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ABSTRACT 
 

 

Host range expansion, or adaptation of insects to new hosts, is a worldwide 

phenomenon that has been observed repeatedly and extensively; still, the genetic 

mechanisms behind host-shifts are not well known. In this thesis I focus on the 

morphological and genetic variation associated with two recent anthropogenic host 

shifts in two species of soapberry bug, Leptocoris tagalicus and Jadera 

haematoloma.. First, I investigated the host-associated genetic differentiation in 

Australian Leptocoris soapberry bugs, as determined by genome-wide variation 

patterns. My results show that specimens feeding on two naturalized Neotropical 

balloon vines, (Cardiospermum halicacabum and C. grandiflorum) have longer 

“beaks” that those living on the native trees Atalaya hemiglauca and Alectryon 

tomentosus. Genetic analyses of mitochondrial haplotypes and amplified fragment 

length polymorphic (AFLP) markers indicate that the lineage of bugs on the annual 

vine C. halicacabum, is intermediate between two subspecies of L. tagalicus found on 

the native hosts. Moreover, where this annual vine and whitewood tree (A. 

hemiglauca) co-occur, the morphology and genomic composition of the bugs are 

similar to those occurring in allopatry. These results show that hybridization provided 

the genetic elements underlying the strongly differentiated ‘halicacabum bugs’. In 

contrast, the bugs feeding on the recently introduced perennial balloon vine 

(C. grandiflorum) showed no evidence of admixture, and are genetically 

indistinguishable from the nearby populations on a native host. 

 

Second I used a candidate gene approach to investigate the molecular genetic 

basis of host-adaptation in Floridian populations of the red-shouldered soapberry bug, 
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J. haematoloma. While in Southern Florida soapberry bugs have long beaks to 

penetrate the large fruits of the native balloon vine (C. corindum), in northern and 

central Florida, bugs have evolved to feed on an introduced, flat-podded host, the 

Taiwanese Golden rain tree (Koelreuteria elegans).  Specifically I focused on five 

genes because of their potential role in host preference (orco), “beak” length (Dll, 

dac, hth) and the adaptation to the toxic compounds of host-plants (Na+/K+-ATPase). 

My results suggest these genes are highly conserved in this system, and that genetic 

variation at these loci is not associated with the different host-plants. 
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CHAPTER 1 – INTRODUCTION 
 
 

Adaptation is the most important evolutionary process in creating biodiversity, 

and is governed by the environment, natural selection, genes, development, and 

phenotypic variations. Understanding how these factors interact to produce adaptive 

change can be difficult for any natural study system, making it hard to address important 

questions about how the organisms adapt to their environment.  However, rapid 

responses of organisms to anthropogenic changes such as non-native species invasions, 

land use conversion, climate warming, landscape alteration, agricultural intensification 

and spread of pathogens provide us with direct opportunities to study adaptation-in-

action. Indeed, phenotypic changes associated with human-disturbed environments are 

often greater than those precipitated by ‘natural’ agents and are often adaptive (Carroll 

2007b; Ghalambor et al. 2007; Hendry et al. 2008; Palumbi 2001; Strauss et al. 2006).  

 

Biological invasions can generate strong signals of selective change (Keller & 

Taylor 2008; Lambrinos 2004; Lavergne et al. 2010; Simon & Townsend 2003) and are 

ideal systems for studying contemporary evolution and its consequences.  Beak length 

evolution in soapberry bugs (Rhopalide) in response to a novel, introduced host plant 

represents an exceptional model to study the entire adaptive recursion from ecology to 

genes to development to biodiversity. These insects feed on seeds of the Sapindaceae or 

soapberry plants family. To do so, they use their beak-like structures (Fig 1.1) to reach 

the seeds inside the fruit.  Because host plants differ in their fruit size the beak size of 

each species varies in length. Moreover, in those species of bugs feeding on more than 

one host, the beak length of the different populations has increased or decreased in the 

direction predicted by the fruit size of the host.  
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Figure 1.1. Overview of the Heteropteran mouthparts. (A) Morphology of the beak of 
the soapberry bug. (B) Mouthparts separated to show specific anatomical features 
including the slender four-segmented labium, two pairs of stylets and labrum 
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In Florida, the red-shouldered soapberry bug (Jadera haematoloma) feeds on the seeds 

of both a native balloon vine (Cardiospermum corindum) and the recently introduced (~ 

50-60 years ago) Taiwanese golden rain tree (Koelreuteria elegans). While in Southern 

Florida soapberry bugs have long beaks to penetrate the large fruits of the native balloon 

vine, in northern and central Florida bugs have evolved to feed on the flat-podded 

introduced tree and posses much shorter beaks (Carroll & Boyd 1992; Carroll et al. 

2003; Carroll et al. 1998; Carroll et al. 2005a). In parallel, changes have also occurred in 

development time, clutch size, egg mass, body size and shape, and host preference.  As a 

result, in less than 80 years populations of this species have diverged into a native and a 

derived ecomorph (Carroll et al. 2001; Carroll et al. 1998; Carroll et al. 2005a; Dingle et 

al. 2009).  

 

Meanwhile, a series of similar evolutionary changes have been playing out in 

Australia, with two species of Neotropical balloon vines as invaders rather than natives. 

In this case, the Australian soapberry bug (Leptocoris tagalicus) has colonized the vines, 

including the invasive perennial balloon vine (C. grandiflorum) in eastern forests, which 

have much larger fruits than native hosts. Driven by selection for foraging efficiency, in 

~ 40 years, bugs adopting this host have evolved longer beaks than those on feeding on 

adjacent native Alectryon trees. This phenotypic change has increased the kill rate of 

exotic vine seeds by half (Carroll et al. 2005b, 2006). In northern Australia, a second, 

even more derived L. tagalicus population exists on a rare annual vine (C. halicacabum) 

that has been present for at least 200 yrs. Compared to bugs on neighboring small-fruited 

native Atalaya trees, beak length of the northern bugs has increased. As a result, bugs 

feeding on the annual vine have a much higher beak/body length ratio, isometric to that 
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of the efficient Neotropical soapberry bugs of the Leptocoris genus (Carroll & Loye 

2006). 

 

Investigating different genetic aspects of how this evolution has taken place, is 

the goal of this thesis.  Although there are numerous phenotypic and genetic changes 

associated with host shifts in soapberry bugs, for the most part I focused on beak length 

because of the beak’s clear adaptive value for bugs to reach the seed resources from 

outside the capsule before dehiscence (Carroll et al. 2003), and because of the beak’s 

direct causal link with the biological control value of the derived Australian populations 

of Leptocoris (Carroll et al. 2005b). 

 

1.1. Objectives 

Ecological relevant traits such as beak length in phytophagous heteropterans are 

likely to converge across distinct lineages if they are repeatedly favored by natural 

selection in similar environments (e.g.,(Butlin et al. 2008; Hubbs 1940; Langerhans et al. 

2007; Ley & Hardy 2014; Schluter & Nagel 1995)).  Although closely related species 

might utilize different genetic pathways to develop the same phenotypes (Arendt & 

Reznick 2008), several examples show that this is not always the case and identical 

genetic processes often underlie similar phenotypic changes (Arendt & Reznick 2008; 

Hoekstra et al. 2006; Rosenblum et al. 2004).  To the best of my knowledge, there is no 

molecular information regarding the genetic basis underlying the phenotypic changes 

associated with host-shifts in soapberry bugs. This thesis represents the first step in 

understanding the genetic basis of rapid beak-length evolution in response to 

anthropogenic introduction of new hosts. 
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Specifically, I have two objectives:  First, to identify the genetic variation pattern 

behind the anthropogenic host-shifts in Leptocoris tagalicus associated with the 

colonization of two naturalized balloon vines in Australia. Second, to identify and 

characterize a set of candidate genes involved in the colonization of the new hosts in 

Jadera haematoloma. To achieve my objectives, I combined molecular and population 

genetics approaches with geographic information systems, phylogeography and 

bioinformatics tools.  
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CHAPTER 2- POPULATION GENETICS OF A HOST-SHIFT IN AUSTRALIAN 
LEPTOCORIS BUGS 

 
 
2.1 Introduction 

Plant-feeding insects, together with their hosts, comprise close to half of 

Earth’s known species diversity (Futuyma & Agrawal 2009). A large proportion of 

these insects feed on just one or a few species of closely related plants (Novotny et al. 

2004), and many species show highly specialized adaptations to exploit their 

particular hosts (Despres et al. 2007; Karban & Agrawal 2002; Toju 2009). These 

patterns support the notion that the great diversity of phytophagous insects stems from 

their ability to colonize and adapt to new plant hosts. Evolutionary biologists have 

long mined species level phylogenies to examine hypotheses for insect-plant 

diversification, and it is now widely recognized that host shifts play a key role during 

speciation events in plant-feeding insects (Ehrlich & Raven 1964; Janz et al. 2006; 

Mitter et al. 1988; Nyman et al. 2010). Phylogenetic analyses alone provide little 

insight about the genetic changes that permit successful host colonization and host 

adaptation (Via 2009), for which a more suitable approach is to focus on the 

microevolutionary aspects of new host associations. Insect populations colonizing 

novel hosts sometimes differentiate rapidly from locally-adapted populations that still 

use the original host species. This rapid change permits the study of the ecological 

and genetic bases of host shifts in recent and contemporary time (e.g., (Carroll et al. 

2003; Carroll et al. 2001; Dingle et al. 2009; Feder et al. 2003a; Peccoud et al. 

2009)).  

 

 

1 This chapter has been peer reviewed and published in Molecular Ecology (Andres, et al., 2013) 
DOI: 10.1111/mec.12553. I generated all the molecular data, carried out the analyses and wrote the 
draft of the manuscript.  
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Introduced, naturalized plants often attract one or more resident herbivores 

(Carroll & Loye 2012; Frenzel & Brandl 2003; Graves & Shapiro 2003), and because 

colonization events can be monitored close to the time of hosts’ introduction, they 

have proven to be key to unraveling the genetic origins of new lineage formation (e.g. 

(Bush 1969; Carroll et al. 1997; Carroll et al. 2005a; Feder et al. 2003a; Gompert et 

al. 2006; Schwarz et al. 2005; Via 1991a, b)). Several genetic mechanisms for the 

rapid differentiation on novel hosts have been identified. Those include not only new 

mutations, but also large non-additive effects within existing genetic variation 

(Carroll 2007a; Carroll et al. 2003) and the introgression, through hybridization, of 

pre-adapted genetic elements that originated outside of currently adapting populations 

(Feder et al. 2003a). After the initial colonization of the new host, barriers to gene 

flow might then evolve as a result of ecologically-based divergent selection on new 

versus old host plants (Rundle & Nosil 2005; Schluter 2009).  

 

In this chapter, we test if hybridization between ecologically divergent 

lineages is associated with phenotypic novelty in two different anthropogenic host 

shifts. Soapberry bugs are Rhopalid true bugs specialized as seed predators of plants 

of the Sapindaceae family throughout much of the world (Carroll & Loye 2012).  The 

Australian soapberry bug Leptocoris tagalicus Burmeister has shifted onto two 

naturalized Neotropical balloon vine (Cardiospermum) species in Australia that are 

regarded as environmental weeds. The inflated fruits of these balloon vines, which 

have evolved in concert with the beak length of their New World Jadera seed 

predators (Carroll & Loye 1987), are much larger than the fruits of any native 

Australian hosts. Gross (1960) described two morphologically distinct subspecies of 

L. tagalicus in Australia, and these are associated with different native trees that have 
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largely separate geographic distributions (Carroll et al. 2005a; Carroll et al. 2005b; 

Gross 1960). In recent decades, bugs of the eastern subspecies that have shifted to C. 

grandiflorum have evolved beaks averaging about 10% longer than on the native tree 

as a result of selection for foraging efficiency on seeds in the novel inflated fruits 

(Carroll et al. 2005a). The second subspecies is smaller, with a shorter beak and feeds 

on small-fruited native trees in desert and monsoonal Australian habitat. In addition, a 

very long-beaked small morph has recently been discovered in patches of balloon 

vine (C. halicacabum v. halicacacabum; these plants were likely introduced more 

than 200 years ago (Bean 2007).  Host-associated differences in beak length are 

heritable and	  are	  associated	  with	  the	  frequency	  with	  which	  seeds	  are	  reached	  by	  

foraging	  bugs (Carroll et al. 2005a).  

 

 Based on genetic findings we present here, we propose that the bugs on C. 

grandiflorum are derived directly from populations on native eastern hosts, but that 

bugs on C. halicacabum (hereinafter ‘Halicacabum bugs’) result from hybridization 

between the two subspecies. Their hybridization is associated with a novel phenotype 

with long beaks and high beak length/body length ratios that circumvent the inflated 

seed defense of the annual balloon vine that has coevolved with New World 

soapberry bugs but is unprecedented in Australia.  
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2.2 Materials and Methods 

2.2.1 Leptocoris identification, host use and morphological measurements 

There are two lineages of L. tagalicus that were described by Gross (1960) as 

the subspecies vulgaris and tagalicus (Table 2.1). Leptocoris tagalicus tagalicus 

(hereinafter tagalicus) is a relatively large bug that populates eastern forests, where it 

principally feeds on the native Woolly Rambutan tree (Alectryon tomentosus) and the 

Neotropical perennial balloon vine  (C. grandiflorum), an early 20th Century 

horticultural introduction that became widely naturalized in the 1960s (Carroll et al. 

2005a). In contrast, Leptocoris tagalicus vulgaris (hereinafter vulgaris) is a smaller 

bug that mostly feeds on the flat seeds of the native whitewood tree (Atalaya 

hemiglauca) in inland deserts and savannahs as well as seasonally inundated northern 

floodplains. In these northern regions, we also found a third form of L. tagalicus 

feeding on seeds in the inflated fruits annual balloon vine (C. halicacabum), a 

Neotropical native that apparently arrived between 1600 and 1800 (perhaps from 16th 

Century Portuguese introductions to Ambon, Indonesia (Bean 2007), although an 

earlier introduction date is also possible.  While bugs on this host are morphologically 

distinct (see Table 2.1) we initially postulated that this form was derived from 

vulgaris bugs on Atalaya due to their geographic proximity and smaller body size.  

In total, we collected bug morphological data from 57 populations (Table 2.2). 

Individuals were identified and assigned all collected specimens following the 

descriptions and illustrations of Gross (1960). We sexed each individual and 

measured the body length, pronotum width, and beak (labial) length using digital 

calipers as described in Carroll et al. (2005a). 
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Table 2.1. Quick reference to host-associated ecotypes of Leptocoris tagalicus in Australia.  

Subspecies Geographic 
range Host species Host 

provenance 

Relative 
fruit 
size 

Relative 
beak 
length 

Relative 
body 
length 

Insects 
on host 
fruits 

tagalicus Eastern 
forests 

Alectryon 
tomentosus and 

congeners 
Native Medium Medium Large 

 

tagalicus Eastern 
forests 

Cardiospermum 
grandiflorum 

Introduced 
early 1900s, 
widespread 

and 
common 

since 1960s 

Very 
large 

Medium
-large Large 

 

vulgaris 

Mainly 
interior of 
N half of 
continent 

Atalaya 
hemiglauca and 

congeners 
Native Small Small Small 

 

halicacabum 
bug 

Northern 
areas of NT 

Cardiospermum 
halicacabum 

Introduced 
> 200 y Large Large Small-

medium 
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Host Plant Location Population Code 

Alectryon tomentosus* Al T-Bahr 1 ABR 

Alectryon tomentosus Al T-Bahr 2  

Alectryon tomentosus Al T-Bahr 3  

Alectryon tomentosus Al T-Bnlgh  

Alectryon tomentosus Al T-Coot  

Alectryon tomentosus Al T-Lgnhlm  

Alectryon tomentosus Al T-Nebo  

Alectryon tomentosus Al T-Olmeau  

Alectryon tomentosus Al T-Raft  

Alectryon tomentosus* Al T-Sherwood  1.2 SHP 

Alectryon tomentosus Al T-Sherwood 1.1  

Alectryon tomentosus* Al T-Thompson rd THR 

Atalaya hemiglauca* AH-Alice 1 AAS 

Atalaya hemiglauca* AH-Alice 2 ASP 

Atalaya hemiglauca AH-Alice 4  

Atalaya hemiglauca AH-Alice 5  

Atalaya hemiglauca AH-Alice 6  

Atalaya hemiglauca AH-Clermont  

Atalaya hemiglauca AH-Goond  

Atalaya hemiglauca AH-Injune  

Atalaya hemiglauca AH-Lynd  

Atalaya hemiglauca AH-Marlborough  

Atalaya hemiglauca* AH-Mitchell AMA 

Atalaya hemiglauca* AH-Mt. Elliot Station AES 

Atalaya hemiglauca* AH-NewH ANH 

Atalaya hemiglauca* AH-Roma 1 RMA 

Atalaya hemiglauca AH-Roma 2  

Atalaya hemiglauca AH-Roma 3  

Atalaya hemiglauca* AH-Victoria-1.2 VRC-a 

Cardiospermum grandiflorum CG-Atherton  

Cardiospermum grandiflorum CG-Boonora  

Cardiospermum grandiflorum CG-Bremer  

Cardiospermum grandiflorum CG-Bundaberg  

Cardiospermum grandiflorum CG-Chinchilla  

Cardiospermum grandiflorum CG-Cow  
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Cardiospermum grandiflorum CG-Gayn  

Cardiospermum grandiflorum CG-Goond  

Cardiospermum grandiflorum CG-KhoBot  

Cardiospermum grandiflorum CG-KhoBridge  

Cardiospermum grandiflorum CG-Load  

Cardiospermum grandiflorum CG-Long Pocket  

Cardiospermum grandiflorum CG-Lowood  

Cardiospermum grandiflorum CG-Mt Cros2  

Cardiospermum grandiflorum CG-Mt Crosby 1  

Cardiospermum grandiflorum CG-Nebo  

Cardiospermum grandiflorum CG-Nerang  

Cardiospermum grandiflorum CG-Shep  

Cardiospermum grandiflorum CG-Sherwood   

Cardiospermum grandiflorum* CG-Doug Larsen park DLP 

Cardiospermum grandiflorum* CG-St Lucia Golf ESL 

Cardiospermum grandiflorum* CG-Indooroopilly Golf club IGC 

Cardiospermum grandiflorum* CG-Dundas DUN 

Cardiospermum halicacabum* CH-Allig 1.1 EAR 

Cardiospermum halicacabum CH-Allig 1.2  

Cardiospermum halicacabum* CH-Daly DRC 

Cardiospermum halicacabum* CH-Vict 1.1 VRC-b 

Cardiospermum halicacabum CH-Vict 1.3  

 

Table 2.2. Represents Leptocoris sampling site and their respective hostplants.  

* denotes the samples used for genetic analyses. 
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For each subspecies we analyzed differences in the measured traits using 

linear mixed effect models, including sex and host plant as fixed effects and 

populations as random variable. Models were fitted in R version 2.15.2, implementing 

the function lmer (package lme4) with normal errors and identity link function. As a 

global test of the significance of fixed effects we used likelihood ratio tests to 

compare the overall fit of the full model with that of the appropriate nested models. 

Approximate P-values for each level were obtained by calculating their 95% CI using 

10,000 Monte Carlo simulations with mcmcsamp.  

 

2.2.2 Host plants: Sampling and morphological measurements 

For each host we measured the fruit size as the distance between the outside of 

an intact fruit and the center of the nearest seed. Depending on species, fruit size data 

were taken from 2-6 populations, with 2 to 30 total measurements taken from 1-5 

individuals per population. We made all measurements with Mitutoyo digital calipers 

(Mitutoyo CD 6B, America Corporation, IL, USA). 

 

Based on collection records of the native and introduced host species, we used 

ecological niche modeling (ENM) to estimate the geographic distribution of suitable 

habitats for native and introduced hosts and infer the geographically overlap between 

host plants. To do so we used Maxent version 3.2 (Phillips et al. 2006).  This machine 

learning approach generates the expected distribution of a species using data on the 

environmental conditions where it is known to occur and produces a map of the 

species’ potential geographic distribution with a statistical likelihood of the species 

occurrence at each location. To construct these models, we used 19 temperature and 

precipitation variables from the WordClim data set with 30-second spatial resolution 
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(Hijmans et al. 2005) and a set of georeferenced occurrence locations for native hosts 

Alectryon tomentosus (n = 251), and Atalaya hemiglauca (n = 2,793) as well as the 

introduced host vines C. grandiflorum  (n= 267) and C. halicacabum (n= 324) 

obtained from the Australian Virtual Herbarium (avh.ala.org.au/). Locality records 

occurring within the same map pixel were removed to avoid pseudoreplication 

(details of the models are provided on Figure 2.1).  To map the locations where 

suitable habitats for the host plant species come into geographic contact, we first 

classified as climatically unsuitable any grid cell falling in the lower 5th percentile 

(Chatfield et al. 2010). Then, we defined the area of overlap as the combined grid 

where there is least a 10% probability that the s co-occur. All calculations were done 

using the ‘grid overlay’ function of DIVA GIS 5.2 (Hijmans et al. 2005). 

 

2.2.3 Sampling for genetic analyses 

A subsample of 89 specimens of tagalicus and vulgaris from 17 different 

locations was selected for genetic analyses. These locations extend from the east coast 

westward to the interior and north to the Northern Territories of Australia (Table 2.1). 

The east coast includes bugs on the native host Al. tomentosus, and bugs on the 

introduced perennial vine C. grandiflorum. All these bugs are classified as tagalicus 

(Gross 1960). The Northern Territory and Central populations are classified as 

vulgaris and include the bugs on introduced C. halicacabum, and bugs on the native 

host At. hemiglauca. Collected individuals were preserved in ethanol at -80 oC. 

Genomic DNA was extracted from the thorax of the stored samples using the 

Epicentre MasterPure ® Kit following manufacturer's instructions. 
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Figure 2.1. Ecological niche modelling estimates of suitable habitats and the 
geographical overlap between host plants. 
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2.2.4 Leptocoris mitochondrial DNA amplification and sequencing 

We amplified two mitochondrial genes (Cox-III and NADH-1) using the 

degenerate primers (Cox-III: C3-J479 GTTGATTATAGACCWTGRCC and C3-

N5460 TCAACAAAATGTCARTAYCA, NADH-1: N1-J11876 

CGAGGTAAAGTMCCWCGAACYCA and N1-N12595 

GTWGCTTTTTTAACTTTATTRGARCG, (Simon et al. 2006) and QIAGEN Top-

Taq DNA. Purified (Exo/SAP) PCR products were sequenced on 3130-XL Genetic 

Analyzer using ABI 3.1 Big Dye Terminator chemistry. 

 

2.2.5 Fluorescent Amplified Fragment Length Polymorphism Methods 

We developed fluorescent AFLP markers following (Berres 2003; Vos et al. 

1995) with the modifications implemented in Berres (2003). Genomic DNA (100 ng) 

was digested with 2 U EcoRI and 4 U MseI (New England Biolabs, Ipswich, MA) for 

30’ at 37°C in x 1 NEB buffer 4. Then, to ligate the resulting fragments to the 

adapters, we added10 µl of restriction products a 30 µl reaction mixture containing 

0.5 µM EcoRI adapter, 5 µM MseI adapter, and 60 U T4 DNA ligase (New England 

Biolabs). After incubation (30°C for 90 min), we diluted the samples10 times with 

ddH2O, and used 2.5 µl of each sample as a template to conduct the pre-selective 

PCRs (x 1 PCR buffer, 0.5µM each of EcoRI-C combined with MseI-C, MseI-G, 

MseI-TC, MseI-AG primers, 0.2 mM dNTPs, and 0.5 U Top-Taq® Qiagen DNA 

polymerase. 20 cycles of 30 s at 94°C, 1 min at 56°C and 1 min at 72°C). To generate 

the AFLPs we diluted (1:20) these pre-amplified products and used them as the 

template for selective PCR amplifications (x 1 PCR buffer, 0.5µM of each primer, 0.2 

mM dNTPs, and 0.5 U Top-Taq® Qiagen DNA polymerase) using a touchdown 

protocol (95°C for 3 min, 13 cycles of 30 s at 94°C, 30 s at 65°C and 1 min at 72°C, -
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0.7°C/Cycle; and 12 cycles of 30 s at 94°C, 30 s at 56°C, and 1 min at 72°C). After 

screening, we selected seven combinations of MseI-EcoRI 6-FAM primers that 

generated clear, repeatable and evenly distributed bands (CGA-CAT, CCT-CAT, 

GTTC- CAT, TCTG-CAT, TCGC- CAT, AGAC- CAT). To prepare DNA fragments 

for separation by capillary electrophoresis, a sample loading solution was prepared by 

mixing 0.5 µL of 600-LIZ size standard® (Applied Biosystems) with 9 µL of Hi-Di 

Formamide, and 1 µL of 1:30 dilution of selective PCR amplification product. 

Samples were analyzed in ABI 3130xl genetic analyzer (Applied Biosystems). The 

presence or absence of fragments was scored with the software GeneMapper v.3·7 

(Applied Biosystems). To assess the reproducibility and reliability of our AFLP 

fragments, we replicated ~ 10% of the samples. To reduce fragment size homoplasy 

we only scored fragments within the 150–500 bp size range (Caballero & Quesada 

2010; Caballero et al. 2008; Paris et al. 2010). 

 

2.2.6 Phylogenetic reconstruction: Mitochondrial and nuclear markers 

For the mitochondrial dataset we aligned all sequences using MAFFT (Katoh 

& Standley 2013) and independently estimated the best model of evolution for the 

Cox-III (501 bp) and NADH-1 (459 bp) fragments using the BIC criterion as 

implemented in JModeltest (Darriba	  et	  al.	  2012). These tests revealed a HKY + I 

substitution model as the best fit for both fragments. Then, we used partition 

homogeneity test in PAUP*(4.0b10, (Swofford 2003)) to confirm that combining the 

fragments was appropriate. Finally, we used the resulting concatenated dataset for 

phylogeny reconstruction applying maximum likelihood (ML) and Bayesian methods 

as follows. We obtained ML trees using a heuristic search (stepwise addition; addition 

sequence= random with ten replicates; TBR branch swapping; MulTrees on). Then, to 
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evaluate the relative support of each node we generated 100 bootstrap replicates using 

the same parameters. For the Bayesian analysis we used MrBayes 3.2 (Ronquist & 

Huelsenbeck 2003). Ten Metropolis-coupled Markov chain Monte Carlo (MCMC) 

analyses were run twice for 4 x 106 generations and sampled every 100 generations 

(mcmcp ngen = 4000000, nchains = 10, temp = 0.10, samplefreq = 100, burnin = 

25%).	  We considered runs to have converged on stationarity when there were no 

trends in generation versus logL plots, potential scale reduction factors were near 1.0 

for all parameters, and the average standard deviation of split frequencies was below 

0.01. The Bayesian posterior probability of each node was determined as the number 

of post-burn-in sampled trees that contained each observed bipartition. We used two 

closely related species (L. mitellatus and L. species 1) as outgroups. We reconstructed 

the haplotype network (without outgroups) using a median-joining approach as 

implemented in NETWORK 4.6 (Fluxus Technologies Inc.).	  

 

For the AFLP dataset we first used a parsimony framework to estimate the 

signal-to-noise ratio of our data set (n= 1,284 loci). Then, we estimated phylogenetic 

relationships using three different methods 1) maximum parsimony (MP); 2) distance 

based (NJ), and 3) minimum evolution (ME). To assess for the adequacy of the 

phylogenetic signal we generated two different 1,000 randomized datasets, calculating 

the tree-length distribution skewness (e.g. (Hillis & Huelsenbeck 1992)) and the 

permutation tail probability (PTP, (Faith & Cranston 1991) as implemented in PAUP 

4.0b8 (Swofford 1999). For the MP method we used a Wagner parsimony criterion 

because it assumes equal loss–gain probabilities of restriction sites, and fits AFLP 

data better than other criteria assuming unequal probabilities (Koopman 2005). For 

both distance-based trees (NJ and ME), we used a Nei-Li distance matrix (Nei & Li 
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1979). This method counts only shared presences and is likely more homologous than 

distances based on shared absences and presences (Kosman & Leonard 2005). We 

conducted MP and ME analyses using heuristic searches (10 replicates), 100,000 

random additions, and tree bisection and reconnection (TBR) swapping. 

 

2.2.7 Population structure 

We examined the population structure of L. tagalicus using assignment test 

and principal components analysis (PCA) based approaches. First we used the 

Bayesian clustering algorithms implemented in STRUCTURE to assign individuals to 

genetic clusters by minimizing deviations from Hardy-Weinberg and linkage 

equilibrium. To do so, we implemented a model assuming admixture and correlated 

allele frequencies using 10 independent runs with of 1,000,000 Markov chain Monte 

Carlo (MCMC) iterations (burn-in =100,000) for a series of clusters (K) ranging from 

1 (panmixia) to 17 (maximum number of localities sampled). Then, we used the 

statistic ΔK to select the value of K with the uppermost hierarchical level of 

population structure in our data (Evanno et al. 2005). Because the presence of broad 

geographic/taxonomic superstructures (e.g. tagalicus vs. vulgaris) might hide other 

structures at smaller spatial scales (e.g. host plant, population, etc.) we ran 

STRUCTURE analyses for the whole data set as well as for the populations within each 

subspecies separately. 

 

Multivariate methods do not rely on explicit population genetics models (do	  

not	  rely	  on	  Hardy–Weinberg	  equilibrium,	  nor	  do	  they	  suppose	  the	  absence	  of	  

linkage	  disequilibrium), and may be preferable when many loci are available and the 

structure is subtle (Jombart 2008; Jombart et al. 2010; Jombart et al. 2008; Reeves & 
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Richards 2009). Thus, in addition, we inferred population subdivision using a 

discriminant analysis of principal components (DAPC) as implemented in the R 

package Adegenet v 1.3.2 (Jombart 2008; Jombart et al. 2010; Jombart et al. 2008). 

DAPC is a multivariate analysis that integrates principal component analysis (PCA) 

with discriminant analysis to summarize genetic differentiation between groups. We 

predicted the optimal number of clusters (populations) using the k-means clustering 

algorithm ‘find.clusters’, retaining all principal components. We calculated the 

Bayesian information criterion (BIC) for K = 1–17, where K = number of sampled 

populations. The optimal number of populations was identified as the one for which 

BIC showed the lowest value and after which BIC increased or decreased by the least 

amount. We then used DAPC to assign individuals into populations, retaining the 

number of principal components encompassing 60% of the cumulative variance. 

 

To estimate the degree of genetic differentiation among different groups we 

first estimated allelic frequencies at AFLP-loci using a Bayesian approach 

(Zhivotovsky 1999), and then used these frequencies to determine (Lynch & Milligan 

1994) FST. We obtained confidence intervals for this estimator using 5,000 random 

permutations. We also estimated the percentage of polymorphic loci and genetic 

diversity (Hj) following Lynch and Milligan (1994) as implemented on AFLPSURV 

1.0 (Vekemans et al. 2002). We estimated linkage disequilibrium between AFLPs 

using ARLEQUIN 2.0 (Excoffier & Lischer 2010). 
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2.2.8 Genome-wide admixture estimates and hybrid identification 

Because the analyses of population structure suggested the hybrid nature of 

the halicacabum populations we quantified the admixture of these bugs using two 

different methods. First, using the R-package INTROGRESS (Gompert & Buerkle 2009; 

Gompert & Buerkle 2010) we estimated the parental allele frequencies clustering in 

‘pure’ populations (vulgaris: RMA, MIA, AST, NHS, ASL, MES; tagalicus: THR, 

IGC, DUN, SHP, DLP, ESL, BSR) using the function ‘prepare.data’. Then, we 

quantified the ancestry of each bug from the C. halicacabum populations by 

estimating the hybrid index (function ‘est.h’), which is an average of the genome-

wide admixture for a given individual. Because of the dominant nature of the AFLP 

markers it is not possible to estimate interspecific heterozygosity (the proportion of an 

individual’s genome with alleles inherited from both parental populations). Thus, we 

did not categorize the admixed individuals into specific genotypic classes (i.e. F1, F2, 

BC) or advance-generation hybrids. Instead, we tested if the population of bugs 

feeding on the annual vine (C. halicacabum) shows a high incidence of F1 hybrids as 

expected if these bugs comprise a hybrid zone maintained by continuous, substantial 

immigration from the tagalicus and vulgaris lineages and complete hybrid sterility. 

To do so, for each of these putative parental species we first calculated the expected 

genotypic frequencies at each AFLP locus assuming Hardy-Weinberg equilibrium, 

and used these frequencies to estimate the expected distribution across loci of 

dominant genotypes if the hybrid population was only entirely comprised of F1 

individuals. Then, we compared this distribution with the one observed in the C. 

halicacabum bugs using a permutation test (n= 1,000). Because the a priori 

assignment of pure parental populations may bias ancestry calculations we used 

STRUCTURE to assign individuals to either parental or hybrid classes using the 
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posterior probability of assignment (q) to k=2 clusters, were we considered that q ≥ 

0.90 indicates ‘pure vulgaris’, q ≤0.10 indicates ‘pure tagalicus’, and q [0.1-0.9] 

indicates hybrid individuals. We used this arbitrary probability threshold of 0.90 

because it is likely to minimize the number of misidentified ‘pure-bred’ individuals 

while maximizing the efficiency of assigning hybrids (Burgarella et al. 2009; Vaha & 

Primmer 2006; Winkler et al. 2011). Using other two other thresholds (q ≥ 0.95 and q 

≥ 0.85) yield very similar individual assignment results (data not shown). The 

statistical significance of differences in q-values between different 

lineages/populations was carried out using permutation tests.  

 

2.3 Results  

2.3.1 Host plants: Distribution and morphological measurements 

The estimated geographic distributions for At. hemiglauca, Al. tomentosus, C. 

halicacabum, and C. grandiflorum show varying degrees of extent and overlap ( Fig. 

2.2). The area under the receiving characteristic (AUC) shows that the ecological 

niche models strongly discriminate between randomly selected locations across the 

study region and the training locations (AUC AT. HEMIGLAUCA = 0.995, AUC AL. TOMENTOSUS 

= 0.987, AUC C C. GRANDIFLORUM = 0.988, AUC C. HALICACABUM = 0.950) and the test 

localities (AUC AT. HEMIGLAUCA = 0.998, AUC AL. TOMENTOSUS = 0.981, AUC C C. GRANDIFLORUM 

= 0.981, AUC C. HALICACABUM = 0.945). The geographic distributions of climatically 

suitable habitats for the native hosts At. hemiglauca and Al. tomentosus show overlap 

and can be considered parapatric (Fig. 2.2 A, B, 2.3 A). The two introduced balloon 

vines show significant overlap with the native hosts (Fig. 2.2 A-D). However, while 

the suitable habitat for the perennial vine species (C. grandiflorum) shows almost 

complete overlap with the Wooly Rambutan (Al. tomentosus), the annual vine (C. 
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halicacabum) occupies a wider geographic region including a relatively small region 

of overlap with the native hosts, whitewood and Wooly Rambutan (Fig. 2.3 B, C). 

The size of fruits of the different host plants are very different (glm: P < 0.0001).  The 

fruit radius (distance from the fruit exterior to the seed center) of the native hosts (At. 

hemiglauca: 2.49 ± 0.05 mm; Al. tomentosus: 4.25 ± 0.04 mm) is much smaller than 

that of the introduced vines (C. halicacabum: 7.64 ± 0.12 mm; C. grandiflorum: 12.40 

± 0.25 mm. All HSD tests P < 0.0001).  

 

2.3.2 Leptocoris morphological measurements 

The two subspecies of Leptocoris can be distinguished unambiguously on 

native hosts, with tagalicus being darker and larger (12.47 ± 0.03 mm) than vulgaris 

(10.9 ± 0.05 mm). There is marked sexual dimorphism, with females normally larger 

than males (body length vulgaris: 11.41 ± 0.07 vs. 10.40 ± 0.06; tagalicus: 13.24 ± 

0.03 vs. 11.81 ± 0.02). There is a strong positive correlation between beak and body 

length. Larger individuals therefore have longer beaks (Spearman-ρ = 0.81, P < 

0.001), but beak/body ratios are clearly similar to those found in smaller individuals.  

 

To test whether hosts-shifts have resulted in morphological divergence of the 

bugs feeding on the introduced hosts we compared the morphology of bugs between 

host plants.  In eastern Australia, tagalicus specimens collected from the introduced 

C. grandiflorum have on average marginally longer beaks than those found on 

adjacent native Al. tomentosus trees. This results in slightly higher beak/body ratios 

on the introduced host (Fig. 2.4, Table 2.3) and is consistent with the results reported 

by Carroll et al. (2005b) based on both contemporary field specimens and historical 

museum specimens. Similarly, but more profoundly, in central and northern Australia, 
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vulgaris individuals feeding on the introduced C. halicacabum have much longer 

beaks than the bugs on small-fruited native Atalaya trees, resulting in a much higher 

beak/body length ratios (Fig. 2.4, Table 2.3). 

 

In Victoria River, NT, bugs on native At. hemiglauca co-occur with those on 

introduced C. halicacabum host only few meters away. We further characterized these 

sympatric bugs by comparing their morphology with that of the allopatric populations 

of tagalicus and vulgaris. Beak lengths of the individuals collected on the two 

sympatric hosts showed striking differences (overall F3,65 = 59.0, P < 0.001, Fig. 2.4). 

Specimens on native At. hemiglauca showed short beaks similar to those found in 

central/eastern Australia where the introduced C. halicacabum is absent (Tukey-

HSD= -0.015, P = 0.99). Individuals on this latter host showed longer beaks of than 

those characterizing either vulgaris or tagalicus (Tukey-HSD VULGARIS-TAGALICUS = 1.73, P 

< 0.001; Tukey-HSD VULGARIS-HEMIGLAUCA =2.19, P < 0.001). Similarly, the overall size of 

the individuals collected on introduced C. halicacabum (pronotum: 2.75 ± 0.050 mm, 

body length= 11.2 ± 0.10) was intermediate between tagalicus (3.13 ± 0.039, 12.78 ± 

0.18) and vulgaris (2.65 ± 0.058, 9.75 ± 0.23). Thus, Halicacabum bugs showed much 

higher beak/body ratios than those observed in bugs on native At. hemiglauca (F3,50 = 

31.08, P < 0.001, Fig. 2.4) . 

 

2.3.3 Phylogenetic reconstruction 

In the concatenated dataset we identified 49 polymorphic sites leading to the 

definition of 32 haplotypes most of them being singletons. Shared haplotypes 

represented only 22% (n=7) of the total number of individuals. Shared haplotypes 

were on introduced C. halicacabum.  Overall genetic diversity (H) was high (0.988).  
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Figure 2.2 Ecological niche modeling of different native and introduced host plants 
utilized by Leptocoris tagalicus. A. whitewood (At. hemiglauca). B. Wooly Rambutan 
(Al. tomentosus). C. Annual Balloon Vine (C. halicacabum). D. Perennial Balloon 
Vine (C. grandiflorum). 
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Figure 2.3. A) At. hemiglauca / Al. tomentosus overlap, B) C. grandiflorum / Al. 
tomentosus overlap and C ) Overlap between Al. hemiglauca, At. tomentosus and C. 
grandiflorum. 
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Trait Lineage Nested Models AIC df P 

 

Beak length 

 

L. t. tagalicus 

 

Full model 

 

15945 

 

8 

 

- 

       + Sex 15990 7 < 0.001 

       + Host plant 17051 4 < 0.001 

      

 L. t. vulgaris Full model 5296 5  

        + Sex 5328 4 < 0.001 

        + Host plant 5442 4 < 0.001 

      

Beak body 
ratio 

L. t. tagalicus Full model 12431 8 - 

        + Sex 12428 7 <0.05 

        + Host plant 12434 4 ns 

      

 L. t. vulgaris Full model 4815 5 - 

        + Sex 4801 4 < 0.001 

        + Host plant 4814 4 ns 

 
 
Table 2.3. Beak length differences in Leptocoris tagalicus. Linear mixed effect model 
including sex and host plant as fixed effects and sampled populations as random 
variable. The significance of the fixed factors was estimated using likelihood ratio 
tests between the Akaike Information Criteria (AIC) of the full model with those of 
the nested models excluding the appropriate variable (df, degrees of freedom). 
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Figure 2.4. Box-plots of the grand means of morphological differences between both 
Leptocoris subspecies, and different host lineages. Boxes represent the first and third 
quartiles, whiskers represent 5 and 95% percentiles. Population means outside this 
range are represented as dots. 
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Nucleotide diversity (π) was relatively similar among lineages, ranging between 

0.0037 and 0.0053. Bayesian and ML gene-tree reconstructions based on mtDNA 

were highly congruent and showed no geographic structure. Collapsing branches with 

support <0.50 resulted in one large polytomy (Fig. 2.5). Relationships between 

haplotypes were highly reticulated and showed no major breaks associated with 

Leptocoris subspecies, host plants, or populations (Fig. 2.6).  

 

For the AFLP dataset both the g1 statistic (−0.354; P < 0.01) and the PTP tests 

showed a significant phylogenetic signal (all permutations, α = 0.01). However, the 

observed genetic differentiation is low and phylogenetic analyses (Fig. 2.7 A, B) 

showed only some evidence for structuring of the genotypes by subspecies: The MP 

tree (Fig. 2.7A) shows the Halicacabum bugs together with vulgaris and tagalicus in a 

single ladder-like, relatively well supported (75% bootstrap support). In contrast, the 

NJ tree (Fig. 2.7B) showed vulgaris and tagalicus as reciprocally monophyletic 

clusters but with only 70% posterior probability.  The NJ tree also shows individuals 

collected on the introduced C. halicacabum as a fairly cohesive group (Fig. 2.7B). 

However, the support for this “cluster” is low (40% bootstrap support) as expected if 

these individuals represent a recently derived lineage.  

 

2.3.4 Population structure 

To infer the number of genetic demes we first used STRUCTURE.  For our 

entire data set the estimated log probability [Ln P(D)] plateaus at K = 3 with the 

second-order rate of change of K (ΔK) reaching its maximum at K = 2, suggesting the 

existence of two (potentially three) distinct ancestry clusters. Assuming K = 2, the 

first cluster grouped all tagalicus specimens, while the second was representative of 
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the vulgaris form (Fig. 2.7C). There were 21 individuals exhibiting admixed ancestry 

(q = 0.1-0.9). Each of these individuals was initially classified as vulgaris and they 

were all collected in northern Australia, where the native At. hemiglauca co-occurs in 

sympatry with the introduced C. halicacabum (Fig. 2.7C). Whereas all individuals 

collected on C. halicacabum (n=15) were clearly admixed, only certain individuals on 

the native At. hemiglauca population showed some degree of admixture (Fig. 2.7C). 

Most of these admixed vulgaris bugs were found on the sympatric Victoria River 

population (Fig. 2.8).  

 

Although STRUCTURE clustering with K=3 showed vulgaris bugs as admixed 

between (Fig. 2.4C), multivariate analyses (DAPC) showed that the BIC reached its 

minimum value at K = 3 suggesting that a subdivision into three clusters should also 

be considered. The first principal component explained 26% of the genetic variance 

and differentiated cluster 1 (tagalicus) from clusters 2 and 3 (vulgaris), while the 

second principal component explained 19% of the variance, displaying the difference 

between vulgaris populations on At. hemiglauca and C. halicacabum (Fig. 2.7D). The 

mean cluster membership probabilities based on the retained discriminant functions 

were ≥ 0.99, and no individuals showed traces of admixture (i.e. < 90% membership 

in a single cluster). The two Leptocoris subspecies showed only modest genetic 

differentiation (FST = 0.173, P <0.001). Within the vulgaris lineage there was 

relatively little differentiation between hosts (FST = 0.106, P <0.001). All groups 

showed similar heterozygosity values and we found no significant differences 

between either subspecies (HJ-VULGARIS = 0.102 ± 0.004; HJ-TAGALICUS = 0.105 ± 0.004) or 

hosts (HJ-A.HEMIGLAUCA = 0.106 ± 0.004; HJ-C.HALICACABUM = 0.097 ± 0.038). The average 

proportion of AFLP loci showing significant pairwise linkage disequilibrium was 
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similarly low in each group: vulgaris (4.73%), tagalicus (4.22%) and halicacabum 

(4.50%) bugs.  

 

2.3.5 Genome-wide admixture estimates and hybrid identification 

Population structure analyses showed significant introgression in northern 

Australia. Detailed analyses of genome admixture revealed that in this region bugs 

feeding on C. halicacabum showed an intermediate assignment to each genetic cluster 

(qmean= 0.52; qmedian= 0.48); whereas bugs collected on At. hemiglauca showed very 

little introgression (qmean = 0.89, qmedian = 0.88; permutation-test P < 0.001; Fig. 2.8). 

Overall, we found no significant correlations between any of the morphological 

variables and the admixture index (Fig. 2.9).  In the sympatric population of Victoria 

River the differences in admixture (q- values) between vulgaris and Halicacabum 

bugs were statistically significant (qVULGARIS-SYMPATRY = 0.90, mean; qHALICACABUM-SYMPATRY 

= 0.63, P= 0.0024), but less so than those observed between these bugs in allopatric 

populations (qVULGARIS-ALLOPATRY=  0.96, qHALICACABUM-ALLOPATRY = 0.46, P < 0.001). 

Analyses based on the hybrid index (H) of the individuals were almost identical, and 

there was a strong correlation between H- and q- values (Spearman-ρ = 0.797, P < 

0.001) indicating our admixture estimates do not depend on pure parental samples 

being identified. The observed distribution of dominant genotypes at the 1,285 

polymorphic AFLPs in the admixed balloon vine population was very different than 

that expected if this population was comprised solely by F1 individuals (random 

permutation test P = 0.0051).  While the Halicacabum bugs showed 6 fixed markers 

(i.e. AFLP band present) that are not found in any of the other populations, the 

number of private alleles in tagalicus and vulgaris was 39 and 29 respectively.  

Moreover, compared with the two putative ancestral lineages, the Halicacabum bugs 
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showed 508 loci (~ 40%) segregating at intermediate frequencies tagalicus and 

vulgaris.  

 

2.4 Discussion 

Introduced, naturalized plants are useful models for investigating the roles of 

selection and genetic variation in the formation of novel herbivorous insect lineages 

(Carroll et al. 2003, Feder et al. 2003). Intraspecific hybridization may be an 

important source of genetic variation for adaptation to potential new hosts because 

these plants may attract multiple, differentiated native insect populations, and trigger 

novel genotype by environment interactions that lead to host-shifts and ultimately, 

speciation (Schwarz et al. 2005). Here we suggest that the introduction of the annual 

balloon vine (C. halicacabum) to Australia 200-400 years ago has resulted in the 

rapid establishment of a new soapberry bug lineage characterized by a relatively small 

body size and a long beak suited to efficiently reach the seeds centered in the vine’s 

large fruits. If the Halicacabum bugs have a hybrid origin their genome should be a 

blend of alleles derived from the two putative parental subspecies, tagalicus and 

vulgaris. In agreement with this prediction, all of our genetic analyses classified 

Halicacabum bugs as recombinants between these two lineages. Whereas all 

populations share mitochondrial lineages as if they were	  a	  single	  genetic	  group, 

Bayesian clustering (STRUCTURE) on nDNA revealed the existence of two distinct 

lineages, with Halicacabum bugs showing admixed identities. Consistent with this 

finding, hybrid-index analyses also showed evidence of mixed ancestry in 

Halicacabum bugs with most individuals (65%, n= 10) showing intermediate (0.4 -

0.5) hybrid indices between the two putative ancestors. Moreover, the Halicacabum 

bugs showed the highest number of loci segregating at intermediate frequencies and 
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fewer private alleles.  

 

Alternatively, these patterns could arise if L. tagalicus, L. vulgaris and the 

Halicacabum bugs represent three distinct non-hybrid lineages derived from the same 

common ancestor species with the Halicacabum bugs harboring more ancestral 

polymorphism than the other two taxa and where ecological competition between 

vulgaris and Halicacabum bugs have lead to morphological character displacement. 

However, the inferred history of the annual balloon vine in Australia, the strict 

association between this lineage and the vine, and the lack of morphological 

differences between allopatric and sympatric populations of Halicacabum bugs are 

less consistent with this scenario.  

 

To demonstrate that hybridization between these two lineages has resulted in a 

host-shift (i.e. the successful establishment of ecologically distinct lineage) one has to 

rule out the possibility –even if unlikely– that the Halicacabum bugs represent a 

“hybrid sink” of sterile individuals sustained by continuous immigration from the 

parental types. If so, the hybrid lineage should be composed of F1 hybrids and would 

not be genetically differentiated from vulgaris and tagalicus (Gompert et al. 2006). 

Our results indicate that this not the case. 

 

First, distribution of Halicacabum bug genotypes is very different from that 

expected in F1 individuals. Second, the small fraction of AFLP-loci showing 

significant linkage disequilibrium in this lineage (~ 4%) is very similar to that 
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Figure 2.5. 1, Bayesian tree and 2, ML tree. Colors represent different host plants, 
Introduced: C. halicacabum (purple), C. grandiflorum (light blue). Native: At. 
hemiglauca (red), Al. tomentosus.  
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Figure 2.6.  1)	  Map of Australia showing the locations of the populations used in the 
genetic analyses. Colors represent different host plants. Native: At. hemiglauca (red) 
and Al. tomentosus (yellow); Introduced: C. halicacabum (purple) and C. grandiorum 
(light blue), while different shapes mark different populations within each host.  
2) Median-joining network describing the evolutionary relationships between mtDNA 
haplotypes of Leptocoris tagalicus. Each haplotype is represented by a circle whose 
area reflects the overall number of copies observed and whose color-coding indicates 
the populations where the haplotype is found. Line length is proportional to the 
number of differences between haplotypes (tick marks). Small red circles represent 
non-sampled ancestral haplotypes that were reconstructed by the MJ algorithm. 
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Figure 2.7. Phylogenetic structure of L. tagalicus based on ~1,200 EcoRI-MseI 
AFLPs. A. B. Maximum parsimony and Neighbor Joining trees. Numbers represent 
the bootstrap support (n=1,000). C. STRUCTURE analysis. The color of the 
individuals (rows) represents the proportion of their genome assigned to the K=2 and 
K=3 inferred clusters in the model-based admixture analyses D. Multivariate analyses 
(DAPC) Dots represent each individual. Groups are delineated by inertia ellipses. The 
analysis accounted for 60% of the genetic variation in the data set of which 26% and 
19% are explained in first (x-axis) and second (y-axis) principal components. Colors 
represent different host plants. Native: At. hemiglauca (red) and Al. tomentosus 
(yellow); Introduced: C. halicacabum (purple) and C. grandiflorum (light blue), 
whilst different shapes mark different populations within each host.  
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Figure 2.8. Assignment of ancestry of the annual vine bugs from two parental 
populations (grey dots). Black and white dots represent tagalicus and vulgaris 
individuals respectively. vulgaris individuals are further split into allopatric and 
sympatric populations. In sympatry, two different hosts, the non-native annual vine 
(C. halicacabum) and native whitewood tree (At. hemiglauca) coexist sometimes only 
a few meters apart. 
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Figure 2.9. Relationships between admixture index, beak length and beak/body ratio. 
Black and white dots represent individuals collected on annual vine (C. halicacabum) 
and whitewood (At. hemiglauca) respectively. 
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observed in the two putative parental subspecies. Third, multivariate analyses 

(DAPC) indicate a subdivision into three clusters: ‘pure’ vulgaris, ‘pure’ tagalicus, 

and the hybrid populations, with the Halicacabum bug lineage showing six fixed 

unique alleles that are not present in either of the parental species. Thus, the most 

parsimonious explanation for our results is that hybridization of small vulgaris bugs 

with long-beaked tagalicus bugs resulted in bugs with a phenotype (long beaks and 

high beak/body ratios) that enable the exploitation of the inflated fruits of the annual 

balloon vine, allowing the establishment of a new recombinant lineage (sensu (Arnold 

1997; Rieseberg 1997).  

 

 Hybrid host shifts represent an ecologically robust scenario for animal hybrid 

speciation because they offer a potential mechanism for reproductive isolation 

through differential adaptation to a new ecological niche (e.g. (Emelianov et al. 2003; 

Gompert et al. 2006; Kuusela et al. 2007; Mercader et al. 2009; Schwarz et al. 

2005)). For example, hybridization is thought to underlie the recent ‘instantaneous’ 

speciation in the native North American Rhagoletis fruit flies breeding on naturalized 

hybrid East Asian honeysuckles (Lonicera) in the eastern United States (Schwarz et 

al. 2005). Lonicera flies are reproductively isolated from other flies and show a 

unique allelic mixture of two native fly taxa. Thus, a new stable lineage has formed 

without a change in chromosomal number as the result of interbreeding between 

diverged parental lineages (homoploid hybrid speciation). A similar process has been 

reported for the origin of alpine-adapted Lycaeides butterflies (Gompert et al. 2006). 

 

Do the Halicacabum bugs represent a case of hybrid speciation driven by the 

introduction of a new host? When a host shift occurs a range of outcomes is possible 
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and demonstrating the existence of reproductive barriers between the bug population 

on C. halicacabum and its putative parentals is, therefore, a crucial next step to 

address this question (Rieseberg 1997). Though limited, our current data from 

Victoria River, NT (where the introduced C. halicacabum and the native At. 

hemiglauca grow only a few meters apart) are consistent with the existence of 

ongoing, but reduced, gene flow between the hybrids and one of the parental species. 

In this population the beaks of the Halicacabum and tagalicus bugs are as distinct as 

bugs found in allopatric populations. However, though still distinct from vulgaris, the 

hybrid indexes of Halicacabum bugs were significantly higher than in allopatry, 

suggesting that backcrossing occurs in sympatry. Further field and laboratory studies 

are needed to determine the degree of isolation of Halicacabum bugs. Genome-wide 

studies using co-dominant markers should be implemented and laboratory crosses 

should be carried out to try to reconstruct the phenotype of the Halicacabum bugs. In 

addition, the nature of the reproductive barriers between the hybrids and the putative 

parental species should be carefully determined using a combination of host 

preference, mate choice and host-specific fitness experiments. 

 

In contrast to the bug populations using C. halicacabum, the bugs feeding on 

the more recently introduced C. grandiflorum showed no evidence of admixture, and 

they are genetically indistinguishable from the tagalicus populations found on the 

native Al. tomentosus. However, bugs feeding on the C. grandiflorum have longer 

beaks than those feeding on Al. tomentosus. Cross-rearing experiments have shown 

that this host-associated difference in beak length is heritable and that it is not just 

related to phenotypic plasticity (Carroll et al. 2005a). Thus, it seems that host-specific 

adaptation has preceded the development of population structure. A more detailed 
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evaluation of the genetic variation is needed to assess the relative roles of gene flow 

and shared ancestral polymorphism to the lack of genomic differentiation between the 

bugs feeding on these two hosts.  Similarly, in North American Jadera soapberry 

bugs for which Cardiospermum is the native host, rapid diversification on introduced 

Asian host plants is based on previously rare or formerly unexpressed interactions 

among existing genes, suggesting that that shift to perennial vine may be strongly 

influenced by epistatic and dominance interactions. (e.g. (Carroll 2008; Dingle et al. 

2009)). More genetic studies are needed to describe the factors controlling host 

adaptation in this branch of the Australian system, and for practical purposes to 

evaluate the potential for L. t. tagalicus to evolve enhanced biological control 

capacity against invasive perennial balloon vine. We predict that further results will 

confirm the importance of hybridization and epistasis as two main mechanisms that 

facilitate the adaptation of plant-associated insects to new hosts.  

 

2.5 Conclusions 

Haplotype network did not show any major association with either Leptocoris 

subspecies or host plants, and no association with the geographic locations. Taken 

altogether, the most parsimonious explanation for the observed genetic, 

morphological and distributional modeling patterns is that hybridization of small 

vulgaris bugs with long-beaked tagalicus ones resulted in bugs with a phenotype 

(long beaks and high beak length/body length ratios) that allowed the offspring to 

exploit the inflated fruits of the annual balloon vines and freed the new lineage from 

parental species competition, providing the opportunity for ecological isolation to 

arise.  
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CHAPTER 3 - GENETICS OF HOST-SHIFT AND ADAPTATION IN JADERA 
BUGS OF FLORIDA, USING CANDIDATE GENE APPROACH. 

 
 

3.1 Introduction 

Plant species vary inter-and intra-specifically in numerous morphological, 

phenological and chemical traits and insect’s responses to plant trait variation are 

responsible for the rapid diversification and high diversity of phytophagous insects 

(Agrawal et al. 2012; Groman & Pellmyr 2000; Matsubayashi et al. 2010; Thomas et 

al. 2003; Wood & Keese 1990). Although conceptually this does not present any 

challenge, the ecological and genetic mechanisms behind host shifts are yet to be 

understood. 

 

From a genetic point of view, the adaptation of phytophagous insects to novel 

hosts might occur through new mutations, existing genetic variation, hybridization, and 

the introgression of pre-adapted genetic elements that originated outside of currently 

adapting populations (Feder et al. 2003b) . Understanding the role of each of these 

genetic mechanisms in host shifts requires identifying the genes responding to host-

related selection. In this chapter, I use a candidate gene approach to identify genes that 

may be associated with the anthropogenic host shift in the soapberry bug, Jadera 

haematoloma. Florida populations of this species feed on either native balloon vine 

(Cardiospermum corindum) or an introduced golden rain tree (Koelreuteria elegans), 

commonly planted since the 1950s (Carroll & Boyd 1992). Morphological, nutritional 

and ecological differences in host plants appear to have driven the evolution of 

soapberry bugs (Carroll et al. 2003; Carroll et al. 1997; Carroll et al. 1998).  

Morphologically, while adult J. haematoloma currently feeding on balloon vine closely 

resemble the museum specimens collected prior to the introduction of the introduced 
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tree, those now living on the golden rain tree have diverged beyond their ancestral 

phenotypic range, and currently show beaks that are significantly shorter (Carroll & 

Boyd 1992). Golden rain-bugs also mature faster (~25% decrease), have higher 

fecundity (~ 2 times increase), and survive better (~40% increase) in the introduced 

host than the balloon vine ones (Carroll et al. 1997; Carroll et al. 1998). As a result, 

these host-specific populations have been considered different ecomorphs (Carroll et al. 

2001; Carroll et al. 1998).  

 

Classic quantitative genetic studies and selection experiments have shown that 

the size of the beak in Jadera is under genetic control (Carroll et al. 2005a; Dingle et 

al. 2009) and at least one QTL analysis suggests that this trait is controlled by a few 

loci of relatively large effects (Yu & Andres 2014). Thus, in this chapter, I target three 

candidate developmental genes (Distal-less (Dll), dachshund (dac) and homothorax 

(hth)) that are known to play a potential role in the insect’s mouthpart and appendage 

development in arthropods (Angelini & Kaufman 2004; Panganiban et al. 1997; Prpic 

& Tautz 2003). The first candidate gene, Distal-less (Dll), encodes a homeodomain 

transcription factor, expressed in distal structures of appendages during development, 

their expression and function is widely conserved in all invertebrate appendages 

(Cohen et al. 1993; Ishimaru et al. 2015; Panganiban et al. 1997). Dll is required in the 

labium for development of the most distal portion (Angelini & Kaufman 2004, 2005). 

The second one, dachshund (dac) is a transcription factor, that is vital for proper 

differentiation of a subset of segments in the developing leg, and has a function in 

sensory structures including the eyes (Mardon et al. 1994; Yang et al. 2009).  Dac is 

expressed throughout the length of the embryonic mandibular, maxillary limb buds and 

of proximal domain in the labium (Angelini & Kaufman 2004).  
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Finally, the third candidate gene, homothorax (hth) encodes a homeodomain 

transcription factor. Expression of hth is essential for proper elongation of the stylets; it 

is also expressed in proximal portion of the labium, throughout the length of the 

mandibular and maxillary limb buds (Angelini & Kaufman 2004, 2005; Angelini et al. 

2012).  

 

Host specialization is obviously not only related to morphological changes but 

many more phenotypic changes usually accompany host specialization. Amongst 

them, changes in host preference and host toxins have been particularly well 

documented in other insects (Aldrich et al. 1990; Bramer et al. 2015; Dalla et al. 

2013; Djamgoz et al. 1998; Dobler et al. 2012; McBride 2007). Different plant 

lineages have evolved independently to produce a vast variety of highly efficient 

toxins to avoid herbivores (Dalla et al. 2013). The seeds of both the Cardiospermum 

vines and the golden rain tree contain cyanolipids, alkaloids, saponins, glycosides, 

tannins, flavonoids and cardiac glycosides (Aldrich et al. 1990; Patil et al. 2010; Raza 

et al. 2013; Suresh et al. 2012). 

 

Cardiac glycosides are cardenolides and are known to inhibit the Na+/K+-

ATPase pump, a heterodimeric member of P-type ATPases (Hansen 1984; Yoda & 

Yoda 1982). Although the α-subunit of this enzyme is highly conserved (Dalla et al. 

2013; Dobler et al. 2012; Horisberger 2004), phytophagous insects feeding on hosts 

producing cardenolides show characteristic amino acid substitutions conferring 

resistance to these toxins (Agrawal et al. 2012; Dobler et al. 2012; Petschenka et al. 

2013; Zhen et al. 2012).  Thus, it is likely that Jadera bugs also show “resistant” 

ATP-ase alleles, which may be different than those, described in other heteropterans. 
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To test this hypothesis in this chapter I have characterized the genetic variation found 

in the ATPase gene in Florida populations of Jadera haematoloma feeding on either 

host.  

  

Host preferences in phytophagous insects are controlled by chemosensory 

systems that detect volatile cues (i.e. odorants) and allow them to detect food, 

predators, mates and oviposition sites (Andersson et al. 2011; Deisig et al. 2010; Hua 

et al. 2012; Rospars et al. 2014). Insects sense these odorants with specialized odorant 

receptors (ORs) expressed in the antennal receptor neurons. ORs bind both odorants 

and a co-receptor called Orco (Odorant Receptor-Coreceptor), which in turn activates 

the ion channels of the olfatory neurons (see Fig. 3.1) (Chen & Luetje 2012; Cooper 

et al. 2000; Leal 2013; Palczewski et al. 2000; Sato et al. 2008).  

Odorants vary dramatically across different host species (Hallem et al. 2006). 

Consequently, ORs genes are fast evolving genes (Hua et al. 2012) and the number of 

OR genes vary across related species of phytophagus insects.  Because activated 

olfactory receptors directly interact with the Orco aminoacid substitutions in ORs 

may require matching changes in the orco gene, even if some of the orco domains are 

known to be highly conserved across all insect taxa (Jones et al. 2005; Taylor et al. 

2012). In the final part of this chapter I test to see if the orco gene shows any 

differences between the two soapberry bug ecomorphs found in Florida.  
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Figure 3.1. Schematic representation of activation of ion channel by volatile 
compounds (Odorants) produced by plants, Interaction between the ORs and orco 
receptors. 
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3.2 Materials and Methods 

3.2.1 Characterization of the candidate genes 

All of the three developmental genes (dac, Dll. Hth), orco and Na+/K+-ATPase 

are expressed in their appendages and throughout the life cycle of the bugs. So the 

antennae and beak from adult male and female Jadera bugs were harvested using 

forceps and stored at −80◦C. Total RNA was extracted from the frozen tissues using 

Trizol, according to the manufacturer’s instructions. First strand cDNA was 

synthesized from approximately 1 µg of total RNA using Thermoscript reverse 

transcriptase (Invitrogen, Carlsbad, CA) and random hexamers using conditions 

recommended by the manufacturer.  

 

orco gene was amplified using degenerate primers designed to conserved 

amino acid stretches (IKAWYPW, AIKYWV and VCQQCQK) of previously 

identified orco sequences. Amplifications were performed using 0.7 µL of the cDNA 

template and 5 µL of each primer with platinum-Taq DNA polymerase and thermo 

cycler conditions as used in Hull et al., 2012. To amplify the Na+/K+-ATPase (α-

subunit), Dll, dac, and hth, degenerate primers were designed to highly conserved 

regions from the multiple sequence alignment built from previously available 

annotated insect sequences  (see Table 3.1). Using the small fragments as a template, 

genome walk was performed to cover the N-terminal and C-terminal to cover all the 

main domains for all the genes.  
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No Primer Name Oligo sequence 
1 orco_newF1 

orco_newR1 
5’-GCGACCTCTGGCCGAACATC-3’ 
5’-GCACCAAGCACAGAAGCAAAAAGA-3’ 

2 Dll_newF1 
Dll_newR1 

5’-ACCACCTAAAGATGAGAAATG-3’ 
5’-GATGATGATGGGGATGGTGGTGAG-3’ 

3 dac_PF2 
dac_PR2 

5’-TCCCAGCAGATTAAGAAGCACAGG-3’ 
5’-GCGGCAGGCGACGACACG-3’ 

4 hth_LTF1 
hth_LTR1 

5’-TTTGAAAAGTGCGAGTTGGCTACG-3’ 
5’-TTGTTAATCCGGTGTCTTGTGCTA-3’ 

5 fATPa 
rATPa 
NT_atpF1 
NT_atpR2 
CT_atpR2 
rATPc 

5’-ATGACNGTNGCNCATATGTGGT-3’ 
5’-ATNGGGTGGTCNCCNGTNACCAT-3’ 
5’-TRYTVTGGGTTGGYGCHAT-3’ 
5’-CTTTGAATCCAGGGCTTGTT-3’ 
5’-TCTTATGTCTATGATTGATCCACC-3’ 
5’-ATNGCNGGNACCATGTCNGTNCC-3’ 

 

Table 3.1. List of Primers 

 

 

 Population Site Host 
1 Homestead Ft Cardiospermum corindum 
2 Key Largo Cardiospermum corindum 
3 Gainesville Koelreuteria elegans 
4 Orange City Koelreuteria elegans 
5 Ft. Myers Koelreuteria elegans 
6 Homestead Ft Koelreuteria elegans 
 

Table 3.2. List of Jadera populations from Florida and their associated hosts.   
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3.2.2 Identification of genetic variation among populations 

Total RNAs were extracted from heads of 20 adult Jadera bugs from two 

native C. corindum populations (Homestead, Key Largo), four derived K. elegans 

populations (Gainesville, Orange City, Ft. Myers, and Homestead) (see Table 3.2, 

Fig. 3.2). cDNAs were synthesized as per manufacturer’s instructions. The genes 

were amplified using the same PCR conditions used for their characterization. 

Purified (Exo/SAP) PCR products were sequenced on 3500-XL Genetic Analyzer 

using ABI 3.1 Big Dye Terminator chemistry. 

 

3.2.3 Phylogenetic analyses 

The populations of bugs living on different hosts are believed to evolve 

independent to each other, and so the mutations will be common among the 

population living on respective host plants. We employed multiple sequence analysis 

and phylogenetic analyses to identify the genetic differences between and within 

populations. The nucleotide sequences from populations (Table 3.1) for the genes Dll, 

dac, orco and fragment of Na+/K+-ATPase (α-subunit) were aligned using the 

program using MAFFT (Katoh & Standley 2013). Phylogenetic relationships were 

estimated using two different methods 1) Neighbor Joining (NJ) and 2) Maximum 

Likelihood (ML), using 1000 bootstrap. If there are genetic differences associated 

with the host, then the populations feeding on different host-plants are expected to 

form monophyletic groups.  
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Figure 3.2. Jadera haematoloma populations and sampling sites. Upper right: map of 
the United States of America with Florida highlighted. Left: Florida. Lower right: 
close-up of the Florida Keys and part of the tip of the peninsula. Black circles 
represent known populations of the ancestral long-beaked ecomorph feeding on the 
native balloon vine (C. corindum). Stars represent known populations of the derived 
short-beaked ecomorph feeding on the introduced golden rain tree (K. elegans).  
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3.2.4 Population genetic analyses 

Genetic diversity within and between populations was estimated by computing 

haplotype diversity (H) and nucleotide diversity (π). To analyze demographic events 

such as past population expansion and selection driving forces, we used statistical 

analysis Tajima’s D (Tajima 1989), which uses the frequency of segregating 

nucleotide sites. Negative values of these tests are expected in populations that have 

undergone a recent population expansion, because expected alleles are more frequent 

than rare alleles; whereas positive values occur if rare alleles are eliminated from 

population following genetic bottlenecks (Tajima 1989). The analyses were 

implemented in the program DNASP (Librado & Rozas 2009).  

 

The same DNASP (Librado & Rozas 2009) package was used to calculate the 

rate of amino acid replacement substitution (dN) relative to the rate of silent 

substitution (dS), ω = (dN/dS). For any set of amino acid residues, when dN/dS = ω 

=1, a neutral model of evolution cannot be rejected, whereas ω <1 indicates purifying 

selection and ω >1 indicates positive selection. The difference in these fixation rates 

provides an estimate of the selection pressures. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Sequence analyses 

We have sequenced orco (1400bps), and Na+/K+-ATPase (2085bps), Dll 

(705bps), dac (1085bps), and hth (913bps). Sequence analysis showed that the genes 

are highly conserved, and the nucleotide diversities (π) were relatively low. Overall 

only 9 parsimonious informative sites were found among all the genes, and all the 

mutations were associated with individuals in the population rather than common for 
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a specific host-associated or population-associated. Further, population genetics 

analyses of hth, dac and Na+/K+-ATPase revealed high diversity of  haplotypes, 

constituting ~35% of the total sample size. The combination of high haplotype 

diversity and low nucleotide diversity that we observed in our data may be 

representing a signature of a rapid demographic expansion from a small effective 

population size (Avise 2000; de Jong et al. 2011). Statistical tests these days are 

developed to test selective neutrality of mutations, and are implemented to detect such 

population growth (de Jong et al. 2011; Ramos-Onsins & Rozas 2002). The results of 

Tajima’s D test were negative for all populations for all the genes (hth = -1.6302, dac 

= -1.7406, Dll = -1.2331, Na+/K+-ATPase = -0.6934 and orco = -1.18951), indicating 

a larger number of rare nucleotide site variants compared to the expected under a 

neutral model of evolution. The genes that are evolving under directional selection 

(i.e. positive or negative selection), their variants will be at a low frequency so 

nucleotide diversity will be low relative and will produce negative values. But, 

Tajima's D will also be affected by demography, because population expansion can 

also lead to an excess of rare alleles. So in this particular case, the results may be 

implying a case of recent population expansion (Navarro & Barton 2002; Roux et al. 

2013). The phylogenetic analysis also did not reveal any association of population 

with any host (see Fig. 3.3) 

 

It is very evident that orco interacts with most of the ORs and these ORs are 

fast evolving genes (Benton et al. 2006; Chen & Luetje 2012), but still our results 

showed very low nucleotide diversity (π =0.00025) and low substitution rates (one 

synonymous and one non-synonymous). This shows that there is strong selection 

acting on these genes preventing any changes in the amino acid substitutions, and 
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may be it is very important for this gene to maintain the genetic architecture to hold 

specific structural conformation related to ORs interactions.  

Jadera populations from Homestead and Key Largo were feeding constantly 

on Cardiospermum seeds, which have known cardenolide content. And the insect taxa 

that are feeding on these cardiac glycosides has amino acids substitution in their 

Na+/K+-ATPase α-subunit, helping the phytophagous insects to adapt and colonize the 

cardinolide containing host plants.  Interestingly, our experiment revealed that the 

Jadera populations feeding on Cardiospermum do not have any substitutions or 

changes in their Na+/K+-ATPase α-subunit sequences. Instead, all the sequences are 

highly conserved. The α and β-subunits are known to interact with each other, 

mutations of different amino acids resulted in heat-sensitive enzymes, lower affinity 

for K+ and inactive protein (Becker et al. 2004). So highly conserved stretches of 

Na+/K+-ATPase sequences among the insect taxa represent the importance of 

maintaining a particular amino acid at a particular site. Multiple sequence alignment 

of Jadera Na+/K+-ATPase (α-subunit) with other insect taxa that live on hosts with 

and without cardenolides (see Fig. 3.4) have shown Jadera sequence clearly clumps 

with a bunch of other taxa that live on hosts plants free of cardenolides. 

 

Based on the experiments conducted in Angelini’s lab it is very obvious that 

the three candidate developmental genes we chose have a role in appendage 

developments in soapberry bugs and also in related Oncopeltus fasciatus (Angelini & 

Kaufman 2004). Our results have shown all three dac, Dll, hth genes are high 

conserved. For the gene Dll, the number of polymorphic sites is two and nucleotide 

diversity (π) = 0.00079, for the gene dac polymorphic sites is four and nucleotide 

diversity (π) = 0.00116. For the gene hth, the number of polymorphic sites is five (all 
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singletons) and nucleotide diversity (π) = 0.00165. Interestingly, Dll gene has zero 

non-synonymous substitutions to two synonymous substitutions. The gene hth gene 

has four non-synonymous substitutions and one synonymous substitution, but no 

changes are related to populations or host plants. Meanwhile dac gene has three non-

synonymous substitutions to two synonymous substitutions.  

 

3.4 Conclusions 

 The most possible parsimonious explanation for low genetic variability 

among these three developmental genes are 1) The interactions between the 

developmental genes may be playing a major role in pattern formation of appendages, 

so the changes in phenotype may be due to the differences in expression level or 

because of the epistatic effect. Also its been published that the host based differences 

in beak length and other performance measures in Jadera are largely the product of 

epistatic differentiation (Carroll 2007a; Carroll et al. 2003; Carroll et al. 2001). 2) 

Developmental genes are mostly pleiotropic, affecting several independent traits; 

indeed, many appendage-patterning genes likely to influence the beak length are 

known to affect other appendages. So the phenotypic changes that we observed may 

be rooting from a different set of genes.  
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Figure 3.3.  Phylogenetic trees with concatenated 2664bps from genes. A- Maximum 
Likelihood tree, B- Neighbor Joining tree. Red color represents K. elegans population 
and blue represents Cardiospermum populations. Home- Homestead, key-Key Largo 
Gain-Gainesville, Leesburg, Ftm- Ft. Myers. 
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Figure 3.4. Multiple sequence alignment of Na+/K+-ATPase (α-subunit) of 
representative sequences from different insect taxa. * Represents sequence from 
insects feeding on cardenolide-containing seeds. Jadera* represents the gene 
fragment sequenced from a RNA pool of bugs populations feeding on cardenolide-
containing host plant. Full-length sequences are given with their total number of 
amino acid residue numbers. Small hexagon symbols on the top of alignment block 
represents the amino acid substitutions involved in cardenolide binding.  
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CHAPTER 4 - CONCLUSIONS AND FUTURE DIRECTIONS 

 

Soapberry bugs provide us with a unique opportunity to study the genetic 

mechanisms underlying host-shifts. The colonization of invasive balloon vines by 

Australian soapberry bugs (Leptocoris spp.; Chapter 2) greatly illustrates that host-

shifts are not always facilitated by new mutations or standing genetic variation but by 

hybridization and adaptive introgression. Sets of genes that are candidates for host-

shifts can be identified through various genetic tools, including selection experiments 

that test for correlated responses in candidates, QTL mapping, and comparisons of 

“host races” that test for specific genetic associations (Genome wide association 

studies (GWAS). Most of these techniques lead to the identification of candidate sets 

of loci rather than specific alleles. Nevertheless, the identification of specific alleles 

that are involved in the adaptation to a new hosts plant is still necessary if we want to 

fully understand the molecular bases of host-plant colonizations. A potential way to 

identify potential adaptive alleles is to perform a candidate gene approach similar to 

that performed in Chapter 3. While my efforts during my Masters focused on 

structural changes in the candidate genes themselves it is clear that regulatory changes 

as well as gene duplication and gene loss, are likely to have a role in adaptive shifts. 

Future efforts should concentrate not only on the identification and characterization of 

other candidate genes (e.g. Odorant Receptors) but also on the study of the differential 

gene expression between soapberry ectomorphs feeding in different hosts. For 

example, recent advances in sequencing technology (NGS) allow us to generate 

reference transcriptomes. Then, an RNA-seq approach can be used to detect if the 

different ecomorphs have genetically diverged in their gene expression response to 

different host plants. Each of the methods used for identifying potential loci involved 
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in host adaptation has advantages and disadvantages; it is only through an integrative 

approach that we will unravel the genetic changes associated with the colonization of 

new hosts. 
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