplement analysis of phenotypic variation will clarify
species distributions, patterns of hybridization, and produce a stable taxonomy for the

forms that occur in the region (Chapter 4).
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Historical Biogeography of Junonia

The complex pattern of overlapping Junonia species, with possible hybridization
between them, in western North America mirrors geographically similar patterns in many
other western species (Remington 1968; Remington 1985). Remington (1968) proposed a
series of suture zones (or hybrid belts) within North America: 6 major suture zones and 6
minor or little-known zones based on observations of multiple hybrids between many
species pairs. It was speculated that these suture zones represented boundaries where
organisms met after sheltering in different glacial refuges during the late Pleistocene
(Remington 1968; Remington 1985). The removal of the glacial barriers post-Pleistocene
(8,000-11,000 years ago) would have allowed for species to move into these areas and
possibly for closely related species to hybridize (Remington 1968). The suture zones he
presented that are of particular interest include two of the major suture zones (zones 2
(Northern Florida) and 3 (Central Texas)) and three of the minor zones (zones C
(California Desert-Pacific slope), D (Rocky Mountain-Sonoran), and E (Southwestern
New Mexico)) (Figure 1-1; (Remington 1968)) because these zones are within the region
of multiple Junonia species overlap.

At the same time, our understanding of the glacial history of North America has
changed enormously since Remington (1968) proposed these suture zones. For many
decades, it was thought that there were 4 major glaciation events that took place during
the Pleistocene (from oldest to most recent): the Nebraskan (2.5-0.55 mya (million years
ago), Kansan (0.55-0.2 mya; furthest southward expansion of the Laurentide ice sheet),

[llinoian (0.2-0.16 mya), and Wisconsin (0.16-0.011 mya = 160,000 — 11,000 years ago
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Figure 1-1. Suture zones proposed by Remington (1968). Numbers represent the major
suture zones (2=Northern Florida; 3=Central Texas) and letters represent the minor suture
zones (C=California Desert-Pacific Slope; D=Rocky Mountain-Sonoran; E=Southwestern
New Mexico Arizona). Map modified from the Cartographic Research Lab, University

of Alabama (http://alabamamaps.ua.edu/contemporarymaps/usa/basemaps/usal .jpg).

0 400km
| —— |

(ya)) glacial stages (Boellstorff 1978). More recent reinterpretation of the deposits left by
the various glacial advances suggests that the Nebraskan and Kansan stages were actually
composites of multiple glacial advances, rather than singular events (Boellstorff 1978;
Rovey & McLouth 2015). It is now understood that there were many glaciation events
during the Pleistocene that are now classified into 3 major periods: Pre-Illinoian (2.4-0.2
mya; corresponds to the time periods formerly making up the Nebraskan and Kansan
stages), Illinoian (0.2-0.16 mya), and Wisconsin (0.16-0.011 mya) (Lane 1994; Zeiller

2005; Rovey & Balco 2011). During each of these glacial advances in North America,
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continental populations were subdivided into eastern and western glacial refuges, in many
cases contributing to speciation (Lovette 2005). The maximal glacial advance during the
entire Pleistocene (associated with glacial tills formerly assigned to the Kansan glacial
stage) appears to have taken place about 1.2 mya (Wanner et al. 2008; Rovey & Balco
2011; Roberts & Hamann 2015).

The glacial advances that occurred in North America during the Pleistocene
coincide with some patterns of Junonia haplotype divergence and diversification in the
New World. During the Pre-Illinoian period, approximately 2.31+0.42 mya (Table 1-1)
haplotype B diverged from the lineage that gave rise to J. villida and New World
haplotype group A, but it is not known whether this vicariance event took place in the
New World or in the Pacific (McCullagh 2016). The split of haplotype group B* from
haplotype group B coincides with the maximum glacial advance in North America during
the Pleistocene at 1.18+0.29 mya (Table 1-1; Rovey & Balco 2011; McCullagh 2016).
This suggests that Junonia carrying haplotype group B were in North America by 1.2
million years ago, and the subdivision of haplotype group B may be related to subdivision
of North America Junonia populations being split into eastern and western glacial
refuges.

The split of haplotype A from J. villida also falls within the Pre-Illinoian period
(1.58+0.32 mya; Table 1-1) but again, it cannot yet be determined whether the split
occurred in the Old or New World (McCullagh 2016). The diversification of haplotype A
within the New World dates to 0.96+0.29 mya (Table 1-1) and unlike haplotype group B
shows no East-West split, possibly because this haplotype may not have been present in

the New World at the 1.2 mya Pleistocene glacial maximum (McCullagh 2016).
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Table 1-1. Haplotype divergence times for the buckeye butterflies (genus Junonia) in the

New World. Adapted from McCullagh (2016).

Divergence Event Divergence Time (in millions of years)
Haplotype B from Haplotype A and J. villida 2.31+0.42
Haplotype A from J. villida 1.58+0.32
Haplotype B from Haplotype B (Haplotype B 1.18+0.29
diversification in the New World)
Haplotype A diversification in the New World 0.96+0.29

Junonia Biogeography: Florida

The current interglacial period is called the Holocene (11,000 ya to present
(Wanner et al. 2008; Roberts & Hamann 2015)). From 11,000-6,000 ya there was an
overall warming trend in global climate (Kaufman et al. 2004). Increases in air
temperature resulted in glacial retreat and extensive melting, forming enormous mid-
continental lakes filled with glacial meltwater (e.g. glacial Lake Aggasiz, glacial Lake
Ojibway) (Teller 1987). As temperatures continued to increase and the lakes grew larger,
new lake outlets were created, resulting in several catastrophic drainages (Condron &
Winsor 2011; Teller 2013). Each time this took place, massive amounts of cold, fresh
water spilled into the Gulf of Mexico or the Atlantic Ocean, but each time from a
different outlet (Joyce ef al. 1993; Clark et al. 2001; Teller 2013; Hill & Condron 2014).
The massive amounts of cold water being poured into the Atlantic Ocean, caused lower
ocean temperatures, changes in ocean currents, and rapid increases in sea level (Wanless
1989; Ganopolski ef al. 1998). Coastal ecosystems were disrupted during this period

(Wanless 1989), with tropical and subtropical species probably being disproportionately
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affected. During this period, the Florida peninsula was predominantly desert scrub habitat
(Delcourt 2002). While this habitat may have been suitable and served as a possible
refuge for Junonia coenia, it was likely too cold for the survival of larval host plants of
the other 2 Junonia species that currently occur in Florida.

Approximately 8,000 ya the last of the glacial lakes drained and the ocean
currents changed causing an overall warming trend in North America and the surrounding
bodies of water (Li ef al. 2012; Hill & Condron 2014). Particularly, the circulation
patterns in the Atlantic Ocean reversed bringing the warm waters from the tropics north,
instead of cold waters flowing southwards, as had occurred during the drainage of the
glacial lakes (Clark et al. 2001; Hill & Condron 2014). The climate became warmer and
wetter (Beck et al. 1997), and the vegetation found in the Florida interior came to
resemble the modern tropical/subtropical flora about 5000 years ago (Watts 1975;
Delcourt 2002), as tropical and subtropical species moved north from glacial refuges.

Finally, by 3,000 ya the sea level stabilized (Wanless 1982) and this stabilization
would have allowed for coastal species such as mangroves to establish (Wanless 1989).
Thus, in Florida, Junonia neildi, which depends on black mangrove (Avicennia
germinans) as a larval host plant (Turner & Parnell 1985; Paulsen 1996; Elster et al.
1999), probably arrived from more southerly refuges in the last 3000 years. The final
species, Junonia zonalis, which feeds on frost-sensitive larval host plants, appears to have
arrived in Florida during the mid-20" Century (Minno & Emmel 1993; Glassberg et al.

2000; Calhoun 2010).
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Junonia Biogeography: Western North America

During the late Pleistocene and early to middle Holocene in the South Western
USA and Mexico the climatic conditions were reversed when compared to the North
Atlantic (Benson et al. 1997). This same trend is apparent when comparing both the
Northern Hemisphere and Southern Hemisphere climate data (eg. Northern Hemisphere
warming coinciding with Southern Hemisphere cooling (Shakun ef al. 2012)). Vegetation
reconstructions in Mexico during the Pleistocene shed light into where the Junonia
species in Western North America may have found refuge (Ceballos et al. 2010). At this
time the climate was cooler and wetter (Benson et al. 1997) than the present day warm
and drier conditions, which would have allowed for more temperate plant species to be
present during this time (Delcourt & Delcourt 1979).

During the Pleistocene, in Baja California and the region presently known as the
Sonora Desert, the main vegetation type was xeric scrub (Ceballos ef al. 2010). This is
the habitat that J. grisea currently prefers (Scott 1975; Stout 2016), and it is possible to
speculate that this species may have taken refuge here during times of glacial
advancement. During glacial retreat, J. grisea may have migrated from these refuges into
suitable habitat west of the Rocky Mountains in modern-day California. The unsuitable
high elevation habitats of the Rocky Mountains may have permitted J. grisea, which
carries the distinctive B* mitochondrial haplotype, to maintain its distinctiveness by
limiting east-west migration.

The predominant vegetation in Northeastern Mexico (presently known as the
Chihuahua Desert) during this time was also primarily composed of xeric scrub (Ceballos

et al. 2010). At the time of the Wisconsin glaciation (160,000 — 11,000 years ago (ya))
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there was a split in the continental populations of distinct species into eastern and western
glacial refuges (Lovette 2005). It is possible to speculate during this split that J. coenia
was divided into two separate populations, one taking refuge in Florida and the Caribbean
in the East, and the other in South Texas and Northeastern Mexico in the West, both of
which continue to carry mitochondrial haplotype group B. In this scenario, the
populations in Northeastern Mexico evolved a phenotypic darkening of the wings
(Hafernik 1982), underwent a larval host plant switch, which resulted in host plant
specialization (Tilden 1970; Glassberg 2001), and gave rise to the dark buckeye, J.
nigrosuffusa.

Tropical rainforest and tropical dry forest habitats in Mexico during the
Pleistocene were restricted to latitudes below 20° N latitude (Ceballos et al. 2010). The
20° N latitude is also believed to be the most northern extent of black mangrove
(Avicennia germinans) populations on the Gulf and Pacific Coasts of Mexico during the
Wisconsin glacial advance (Sandoval-Castro et al. 2014). Black mangrove is the sole
larval host plant of J. litoralis (Brévignon 2009; Brévignon & Brévignon 2012) and it can
be assumed based on the close association of this butterfly species with black mangrove,
that it also was also restricted to habitats below 20° N latitude. J. zonalis would may
likewise been restricted to same northern latitudinal maximum limits as its host plants
occur in coastal regions, tropical grasslands, and gaps in forested areas, as they are
extremely frost sensitive (Turner & Parnell 1985; Glassberg et al. 2000).

During the early to middle Holocene, western North America became warmer,
arid, and desert-like shrub became the predominant vegetation in this region (Benson et

al. 1997). This shift in climate would have allowed for J. coenia to expand Westward
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from Eastern glacial refuges into much of Western North America. This change in
climate would also have allowed for the other species of Junonia and their respective host
plants from glacial refuges in Mexico to also expand their ranges northward. A product of
the expansion north would have brought these 5 species into close proximity and in some

cases allowed for habitats to overlap to create the current species distributions.

Objectives and rationale of the thesis:

1. To determine the relative distributions of the three Junonia species which occur in
Florida USA based on morphological characteristics, as well as determine the
relative species and haplotype distributions of these species within Florida using
molecular markers (Chapter 2).

2. To investigate whether the Junonia species that occur in Florida are the same as
those in Central America, Southern America and the Caribbean using
morphological and molecular markers to help clarify to the taxonomy in this
region (Chapter 2).

3. To determine the relative distribution of haplotypes in Florida using historical
data to observe the creation of a secondary contact zone and observe the pattern of
gene flow over both space and time (Chapter 3).

4. To reconstruct the historical timeline of the invasion of the tropical buckeye into
Florida, USA, using museum specimens and attempt to determine whether it was

a single invasion event or multiple invasion events (Chapter 3).
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5. To determine the number of Junonia species that occur in southwestern America
and Mexico and determine species ranges using morphological characteristics and
collection data from museum collections (Chapter 4).
6. To determine the distribution of haplotypes in the southwestern America’s and
Mexico and observe the frequency of haplotype group B (standard Junonia
coenia) vs. B (private haplotype group associated with J. grisea) (Chapter 4).
7. To investigate whether Junonia coenia and Junonia grisea are discrete species or
if J. grisea is a subspecies of J. coenia using morphological characteristics,
species distributions and molecular markers (Chapter 4).
Conclusion

Junonia butterflies have been used for studies as diverse as the evolution and
development of colour patterns, (Nijhout 1991; Carroll et al. 1994; Kodandaramaiah
2009), larval host plant specialization (Bowers 1984; Camara 1997; Knerl & Bowers
2013; Gemmell ef al. 2014), and insect physiology (Nijhout 2010), and the development
of seasonal polymorphisms (Daniels ef al. 2012; Daniels et al. 2014). However, the vast
majority of this work has focused on a single species: J. coenia. Exploiting natural
diversity within the genus will provide important resources for the study of these and
other subjects. By better defining each species, their phenotypes and natural geographic
ranges, and the nature of the species boundaries, this thesis will attempt to fill in the gaps
in knowledge for this model system for the study of the generation and the maintenance

of biodiversity.
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Abstract

The buckeye butterflies (genus Junonia) that occur in Florida, USA have been an
ongoing taxonomic challenge for over 100 years. Schwartz (1987) described the situation
succinctly: "No other lepidopteran on the Florida Keys nor in south Florida, presents the
taxonomic problems as Junonia." The current consensus recognizes 3 different forms of
Junonia in Florida based on morphological characters, but there is a general lack of
consensus regarding the appropriate scientific names for each form. Similarities between
the species that occur in Florida, intraspecific variation, and possible hybridization
between species have often made it challenging to identify specimens, define the
population structure of Junonia butterflies, or to understand the relationships of these
butterfly populations to those elsewhere in the New World. I use a combination of
morphological characters, mitochondrial cytochrome oxidase I barcodes, and nuclear
wingless DNA sequences, from Junonia from Florida, the Caribbean, and North and
South America to resolve issues of taxonomy and population structure in this genus. [
conclude that the common buckeye (J. coenia), the mangrove buckeye (J. neildi), and the
tropical buckeye (J. zonalis) occur in Florida and that hybridization between these species

takes place in this region.
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Introduction

The New World buckeye butterflies (genus Junonia, Lepidoptera: Nymphalidae)
have had a complicated taxonomic history (Schwartz 1989; Neild 2008; Calhoun 2010;
Brévignon & Brévignon 2011; Brévignon & Brévignon 2012; Gemmell et al. 2014).
Establishing clear species definitions and proper identification of many species in this
genus has been very difficult because of geographical variation (Forbes 1928; Remington
1985) and seasonal variability in colour patterns (Clark 1932; Mather 1967; Smith 1991;
Rountree & Nijhout 1995) within some Junonia species, the close resemblance between
some Junonia forms (DeVries 1987; Glassberg 2007), and the possible presence of
naturally occurring hybrids between them (Forbes 1928; Hafernik 1982; Minno & Emmel
1993; Rutkowski 1971). This has been further complicated by vague early species
descriptions (Cramer 1779; Cramer 1780; Turner & Parnell 1985), the complete absence
or loss of type specimens for some species (Munroe 1951; Neild 2008), the
interchangeable use of the generic names Precis and Junonia (De Lesse 1952), and the
inadvertent use of invalid taxonomic homonyms (Precis/Junonia lavinia) (Cramer 1775;
Comstock 1944; Munroe 1951). To paraphrase very liberally (with apologies) from
Winston Churchill’s (1939) wartime description of Russia, the butterfly genus Junonia
has been a taxonomic puzzle (Riley 1975; DeVries 1987) , wrapped in a muddle , inside
an enigma (Neild 2008).

As a consequence of these factors, researchers studying this genus have used an
astounding variety of scientific names for New World Junonia species. The three
Junonia, species found in Florida (the common buckeye, the mangrove buckeye, and the

tropical or West Indian buckeye) are a case in point: they have been known by so many
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different names (Table 2-1) that the scientific literature associated with this genus has

become very difficult to decipher. Kimball (1965) wrote “This [genus] has been bandied

about so in the past few years as regards name that it would not be surprising were its

oldest friends to fail to recognize it....Under how many and what aliases it has paraded

recently I leave to the historian of curiosities.”

Table 2-1. Taxonomic names used by various authorities for the three Junonia species

found in Florida, USA.

Authority Common Buckeye =~ Mangrove Buckeye Tropical Buckeye
Maynard 1891 Junonia coenia J. genoveva
Holland 1898 J. coenia J. lavinia' J. genoveva'
Swainson 1901 J. genoveva

Fruhstorfer 1907

Longstaff 1908,
1912

Barnes &

McDunnough 1916

Grossbeck 1917

Walker 1917

Seitz 1924

Davis 1928

Forbes 1928

Bates 1935
Wolcott 1936

Dethier 1941

Carpenter & Lewis
1943

Comstock 1944

Avinoff &
Shoumatoff 1946

Corbet 1948

Wolcott 1948

Eliot 1949

Klots 1951

Rindge 1952

Munroe 1951

J. lavinia coenia

Precis lavinia
coenia

J. coenia

J. coenia

J. coenia

P. lavinia coenia
P. lavinia coenia®
J. lavinia coenia

P. coenia
J. coenia

P. coenia

J. evarete coenia

P. orithya lavinia
J. evarete coenia
P. lavinia coenia
P. lavinia coenia
J. coenia
J. coenia

J. lavinia lavinia
P. lavinia lavinia

*
J. genoveva

J. lavinia
J. genoveva

. 3
P. lavinia genoveva

J. lavinia zonalis’
(dry season form)

P. zonalis”

J. lavinia

P. lavinia zonalis®

(dry season form)
J. evarete genoveva
J. genoveva

J. evarete genoveva
P. lavinia lavinia"
P. lavinia zonalis
J. evarete zonalis"
J. evarete zonalis’

.. .2
J. lavinia zonalis
P. lavinia genoveva

*
J. genoveva

.. . .3
P. lavinia lavinia
P. lavinia genoveva'
. . .5
J. lavinia zonalis

P. zonalis”

J. genoveva & P.
zonalis

P. zonalis

P. lavinia zonalis®

J. evarete zonalis
J. zonalis

J. evarete zonalis
. . . . *
P. lavinia lavinia
P. lavinia genoveva
. *
J. evarete zonalis
.5
J. evarete zonalis
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Young 1955
Ehrlich & Ehrlich
1961
Kimball 1965
Remington 1968
Barcant 1970
Tilden 1970
Rutkowski 1971
Brown & Heineman
1972
Percival 1974
Gorelick 1975
Riley 1975

Clench 1977

Clench & Bjorndal
1980
Lenczewski 1980
Pyle et al. 1981
Baggett 1982a
Baggett 1982b

Hafernik 1982

Schwartz 1983

Harvey 1984°

Remington 1985

Turner & Parnell
1985

Scott 1986

Alayo & Hernandez
1987

de la Maza 1987
Schwartz 1987
Schwartz ef al. 1987
Schwartz 1989
Miller et al. 1992
Opler & Malikul
1992
Minno & Emmel
1993
Smith et al. 1994
Austin et al. 1996
Paulsen 1996

P. coenia
P. lavinia

P. orithya evarete
J. coenia

P. coenia

J. coenia
P. evarete coenia

P. coenia
J. coenia

J. coenia

J. coenia
J. coenia
J. coenia
J. coenia
J. coenia
J. coenia
J. coenia
J. coenia
P. coenia
J. coenia
P. coenia
J. evarete
J. coenia
J. coenia
J. coenia

J. coenia

P. coenia

(dry season form)
P. genoveva*

P. orithya zonalis
J. evarete

P. lavinia zonatis”
P. evarete evarete
J. evarete zonalis"
P. evarete zonalis”
(dry season form)
Junonia species “B”
P. evarete zonalis™
J. evarete zonalis’
(dry season form)
J. evarete zonalis
form genoveva

J. genoveva

J. evarete
*
J. evarete
Junonia species “B”
J. evarete
species “B”

Junonia species “B”
LK

J. zonalis

J. evarete

P. genoveva

J. evarete zonalis
(dry season form
genoveva)

P. evarete zonalis”

J. coenia

J. evarete

J. genoveva zonalis’

J. genoveva

J. evarete

J. evarete
J. evarete

J. evarete
P. evarete

P. lavinia zonalis
P
P. genoveva

P. lavinia zonatis
P. evarete zonalis
J. evarete zonalis"
P. evarete zonalis”

Junonia species “A”
Lok
P. evarete zonalis
.5
J. evarete zonalis

J. evarete zonalis

J. evarete zonalis

J. evarete”

Junonia species “A”

J. evarete, nr. ssp.
michaelesi “A”

J. evarete zonalis

J. evarete zonalis

Junonia species “A”

J. zonalis

J. genoveva

P. evarete

J. evarete zonalis

Lok

P. evarete zonalis

J. coenia

J. genoveva zonalis
. 7

J. genoveva zonalis

J. genoveva

J. genoveva

J. genoveva
J. genoveva
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Meerman 1999 J. evarete zonalis J. genoveva

Glassberg et al. J. coenia J. evarete J. genoveva
2000

Opler & Warren J. coenia J. genoveva J. evarete
2002

Brock & Kaufman  J. coenia J. evarete J. genoveva
2003

Brévignon 2003 J. genovevan. ssp.  J. evarete

michaelesi

Brévignon 2004 J. genoveva neildi J. evarete swifti

Hernandez 2004 J. coenia J. evarete zonalis J. genoveva

Lamas 2004 J. coenia J. genoveva J. evarete

Cech & Tudor 2005  J. coenia J. evarete J. genoveva

Lazell 2005 J. evarete J. genoveva

Marcus 2005 J. coenia J. evarete

Kodandaramaiah & J. coenia J. genoveva J. evarete
Wahlberg 2007

Askew & Stafford J. coenia J. evarete J. genoveva
2008

Beccaloni et al. J. coenia J. genoveva J. evarete
2008

Brévignon 2008 J. coenia J. genoveva neildi J. evarete

Neild 2008 J. coenia J. genoveva J. evarete

Brévignon 2009 J. coenia J. neildi J. evarete

Kodandaramaiah J. coenia J. genoveva J. evarete
2009

Perez-Asso et al. J. evarete michaelisi J. genoveva neildi
2009

Calhoun 2010 J. coenia J. genoveva J. evarete zonalis

Nijhout 2010 P. coenia P. evarete

Brévignon & J. coenia J. neildi J. zonalis

Brévignon 2011,
2012

Gemmell & Marcus J. coenia J. “evarete” J. “genoveva”
2015

This study J. coenia J. neildi J. zonalis

"Does not distinguish between these forms.

'Holland (1898) was not aware that these species occurred in Florida, and illustrates these
species based on material from Texas and Caribbean.

*Fruhstorfer (1907) also establishes subspecies J. lavinia michaelisi form Puerto Rico and
the lesser Antilles.

3Seitz (1924) considered P. lavinia lavinia and P. lavinia genoveva to be intraspecific
variants that co-occurred in various parts of Latin America. He viewed P. lavinia zonalis
as an aberrant form.

“Davis (1928) considers these to be alternate forms of the same species.
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>Considers phenotypes associated with mangrove buckeye to be seasonal forms of J.
zonalis. Dry season form is genoveva.

Harvey (1984) is a manuscript that was never published, but which was circulated in
draft form, was cited several times (e.g. (Bowers 1984; DeVries 1987)), and had an
important influence on taxonomic usage.

’Schwartz (1989) identifies the phenotype associated with the mangrove buckeye, but
considers it to be an extreme form of the tropical buckeye.

The taxonomic history of Junonia can be understood as having undergone four
major phases. The first phase began with the first observations and early descriptions of
Junonia in the New World (Sloane 1725; Cramer 1775; Cramer 1779; Cramer 1780;
Abbot & Smith 1797), and is characterized by very limited information available to
natural historians about the number of species that occur and their geographic ranges.
This period continued until about 1900, when many of the North American forms were
recognized, though in many cases their respective ranges still remained ambiguous
(Holland 1898; Swainson 1901). The second phase of Junonia taxonomy began in the
early 20" century and interpreted many phenotypic differences between the species, as
intraspecific geographic (Fruhstorfer 1907; Longstaff 1908; Seitz 1924) or seasonal
variability (also known as polyphenism) (Forbes 1928). Drawing from observations of
seasonal polyphenism in the supposed Old World congeners Precis octavia (Marshall
1898; Munroe 1951) and P. antilope (Rogers 1911), and reinforced by observations of
seasonal polyphenism in the New World J. coenia (Clark 1932), seasonal variability
became the primary lens through which variation in Junonia was interpreted for much of
the 20™ century (Forbes 1928; Munroe 1951; Brown & Heineman 1972; Clench 1977,
Alayo & Hernandez 1987). Even when multiple forms of Junonia were observed

simultaneously in the same habitat, this was often interpreted as the effects of
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microclimate on the development of larvae (Carpenter & Lewis 1943; Munroe 1951;
Brown & Heineman 1972).

In the third phase of this taxonomic history, beginning in the early 1980s, (Clench
& Bjorndal 1980; Baggett 1982a; Baggett 1982b) a general consensus developed that
three distinct Junonia species occur in Florida (Figure 2-1): the common buckeye, the
mangrove buckeye, and the tropical (or West Indian) buckeye. While there was general
agreement that the common buckeye should be called J. coenia, opinions differed with
respect to the correct taxonomy for the mangrove and tropical buckeyes (Table 2-1). For
clarity, this phase can be split into three segments based on the time in which these views
came into the literature, and they will be designated as phase 3.1, phase 3.2, and phase
3.3 respectively. Phase 3.1 assigned the mangrove buckeye with the scientific name J.
genoveva and the tropical buckeye with J. evarete, (Clench & Bjorndal 1980; Scott 1986)
maintaining the traditional associations of names with the same phenotypes observed by
many prior authors, but now recognizing them as distinct species rather than seasonal
forms. Phase 3.2 began when Turner and Parnell (1985) inspected the hand-coloured
published plates of the original species descriptions of J. evarete and J. genoveva from
Cramer (1779, 1780) and compared them to Junonia material from Jamaica and Florida.
Discrepancies in wing patterns between the illustrations (depicting material collected in
Suriname) and their own material prompted Turner and Parnell (1985) to switch the
species names (the mangrove buckeye became J. evarete and the tropical buckeye
became J. genoveva), compared to prior common usage. The taxonomic viewpoint
associated with phase 3.2 predominated in the literature until 2002, and is still in use by

authors who focus primarily on the butterfly fauna of the Greater Antilles and eastern
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North America, including Florida (Opler & Malikul 1992; Minno & Emmel 1993; Smith
et al. 1994; Glassberg et al. 2000; Cech & Tudor 2005; Askew & Stafford 2008). In
Phase 3.3, the names of the mangrove and tropical buckeyes were switched back to the
original designations in phase 3.1. This switch was originally justified based on
unpublished work by Andrew Neild (Lamas 2004; Opler & Warren 2002). The full
justification of this change was published several years later (Neild 2008) based on the
inspection of the original water colors that were used as the basis for the published plates
of Cramer (1779, 1780), and the consideration of additional diagnostic morphological
characters, especially associated with the antennae (Calhoun 2010). This view was
adopted by a group of Junonia researchers who tended to be more focused on the taxa in
South American and the Lesser Antilles (Brévignon 2003; Kodandaramaiah & Wahlberg
2007; Brévignon 2008; Kodandaramaiah 2009; Calhoun 2010). However, while both the
antennal characters emphasized by Neild (2008) and the color pattern characters used by
many prior authors generally support each other to produce similar conclusions when
distinguishing between J. evarete and J. genoveva in Venezuela, the antennal and wing
characters do not correspond very well to the interspecific variation seen in Florida and
can yield opposite species determinations (Table 2-2).

The fourth phase in Junonia taxonomy is based on the recent recognition that the
South American species are distinct from the Caribbean species. First, Brévignon (2004)

named new subspecies for each of the two Junonia species that occurred in Guadeloupe:
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Figure. 2-1. Adult photos of Junonia species found in Florida, USA. (a) Dorsal view
common buckeye (J. coenia), Old Ingram Highway, Everglades National Park, Dade
County, Florida, USA, 10 January 2007. (b) Dorsal view mangrove buckeye (J. neildi),
Jack Island Preserve State Park, St. Lucie County, Florida, USA, 22 May 2006. (c)
Dorsal view tropical buckeye (J. zonalis), North Trailhead, Everglades Greenway,
Homestead, Dade County, Florida, USA, 12 January 2007. (d) Ventral view common
buckeye (J. coenia), Zip Track Site, Paducah, Kentucky, McCracken County, Kentucky,
USA, 6 September 2003. (e) Ventral view mangrove buckeye (J. neildi), Lower
Sugarloaf Key, Monroe County, Florida, USA, 16 March 2007. (f) Ventral view tropical

buckeye (J. zonalis), North Trailhead, Everglades Greenway, Homestead Dade County,

Florida, USA, 12 January 2007.
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Table 2-2. Defining characteristics for the three Junonia species found in Florida, USA.

Junonia coenia

Junonia neildi

Junonia zonalis

Attributes  (Common Buckeye) (Mangrove Buckeye)  (Tropical Buckeye)
oize of 18-27.5 mm (Minno ~ 26-31 mm (Minno & ~ 23-28 mm (Minno &
¢ & Emmel 1993) Emmel 1993) Emmel 1993)
Subabical Suffused with orange
at chI;s on White or cream of pink pigment Suffused with orange or
g orsal coloured (Glassberg  (Turner & Parnell pink pigment (Turner &
forewings et al. 2000) 1985; Glassberg et al. ~ Parnell 1985)

Forewing band

Colouration on
ventral
hindwing

Eyespots on
ventral
hindwing

Eyespots on
dorsal
hindwings

Antennae

Habitat
preferences

White; surrounds
larger eyespot
(Minno & Emmel
1993)

Light colouration,
variably prominent
submarginal reddish
band (Glassberg et
al. 2000)

Prominent (Forbes
1928)

Anterior eyespot is
larger than posterior
(Forbes 1928)

Dark antennal tips,
dark undersides of
antennal tips (Minno,
pers comm. 2015)

Salt marsh, sand
dune and grassland
habitats (Paulsen
1996; Glassberg et
al. 2000)

2000)

Pale orange (Minno &

Emmel 1993)

Dark colouration, dull

grey to dark brown
(Turner & Parnell
1985)

Not very prominent
(Turner & Parnell
1985)

Eyespots are nearly
identical in size
(Paulsen 1996)

Dark antennal tips,
underside of tip is
dark brown or
brownish-black
contrasting the colour
of the shaft (Calhoun
2010)

Coastal mangrove
swamps (Turner &
Parnell 1985; Paulsen
1996; Glassberg et al.
2000)

Pinkish-white (Minno
& Emmel 1993)

Light colouration,
prominent white
postmedian band
(Turner & Parnell 1985;
Minno & Emmel 1993)

Prominent (Turner &
Parnell 1985)

Anterior eyespot is
larger than posterior
(Turner & Parnell 1985)

Dark antennal tips,
underside of tip is pale
and similar in colour to
the ventral shaft
(Calhoun 2010)

Salt marsh, sand dune
and grassland habitats.
In Florida, restricted to
the Florida Keys and
the frost-free portions
of mainland Florida (in
the extreme South)
(Turner & Parnell 1985;
Glassberg et al. 2000).
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Several species of
false foxglove,
(Agalinis fasciculata,
A. maritima, and 4.
purpurea), American
blueheart (Buchnera
americana) black-
plants in senna (Seymeria sp.),
Florida toadflax (Linaria
sp.), and plantain
(Plantago sp.)
(Tilden 1970;
Glassberg et al.

Larval host

2000)

Larvae nearly black
with two lateral rows
of cream spots.
Bluish-black spines
dorsally on each
segment, with
orange spots at the
base of each lateral
spine. Prolegs
orange. (Glassberg et
al. 2000; Wagner

Larval
phenotype

2010)

Pupal mass (all
reared on
Plantago
laneolata'and N=118
P. major in
captivity)

mean=0.346 g
st.dev.=0.053 g

(this study)

Black Mangrove
(Avicennia germinans)
(Turner & Parnell
1985; Paulsen 1996;
Glassberg et al. 2000)

Larvae almost
completely black
without lateral
markings. Bluish-
black spines dorsally
on each segment.
Prolegs black.
(Glassberg et al. 2000)

mean =0.550 g
st.dev.=0.083 g
N=134

(this study)

Blue Porterweed
(Stachytarpheta
jamaicensis) (Glassberg
et al. 2000), possibly
also frog fruit (Lippia
nodiflora, documented
from some Caribbean
populations, but may be
an inferior host) (Brown
& Heineman 1972).
Recently, this species
and it hybrids have also
been reared from wild-
collected larvae found
on Agalinis and
Buchnera (M. Minno,
pers. comm.)

Larvae nearly black
dorsally with broad
gray-brown lateral
bands. Lateral rows of
cream spots greatly
reduced. Bluish-black
spines dorsally on each
segment. Prolegs gray-
brown. (Glassberg et al.
2000)

mean = 0.327 g
st. dev. =0.050 g
N=282

(this study)

J. genoveva neildi whose larval host plant is black mangrove (Avicennia germinans) and

J. evarete swifti, whose larvae feed on blue porterweed (Stachytarpheta jamaicensis) and

frog fruit (Phyla nodiflora). Brévignon (2009) later realized that J. genoveva in French
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Guiana does not feed on black mangrove, and differs phenotypically from the form in
Guadeloupe, prompting him to elevate J. neildi to a full species. More recently, a similar
disparity between larval host plant use and various features of larval and adult
morphology between South American and Caribbean forms of J. evarete, suggests that
these are distinct species as well (Brévignon & Brévignon 2011; Brévignon & Brévignon
2012). Thus, J. evarete (type locality Suriname) was no longer considered to be
synonymous with J. zonalis (type locality Cuba), and the form that occurs in Guadeloupe
would be called J. zonalis swifti in this taxonomy. Genetic evidence supports the
separation of both Caribbean forms (J. neildi and J. zonalis) from Junonia species that
occur on the South American mainland (Gemmell et al. 2014). The many competing
taxonomic hypotheses for the New World Junonia, and the long duration of taxonomic
ambiguity has given rise to repeated calls to revise the taxonomy of Junonia over the last
100 years (Longstaff 1908; Bates 1935; Klots 1951; Schwartz 1989).

The problems caused by uncertain nomenclature in Junonia are of concern
beyond the domain of taxonomists. This is because the genus Junonia is a valuable
experimental model in several research areas such as the evolution of wing color patterns
(Kodandaramaiah 2009; Kodandaramaiah et al. 2013), insect physiology and
development (Martin & Reed 2010; Nijhout 2010; Dhungel & Otaki 2013; Martin &
Reed 2014), the mechanisms of larval host plant preference (Camara 1997; Knerl &
Bowers 2013; Gemmell et al. 2014), quantitative genetics (Paulsen 1996; Marcus 2005),
phylogenetics (Kodandaramaiah & Wahlberg 2007; Pfeiler ef al. 2012a), and ring species
evolution (Gemmell & Marcus 2015). Tools for manipulating gene expression (Lewis et

al. 1999; Lewis & Brunetti 2006; Dhungel ef al. 2013) and for making transgenics
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(Beaudette et al. 2014) in Junonia have been developed, suggesting that its importance as
a model system will continue as these tools for genome manipulation are deployed.

The uncertainty of the taxonomy has made conducting research on Junonia
butterflies challenging and has impeded progress in some instances. Ambiguity in taxon
names has caused some authors to transpose biological details between species (e.g.
(Opler & Malikul 1992)). Records of larval host plant use by each species have been
particularly prone to misattribution (Tietz 1972; Robinson ef al. 2002; Beccaloni et al.
2008). Since identification by DNA barcode is predicated on properly and
unambiguously identified reference specimens (Hebert ef al. 2003), the effectiveness of
DNA barcoding efforts in New World Junonia has been compromised because
researchers doing faunal surveys that include DNA barcoding have often failed to provide
the taxonomic authority they followed when associating Junonia species names with
barcodes (Janzen et al. 2005; Hajibabaei ef al. 2006; Janzen & Hajibabaei 2009; Hebert
et al. 2010; Escobedo 2011; Janzen 2012; Mitter 2013). In a group like Junonia, in
which so many different taxonomic hypotheses are being used simultaneously (Table 2-
1), this compromises the value of DNA barcodes for species identification, and has
greatly complicated analyses that attempted to use New World Junonia barcodes from the
faunal surveys for phylogenetic inference (Pfeiler et al. 2012a; Pfeiler ef al. 2012b;
Gemmell et al. 2014). In some cases in the past, it has been possible to use photo or
specimen vouchers to resolve ambiguous or suspect taxonomic identifications, but in
other cases these resources have not been readily available and the barcodes cannot be
assigned to particular species (Pfeiler ef al. 2012a; Borchers & Marcus 2014; Gemmell et

al. 2014; Gemmell & Marcus 2015).
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Fortunately, the community of researchers interested in the genus has finally
resolved some of the enduring taxonomic issues that have plagued the New World
Junonia. Molecular phylogenetics has determined that Junonia and Precis are distinct
genera and not even sister clades (Wahlberg ef al. 2005). The genus Precis is restricted to
Africa (Wahlberg et al. 2005) while Junonia occurs throughout the world (except Europe
and Antarctica), with the greatest species diversity in the tropics (Forbes 1928;
Kodandaramaiah & Wahlberg 2007). New types have been established for some existing
taxa (Neild 2008). Better species definitions have been published, including the
description of previously unidentified cryptic species (Brévignon 2004; Brévignon 2008;
Brévignon 2009; Brévignon & Brévignon 2011; Brévignon & Brévignon 2012). While
there are probably still at least a few unnamed species within the New World Junonia
(especially in South America), much of the remaining taxonomic work among the New
World members of the genus will be to associate the forms in each geographic region
with the appropriate species names. Because there is evidence from a variety of sources
that hybridization can and does occur between at least some Junonia species (reviewed in
(Gemmell ef al. 2014; Gemmell & Marcus 2015), operationally the Marcus laboratory
uses the isolation species concept that defines species as systems of populations such that
genetic exchange between these systems is limited or prevented by one or more
reproductive isolating mechanisms (Dobzhansky 1970; Templeton 1989)

In this paper, I evaluate the 3 Junonia species that occur in Florida, USA (Figure
2-1) on the basis of morphology and with mitochondrial cytochrome oxidase I (COI)
haplotypes, as well as nuclear wingless (wg) sequences, molecular markers with a track

record for clarifying the taxonomy and population structure of Junonia from South
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America and the Caribbean (Borchers & Marcus 2014; Gemmell et al. 2014). Prior work
has identified two principle COI haplotype groups (A and B) in the Junonia of the
Western Hemisphere (Pfeiler er al. 2012a) that differ from each other by 4% sequence
divergence (Borchers & Marcus 2014). Haplotype group A is most prevalent in South
America (Borchers & Marcus 2014; Gemmell et al. 2014), while Junonia in North and
Central America carry almost exclusively haplotype group B (Gemmell & Marcus 2015).
The Caribbean seems to be a zone of genetic admixture and both haplotype groups appear
to be common in all Caribbean Junonia populations (Gemmell ef al. 2014; Gemmell &
Marcus 2015). Florida is the only region of North America where haplotype group A has
been documented (except for 1 specimen from Veracruz, Mexico), but it occurs there at
low frequency (Gemmell & Marcus 2015), and is likely the result of gene flow from the
Caribbean. In spite of these geographic trends, both haplotype groups can be found in
individuals from almost all New World Junonia species (Gemmell & Marcus 2015).
Since mitochondiral COI haplotypes are not species-diagnostic in Junonia, data from the
variation in the nuclear wingless locus is very useful as an additional molecular tool for
defining genetically distinct Junonia populations and species (Borchers & Marcus 2014;
Gemmell et al. 2014).

The common buckeye, J. coenia, is widespread throughout Florida (Figure 2-2),
where it feeds on several species of larval host plants (Table 2-2). In recent years, the
other two Junonia species found in Florida have generally been referred to as the
mangrove buckeye (J. evarete) and the tropical buckeye (J. genoveva) after Turner and
Parnell (1985), but the recent changes in the taxonomy of the South American and

Caribbean Junonia species introduced uncertainty into the nomenclature for these species
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(Gemmell & Marcus 2015). The mangrove buckeye is almost always found in close
association with its larval host plant, the black mangrove, Avicennia germinans
(Glassberg et al. 2000), which is largely restricted to coastal areas (Figure 2-2), though
occasional strays have been reported from the interior of peninsular Florida (Lotts &
Naberhaus 2014). The tropical buckeye is similarly closely associated with its primary
larval host plant in Florida, blue porterweed, Stachytarpheta jamaicensis, which is not
frost-tolerant and is most abundant in Miami-Dade and Monroe Counties in south
Florida. Like the mangrove buckeye, occasional strays of the tropical buckeye are found
outside of its primary range (Figure 2-2). The common buckeye and mangrove buckeye
are resident in Florida, where they have been recognized as distinct from each other by at
least some authors since the early 20" Century (Walker 1917), while the tropical buckeye
appears to have colonized Florida from the Caribbean (possibly from Cuba or the
Bahamas) in recent times (Minno & Emmel 1993; Cech & Tudor 2005; Calhoun 2010).
The earliest documented occurrence of the tropical buckeye in Florida is a specimen
collected on Key Largo in 1961 (Calhoun 2010), but this species was apparently not
abundant or widespread until about 1978 (Scott 1986; Minno & Emmel 1993; Cech &
Tudor 2005). It was first recognized in Florida in 1981 when it was very abundant in
multiple locations in both the upper and lower Keys, as well as on the mainland in the
vicinity of Homestead (Baggett 1982a; Baggett 1982b). Occurrences prior to 1981 were
determined from previously captured specimens present in collections. Since 1981, the
abundance of tropical buckeyes has varied considerably in Florida (Cech & Tudor 2005),

and during the period when the collections for this study were made (2004-2011), this
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species was most abundant in the vicinity of Homestead in Miami-Dade County and was

relatively rare in the Florida Keys.

Figure. 2-2. Map of Florida, USA showing the known distributions of Junonia species,
collection localities, and cytochrome oxidase subunit I (COI) haplotype group
assignments for the specimens included in this study. The area of each pie graph is
proportional to the sample size from each collection locality. Group A COI haplotypes
are indicated by white areas of each pie graph. Group B COI haplotypes are indicated by
filled areas of each pie graph. The mangrove buckeye (J. neildi) is indicated by black
shading, the common buckeye (J. coenia) is indicated by light gray shading, and the

tropical buckeye (J. zonalis) in indicated by dark grey shading.
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By comparing the phenotypes and molecular markers of Junonia present in
Florida with those from elsewhere in North America, South America, and the Caribbean

(Gemmell ef al. 2014), I have been able to determine that the most appropriate
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nomenclature is to refer to the common buckeye as J. coenia, the mangrove buckeye as J.
neildi, and the tropical buckeye as J. zonalis after Brévignon and Brévignon (2012).
Clarifying the taxonomy of this fascinating group of butterflies will facilitate further

research in all of the disciplines that use Junonia as an experimental model.

Materials and Methods

Specimen Collection and Preparation. Junonia specimens were collected from the wild
using hand-held butterfly nets and stored at 4°C until they were frozen at -20°C. Before
being frozen, some individuals of each species were released into plexiglass flight cages
and allowed to oviposit on Plantago lanceolata or P. major before the adults were placed
in the freezer. Larvae were reared on Plantago at 25°C and a 12h light/12h dark
photoperiod until they pupated. Live pupae were weighed using an electronic balance. A
few additional wild-caught adult specimens were obtained from other collectors and were
shipped to the Marcus laboratory at room temperature before they were frozen at -20°C.
Data from a total of 370 wild-caught specimens from Florida (USA) were compared to
specimens from Kentucky and Missouri (USA) representing typical North American
continental populations; to specimens from Cuba, the Dominican Republic, and Jamaica
representing Greater Antilles populations; to specimens from Martinique and Guadeloupe
representing Lesser Antilles populations; and to specimens from French Guiana
representing mainland South American populations (Brévignon & Brévignon 2012;
Gemmell ef al. 2014). Specimens were identified on the basis of morphological
characters (Table 2-2) (Turner & Parnell 1985; Neild 2008; Calhoun 2010; Brévignon &

Brévignon 2012).
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DNA isolation was accomplished using a single leg from each specimen and the
Qiagen DNEasy Blood and Tissue kit either manually or with the assistance of a Qiagen
QIAcube extraction robot (Qiagen, Diisseldorf, Germany) using the Animal tissue DNA
program, following the manufacturers protocol with modifications as previously
described (Gemmell & Marcus 2015). DNA concentration of each sample was evaluated
using a Nanodrop 2000 spectrophotometer (Nanodrop, Wilmington, Delaware, USA) and

then stored at -20°C.

Mitochondrial Cytochrome Oxidase I (COI). Cytochrome oxidase subunit I gene
products were obtained using polymerase chain reaction (PCR). The earliest
amplifications were performed using the COI primers Ron (GGA TCA CCT GAT ATA
GCA TTC CC) and Nancy (CCC GGT AAA ATT AAA ATA TAA ACT TC) which
produce a 479 bp product (including primer sequences, 430 bp without primers)
(Monteiro & Pierce 2001). However, in order to maximize the compatibility of the
Junonia COI data set with those of other researchers, the bulk of the COI PCR
experiments were performed using the gene specific primers LCO1490 (GGT CAA CAA
ATC ATA AAG ATA TTG G) and HCO2198 (TAA ACT TCA GGG TGA CCA AAA
AAT CA) (Folmer et al. 1994),which yield a 709 base pair product (including primer
sequences, 658 bp without primers). PCR reaction conditions were: 95°C for 5 minutes;
35 cycles of 94°C for 1 minute, 46°C for 1 minute, 74°C for 1 minute, 94°C for 1 minute;
and a final extension for 5 minutes at 72°C, then a 4°C hold. Samples were run on a
QIAxcel Advanced capillary electrophoresis instrument (Qiagen) fitted with a DNA

Screening Cartridge with QX Size Markers (250 bp—4 kb v. 2.0) and QX Alignment
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Markers (50 bp-5 kb) using the AL320 electrophoresis method as reported previously
(Gemmell & Marcus 2015). If satisfactory bands were detected, they were either
sequenced as previously described (Borchers and Marcus 2014) or a diagnostic triple
restriction enzyme digest was performed using AfIIII, BseYI and BamHI restriction
endonucleases (New England Biolabs (NEB), Ipswich, MA, USA) to determine the

haplotype of each specimen (Figure 2-3).

Figure. 2-3. Restriction digest map used for the determination of haplotype groups. The
top line represents the cytochrome oxidase subunit I (COI) amplification product
generated with primers LCO1490 and HCO2198. The bottom line represents the smaller
amplification product created using primers HCO2198 and miniCOIF2. The specific
enzyme cut sites for BamHI, AfIIII, and BseY]I, are shown using a vertical bar. BamHI
restriction sites are found only in haplotype group A alleles whereas AfIIII and BseY1
restriction sites are found only in haplotype group B alleles. The base position of each cut
site in each PCR product is indicated below and the haplotype associated with each cut is

indicated above the line.
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For the diagnostic restriction enzyme digest 10uL of the PCR product was mixed
with 2uL NEB Buffer3, 2ul. BSA (10X, Img/mL), 4uL deionized distilled water, 0.5uL
AfIIIL, 0.5uL BseYI, and 1 pL BamHI, in a 1.5mL microcentrifuge tube and incubated at

37°C for 1 hour. Enzyme deactivation was done in a 70°C water bath for 10 minutes. The
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digested products were then separated with a QIAxcel Advanced instrument as described
above. Haplotypes were assigned by the size of the bands obtained: Haplotype Group A
genotypes have a single BamHI cut site that produces 2 bands in this triple digest (419 bp
and 290 bp). Haplotype Group B cuts once each with AfIIIl and BseYI and produces 3
bands in this triple digest (514 bp, 150 bp, 45 bp).

If no PCR products were obtained from the first amplification, they were
reamplified using miniCOIF2 (ATA CTA TTG TTA CAG CCT CAT GC) (Gemmell et
al. 2014) and HCO2198 , yielding a shorter 569 base pair product (including primer
sequences, 520 bp without primers). The PCR program and visualization was conducted
as described above. These PCR products were then assigned to haplotype groups using
the same diagnostic triple restriction enzyme digest as described above, as all enzyme cut
sites were also present within this smaller fragment (Figure 2-3). The digested products
were then visualized as before. Haplotypes were assigned by the size of the bands
obtained: Haplotype Group A produces 2 bands (313 bp and 256 bp) due to the BamHI
restriction site, and Haplotype Group B produces 3 bands (351 bp, 218 bp, 68 bp) due to
the AfIII and BseYI cut sites.

Mitochondrial haplotype assignments based on both DNA sequencing and
restriction digest genotyping methods for all of the Junonia specimens collected from
each collection locality were pooled. Haplotype frequencies for each species and each

locality were calculated, and plotted on a map of Florida, USA.

Estimating Gene Flow with the Island Model. Wright (1931) proposed the island

model that relates the amount of population differentiation between an island population
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and a mainland population, as measured by the fixation index (Fsr), to the number of
migrants per generation, which is equal to the product of the effective population size (N)
and the migration rate (m). The relationship between these variables is described by the
equation Fgr ~ 1/ (4Nm + 1) which is based on the interaction between genetic drift and
migration and assumes that gene flow between the 2 populations is at equilibrium
(Hutchison & Templeton 1999). Fsr can also be calculated from allele frequencies, Fst=
variance(p)/[mean(p) (1-mean(p))], where p is the allele frequency of 1 allele in a 2-allele
system, in a pair of populations(Holsinger & Weir 2009). Once Fsrhas been calculated
from allele frequencies, the number of migrants per generation Nm can be estimated by
algebraic manipulation (King & Lawson 1997). To estimate Fsr and Nm for J. zonalis, 1
used the reported COI haplotype group A allele frequency of J. zonalis of p=0.35 from
Cuba (Gemmell & Marcus 2015) and the frequency of the same allele p=0.096 across all

of the South Florida J. zonalis populations that I sampled (Appendix I).

Nuclear wingless. DNA for the nuclear wingless (wg) locus was isolated using the gene
specific primers lepwgl (GAR TGY AAR TGY CAY GGY ATG TCT GG) and lepwg2
(ACT NCG CRC ACC ATG GAA TGT RCA) (Brower & DeSalle 1998). The reaction
volumes were 25 pulL with the following reaction conditions: 94°C for 5 min; 40 cycles of
94°C for 1 min, 46°C for 1 min, 72°C for 2 min; a final extension at 72°C for 10 min and
a final hold at 4°C. The PCR product obtained was 460 base pairs and was evaluated,
sequenced, trimmed, and aligned in the same manner as COI. The final products were
trimmed to a size of 402 base pairs after primers removal (Borchers & Marcus 2014). The

coding sequence of the Junonia wingless locus contains a great deal of allelic variation
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and most individual specimens are heterozygous (Borchers & Marcus 2014; Gemmell et
al. 2014). Heterozygotes for single nucleotide polymorphisms (SNPs) were identified
from the Sanger sequence traces as previously described (Borchers and Marcus 2014) and
the genotypes for each variable position for each individual were entered into PHASE
v2.1.1 (Stephens & Scheet 2005) and run using the recombination model (MR).

The most likely alleles identified in PHASE v2.1.1 were assigned to each
individual and the data entered into GENEPOP v4.0.10 (Rousset 2008), which tests pairs
of populations for genic differentiation (Exact G test) by determining if alleles of each
population were drawn from the same distribution (Raymond & Rousset 1995).
GENEPOP settings used for testing all populations were a dememorisation of 1,000, 100
batches, and 1,000 iterations per batch as previously described (Borchers & Marcus
2014). To correct for multiple comparisons, the sequential Bonferroni method (Holm

1979) was used to adjust significance thresholds.

Results

Mitochondrial Cytochrome Oxidase I (COI). Using the Cytochrome Oxidase subunit |
gene from 370 Florida Junonia samples, haplotype groups were assigned. A total of 3
samples were determined by sequencing PCR products amplified with the gene specific
primers Ron and Nancy (Genbank Accessions KR094173 - KR094175), 171 were
determined by sequencing LCO1490 and HCO2198 PCR amplifications (KF4191814,
KJ469115-KJ469116, and KM288076-KM288247) (previously published in (Brévignon
& Brévignon 2012; Mitter 2013; Gemmell & Marcus 2015)), and 196

LCO1490/HCO2198 and miniCOIF2/HCO2198 PCR amplifications were genotyped by
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restriction enzyme digests. The specimen haplotypes were plotted on a map of Florida
(Figure 2-2) according to their collection locality. The mitochondrial haplotype A was
found to be restricted to the most southern parts of Florida, occurring only in 2 South
Florida populations of J. zonalis (frequency 6% and 12%, respectively, 9.6% across both
J. zonalis populations combined) and in 1 population of J. reildi in the Florida Keys
(frequency 8%). Except for these populations, haplotype group B was found at 100%
frequency throughout the state of Florida in all 3 Junonia species (but note that J. zonalis
was only found as an occasional stray individual except for the 2 populations described

above).

Estimating Gene Flow with the Island Model. The fixation index (Fst) between Cuba
and South Florida populations of J. zonalis was determined to be 0.185. Assuming that
gene flow is at equilibrium and no other evolutionary forces are acting on the allele

frequences, I calculated an expected 1.09 migrants per generation (Nm) between Cuba

and South Florida.

Nuclear wingless (wg). Full length (402 bp) wingless sequences were obtained from 262
Junonia specimens (Genbank Accessions KR094177-KR094437). To facilitate
population genetic comparisons with a prior study of poorly preserved DNA from
Caribbean and South American Junonia (Gemmell et al. 2014), the wingless sequences
were also trimmed to a shorter length of 137 bp and then analyzed in combination with
with previously published shorter or “mini” wingless fragments. The full-length wingless

sequences contained a total of 69 single nucleotide polymorphic (SNP) sites, whereas the
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mini wingless sequence had 38 SNP sites. PHASE was used to determine the allele
combinations present in each individual based on this SNP variation and a total of 158
alleles were found across all of the Junonia populations. Assigned alleles for each
individual were used for further analysis in GENEPOP (Rousset 2008).

Statistical results for full length wingless fragments and “mini” wingless
fragments were virtually identical, so only the more complete set of comparisons based
on and “mini” wingless are presented here (Table 2-3). First, populations of each of the 3
Junonia species found in Florida are significantly distinct from one other on the basis of
allelic variation in wingless, reinforcing the interpretation that they are in fact different
species.

Second, when compared to populations of suspected conspecifics, J. coenia from
Florida did not show significant genic differentiation from J. coenia elsewhere in North
America. Similarly, Florida J. zonalis was not genetically distinct from J. zonalis in the
Caribbean. However, Florida J. neildi were significantly genically differentiated from
Caribbean J. neildi, but this was based on comparison with sequences from a small
number of specimens (n=6), all of which were from the Lesser Antilles.

Finally, populations of J. zonalis and J. neildi were both significantly genetically
differentiated from J. evarete, J. genoveva, and (in the case of J. neildi) J. litoralis,
suggesting that these South America populations, which had historically been considered

as conspecifics with the Florida taxa by some authorities, are actually different species.
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Table 2-3. Results of the population genetic analysis test for genic differentiation

between Junonia populations carried out using nuclear wingless (wg) alleles. Tests were

corrected for multiple comparisons with the sequential Bonferroni method (Holm 1979).

Sequential
Species Chi-Squared Value® Bonferroni Significant
p Value p Threshold Differentiation
Value
Comparisons among Florida Junonia
J. coenia Florida (n=69) X
J. neildi Florida (n=127) © 0 0.00833 yes
J. coenia Florida (n=69) X
J. zonalis (n=39) 17.56083 0.00015 0.0125 yes
J. neildi Florida (n=127) X
. zonalis (n=39) 0 0 0.00833 yes
Comparisons between Florida Junonia and suspected conspecifics
J. coenia Florida (n=69) X
J. coenia KY & MO® (n=9) 4.89189 0.08664 0.05 no
J. zonalis (n=39) X
J. zonalis Caribbean (n=34) 6.46205 0.03952 0.025 no
J. neildi Florida (n=127) X
J. neildi Caribbean® (n=6) i 0 0.00833 yes
Comparisons between Florida Junonia and suspected heteropecifics
J. zonalis Florida (n=39) X
J. genoveva FG* (n=30) * 0 0.00833 yes
J. zonalis Florida (n=39) X
J evarete FG' (n=3) 12.61721 0.00182 0.01667 yes
J. neildi Florida (n=127) X
J. genoveva FG? (n=30) 17.73148 0.00014 0.01 yes
J. neildi Florida (n=127) X
J. evarete FG* (n=3) * 0 0.00833 yes
J. neildi Florida (n=127) X o 0 0.00833 yes

J. litoralis FG? (n=3)

“Degrees of freedom = 2
’Kentucky and Missouri, USA

“All Caribbean samples of J. neildi used in this comparison are from the lesser Antilles

French Guiana
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Discussion

Morphology and Taxonomy. Junonia evarete and J. genoveva were originally described
from the mainland of South America (Cramer 1775; Cramer 1780), and based on
morphological characteristics alone, for a long time, it was not certain whether the forms
in Florida actually corresponded to the taxa known from South America (Calhoun, 2010;
Gemmell ef al.2014; Gemmell & Marcus 2015; Hafernik 1982; Schwartz 1987; Tilden
1970). Morphologically all of these buckeye butterflies share some similarities. All have
one small and one large eyespot on the dorsal surface of the forewing, two large eyespots
on the dorsal surface of the hindwing, as well as changes in ground color and the degree
of transverse stripe development on the ventral hindwings that vary dependent on season
(Brakefield & French 1993; Forbes 1928; Minno & Emmel 1993; Paulson 1996; Tilden
1970). The distinguishing morphological features for each of the three Junonia species
can be found in Table 2-1, and careful examination of these features, in combination with
insights from molecular analysis have allowed me to conclude that the taxa in Florida are
J. coenia (common buckeye), J. neildi (mangrove buckeye), and J. zonalis (tropical
buckeye). This is in agreement with the taxonomic hypotheses established previously
based on morphology and host plant use for the Junonia of the Lesser Antilles

(Brévignon & Brévignon 2012).

Nuclear Genetic Variation. Allelic variation in nuclear wingless sequences has proven
to be of considerable value as an aid in resolving uncertainties of species designations
(Table 2-3). All three species of Junonia in Florida were found to have significantly

different gene sequences from one another, confirming the hypothesis that three separate

59



species do exist here. Comparison between Florida J. coenia and other North American J.
coenia populations were found to be conspecific, which was expected as the identity of
this particular species has not been disputed (Table 2-3).

The mangrove buckeye nuclear wingless sequences from Florida, USA were
compared to proposed conspecifics J. evarete (Turner & Parnell 1985), J. genoveva
(Neild 2008), and the mangrove feeders J. litoralis from French Guiana and J. neildi from
the Lesser Antilles (Brévignon & Brévignon 2012). The Florida mangrove buckeyes were
found to be significantly different from all 4 species (Table 2-3). However, based on
morphology and colour pattern, the Florida mangrove buckeye is very similar to J. neildi
from the Lesser Antilles and the wingless comparison was based on a very small number
of Caribbean samples (n=6). Wingless sequences from additional J. neildi samples,
especially from the Greater Antilles (including Hispaniola, Cuba, Puerto Rico and the
Bahamas) may be able to further reinforce my tentative conclusion based on morphology
and colour pattern that the Florida mangrove buckeye is conspecific with J. neildi.

Similarly, the Florida tropical buckeye was compared with proposed conspecifics
J. evarete (Turner & Parnell 1985) and J. genoveva (Neild 2008) from French Guiana,
and with J. zonalis (Brévignon & Brévignon 2012) from Cuba and Jamaica (Table 2-3).
It was determined that the Florida tropical buckeye is distinct from J. evarete and J.
genoveva, but is not genetically distinct from J. zonalis, suggesting that these populations
are conspecific. By clarifying the correct species identifications for Florida Junonia
species, I hope to establish a stable basis on which future research progress can be built.
Previous work, which either had too limited taxonomic sampling (Kodandaramaiah &

Wahlberg 2007; Kodandaramaiah 2009) or placed too much emphasis on mitochondrial
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genotyping (Brévignon & Brévignon 2012; Pfeiler ef al. 2012a; Gemmell et al. 2014;

Gemmell & Marcus 2015) was insufficient for this purpose.

Mitochondrial Variation. In Florida, the vast majority of Junonia butterflies (> 88%),
regardless of species, carry alleles from haplotype group B (Gemmell & Marcus 2015).
This makes the Florida forms very unlike Junonia forms from South America that
putatively belonged to the same species, but which carried haplotype group B at a
maximum frequency of 15% (Pfeiler et al. 2012a; Gemmell & Marcus 2015). However,
the Caribbean Junonia populations had intermediate haplotype group frequencies,
apparently allowing invading J. zonalis to transport group A haplotypes to south Florida
(Gemmell & Marcus 2015). The appearance of haplotype A alleles occurs in the
contemporary Florida samples analyzed appear in only two (J. neildi and J. zonalis) of
the three species in south Florida (Figure 2-2) and at a low frequency. Haplotype group A
is only found in J. neildi populations on Lower Sugarloaf Key, although samples for this
species were only available for few populations in Florida Keys (Lower Sugarloaf Key,
Big Pine Key, No Name Key, West Summerland Key, and Ohio Key; Figure 2-2).
Junonia zonalis appears in the data set from two populations found near
Homestead, Florida (Everglades Greenway North and Everglades Greenway South;
Figure 2-2). The Marcus lab was not able to locate populations of J. zonalis in the Florida
Keys in spite of considerable time in the field, suggesting that this species was relatively
rare in the Florida Keys during the sampling period. Based on mitochondrial haplotype
allele frequencies in J. zonalis in Florida (9.6% haplotype group A; this study) and in

Cuba (35% haplotype group A; Gemmell & Marcus 2015), and assuming equilibrium, the

61



number of migrants per generation (Nm) between Cuba and South Florida was calculated
to be 1.09 individuals. Junonia zonalis is active year-round and has 5 or more
generations per year (Turner & Parnell 1985), suggesting that a similar number of
migrants between Cuba and South Florida would be necessary to maintain haplotype
group A in Florida to counteract the tendency of genetic drift to remove this rare allele
from the population. Since mitochondrial haplotypes are maternally inherited (McCullagh
& Marcus 2015), only migrant females make a contribution to allele frequencies in future
generations, so the actual migration rate (including both males and females) is likely
greater than what has been calculated here. Other butterfly species native to Cuba, but not
native to Florida, periodically disperse to South Florida in substantial numbers (tens to

many hundreds) (Minno & Emmel 1993), suggesting that this may be a realistic scenario.

Future directions. This study provides much needed clarity to the taxonomy of the
Junonia from South Florida. It also provides details about the genotypes present in
Florida J. zonalis, suggesting that this species is qualitatively different from the other two
Florida Junonia species, consistent with its recent arrival from the Caribbean. It would
be fascinating to make a more detailed examination of Florida J. zonalis throughout its
invasion history in order to more fully reconstruct the temporal and spatial dynamics of

this biological invasion.
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the Buckeye Butterflies (genus Junonia)
from Florida, USA
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Abstract

Invasion biology focuses on the process by which non-native species integrate into new
habitats. Three species of buckeye butterflies (genus Junonia) currently reside in Florida,
USA, including Junonia coenia (polyphagous and widely distributed), J. neildi
(monophagous and restricted to coastal areas), and J. zonalis (polyphagous tropical
species restricted to frost-free south Florida). Two species have long been resident in
Florida, whereas J. zonalis was first detected in Florida in 1981. Diagnostic
morphological and molecular markers exist for determining Junonia with Caribbean
ancestry, allowing observation of the invasion and creation of a secondary contact zone
over space and time. I developed techniques to quickly, inexpensively, and
unambiguously determine mitochondrial genotypes from museum specimens collected in
Florida and the Caribbean over the last 150 years. I reconstructed the invasion of J.
zonalis as it colonized Florida using 798 museum specimens from 1865 to 2015,
including the oldest insect museum specimens genotyped to date. Significant correlations
were found between the presence of Caribbean genotypes and latitude, longitude, and
time. Junonia zonalis colonized Florida from Cuba by the 1930s, followed by
hybridization with resident species, with ongoing gene flow between Cuba and the
Florida Keys. Episodic gene flow between the Keys and mainland Florida populations of
J. zonalis may also be occurring. Mainland mitochondrial genotypes appear to be more
resilient than Caribbean genotypes at extreme high and low temperatures. Although
Junonia is not an agricultural pest, this time series can be used as a model for

understanding the behavior of other insect invasion events.
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Introduction

Invasion biology has been a topic of scientific interest for at least the last 200
years (Reichard & White 2003; Falk-Petersen et al. 2006; Davis 2009). It encompasses
phenomena such as invasion events by non-native species, naturally occurring long-range
dispersal events, human-mediated dispersal events, adaptive radiation, speciation, the
creation of secondary contact zones, and hybridization events (Mooney & Cleland 2001;
Didham et al. 2005; Stigall 2010; Flohr et al. 2013). Invasive species have been of great
concern as they have the potential to outcompete native species for resources and habitat
(Mooney & Cleland 2001; Didham et al. 2005; Falk-Petersen et al. 2006). If sizeable
populations are established, the invasive species may expand their range, overtake other
habitats, and colonize new ecological niches; this is known as adaptive radiation

(Reichard & White 2003; Falk-Petersen et al. 2006; Flohr et al. 2013).

There are also occurrences where invasive species do not outcompete the native
populations of related species for resources or habitat, but may potentially hybridize with
them if the species are genetically similar enough for this to occur, and no effective
reproductive isolation mechanisms exist (Mayr 1963; Mooney & Cleland 2001; Didham
et al. 2005; Falk-Petersen et al. 2006). Hybridization events may introduce genes into the
gene pool of the native species that may be beneficial and increase the fitness of hybrids,
or detrimental and decrease fitness (Anderson & Hubricht 1938; Mooney & Cleland
2001; Aliabadian et al. 2005; Durand et al. 2009; Stigall 2010). Gene flow can also occur
in the opposite direction, with the invader incorporating genetic material from the native
species by hybridization and introgression, and in some cases, this contributes to the

success of the invader (Arnold 2004). This zone of hybridization is referred to as a
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secondary contact zone (Aliabadian et al. 2005; Durand et al. 2009). Hybridization events
between species may also initiate speciation events under some circumstances (Mayr

1963; Mooney & Cleland 2001; Stigall 2010).

Molecular techniques are important tools in any field of study where one would
like to assess the genetic structure of an organism or group of organisms. For fresh
samples or ones that are suitably preserved using recommended storage methods,
obtaining nuclear DNA to do analysis is a relatively easy task (Mandrioli et al. 2006). For
older samples, such as those found in many museum collections, which have been
preserved using various methods, possibly with compounds unfavourable to DNA
preservation, the task of isolating useable nuclear DNA is sometimes not as easily
accomplished (Dillon et al. 1996; Mandrioli ef al. 2006; Watts et al. 2007). As specimens
age, the quality of the DNA in general degrades and becomes fragmented (Mandrioli et
al. 2006; Watts et al. 2007; Strange et al. 2009). This problem is particularly acute for
studies of nuclear DNA, as copy numbers are low to begin with (Watts et al. 2007), and
when the amount of preserved tissue is small as is the case in small-bodied organisms
like insects. It has been found that some fumigants commonly used in the past in museum
collections can prevent reliable PCR amplification from nuclear DNA after less than a
year of exposure (Espeland ef al. 2010). As a practical matter, nuclear DNA from pinned
insect specimens that have been stored at room temperature in museum collections can be
PCR amplified and sequenced using the conventional Sanger method with some hope of
success for about 50 years, but the likelihood of successful PCR and sequencing declines
over time and becomes very uncertain when specimens have been in storage for 20 years

or longer (Marcus et al. In prep.). Beyond 20 years in storage, obtaining usable nuclear
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DNA (usually short fragments or microsatellites) is dependent on the way in which

specimens have been preserved (Watts et al. 2007).

The mitochondrion, the primary energy processing organelle of the eukaryotic
cell, contains numerous copies of its own DNA and many mitochondria are found in each
cell (Avise 2000; Zink & Barrowclough 2008). Mitochondrial DNA (mtDNA) is passed
solely from female to offspring with no contribution from the males in most animal
species, allowing easy identification of matrilineages (Avise 2000; Zink & Barrowclough
2008). It has been used routinely in many areas of study including the DNA barcode
project, which employs a portion of the mitochondrial cytochrome oxidase subunit I gene
to distinguish different species (Hebert et al. 2003; Janzen et al. 2005; Hajibabaei et al.
2006; Ratnasingham & Hebert 2007). Mitochondrial DNA (mtDNA) occurs in higher
copy number than nuclear DNA in most cells (Watts et al. 2007), which is useful when
trying to recover DNA from older specimens. Obtaining usable mtDNA from museum
specimens has been achieved in many population genetics based studies and satisfactory
recovery of mtDNA has been documented from insect specimens collected as long ago as
the 1870s (Goldstein & Desalle 2003; Strange ef al. 2009; Saarinen & Daniels 2012;

Heintzman et al. 2014; Wells et al. 2015).

Historical museum specimens have been used to explore questions relating to
various population genetics and evolutionary questions in both vertebrates and insects
(Goldstein & Desalle 2003; Harper et al. 2006; Winston 2007; Habel et al. 2009;
Saarinen & Daniels 2012; Keyghobadi ef al. 2013; Heintzman et al. 2014). Vertebrate
specimens are often relatively large, so tissues are abundant and getting sufficient tissue

for analysis has not been an issue, but the quality of the DNA can be dependent on
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preservation technique (Bouzat ef al. 1998; Iudica et al. 2001). For many insects,
specimens are small and little tissue is available for analysis; a partial leg or other small
body part is often the sole tissue available for genetic analysis as preservation of the
remainder of the specimen may be required for proper identification by morphological
characteristics (Watts et al. 2007). DNA quality recovered from preserved insect
specimens is also dependent on preservation method and storage conditions (Dillon et al.
1996; Watts et al. 2007) and on the amount of time specimens have been in storage
(Watts et al. 2007; Heintzman et al. 2014). To date, much of the work using historical
insect museum specimens has focused on comparing genetic variation from historical
populations over time and with comparing genetic variation in historical and extant

populations (Goldstein & Desalle 2003; Harper et al. 2006; Habel et al. 2009).

Here historical mitochondrial DNA recovered from museum specimens will be
employed to study biological processes related to invasion biology in the butterfly genus
Junonia (buckeye butterflies). Junonia is already a valuable model in many biological
fields of research including evolutionary developmental biology (especially of wing
colour patterns such as eyespots), plant-insect interactions, hybrid zones, ring species,
and other ecological and evolutionary processes (Bowers 1984; Camara 1997; Wahlberg
et al. 2005; Kodandaramaiah & Wahlberg 2007; Wahlberg & Wheat 2008; Knerl &
Bowers 2013; Gemmell et al. 2014). Junonia are attractive, conspicuous, and abundant
group of butterflies, that are well-represented in many insect collections, including
specimens dating back to the 18" century (Linnaeus 1758). For the New World species of
Junonia, abundant specimens are available in museum collections for at least the last 100

years with few gaps.

77



Within Florida, USA, there are currently three species of buckeye butterflies; the
common buckeye (Junonia coenia), the mangrove buckeye (J. neildi), and the tropical
buckeye (J. zonalis). Junonia zonalis was absent from Florida until the mid-20" century
when specimens began appearing in Florida (presumably migrants from Caribbean
populations of this species), and has since established breeding populations in the frost-
free regions of South Florida where its preferred larval host plant blue porterweed
(Stachytarpheta jamaicensis) can survive (Minno & Emmel 1993; Glassberg et al. 2000).
There are several locations in the Florida Keys where J. zonalis and one or both other
species co-exist at the same localities (Minno & Emmel 1993; Glassberg et al. 2000).
This invasion event has created a secondary contact zone between J. zonalis and each of
the two resident Junonia species. The creation of this secondary contact zone is recent
and specimens from the entire period of colonization are available from museum
collections (Gemmell et al. 2014; Gemmell & Marcus 2015). The source population for
J. zonalis now found in Florida has been widely suspected to be Cuba (Minno & Emmel
1993; Cech & Tudor 2005; Calhoun 2010), but this species has been collected frequently
and repeatedly in Key Largo, suggesting that the nearby Bahamas is another possible

source of migrants.

Two working hypothesis have been proposed to explain the arrival of J. zonalis in
Florida. The first is that J. zonalis arrived in South Florida in a single invasion event from
the Caribbean (Minno & Emmel 1993), carrying with it mitochondrial genotypes
common in the Caribbean, but rare in the North American mainland (haplotype group A
(Pfeiler ef al. 2012)). Based on limited prior sampling, haplotype A occurs in Cuba at a

frequency of about 35% (Gemmell & Marcus 2015), while haplotype A frequency in the
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Bahamas had not been estimated prior to this study. Hybridization with congeners in
South Florida combined with the process of genetic drift is expected to cause the
frequency of Haplotype A to decrease over time in Florida populations of J. zonalis
(Chapter 2; Gemmell & Marcus 2015). The second hypothesis is that the invasions are
episodic (Cech & Tudor 2005). In an episodic invasion one would expect to see multiple
and periodic influxes of A haplotypes over time, perhaps followed by dilution by
hybridization with resident Junonia and gradual loss of the rarer allele due to genetic
drift, leading to what would look like an oscillating pattern of allele frequencies over

time.

The genus Junonia is a good system for studying invasion biology and its effects
on native species because museum collections of the invading species and of its
congeners cover the South Florida region over an extended period of time, allowing us to
reconstruct the recent biogeographic history of this group; before, during and after
invasion. I have adapted molecular based approaches to the available museum material to
generate species distribution maps and biogeographic population genetics data over time
and space. I will be focusing specifically on the frequency of Caribbean mitochondrial
haplotype A alleles in each of the 3 Junonia species, to provide insights into patterns of
invasion and gene flow between the three species of Junonia in Florida (which otherwise
carry mitochondrial alleles belonging to North American Junonia haplotype group B;
Chapter 2; Gemmell & Marcus 2015). Diagnostic morphological (Chapter 2: Table 2-1)
characteristics exist for determination of species and molecular markers exist for
determination of the mitochondrial haplotypes for this genus. Having this biogeographic

history allows for the study of the different stages of the process of colonization, dispersal
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and interactions with closely related native species (including hybridization within a

taxonomic) group that are integral to the successful establishment of an invading species.

Materials & Methods

Specimen Collection and Preparation. Specimens were chosen based on specific
geographic location (South Florida, Cuba, Bahamas), species identification (J. coenia, J.
neildi, and J. zonalis), and date of collection. In addition to specimens collected by
members of the Marcus laboratory for previous studies, (Chapter 2; (Gemmell & Marcus
2015)), additional specimens were obtained from both museum collections and private
collectors (Appendix II). Each specimen was identified to species on the basis of
morphological characters (Chapter2; Table 2-2). DNA was isolated from a single leg
from each specimen with the Qiagen DNEasy Blood and Tissue kit, either manually or
with the assistance of a Qiagen QIAcube extraction robot (Qiagen, Diisseldorf, Germany)
using the Animal tissue DNA program, following the manufacturers protocol with
modifications as previously described (Chapter 2; (Gemmell & Marcus 2015)), plus the
replacement of the Qiagen DNEasy lysis buffer with “mouse tail-tip” lysis buffer (1%
SDS, 0.1M NacCl, 0.1M EDTA, 0.05M Tris and deionized distilled water) prepared in the
laboratory in order to increase the recovery of extracted DNA. Sample DNA
concentrations were evaluated using a Nanodrop 2000 spectrophotometer (Nanodrop,

Wilmington, Delaware, USA) and then stored at -20°C.

Mitochondrial Cytochrome Oxidase I (COI). The barcode region of the Cytochrome

oxidase subunit I (COI) gene was amplified by polymerase chain reaction (PCR). The
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amplification of the COI gene products used the gene specific primers LCO1490 (GGT
CAA CAA ATC ATA AAG ATA TTG G) and HCO2198 (TAA ACT TCA GGG TGA
CCA AAA AAT CA) (Folmer et al. 1994) which yield a 709 base pair (bp) product
(including primer, 658 bp with primers sequences removed). PCR reaction conditions
were: 95°C for 5 minutes; 35 cycles of 94°C for 1 minute, 46°C for 1 minute, 74°C for 1
minute, 94°C for 1 minute; and a final extension for 5 minutes at 72°C, then a 4°C hold.
Visualization of amplification products from samples were run on a QIAxcel Advanced
capillary electrophoresis instrument (Qiagen) fitted with a DNA Screening Cartridge with
QX Size Markers (250 bp—4 kb v. 2.0) and QX Alignment Markers (50 bp-5 kb) using
the AL320 electrophoresis method as reported previously (Gemmell & Marcus 2015). If
satisfactory bands were detected, a diagnostic triple restriction enzyme digest was
performed using AfIIII, BseYI and BamHI restriction endonucleases (New England
Biolabs (NEB), Ipswich, MA, USA) to unambiguously determine the haplotype group of
each specimen as previously described (Gemmell & Marcus 2015)(Figure 3-1). These
protocols for PCR and visualization of PCR products and restriction digests were used for
all experiments described here, unless otherwise specified.

The diagnostic restriction enzyme digest was performed using 10 puL of the PCR
product mixed with 2 uLL NEB Buffer 3, 2 uLL BSA (10X, 1 mg/mL), 4 uL deionized
distilled water, 0.5 pL AfIIIIL, 0.5 uLL BseYI, and 1 uL BamHI, ina 1.5 mL
microcentrifuge tube, and was then incubated at 37°C for 1 hour. Enzymes were

deactivated for 10 minutes in a 70°C water bath. The digested products were then
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Figure 3-1. Restriction digest map used for the determination of haplotype groups from
cytochrome oxidase subunit I (COI) amplification products generated from PCR using the
primers LCO1490 and HCO2198, miniCOIF2 and HCO2198, and miniCOIF2 and
miniCOIR3. To determine haplotype group, the specific enzyme cut sites for BamHI,
AfIIII, and BseYT are shown using a vertical bar. Haplotype group A alleles only contain
the cut site for BamHI, while Haplotype group B alleles contain cut sites for both AfIIII
and BseY1. The haplotype associated with each cut is shown above the vertical line and

the position of the cut site is shown below it.

A B B
LCO1490 BamHI Anin BseYl
= | | 200
| | =
419 514 664 HCO2198
miniCOIF2 BamHI AN BseYl
= | | |
| | |
COI2 256 351 501 HCO2198
mini
» BamHI A
0 | | 501
] o]
256 351 miniCOIR3

resolved using a QIAxcel Advanced instrument as described above for evaluating PCR
products. Haplotypes were assigned based on the size of the DNA fragments obtained:
Haplotype Group A specimens have a single BamHI cut site, which produces 2 bands in
this triple digest (419 bp and 290bp). Haplotype Group B cuts once each with AfIIII and
BseYT and produces 3 distinct bands (514 bp, 150 bp, 45 bp).

If no PCR products were obtained from the LCO1490/ HCO2198 amplification,
they were reamplified using miniCOIF2 (ATA CTA TTG TTA CAG CCT CAT GC) and
HCO2198, yielding a shorter 569 bp product (with primers and 520 bp with primers
excluded) (Gemmell & Marcus 2015). The individual PCR products were then assigned

to haplotype groups utilizing the same diagnostic triple restriction enzyme digest as
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described above, as all enzyme cut sites are present within the smaller PCR fragment (Fig
3-1). The digested products were then visualized as described above. Haplotypes were
assigned on the basis of the size of the bands obtained: Haplotype Group A with 2 bands
(313 bp and 256 bp) due to the BamHI restriction site, and Haplotype Group B with 3
bands (351 bp, 218 bp, 68 bp) due to the AflIl and BseYT cut sites (Fig. 3-1).

If no PCR products were obtained from the miniCOIF2/ HCO2198 amplification
they were reamplified using miniCOIF2 and miniCOIR3 (TAT TTC GAT CTG TTA
AAA GTA TAG) (Gemmell & Marcus 2015) using the DNA from the
miniCOIF2/LC01490 amplification as the template, which yields a 501 base pair product
(including primers, 454 bp without primers). The shorter amplification product produced
in these experiments does not include the BseYT restriction site so digests of the PCR
products did not include BseYI (and 0.5 uL. ddH20O was added to the digest instead). The
digested products were visualized as above, and haplotypes were assigned based on band
sizes obtained: Haplotype Group A produces 2 bands (256 bp and 245 bp) due to the
BamHI restriction site, and Haplotype Group B produces 2 bands (351 bp and 150 bp)

due to the AfIIII cut site.

Haplotype Frequency Changes in Space and Time. Samples were sorted into
collection localities by species. A small number of specimens that lacked collection dates
from the Gemmel & Marcus (2015) data set were excluded from analyses using date of
collection. For each locality, the total numbers of haplotype A and haplotype group B
were tallied for each species. Pie charts were created using Illustrator CS6 (Adobe, San

Jose, CA, USA), for the proportion of A and B haplotypes. The area of each pie graph
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was standardized and made proportional to the total sample size from each collection
locality. Pie charts were added to a template map of South Florida (Pilsbry 1946) and
were positioned according to locality using Canvas 14 software (ACD Systems, Seattle,
WA, USA). Species ranges were added to the map based on specimens collected by the
Marcus lab (Chapter 2), data from specimens from museum collections, and published
reports.

Haplotype frequency graphs were generated using Microsoft Excel (Redmond,
WA, USA) using the proportion of haplotype A for each species. Data sets where sorted
by place (mainland Florida, the Florida Keys, Cuba, and Bahamas), by species, and then
by year. The proportion of haplotype A for each decade (eg. 1950-1959) were then
calculated and plotted. Standard error for each percentage was calculated using standard
methods by taking the square root of ((proportion A*(1-proportion A))/total sample size)
for each decade (Stuart 1963).

Yearly mean, maximum, and minimum temperatures from the Florida Mainland
were compiled using data compiled for Homestead, Florida from Homestead Air Force
Base (Weather Source 2009a), Homestead General Aviation (Weather Source 2009¢),
and Homestead Experimental Station (Weather Source 2009b) weather stations. Yearly
temperature data from the Florida Keys was compiled from Tavernier, Florida (Weather
Source 2009d) and Key West International Airport (Schmidt 2016) weather stations.

Temperature graphs were generated using Microsoft Excel.

Statistical Analysis. To test whether there are significant differences in geographic

variation per species in the abundance of haplotype A, point biserial correlations
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((Kornbrot 2014); used to test for correlation between a binary and continuous variable)
were performed using both latitude and longitude (GPS coordinates from each collection
locality were converted to decimal degree format) as continuous variables and haplotype
A as the binary variable (0O=absent, 1=present), with each specimen analyzed as an
independent data point. A single sample from Alachua County Florida was considered a
stray and was not included in this analysis. Three early specimens (1875, 1894 and 1919)
were also excluded due to uncertain locality data. The significant geographic trends
detected in this analysis suggested that the data for each species should be subdivided by
whether they were caught on the Florida mainland or in the Florida Keys for further
statistical analyses. To test whether there were significant changes in the frequency of
haplotype A over time, separate point biserial correlation analyses were conducted using
year as a continuous variable and using the presence of absence of haplotype A as a
binary variable for each species in the Florida Keys and in mainland South Florida. In
addition, to test the hypothesis that the much lower air temperatures that sometimes occur
on mainland Florida are responsible for limiting the frequency of haplotype A there, point
biserial correlations were performed with annual maximum, minimum and mean
temperatures (from the sources described above) as continuous variables and haplotype A

as the binary variable.

Results
A total of 798 specimens were evaluated including 310 J. coenia, 265 J. neildi, 181 J.
zonalis, and 42 hybrids. Specimens from South Florida (635), Cuba (111), and the

Bahamas (52), spanning the years 1866-2015 were genotyped. The temporal distribution
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of the collection dates is displayed in Figure 3-2. The major decline in the frequency of
Junonia collections in South Florida in the 1990s is a consequence of a well-publicized
butterfly poaching case in 1992 that included a few specimens caught illegally in South
Florida (Kral 1996; Laufer 2010). After that case became public, it became very difficult
to obtain collecting permits and there was aggressive deterrence of collectors without
permits for any public lands in South Florida and especially in the Florida Keys for a
period of about 10 years (Laufer 2010). By the mid-2000s regulatory authorities became
willing to authorize collecting permits for specific taxa and the Marcus laboratory was

able to obtain permits to collect Junonia in many South Florida jurisdictions.

Figure 3-2. Histogram showing the sampling of Junonia from South Florida, Cuba, and
the Bahamas over time analyzed for this study including museum specimens and

specimens from contemporary collections.
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Geographic Patterns of Junonia Haplotypes. The distribution of Junonia
coenia in South Florida is shown in Figure 3-3 This species is found throughout South
Florida, but with reduced abundance in the Florida Keys. The frequency of haplotype A
increases in southern populations of this species, as revealed by a significant negative
point biserial correlation between latitude and the presence of haplotype A (Table 3-1).
With the exception of rare strays (Chapter 2), the distribution of Junonia neildi (Figure 3-
4) is restricted by the distribution of its larval host plant, black mangrove (4vicennia
germinans), which occurs primarily in coastal habitats. There is no correlation between
latitude and the presence of haplotype A in South Florida (Table 3-1), but extensive
contemporary sampling in Central and North Florida (n=214; Chapter 2; not included in
the current statistical analysis to make the treatment of this species consistent with the
other Junonia species) shows that haplotype A is completely absent from J. neildi
populations in those regions. Therefore in J. neildi, haplotype A alleles are far
more common in South Florida than in the rest of the Florida distribution of this species.
A significant correlation between longitude and haplotype A was detected in J. neildi
populations (Table 3-1), showing that the abundance of haplotype A increases from west

to east in South Florida.

The distribution of J. zonalis (Figure 3-5) is almost exclusively restricted to frost-free

regions of Florida where its preferred larval host plants persist, with the exception of a

small number of recent strays (Chapter 2, Figure 2-2) and a single specimen
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Figure 3-3. Map of South Florida, USA showing the distributions of Junonia coenia
using collection localities, and cytochrome oxidase subunit I (COI) haplotype group
assignments from this study. For this and all subsequent map figures, the area of each
circle is proportional to the number of samples from each locality. Haplotype group A is
represented by the grey areas in each pie graph, while haplotype group B is represented

by the black areas.
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Table 3-1. Point biserial correlations between latitude or longitude and the presence of
mitochondrial haplotype A for each of the 3 Junonia species in South Florida, USA,

including samples from both the South Florida mainland and the Florida Keys.

r d.f. p
J. coenia latitude -0.136 261 0.027
J. coenia longitude -0.095 261 0.126
J. neildi latitude 0.042 216 0.534
J. neildi longitude 0.177 216 0.009
J. zonalis latitude -0.284 69 0.016
J. zonalis longitude -0.131 69 0.276
J. zonalis with hybrids latitude -0.279 106 0.003
J. zonalis with hybrids longitude -0.300 106 0.002

phenotypically possibly a hybrid between J. zonalis and J. coenia) captured in 1966 in
Alachua County, Florida (Appendix II). After excluding these strays, Junonia zonalis
exhibits the same trend as J. coenia with the proportion of haplotype A increasing in
more Southerly populations and a negative correlation between latitude and the presence
of haplotype A (Table 3-1) is observed. There is no significant trend between haplotype
A and longitude for J. coenia in South Florida, but for J. zonalis (with hybrids; Table 3-1)
there is a significant correlation with a decrease in the abundance of haplotype A from

west to east in South Florida.
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Figure 3-4. Map of South Florida, USA showing the distributions of Junonia neildi using
collection localities, and cytochrome oxidase subunit I (COI) haplotype group

assignments from this study.
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Temporal Patterns of Junonia Haplotypes. Few J. coenia were collected in the Florida
Keys prior to the 1960s (Figure 3-6 A). Starting in the 1960s, J. coenia shows a
consistent proportion of haplotype A in the Keys over time (Figure 3-6 A), with a

haplotype frequency of ~40%. Point biserial correlation analysis shows no
significant trend in the abundance of haplotype A over time (Table 3-2). The earliest
collections of J. coenia from the mainland Florida populations that were preserved in
museum collections were from the 1870s, but the number of available samples increased
in the 1920s and continued steadily to the present decade (Figure 3-6 B). Starting in the
1920s, when sampling becomes sufficient to calculate allele frequencies, the abundance
of haplotype A appears to oscillate dramatically with time. From the 1920s to the 1950s
there is a relatively consistent frequency of haplotype A of ~30%. In the 1960s the
frequency decreases to 0% followed by an increase in the frequency of haplotype A in the
1970s to ~40% which remained consistent through the 1990s. In the 2000s there is
another decrease in the frequency of haplotype A to 0%, perhaps followed by a recovery
(documented by few samples) in the current decade (2010s). As a result of this temporal
variation in haplotype A alleles, there is an overall statistically significant negative point
biserial correlation between year and the abundance of haplotype A in mainland South
Florida.

Few J. neildi specimens from the Florida Keys prior to the 1960s were found in
museum collections (Figure 3-6 C). From the 1960s onward, there is some fluctuation in
the frequency of haplotype A in this region. Before 1990 haplotype A was relatively
abundant with frequencies between 40-60%. There were no J. neildi specimens from the

Keys were available for genotyping. In the 2000s the haplotype frequency dropped to less

91



Figure 3-5. Map of South Florida, USA showing the distributions of Junonia zonalis
using collection localities, and cytochrome oxidase subunit I (COI) haplotype group

assignments from this study.
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Figure 3-6. Proportion of Haplotype A (+/- 1 standard error) over time in Florida, USA
comparing the Florida Keys to Mainland Florida separated by species. (A) Junonia
coenia Florida Keys, (B) J. coenia Mainland Florida, (C) J. neildi Florida Keys (D) J.
neildi Mainland Florida (E) J. zonalis Florida Keys (including J. zonalis Hybrids) (F) J.

zonalis Mainland Florida (including J. zonalis Hybrids) (G) Maximum, Mean and

K

Minimum annual temperatures in the Florida Keys. (H) Maximum, Mean and Minimum

annual temperatures for Homestead on the South Florida Mainland.
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Table 3-2. Point biserial correlations between time (year of collection) and the presence
of mitochondrial haplotype A for each of the 3 Junonia species in the Florida Keys and

the South Florida Mainland.

r d.f. p
J. coenia Keys 0.008 93 0.941
J. coenia Mainland -0.163 199 0.021
J. neildi Keys -0.151 174 0.046
J. neildi Mainland 0.140 48 0.333
J. zonalis Keys 0.449 12 0.107
J. zonalis Mainland -0.082 57 0.535
J. zonalis with hybrids Keys 0.321 41 0.036
J. zonalis with hybrids Mainland -0.293 68 0.014

than 10% followed by what may be a recovery in the 2010s. Point biserial correlation
analysis shows a significant negative correlation between haplotype A and time in the

Florida Keys (Table 3-2).

The earliest surviving specimens for J. neildi from mainland populations that
were found in museum collections were collected in the early 1900s (Figure 3-6 D), but
sampling increased starting in the 1930s and remained robust until present, with one gap
in the 1990s. Haplotype A frequencies have remained relatively constant on the mainland
for J. neildi, between 30-40% since at least the 1930s. In the 2000s the frequency of
haplotype A dropped to 0%, although the sample size is small with only 6 samples. Point
biserial correlation analysis shows no significant trend in the abundance of haplotype A

over time in mainland populations (Table 3-2).
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Junonia zonalis was not detected in the Florida Keys until 1981 (Baggett 1982b;
Baggett 1982a), but after it was identified, a review of previously collected material
identified specimens of this species collected as early as 1961 (Calhoun 2010). In the
current study, I was able to find additional (previously unidentified) J. zonalis specimens,
as well as probable hybrids between J. zonalis and J. coenia and (more rarely) between J.
zonalis and J. neildi among material labeled in museum collections as other Junonia
species (Fig 3-6 E, F). This incudes apparent hybrid J. zonalis from the South Florida
mainland from the 1900s (n=1), 1930s (n=1), and 1950s (n=2) (Fig 3-6 F), suggesting
that this species occurred in Florida prior to 1961. However, it should be noted that the
1900s specimen is labeled as coming from Chokoloskee; many specimens from
elsewhere in the Neotropics were incorrectly labeled with this locality during this time
period (Heppner 1993), so the collection data for this particular specimen is somewhat
suspect.

In the Florida Keys, the earliest identified specimens of J. zonalis found in
museum collections remain from the 1960s (Fig 3-6 E) as reported previously (Calhoun
2010). In the Keys, the haplotype A frequency starts at 20% in the 1960s and increases to
45% in the 1980s. For the 1990s and 2000s there are no samples available for the same
reasons mentioned above for other Junonia species. By the 2010s haplotype A frequency
of nearly 70% was observed, although the sample size is very small. The point biserial
correlation analysis shows non-significant results when only J. zonalis specimens are
taken into account, probably due to insufficient sample size. However, when J. zonalis

hybrids (with both J. coenia and J. neildi) are taken into account a statistically significant
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positive correlation is observed, indicating an overall increase of haplotype A over time
(Table 3-2).

Mainland populations of J. zonalis were not sampled extensively until the 1970s
with a haplotype A frequency of 40% (Figure 3-6 F). In the 1980s the haplotype
frequency dropped to 0% and appears to have recovered somewhat by the 2000s with a
frequency of 20%. For the 1990s again there are no samples, and in the 2010s the
haplotype A frequency dropped to 0% (only 4 samples). Point biserial correlation
analysis for the mainland populations yielded a significant negative correlation indicating
a decrease in haplotype A over time (Table 3-2).

Junonia coenia specimens from Cuba (Fig 3-7 A) were rare in the collections that
were consulted, yielding a total of only 4 samples. This makes speculation about the
frequencies of haplotype A over time inappropriate. Junonia neildi populations from
Cuba (Fig 3-7 B) where better sampled with the largest number of samples from the
1950s. The frequency of haplotype A in the 1950s was close to 40%. Junonia zonalis
from Cuba (Fig 3-7 C) were the most abundant Junonia species in the museum
collections. Cuban specimens of J. zonalis became well represented in museum
collections beginning in the 1910s, although there are two samples that do appear prior to
this in the data set. The frequency of haplotype A in Cuba has remained relatively
constant with a frequency of ~40% throughout the sampled time interval.

All Junonia species from the Bahamas were all plotted on the same graph (Fig 3-7
D) as the total number of samples obtained was small. Reasonable sampling for all 3
species was obtained from the 1980s and all species had a frequency of haplotype A of

~40%.
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Figure 3-7. Proportion of Haplotype A (+/- 1 standard error) over time for (A) J. coenia
from Cuba, (B) J. neildi from Cuba, (C) J. zonalis from Cuba (3 J. zonalis X J. neildi
hybrids from the 1950s were not included), (D) all 3 species from the Bahamas, J. coenia
is represented by a black square, J. neildi is represented by a black circle and J. zonalis 1s

represented by a black triangle.
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Relationship between Climate and Haplotype. Historical records for annual
maximum, minimum, and average temperatures for the Florida Keys (Figure 3-6 G) and
for mainland South Florida (Figure 3-6 H) show several interesting patterns. The mean
annual temperatures in Key West and Homestead, Florida are very similar, but the annual
maximum and minimum temperatures in Homestead are more extreme (annual maximum
is typically higher, annual minimum is typically lower) than in Key West. There is also
much more year-to-year variability in the annual maximum and minimum temperatures
on the mainland as represented by the Homestead temperature record than in the Keys.
The more limited temperature fluctuations in the Keys are due to their more tropical
latitude and the temperature-buffering effects of ocean waters on small islands, making
the climate of the Florida Keys more similar to that of Caribbean islands.

Point biserial correlation analysis between historical temperature records and the
presence of Haplotype A for mainland Florida yielded statistically significant results for
two of the three species (Table 3-3). There is a significant negative correlation between
mean annual temperature and the abundance of haplotype A and a marginally significant
negative correlation between minimum annual temperature and the abundance of
haplotype A in mainland populations of J. coenia. Junonia zonalis yielded a significant
negative correlation (Table 3-3) only when hybrids where included in the data set and
only with annual maximum temperatures, suggesting that high temperature may be the
limiting factor for the persistence of haplotype A in this species on the Florida mainland.
For the Florida Keys the only species that showed significant correlations between
temperature and haplotype A abundance was J. neildi (Table 3-3). All three analyses

(annual maximum, annual minimum and annual mean temperatures) yielded significant
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negative correlations with the presence of haplotype A, suggesting that temperature plays

a major role in the abundance of haplotype A in this species in this region.

Table 3-3. Point biserial correlations between maximum (Max), minimum (min), and
mean annual temperatures and the presence of haplotype A for each of the 3 Junonia

species in the Florida Keys and the South Florida mainland.

r d.f. p
J. coenia Keys Max 0.041 93 0.696
J. coenia Keys Min 0.030 93 0.772
J. coenia Keys Mean 0.090 93 0.387
J. coenia Mainland Max 0.106 193 0.142
J. coenia Mainland Min -0.131 196 0.067
J. coenia Mainland Mean -0.185 193 0.010
J. neildi Keys Max -0.294 165 0.00011
J. neildi Keys Min -0.167 165 0.031
J. neildi Keys Mean -0.172 165 0.026
J. neildi Mainland Max -0.067 44 0.658
J. neildi Mainland Min 0.034 46 0.819
J. neildi Mainland Mean 0.132 44 0.383
J. zonalis Keys Max -0.180 12 0.539
J. zonalis Keys Min 0.153 12 0.602
J. zonalis Keys Mean 0.098 12 0.739
J. zonalis Mainland Max -0.193 57 0.143
J. zonalis Mainland Min 0.137 57 0.301
J. zonalis Mainland Mean 0.003 57 0.980
J. zonalis with hybrids Keys Max -0.077 41 0.622
J. zonalis with hybrids Keys Min -0.148 41 0.343
J. zonalis with hybrids Keys Mean -0.177 41 0.256
J. zonalis with hybrids Mainland Max -0.284 65 0.020
J. zonalis with hybrids Mainland Min 0.146 65 0.240
J. zonalis with hybrids Mainland Mean -0.085 65 0.495
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Discussion
Species Distributions. This study confirms the previously reported distributions of all 3
Junonia species in South Florida (Glassberg et al. 2000). Junonia coenia is commonly
found throughout mainland Florida but is less common in the Florida Keys because the
open habitats favored by this species are not abundant, and are often lost to human
development (Figure 3-3)(Minno & Emmel 1993). Junonia coenia is the most common
species in this genus in mainland South Florida and is represented by specimens in
museum collections starting in 1875 on the South Florida mainland, and starting in 1948
in the Florida Keys. It seems to be more common in the lower Florida Keys than in the
Upper Florida Keys, with the largest extant populations on Key West and Big Pine Key.

The other resident species, J. neildi is common in mangrove swamp habitats in
coastal areas in both mainland South Florida and in the Florida Keys, where it is among
the most abundant butterfly species in these habitats year-round (Figure 3-4)(Schwartz
1987; Glassberg et al. 2000). Historical specimens of J. neildi are well represented in
museum collections, with specimens dating back to the early 1900s. Junonia neildi has
been classified as a species in decline by some organizations, largely due to destruction of
mangrove habitats by human development (Minno 2016), but recent fieldwork (Chapter
2) suggests that it is present in sizeable populations where appropriate habitats remain in
both mainland Florida and in the Florida Keys.

The invading species, J. zonalis remains relatively rare in Florida. It is currently
present in greatest abundance in two of the same localities where it was first observed in
Florida in 1981: Homestead and Big Pine Key (Baggett 1982b; Baggett 1982a). It has

become less common on Key Largo due to development of its preferred open habitat by
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humans, but this species has also been found in Key West in recent years (Appendix II).
Stray individuals of this species are also occasionally observed far to the north of its core
range in eastern South Florida and the Florida Keys (Figure 3-5; Figure 2-2; Chapter
2)(Mitter 2013). Specimens of J. zonalis and its hybrids with J. coenia have been
observed in western mainland South Florida, but it appears to be rarer in the west than it
is in eastern South Florida or in the Florida Keys. The relative rarity of J. zonalis, and the
human development of its habitat on Key Largo have led some to describe this species as
being imperiled in Florida (Minno 2016). Of the extant populations of J. zonalis in South
Florida, the Homestead population, which the Marcus laboratory has been monitoring

since 2006, appears to be the largest and most stable.

Invasion History of Junonia zonalis. Retrospective reviews of specimens from museum
collections by prior authors seeking additional J. zonalis material from Florida located
several specimens from the 1970s and 1980s as well as a Key Largo specimen collected
in 1961 (Calhoun 2010). Prior to this study, the 1961 Key Largo J. zonalis specimen was
the “index case” or first reported instance of this species occurring in Florida. Previously,
these early collections of J. zonalis had been interpreted as either variation within J.
coenia or J. neildi (Chapter 2) (Turner & Parnell 1985), or in some cases as hybrids
between them (Remington 1968; Rutkowski 1971; Remington 1985; Scott 1986). As 1
consulted museum collections, while I found no earlier “pure” J. zonalis, 1 found several
earlier specimens that appear to be hybrids between J. zonalis and other Junonia species,
with the earliest hybrid specimen with firm collection data captured in 1930 in Royal

Palm State Park (now part of Everglades National Park). This suggests that the process of
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invasion by J. zonalis into Florida began much earlier than was previously recognized
(Minno & Emmel 1993; Cech & Tudor 2005; Calhoun 2010) and that hybridization was
an important feature of the early stages of colonization by this species. This is consistent
with predictions from theory that suggest that the ability to hybridize and produce fertile
offspring with a resident species may allow early colonists of an invasive species to
overcome the challenge of gamete limitation (caused by low availability of conspecific
mates) during the earliest stages of an invasion (Hall 2016).

Contemporary specimens of J. zonalis captured in Florida are phenotypically very
similar to J. zonalis from the Caribbean with respect to wing color patterns (Calhoun
2010) and flight behaviour (Turner & Parnell 1985). However, at least in the Florida
Keys populations, J. zonalis host plant preferences appear to have shifted from its
primary larval host in the Caribbean, blue porterweed (Stachytarpheta jamaicensis), to
saltmarsh false foxglove (Agalinis maritima) and American blueheart (Buchnera
americana), preferred larval host plants for J. coenia, and in at lease one case to black
mangrove (Avicennia germinans), the preferred larval host plant for J. neildi (M.C.
Minno, pers. comm.). Larvae from recent collections of J. zonalis from the Florida Keys
grew slowly with high mortality when fed Stachytarpheta (M.C. Minno, pers. comm.),
while in the 1980s, larval J. zonalis from the Keys performed well on this host plant
(Baggett 1982a). This suggests that invading J. zonalis may have acquired genetic
variation associated with larval host plant choice and performance from its Florida native
congeners by hybridization and introgression, and is similar to what has been observed in
some other systems (Hall 2016). Based on the phenotypes and frequency of the putative

J. zonalis hybrids, hybridization between J. zonalis and J. coenia appears to be much

104



more common than hybridization between J. zonalis and J. neildi. This is consistent with
observations that hybridization between J. zonalis and J. neildi is also extremely rare or

absent in most of the Caribbean (T. W. Turner, pers. comm.).

Temporospatial Dynamics of Mitochondrial haplotype frequencies. Prior work
looking into the distributions of the mitochondrial Cytochrome oxidase subunit I (COI)
haplotypes, had found that haplotype A was almost completely absent from mainland
Florida and was relatively rare in the Florida Keys (Chapter 2; Gemmell & Marcus 2015).
Prior to this study, Junonia neildi and J. zonalis were the only species known to carry the
A haplotype in contemporary populations in North America, each represented by a few
individuals with this genotype in South Florida (Chapter 2). Based on the current work,
the first specimen of J. neildi with a haplotype A genotype in mainland Florida was
collected in 1934, while the first from the Florida Keys was collected in 1964. The first
specimens of J. zonalis carrying haplotype A on the Florida mainland were collected in
1973, although there is a J. zonalis X J. coenia hybrid with a haplotype A genotype from
the 1930s. For the Florida Keys, the first haplotype A found in J. zonalis was collected in
1981 while there are both J. zonalis X J. coenia and J. zonalis X J. neildi hybrids from
1967 carrying haplotype A in the Florida Keys. Surprisingly, while haplotype A was
absent in contemporary collections of J. coenia in mainland Florida (Chapter 2),
expanding the dataset to include contemporary specimens from the Florida Keys and
historical J. coenia specimens shows that this species often carries haplotype group A

alleles, with the earliest alleles appearing in the 1920s.
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In contemporary populations, of Junonia haplotype B occurs at nearly 100%
frequency on the Florida mainland and at a high frequency in the Florida Keys (Chapter
2). This prompted questions regarding trends in latitudinal and longitudinal trends in
historical populations. Junonia coenia demonstrates a statistically significant negative
point biserial correlation between latitude and the abundance of haplotype A (Table 3-1).
This decrease in haplotype A abundance with increasing latitude corresponds to what we
do know with contemporary populations as Central and Northern Florida have a 100%
frequency of haplotype B (Chapter 2; Gemmell & Marcus 2015), while haplotype A
becomes more common in South Florida (Figure 3-3).

When J. zonalis is considered (Table 3-1), it showed a similar a statistically
significant negative point biserial correlation between latitude and the abundance of
haplotype A as J. coenia. Since the sample size of J. zonalis specimens was relatively
small when compared to the other species, J. zonalis hybrids were added into the data set
and the biserial correlation analysis was repeated. When hybrids were included,
statistically significant correlations were observed for both latitude and longitude (Table
3-1), indicating a decrease in the frequency of haplotype A from South to North in South
Florida as well as from West to East, with the highest frequencies of haplotype A in the
lower Florida Keys (Figure 3-5). The proximity of Cuba to the lower Florida Keys and
the consistent high frequency of haplotype A in Cuban J. zonalis suggest possible gene
flow between these populations and is consistent with earlier suspicions that Cuba may be
the source of J. zonalis colonists invading Florida (Cech & Tudor 2005; Calhoun 2010).

Populations of J. neildi show a general increase in haplotype A with longitude

(Table 3-1) suggesting an increase from western to eastern Florida. The high abundance

106



of haplotype A alleles in southeastern Florida (Key Largo, the opposite of the trend of
that found in J. zonalis, Figure 3-5), may be an indication of gene flow between these
populations and populations of J. neildi in the nearby Bahamas, which also have a high
frequency of haplotype A (Figure 3-7D), especially when compared to haplotype
frequencies in more Northern populations of J. neildi in Florida (Chapter 2).

Significant biserial correlations between the presence of haplotype A and both
longitude and latitude in some Junonia species (Table 3-1) prompted me to take mainland
Florida and the Florida Keys populations and analyze them separately (Table 3-2).
Consistent with what is known about contemporary populations on the mainland for J.
coenia, a significant negative biserial correlation was observed: haplotype A was found to
decrease in frequency over time. In the Florida Keys J. neildi populations also showed a
significant negative biserial correlation and a decrease in the frequency of haplotype A
over time. For J. zonalis without hybrids, no significant results were obtained on either
the South Florida mainland or in the Florida Keys. Once hybrid specimens were included
in the analysis, a significant negative biserial correlation and a decrease in the frequency
of haplotype A was found on the Florida mainland, while significant positive biserial

correlation and an increase in haplotype A in the Florida Keys over time was observed.

Originally there was speculation that J. zonalis invaded South Florida in a single
event (Baggett 1982b; Baggett 1982a; Minno & Emmel 1993) bringing with it the
haplotype A allele from the Caribbean (Gemmell & Marcus 2015). Initial observations
suggested that in Florida mainland populations of J. zonalis, haplotype A frequencies (<
5%) were also much lower than in Caribbean Junonia populations (Gemmell & Marcus

2015) (Chapter 2). Cuba, the closest source population of J. zonalis where allele
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frequencies had been measured, had a haplotype A frequency of approximately 35%
(Gemmell & Marcus 2015). This suggested that an interaction between the evolutionary
forces of migration (which would tend to increase the frequency of A) and genetic drift
(which would cause a decrease in the frequency of A), perhaps in combination with the
dilution of A alleles by hybridization with other Junonia species, may be responsible for
determining haplotype frequencies in Florida (Chapter 2). Under these circumstances, in
the case of a single migration event, one would predict a single peak, followed by an

exponential decay in the frequency of haplotype A in J. zonalis populations.

An alternative to the single invasion event hypothesis was proposed by Cech and
Tudor (2005), who suggested that episodic invasions of J. zonalis from the Caribbean
might be responsible for the dramatic swings in the abundance of J. zonalis in Florida.
Episodic invasion in combination with drift and hybridization would be expected to
produce an oscillating pattern of haplotype A allele frequencies, with peaks of high
haplotype A abundance associated with each invasion event, followed by exponential

decay.

The behavior of haplotype A frequencies in Florida Keys populations of J. zonalis
(Figure 3-6E) is not consistent with either of these invasion-haplotype frequency decay
scenarios and were observed to increase significantly over time (Table 3-2). This could
be consistent with a single invasion event where haplotype A is subsequently maintained
in populations by selection or with ongoing immigration of J. zonalis migrants to Florida
from elsewhere in the Caribbean, or with some combination of both. In mainland South
Florida overall, there is a statistically significant decrease in haplotype A frequency

(Table 3-2), but there are peaks of relative abundance of haplotype A in J. zonalis in the
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1970s and the 2000s, each followed by a subsequent disappearance of the allele (Figure
3-6F). This pattern is consistent with the oscillations in allele frequency that are predicted
by the episodic invasion hypothesis, though mainland populations might be receiving
immigrants from the Florida Keys as well as from the Caribbean. Upon reflection,
ongoing gene flow between the Florida Keys and Cuba (distance 170 km), and episodic
gene flow between the Florida Keys and the Florida mainland (distance 165 km)
populations of J. zonalis is not terribly surprising, giving that these distances are well

within the large dispersal abilities of species in this genus (Harris 1988; Shapiro 1991).

Given the importance of hybridization in the early stages of many successful
invasion events (Hall 2016), scanning additional museum collections for more specimens
of J. zonalis and its hybrids from the early stages (pre-1960s) of the invasion of South
Florida, would yield better temporospatial resolution and reveal further details of the
course of this invasion that will improve our understanding of the mode and tempo of

invasion biology more generally.

Temperature and haplotype frequencies. Recognizing that haplotype frequencies are
changing over time, and that haplotype frequencies are behaving differently in Florida
Keys versus mainland populations leads to the additional question of what factors may be
contributing to these fluctuations. Climate is an important factor influencing species
distributions, by its direct effects on organisms (Rank & Dahlhoff 2002), and by its
indirect effects on predator-prey relationships (Grigaltchick ef al. 2012), species
competition (Alexander ef al. 2015), the availability of suitable habitat, and the

distribution of food resources (Miller-Struttmann et al. 2015). There are many important
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components that contribute to climate, but comparative data was not available for most of
them to match the large temporal and spatial scale of my Junonia data set. However,
annual records for minimum, maximum, and mean temperature, a major component of
climate, are available for both the Keys and the mainland with few interruptions for the
last 100 years (Weather Source 2009a; Weather Source 2009¢c; Weather Source 2009b;
Weather Source 2009d; Schmidt 2016). This provides a starting point for understanding
how climate may be influencing Junonia populations in Florida.

The mean annual temperatures of the Florida Keys and Homestead, on the Florida
mainland, are nearly identical, but on the mainland the annual maximum temperatures are
higher and the minimum annual temperatures are lower (Figure 3-6 G, H). In addition,
the Florida Keys experience less temperature fluctuation over time (Figure 3-6 G). This
is largely due to their more southerly position and the moderating effect of warm ocean
waters on the small islands that make up the Florida Keys, both of which will act to keep
island temperatures relatively stable.

The significant negative biserial correlation results for mean annual temperatures
and the marginally significant negative correlation for minimum annual temperatures for
J. coenia on the mainland (Table 3-3) suggests that there is a decrease in the presence of
haplotype A on the mainland when temperatures are low. There are similar significant
negative correlations between the presence of haplotype A alleles and maximum,
minimum, and mean annual temperatures for J. neildi in the Florida Keys. Finally, there
is a negative correlation between the presence of haplotype A in J. zonalis (when hybrids
are included) and maximum annual temperatures. While not every Junonia species yields

a statistically significant result, the consistency of these findings suggest that haplotype A
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may decreases in frequency at times and in places that experience high temperature
conditions (Table 3-3). This may account for the low frequencies of haplotype A in all
Junonia species on the Florida mainland in the 2000s (Figure 3-6). There are a number of
other loci that have shown similar patterns related to geography and temperature in other
insect species including the nuclear genes phosphoglucose isomerase (PGI)(Rank &
Dahlhoff 2002; Karl et al. 2009a; Wheat 2010) and heatshock protein 70 (HSP70)(Rank
& Dahlhoft 2002; Karl ef al. 2009b) and the mitochondrial gene cytochrome oxidase 11
(COID)(Roberts et al. 2014).

At the same time, I recognize that the climate data that I have used for these
analyses is extremely coarse. It represents temperature data summarized on an annual
basis, and in some cases (especially on the Florida mainland), specimens were collected
at sites far from the temperature recording stations. Also, at least in some cases, it is
short-term weather events, rather than climate, that may be exerting selective forces with
powerful effects on the evolution of populations (Brown & Bomberger Brown 2000).
Ideally, it would be desirable to reinforce the findings here with laboratory experiments
that measure aspects of physiological performance in Junonia carrying mitochondrial
haplotypes A or B at various biologically relevant temperatures, as has been done in some

other insect systems (Rank & Dahlhoff 2002; Karl et al. 2009b).

Historical biogeography and invasion biology of J. coenia and J. neildi. Given this
new understanding of the time course of the J. zonalis invasion of Florida, it is tempting
to examine the other two species in Florida and to try to reconstruct their biogeographic

history as well. It has been estimated that mitochondrial haplotype groups A and B
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carried by J. coenia and J. neildi invaded the Western Hemisphere from the Asia—Pacific
region at least 0.96 + 0.29 mya to 1.18 + 0.29 mya (McCullagh 2016), respectively. Both
of these species evolved within the New World, but predate the most recent glacial
maximum, approximately 11,000 years ago at the end of the Pleistocene Epoch.

During the course of the Wisconsin glaciation in the late Pleistocene (85,000
years ago to 11,000 years ago) (Pielou 1991), the Laurentide Ice Sheet grew to cover
most of North America, and as this glacial ice sheet advanced, temperate deciduous forest
was pushed southward, before finally reaching its maximum just north of Florida
(Delcourt & Delcourt 1979; Delcourt 2002; Hill & Condron 2014). The climate in Florida
during this time would have been dry and the habitat in much of peninsular Florida would
have been sandy and composed mostly of desert scrub (Delcourt 2002). This is a
preferred habitat type for J. coenia (Opler & Malikul 1992) and its larval host plants
would have been present on the Florida peninsula (Brown & Heineman 1972; Lane
1994), suggesting that J. coenia was likely resident in Florida throughout the Wisconsin
glaciation. During this glacial episode, coastal temperatures were too low to support
mangrove growth (Cavanaugh ef al. 2014), so the black mangrove (Avicennia
germinans), the larval host of J. neildi, was excluded from Florida (Turner & Parnell
1985; Paulsen 1996; Elster ef al. 1999).

At the end of the Wisconsin glaciation, rising air temperatures began to allow
tropical species to migrate North from glacial refuges (Lane 1994; Zeiller 2005).
Between 11,000 and 6,000 years ago, periodic catastrophic drainages of glacial lakes
overflowing with melt water repeatedly spilled massive amounts of cold water and

icebergs first into the Gulf of Mexico, and then into the Atlantic Ocean (Hill & Condron
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2014). These massive spillages caused rapid increases in sea level and sent flows of cold
water and icebergs down along the North American Atlantic continental shelf as far south
as Key Largo, Florida (Bard ef al. 2000; Hill & Condron 2014). These conditions would
have continued to prevent the formation of mangrove swamps long after inland air
temperatures might have otherwise permitted their growth (Cavanaugh et al. 2014).

Approximately 6,000 years ago, the last of the glacial lakes drained (Pielou 1991).
The warm waters from the tropics began to move northward along the Atlantic coast as
the Gulf Stream current and the ocean circulation became similar to modern circulation
patterns. By 3,000 years ago, sea level rise slowed and stabilized, the climate had warmed
in Florida to produce modern subtropical conditions, and mangrove habitats, including A.
germinans, were re-established on both the Atlantic and Gulf coasts of Florida (Lane
1994; Zeiller 2005) from glacial refuges in the Caribbean and on the Atlantic coast of
Mexico (Cavanaugh et al. 2014; Sandoval-Castro et al. 2014). This suggests that J. neildi
probably arrived in Florida within the last 6,000 years, perhaps from refuges in the
Caribbean, creating a secondary contact zone with resident J. coenia.

Under laboratory conditions, hybridization between J. neildi and J. coenia occurs
readily (Paulsen 1994; Paulsen 1996; Marcus 2005), but in most of Florida,
phenotypically intermediate specimens that would be expected from hybrids between
these 2 species are extremely rare in the wild. This is the case even though J. coenia
frequently co-occurs in mangrove swamps with J. neildi (Chapter 2, Appendix I,
Appendix II). Apparent hybrids appear to be most common at sites where J. neildi is
periodically extirpated by cold environmental conditions at the northern extremes of its

range (Glassberg et al. 2000), and it reinvades from populations located farther South.
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Repeated seasonal reinvasion of habitat in the northern parts of species ranges is a
common feature of how many Junonia species behave in North America (Shapiro 1991).
Clusters of phenotypic intermediates between J. neildi and J. coenia are known from
New Port Richey on the Florida Gulf Coast (J. R. Slotten, pers. comm.) and from New
Smyrna on the Atlantic Coast (T. W. Turner, pers. comm.). During the reinvasion of
these habitats by J. neildi, the invading species is initially very rare while J. coenia is
common, resembling the circumstances described for the J. zonalis invasion of South
Florida which produced plentiful J. zonalis X J. coenia hybrids, especially during the
early stages of the invasion, and what is expected from invasion biology models (Hall
2016). Due to the rarity of conspecific mates, early colonists in a biological invasion may
be forced to mate with heterospecifics, overcoming longstanding reproductive isolating
mechanisms that may still be in effect in other localities where there is sympatry between

Junonia species.

Implications for future work obtaining genotypes from museum specimens. Previous
work using historical DNA from insect museum specimens has been mainly focused on
nuclear genotyping based on polymorphic microsatellite amplification product sizes (e.g.
(Strange et al. 2009; Saarinen & Daniels 2012)), while mitochondrial DNA genotyping
has been studied by Sanger-sequencing based approaches (e.g. (Goldstein & Desalle
2003; Heintzman et al. 2014)). Fragment-based techniques like microsatellites are less
sensitive to poor DNA quality, but mitochondrial DNA occurs in much higher copy
number (Watts et al. 2007), making DNA-sequencing based techniques possible for much

older specimens. However, for both microsatellites and mitochondrial-sequencing based
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approaches, the likelihood of successful genotyping decreases as the age of the specimens
increases (Mandrioli et al. 2006; Watts et al. 2007; Strange et al. 2009). The
mitochondrial DNA restriction digest genotyping strategy that I have used takes
advantage of both the high copy number of mitochondrial DNA and the relative
robustness of fragment-based genotyping methods.

To date, the oldest specimens successful yielding microsatellite genotypes have
been from Hymenoptera (Bombus) collected in 1893 (Strange et al. 2009), Lepidoptera
(Parnassius and Polyommatus) collected in 1895 and 1896 (Habel et al. 2009) (Harper et
al. 2006), and Ondonata (Coenagrion) collected in 1954 (Watts et al. 2007). The oldest
specimens successfully yielding mitochondrial DNA sequences have been from
Lepidoptera (Speyeria) collected in 1945 (Keyghobadi et al. 2013), Diptera (Gigantodax
and Simulium) collected in 1953 (Hernandez-Triana et al. 2014), and Coleoptera
(Cicindela and Amara) collected in the early 1870s (Goldstein & Desalle 2003;
Heintzman et al. 2014), but it should be noted that DNA degradation in preserved beetle
specimens seems to take place more slowly than in most other insects (Heintzman et al.
2014).

Success rates from previous historical DNA experiments for insects vary
enormously (Goldstein & Desalle 2003; Watts et al. 2007; Strange et al. 2009; Ugelvig et
al. 2011; Keyghobadi et al. 2013; Heintzman et al. 2014; Hernandez-Triana et al. 2014).
One of the problems encountered when estimating the proportion of successful DNA
amplifications from museum specimens from the literature, is that some authors do not
report how many specimens out of the data set were successful, state that only successful

amplifications were used in analysis, or simply state how many sites were amplified
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successfully (Harper et al. 2006; Habel ef al. 2009; Saarinen & Daniels 2012). When
taking into account only published historical data sets that do report enough detail to
calculate success rates, the rates vary between 0% and 97%, but two trends were
observed. First, across many studies, it was consistently observed that museum
specimens showed a declining success rate in obtaining suitable DNA for analysis as the
age of the specimens increased (Goldstein & Desalle 2003; Watts ef al. 2007; Strange et
al. 2009; Ugelvig et al. 2011; Keyghobadi ef al. 2013; Heintzman et al. 2014;
Hernandez-Triana et al. 2014). Second, the success rate for genotyping museum
specimens was dependent on the size of the fragment of mt DNA with smaller amplified
fragments resulting in higher success rates (Meusnier et al. 2008; Keyghobadi et al.
2013).

By using high copy number mitochondrial templates, a fragment-detection based
genotyping assay, an effective DNA extraction protocol, and an extremely sensitive
capillary electrophoresis instrument (Qiagen QiAxcel) for detecting amplification
products and restriction digest fragments, I was able to successfully assign mitochondrial
haplotypes to a total of 798 specimens with a 100% success rate. This total includes
genotypes from butterflies collected as early as 1866 (Figure 3-2), making them the
oldest insect museum specimens genotyped to date and 30 years older than the next-
oldest Lepidoptera that have been successfully genotyped (Habel ez al. 2009) (Harper et
al. 2006). This method also has the additional advantages of being fast (going from intact
specimen to genotype in a single day is possible in our laboratory), with reasonably high
throughput (hundreds of specimens can be genotyped in a week), and produces genotypes

at approximately 1/10™ the cost of Sanger sequencing on a per-individual basis. The
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museum specimens analyzed for the current study includes only a small number of
specimens from the 19th century for this group (Appendix II), so the maximum age of
specimens from which it can reliably produce genotypes is still not well defined.
Sampling from 1900-present is much more robust, and the method can be considered
reliable for specimens up to 100-120 years old. An effort to genotype additional New
World specimens of Junonia from the 19" century (and from the 18" century, if they can
be located) would be very helpful in defining the maximum temporal limits of the
method. Electronic searches of the better-catalogued North American entomology
collections suggest that appropriate Junonia specimens exist for at least the period of
1865-1900 (Cobb 2016). Additional searches of the larger museum collections in North
America and Europe with large Lepidoptera holdings from the 19" century may reveal
additional appropriate specimens collected from earlier periods in order to validate the

method for use with older specimens more comprehensively.

Conclusion

The genotyping method that I have developed was essential for reconstructing the
invasion history of Junonia zonalis into South Florida, as well as the possible interactions
of the invading species with the 2 resident Junonia species through hybridization as well
as potential assimilation of traits (such as larval host plant preference from native Junonia
populations). Careful reviews of museum collections dates the initial invasion of J.

zonalis to no later than 1930, some 30 years prior to what had been previously believed.
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These innovations in restriction fragment-based mitochondrial genotyping of museum
specimens permitted the genotyping of preserved butterflies from 1866 to present.
Because of its robustness when working with old samples, its speed, and low cost, this
method will have many applications in studies of invasion biology, conservation biology,

and in documenting the responses of organisms to climate change.
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