
 

 

 

Molecular ecology, geography and species 

interactions of Mycopsylla insects with their 

bacterial endosymbionts, parasitoids and host 

fig trees 

 

By 

Caroline Fromont, MSc 

 

 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 

 

 

Hawkesbury Institute for the Environment 

Western Sydney University 

 

 February 2017 

  



 

 

Acknowledgments 

First, I would really like to thank Fleur Ponton and Pascal Campagne, my then Master’s 

advisors and now colleagues, for making me discover research and for sharing their love and 

passion of science. These first incursions into research and science were amazing and 

rewarding and without them, I would have never decided to undertake a PhD. 

Thanks to my principal advisor James Cook for allowing me to do a PhD, fieldwork in 

Australia is definitively a lot of fun. Thank you also to my secondary advisor Markus Riegler 

for always being encouraging about my work and having an open door to chat about psyllids 

and endosymbionts.  

I also want to thank the people that have shared their knowledge and skills during my PhD. 

Thank you, in particular, to Tim Sutton for showing me the basics of molecular technics and 

to Paul Rymer for his advice on population genetics. I also want to thank Jane DeGabriel for 

the discussion about LHI and an awesome field trip on the island, as well as for her advice 

on grants and manuscripts. 

Thank you to the best office friends (Sarah, Jess, Peter, James) a PhD student can ask for! I 

will never forget the tea breaks, the support, the laughs, the deadly looks when we were too 

loud or it was too early. 

Thank you to the #sickestdivecrew (Court, Chris, Clare, Rohan, Jon, Markus) for amazing 

weekends at the bottom of the ocean marvelling at some colourful fishes, weedy sea dragons, 

nudibranchs and other creatures and critters. 

Thank you to all the other people I have met here and who have helped making this PhD an 

amazing experience: Steve and Teresa (for the beach trips and the Thursday dinners!), 

Andrew, Aidan and Kirk (for being awesome flatmates), Alex and Luke (for some fun 

parties and wine tasting), Ivan, Lanila, Lluvia (for bringing me back to Zumba), Nicola, 

Barbara, Robert, Gerry. 

Merci aux amis français (Marie, Anne, Christophe, Marianne, Mylène, Delphine, Esther), 

loin des yeux mais jamais loin du cœur! Merci d’être toujours présents quand je rentre ou par 

mail! Un jour, j’en suis certaine, on arrivera à vivre dans le même pays! 

Je veux aussi remercier mes parents qui, malgré le fait que je voyage toujours trop loin, 

m’ont toujours supportée et ont bravé 24h de vol, le camping et les crocodiles pour me 

rendre visite! Merci aussi à ma sœur pour être la meilleure! 

Last but not least, thank you to Courtney who was there all along during this PhD, for always 

supporting me and pushing me to keep on going, for the amazing time we spent and will 

spend together!  

 

 

 



 

 

Statement of authentication 

 

 

The work presented in this thesis is, to the best of my knowledge and belief, original 

except as acknowledged in the text. I hereby declare that I have not submitted this 

material, either in full or in part, for a degree at this or any other institution. 

 

 

 

 

 

 

Caroline Fromont 

February 2017 



i 

 

Table of contents 

 

List of tables ............................................................................................................................ iv 

List of figures ........................................................................................................................... v 

Abbreviations ......................................................................................................................... vii 

Abstract ................................................................................................................................... ix 

INTRODUCTION ................................................................................................................... 1 

1.1 Insects in complex interactions ................................................................................ 2 

1.2 Phylogeography and geographic scales of interactions ......................................... 17 

1.3 Thesis objectives .................................................................................................... 23 

DIVERSITY AND HOST SPECIFICITY OF THREE MYCOPSYLLA SPECIES 

(HEMIPTERA: HOMOTOMIDAE) AND THEIR PSYLLAEPHAGUS PARASITOIDS 

(HYMENOPTERA: ENCYRTIDAE) ON FIGS (FICUS) .................................................... 26 

2.1 Abstract .................................................................................................................. 27 

2.2 Introduction ............................................................................................................ 28 

2.3 Materials and methods ........................................................................................... 30 

2.4 Results .................................................................................................................... 35 

2.5 Discussion .............................................................................................................. 47 

PHYLOGEOGRAPHIC ANALYSES OF BACTERIAL ENDOSYMBIONTS IN FIG 

HOMOTOMIDS (HEMIPTERA: PSYLLOIDEA) REVEAL CO-DIVERSIFICATION 

AND HOST DEPENDENCY ON BOTH PRIMARY AND SECONDARY 

ENDOSYMBIONTS ............................................................................................................. 52 

3.1 Abstract .................................................................................................................. 53 

3.2 Introduction ............................................................................................................ 54 



ii 

 

3.3 Materials and methods ........................................................................................... 56 

3.4 Results .................................................................................................................... 62 

3.5 Discussion .............................................................................................................. 73 

CHARACTERISATION OF 14 MICROSATELLITE MARKERS FOR THE 

AUSTRALIAN FIG HOMOTOMID, MYCOPSYLLA FICI ................................................. 78 

4.1 Abstract .................................................................................................................. 79 

4.2 Introduction ............................................................................................................ 79 

4.3 Materials and methods ........................................................................................... 80 

4.4 Results and discussion ........................................................................................... 81 

HOP, STEP AND JUMP – NATURAL AND ANTHROPOGENIC DISPERSAL OF A 

HOST-SPECIFIC INSECT TO HABITAT AND OCEANIC ISLANDS ............................. 83 

5.1 Abstract .................................................................................................................. 84 

5.2 Introduction ............................................................................................................ 85 

5.3 Materials and methods ........................................................................................... 87 

5.4 Results .................................................................................................................... 92 

5.5 Discussion .............................................................................................................. 99 

RELATIVE ABUNDANCE AND STRAIN VARIATION IN THE BACTERIAL 

ENDOSYMBIONT COMMUNITY OF A SAP-FEEDING INSECT ACROSS ITS 

GEOGRAPHIC RANGE ..................................................................................................... 104 

6.1 Abstract ................................................................................................................ 105 

6.2 Introduction .......................................................................................................... 106 

6.3 Materials and methods ......................................................................................... 108 

6.4 Results .................................................................................................................. 111 

6.5 Discussion ............................................................................................................ 120 



iii 

 

GENERAL DISCUSSION .................................................................................................. 127 

7.1 Introduction .......................................................................................................... 128 

7.2 Key findings and discussion ................................................................................ 129 

7.2.1 Insect and bacterial diversity and host specificity ........................................ 129 

7.2.2 Phylogeography and dispersal ..................................................................... 133 

7.2.3 Geographic population structure .................................................................. 137 

7.3 Future research ..................................................................................................... 144 

7.4 Main conclusions ................................................................................................. 146 

References ............................................................................................................................ 147 

Appendices ........................................................................................................................... 180 

 

 

  



iv 

 

List of tables 

Table 2. 1: Primer sequences used in this study.        33 

Table 2. 2: PCR amplification conditions and MgCl2 concentration used for each primer 

pair.            33 

Table 2. 3: Percentage of mitochondrial pairwise divergence for A) COI of Mycopsylla and 

B) cytb of Psyllaephagus.         39 

Table 3. 1: Primer sequences used in this study.       60 

Table 3. 2: PCR amplification conditions and MgCl2 concentration used for each primer pair

            60 

Table 3. 3: Molecular diversity and neutrality tests for the cytochrome b sequences of 

Mycopsylla.           66 

Table 3. 4: Results of the NGS run.        66 

Table 3. 5: Nucleotide diversity (π) of the sequences of P- and S-endosymbionts.   66 

Table 3. 6: HVR haplotypes of the wsp gene of Wolbachia.     70 

Table 4. 1: Characteristic of 14 microsatellites isolated from Mycopsylla fici.   82 

Table 5. 1: Description of the scenarios used for the ABC analysis.    91 

Table 5. 2: Allelic diversity indices for the four main samples populations.   93 

Table 5. 3: Genetic differentiation among sites.       93 

Table 6. 1: Alpha diversity metrics calculated after rarefaction to 13,069 sequences of 48 

microbiome samples of Mycopsylla fici from four populations, males, females and nymphs.

                        114 

Table 6. 2: Results of the statistical tests used to compare the bacterial communities between 

populations and sexes/stages of M. fici.                 119 

  



v 

 

 

List of figures 

Figure 1. 1: Distribution of three species of Ficus in Australia.        7 

Figure 1. 2: Mycopsylla fici (a) egg mass, (b) first stages of lerp formation - wax filament in 

white and honeydew, (c) nymphs, (d) adult male (bottom) and female (top), (e) male and (f) 

female.              9 

Figure 1. 3: Mycopsylla proxima (a) eggs, (b) first stages of lerp formation - wax filament in 

white and honeydew, (c) lerps, (d) mummy and parasitoid, (e) male and (f) female.  10 

Figure 1. 4: Diagram of the main species and interactions focus in each thesis chapter.  25 

Figure 2. 1: Maps of the Mycopsylla and Psyllaephagus collections in Australia and New 

Zealand.           31 

Figure 2. 2: Phylogenetic tree constructed using BI of Mycopsylla COI sequences.  36 

Figure 2. 3: Statistical parsimony network for Mycopsylla.     38 

Figure 2. 4: K2P genetic distances for the COI dataset of all Mycopsylla (Homotomidae) and 

the cytb dataset of all Psyllaephagus (Encyrtidae) collected on Ficus sp.    39 

Figure 2. 5: Phylogenetic tree constructed using BI of A) cytb sequences, B) 28S rDNA and 

C) 16S rDNA for Psyllaephagus.        42 

Figure 2. 6: Statistical parsimony network for Psyllaephagus.     43 

Figure 2. 7: Pictures of sheath and antennae of female and antennae of male of the different 

Psyllaephagus species.           45 

Figure 2. 8: Comparison of the length of body (A) and ratio ovipositor sheath/body length 

(B) of female and size of body (C) of male of different Psyllaephagus species.   46 

Figure 2. 9: Food web of the Mycopsylla homotomids and their associated Psyllaephagus 

parasitoids found on three species of fig trees.       47 

Figure 3. 1: Maps A), B) and C) show the locations where Mycopsylla was collected in 

Australia and New Zealand.         58 

Figure 3. 2: Phylogenetic tree using BI of mtDNA (cytb) of the three species of Mycopsylla 

(right) and atpD of their P-endosymbiont Carsonella.      65 

Figure 3. 3: 16S and 23S rDNA partitioned analysis using MrBayes of common insect 

endosymbionts.           67 

Figure 3. 4: Partitioned analysis using BI of the 16S and 23S rDNA sequences of the S-

endosymbiont of M. fici, M. proxima and Mycopsylla sp.      68 

Figure 3. 5: Phylogenetic tree obtained from 16S rDNA sequences of P-endosymbiont of M. 

fici, M. proxima and Mycopsylla sp.        69 



vi 

 

Figure 3. 6: Phylogenetic tree obtained with ML in Mega from wsp sequences of Wolbachia 

of M. fici, M. proxima and Mycopsylla sp.       70 

Figure 3. 7: Mantel test on cytb data for Mycopsylla fici.      71 

Figure 5. 1: Scatterplot of DAPC of M. fici.       94 

Figure 5. 2: Bayesian genetic clustering using TESS with the optimal number of clusters (3) 

of the four main populations and the individuals collected along the transect   95 

Figure 5. 3: Maps of the admixture proportion/membership probabilities from TESS 

analysis.           96 

Figure 5. 4: Spatial autocorrelation analysis using all individuals between Sydney and 

Brisbane           97 

Figure 5. 5: A) Graphical representation of the most likely scenario of the biogeographic 

history of M. fici selected using DIYABC. B) Prior settings, parameter estimations and 

confidence for this scenario.          98 

Figure 6. 1: Bayesian inference tree of 16S rDNA sequences showing the position of the 

OTUs found in the microbiome of Mycopsylla fici.                113  

Figure 6. 2: Similarity of male Mycopsylla fici samples using a heatmap and a dendrogram. 

                        115 

Figure 6. 3: Alpha diversity indices (A- InvSimpson, B- Shannon and C- Chao1) of the four 

populations, sexes and stages of M. fici.                  116 

Figure 6. 4: Scatterplot of DAPC of M. fici microbiome showing the first two principal 

components of the DAPC.                   118 

Figure 6. 5: Relative abundance of the three major OTUs in A) males of different 

populations and B) different stages and sexes within the Sydney population of M. fici.      119 

Figure 7. 1: Schematic diagram of key research themes, scope of study, and relevance of 

issues                      129 

  



vii 

 

Abbreviations 

 

ABC Approximate Bayesian computation 

AMOVA Analysis of molecular variance 

atpD ATP synthase beta subunit 

BI Bayesian Inference 

BIC Bayesian Information Criterion 

CAR Conditional auto-regressive 

CI Confidence interval 

CI (Wolbachia) Cytoplasmic incompatibility 

COI Cytochrome oxidase I 

Cytb Cytochrome b 

DA Discriminant Analysis 

DAPC Discriminant Analysis of Principal Component 

DIC Deviance information criterion 

EF1α Elongation Factor 1α 

ENA Excluding null allele 

GMYC Generalized Mixed Yule Coalescent 

He Expected heterozygosity 

Hist3 Histone 3 

Ho Observed heterozygosity 

HVR Hyper Variable Regions 

HWE Hardy-Weinberg equilibrium 

IBD Isolation by distance 

K Number of clusters in TESS 

LHI Lord Howe Island 

M Garza and Williamson index 

m Migration rate 

MCMC Monte Carlo Markov Chain 

ML Maximum Likelihood 

NGS Next Generation Sequencing 

NSW New South Wales, Australia 

OTU Operational taxonomic unit 



viii 

 

P-  Primary 

PC Principal Components 

PCA Principal Component Analysis 

PCoA Principal Coordinates Analysis 

QLD Queensland, Australia 

S- Secondary 

SMM Stepwise mutation model 

t Divergence time 

TPM Two-phase model of mutation 

Vic Victoria, Australia 

wsp Wolbachia surface protein 

π Nucleotide diversity 

µ Mutation rate 

  



ix 

 

Abstract 

 

Mycopsylla fici Tryon (Hemiptera: Homotomidae) is a plant sap-feeding pest insect that can 

cause complete defoliation of its sole host tree species, Ficus macrophylla Desf. ex. Pers., 

the Moreton Bay fig. It has been suggested that M. fici outbreaks happen during hot and dry 

years (Newman 2004). Its host has two forms; F. macrophylla f. macrophylla is present on 

the mainland of Australia and F. macrophylla f. columnaris on Lord Howe Island (LHI), a 

volcanic remnant located ~600 km off the coast of New South Wales. Since the 19
th
 century, 

this fig species has also been planted outside its natural range within Australia (e.g. 

Melbourne, Perth) and overseas in New Zealand (e.g. Auckland), Europe and USA. In 

Australia only one other species of Mycopsylla has been described. Mycopsylla proxima 

Froggatt feeds on Ficus rubiginosa Desf. ex. Vent., but has not yet been reported to cause 

significant defoliation. Interestingly, while at least one parasitoid species has been observed 

attacking M. fici in Australia, no Mycopsylla specific parasitoid species has been formally 

described in M. fici natural range. One parasitoid species, Psyllaephagus cornwallensis, has 

been described in New Zealand, where M. fici is an alien species.  

In this thesis, I first investigated the diversity of homotomids and parasitoids in Australia 

(mainland and LHI) and New Zealand (chapter 2). After intensive sampling, new species 

were discovered in Australia: one Mycopsylla species on Ficus watkinsiana and five 

Psyllaephagus parasitoid species attacking one or more of the Mycopsylla species. 

Psyllaephagus cornwallensis described in New Zealand was also present in Australia. Each 

homotomid species was highly host specific to a single fig species, but host specificity varied 

between parasitoid species (i.e. three monophagous species vs. three polyphagous species). 

Interestingly, only M. fici was associated with host-specific parasitoid species. In addition, 

geographic patterns in homotomid and parasitoid distribution were described and they 

highlighted differing dispersal abilities in this system. For example, one species of 

parasitoid, host-specific to M. fici was found only on LHI while its host was present on both 

LHI and mainland Australia but with structured populations. Another species of parasitoid 

attacking M. fici only was present on the mainland of Australia and did not show the same 

North/South structure observed for its host. 

Homotomids, like other members of the superfamily Psylloidea, feed on plant sap, a very 

unbalanced diet and are expected to harbour endosymbiotic bacteria that provide nutrients. In 

chapter 3, I explored the diversity of bacterial endosymbionts harboured by the three 

Mycopsylla species and built phylogenetic trees to study and compare the inter- and intra-
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specific genetic and geographic variability of homotomid hosts and their endosymbiotic 

bacteria. Four bacteria were identified: Carsonella ruddii, a primary (P-) endosymbiont, an 

unidentified secondary (S-) endosymbiont and Wolbachia were present in every individual of 

each species, Arsenophonus was present in a few individuals of only one M. proxima 

population. Carsonella and S-endosymbiont phylogenies were also congruent with host 

phylogeny at the inter-specific level. In addition, Carsonella and Mycopsylla spp. 

phylogenies were congruent at the intra-specific level indicating strict co-inheritance. Each 

of the three homotomid species had one specific Wolbachia strain, including different strains 

in M. fici collected from the mainland or on LHI. Phylogenies of host and Wolbachia were 

not congruent and, therefore, were likely acquired by horizontal transmission.  

Mycopsylla fici is a species with outbreak potential which, while suspected to have limited 

dispersal ability is found on three landmasses. In chapter 4, I describe 14 microsatellite 

markers that were isolated for population genetic studies by using next generation 

sequencing technology. In chapter 5, these microsatellite markers were used to explore M. 

fici population structure and scales of dispersal. Mycopsylla fici populations were highly 

structured on the Australian mainland and LHI. Populations from Brisbane and Sydney were 

connected by a stepping-stone pattern. Populations of Sydney and Auckland were genetically 

very similar, indicating that Sydney is the likely source population for homotomids that were 

established in New Zealand due to human-mediated colonization approximately 70 years 

ago. In contrast, the LHI population likely diverged from a northern mainland population, 

approximately 5,000 years ago, probably due to a natural dispersal event.  

While P-endosymbionts are obligate bacteria harboured by insects, S-endosymbionts are 

facultative and can vary between or even within populations. In addition, the environment in 

which different populations of a given species live might influence bacterial diversity and 

titre. Only a few endosymbionts were identified in the microsatellite isolation approach that 

used next generation shotgun sequencing of a few DNA libraries consisting of pooled 

individuals. In order to further explore the homotomid microbiome, as well as to investigate 

differences between populations, a 16S rDNA amplicon sequencing method was applied to 

individuals of four populations of M. fici. In chapter 6, we found very limited bacterial 

diversity harboured by M. fici, perhaps linked to its diet of phloem. However, relative titre of 

endosymbionts varied considerably between populations, except for Sydney and Auckland, 

which were similar. This further confirmed that Sydney was the likely source of the 

Auckland population based on microsatellite data. 

In conclusion, this thesis presents multiple aspects of the intra- and inter-specific genetic 

relationships of Mycopsylla. By integrating multiple trophic levels involving Mycopsylla 
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species, I present an excellent model system to study evolutionary questions on relationships 

between insect hosts, their parasitoids and endosymbionts. The incorporation of different 

spatial scales revealed and contrasted dispersal abilities of interacting species. This work 

contributes to the understanding of the interactions and dispersal of a poorly-known pest 

species, whose potentially drought-induced major outbreaks may become more common in 

our changing environment.  



1 

 

 

 

- CHAPTER 1 -  

 

INTRODUCTION 

 

 

 

 

 

 

 

 

“A leaf destroying insect known to science as psyllid, and named Mycopsylla fici has for 

some weeks been doing much damage to the Moreton Bay fig trees growing in the 

Domain and in other city and suburban parks. 

Many of the oldest and best trees in the Domain have lost more than half of their foliage 

in their fight with the insidious insect pest, which make a home for itself on the underside 

of the leaves, and pumps, as do all the scales and sucking insects, the life out of the host 

plant. […]”  

 

The Sydney Morning Herald, 07/02/1933 
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 Insects in complex interactions 1.1

Any given insect species is typically involved in interactions with several other species, as 

part of a food web (Pimm et al. 1991). For example, an insect herbivore acts as a consumer 

of its host plant(s), while simultaneously acting as a host for parasitoids or prey for 

predators. In addition to these trophic interactions, others such as pollination or shelter 

provision may also be integrated into an even more complex network (Darwin 1859; Kéfi et 

al. 2012) as they are important in species diversity, community composition and structure 

(e.g. Stachowicz 2001; Baxter et al. 2004; Croll et al. 2005; Eisenhauer et al. 2009). 

Although many species interactions are antagonistic, beneficial associations also occur and 

there is growing realisation of the importance of microbial endosymbionts in the lives of 

insects and other animals (McFall-Ngai 2002; Moya et al. 2008; Hansen & Moran 2014). 

Consequently, our understanding of species interactions and food webs increasingly relies 

upon investigations at a range of biological levels.  

 

1.1.1 Herbivorous insects 

Phytophagy is an ancient feeding style; early signs of it appeared in fossils dated from the 

Triassic (220 MYA) and Carboniferous (330 MYA) periods (Labandeira 2002). Herbivory is 

widespread amongst insects as it has evolved independently in many lineages. Angiosperms 

first appeared about 125 million years ago and this was followed by the diversification of the 

large insect endopterygote orders (Lepidoptera, Coleoptera, Diptera and Hymenoptera). With 

more than 500,000 described species feeding on around 300,000 vascular plant species, 

herbivores are predominant in nine (Orthoptera, Phasmatodea, Thysanoptera, Hemiptera, 

Psocoptera, Coleoptera, Hymenoptera, Lepidoptera, Diptera) of the 29 insect orders (Strong 

et al. 1984; Schoonhoven et al. 2005). Not surprisingly, all vascular plants are a food source 

for insect species. 

Herbivorous insects have developed various trophic relationships that can roughly be 

categorised in three groups (Schoonhoven et al. 2005). Monophagous, or highly specialized 

insects that feed on plants from the same species or genus (many lepidopteran larvae, 

hemipterans and coleopterans for example). Oligophagous insects feed on a wider range of 

plants that belong to the same family (e.g. the diamondback moth, Plutella xylostella on 

plants of the family Cruciferae). Polyphagous or generalized insects feed on plants from 

different families (e.g. the cowpea aphid, Aphis craccivora). This classification is useful, but 

sometimes too simple, as some insect species may have different host plant preferences in 

different parts of their geographic ranges (e.g. Cates 1980; Pashley 1986; Howard et al. 
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1994). In addition to being specific to their host plant species, insects are often also 

specialized to particular parts of their host plants (e.g. external folivore, leaf miner, stem 

borer, phloem feeder). 

In order to successfully realise growth, development and reproduction, insects have to 

acquire sufficient quantities of key nutrients such as amino-acids, carbohydrates, sterols, 

lipids, vitamins, minerals and trace elements (Chapman 1998). Plants are considered a 

suboptimal diet for insects for two main reasons: 1) quantity - they contain low amounts of 

nutrients mixed with large amount of indigestible compounds - cellulose, lignin - as well as 

allelochemicals; 2) quality - nutrient ratios in the plant are different from the insect’s 

requirements; e.g. concentrations of some elements such as sodium, phosphorus, nitrogen, 

copper, zinc or iron are higher in insects than in plant tissues (Allen et al. 1974; 

Schoonhoven et al. 2005).  

Additionally, insects are not able to synthetize ten amino acids (essential amino acids are 

histidine, lysine, arginine, isoleucine, tryptophane, methionine, leucine, phenylalanine, 

valine and threonine). Consequently, if any of these are present in low quantity, synthesis of 

proteins will be limited, restricting growth and development. This is particularly problematic 

for hemipteran insects feeding on phloem sap where the ratio of essential: non-essential 

amino acids is 1:4 to 1:20 compared to the 1:1 ratio in insect proteins (Douglas 2006). 

Insects have developed several adaptations and strategies to deal with this problem, such as 

(i) increase in food consumption, (ii) target of different feeding sites with more nitrogen, (iii) 

creation of “nutrient sinks”, (iv) adoption of endosymbionts or (v) reliance on amino acids 

with lower nitrogen content (Way & Cammell 1970; Simpson & Simpson 1990; Karban & 

Agrawal 2002; Fagan et al. 2002; Price et al. 2011). 

 

1.1.1.1 Psyllids 

Insect species from the superfamily Psylloidea, often referred to as ‘jumping plant-lice’ are 

small phloem-sucking insects. They belong to the hemipteran suborder Sternorrhyncha along 

with the Aphidoidae, Aleyrodoidae, Coccoidea and Phylloxeroidea superfamilies. 

Approximately 3850 Psylloidea species have been described so far (Burckhardt & Ouvrard 

2012), belonging to eight families: Aphalaridae, Carsidaridae, Calophyidae, Homotomidae, 

Liviidae, Phacopteronidae, Psyllidae, Triozidae. This superfamily includes some key pests, 

such as Bactericera cockerelli, vector of ‘Candidatus Liberibacter psyllaurous’ on 

Solanaceae (mainly potatoes and tomatoes); Blastopsylla occidentalis on Eucalyptus; 

Diaphorina citri, vector of ‘Candidatus Liberibacter asiaticus’ on Citrus; and Glycaspis 



4 

 

brimblecombei on Eucalyptus globulus, but they account for only a small percentage of the 

total number of species (<1%) (Catling 1970; Hansen et al. 2008; Paine et al. 2011; Reguia 

& Peris-Felipo 2013; Percy 2014; Ouvrard et al. 2015).  

In addition, some Psylloidea species have been used successfully for biocontrol of weeds - 

Arytainilla spartiophila to control European broom in New Zealand (Syrett et al. 2007) and 

Boreioglycaspis melaleucae to control the paperbark tree in Florida (Balentine et al. 2009). 

Prosopidopsylla flava was used with limited success to control mesquite in Australia (van 

Klinken et al. 2003) and Heteropsylla texana was also considered as a potential biocontrol 

agent of mesquite in Australia (Donnelly 2002; Percy 2014).   

Recently, Burckhardt et al. (2014) have suggested restricting the term ‘psyllid host-plant’ to 

plants on which psyllids complete their immature to adult development, and I adopted this 

restricted use throughout this thesis. Other plants are referred to as “overwintering or shelter 

plant”, “food plant” and “casual plant”. The majority of psyllid host-plants are angiosperms, 

mostly dicotyledonous plants; in particular, Fabaceae, Myrtaceae, Asteraceae, Rutaceae, 

Anacardiaceae and Moraceae families host 15 or more psyllid genera each (Ouvrard et al. 

2015). Most psyllid species are monophagous or oligophagous and as a result are found on 

host plants of only one genus, and almost exclusively of one family, particularly during the 

larval stages (Hodkinson 1974, 1989; White & Hodkinson 1985). In addition, related psyllid 

species tend to develop on related plant species (Hollis & Broomfield 1989; Burckhardt & 

Basset 2000).  

Van Klinken (2000) found that some instars of Prosopidopsylla flava can survive on 

different host species belonging to the same tribe or family, but complete development only 

occurs on the correct host species. This underlines a long association and high host 

specificity between the psyllid and its host. Several studies have been interested in the 

potential co-speciation of psyllids and their host plants (e.g. Burckhardt & Basset 2000; 

Percy 2002; Percy et al. 2004). For example, studies on co-speciation of the arytainine 

psyllid – Genisteae system, in the Atlantic Macaronesian islands, showed that the original 

colonisation of the Genisteae happened from the Rosacae or Rhamnaceae, a long time after 

the diversification of the Genisteae tribe. The plant diversification occurred some 8 MYA 

while the insect diversification happened about 3 MYA; it appears that the psyllid speciation 

is mostly the result of conserved host-switching rather than co-speciation. Most of the time, 

host switching happened between closely related host species (Percy 2003; Percy et al. 2004; 

Ouvrard et al. 2015).  

A recent study investigated psyllid and host-plant associations at a global scale (Ouvrard et 

al. 2015) to compare patterns of associations with earlier studies at smaller scale. 
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Interestingly, most plant genera (456) host only one psyllid family while only six plant 

genera (Citrus, Mangifera, Rhus, Litsea, Ambrosia and Ficus) are known to host more than 

four psyllid families. They found a wide and patchy distribution of psyllid host plants across 

the angiosperms that could be explained by relatively sudden and wide host switches. These 

host switches are usually wider for large psyllid families such as Triozidae, Psyllidae and 

Liviidae and mostly restricted to related plant species for smaller families, such as 

Homotomidae. A noteworthy point that they underlined was the importance of time in 

psyllid-plant associations and in particular, the impact of colonization time relative to plant 

diversification on psyllid diversification (see also Percy 2003; Percy et al. 2004).     

 

1.1.1.2 Mycopsylla spp. 

Mycopsylla spp. (Froggatt 1901) are part of the Homotomidae family, a small family that 

according to Ouvrard et al. (2015) appears to be mainly associated with plants from the 

family Moraceae. The authors considered recorded Homotomidae hosts that did not belong 

to the Moraceae family as doubtful records. Homotomidae includes three sub-families, 

Dynopsyllinae, Homotominae and Macrohomotomidae (Heslop-Harrison 1958; Burckhardt 

& Ouvrard 2012). Within the Macrohomotomidae, three tribes are distinguished, Edenini, 

Macrohomotomini and Phytolymini (White & Hodkinson 1985). Mycopsylla spp. are part of 

the Edenini tribe. As Mycopsylla belong to the superfamily Psylloidea family Homotomidae 

I hereafter refer to them as homotomids (and not psyllids), to distinguish them from 

members of the large family Psyllidae. 

 

 Ficus spp. 1.1.1.2.1

Figs (Ficus, Moracae) is a large plant genus with approximately 750 species, with highest 

diversity in the Australasian region (>500 species) (Rønsted et al. 2008a). The genus Ficus 

can be divided into six subgenera (Ficus, Synocea, Sycidium, Sycomorus, Pharmacosycea 

and Urostigma all present in the Australasian area) 19 sections, 27 sub-sections and seven 

series (Berg & Corner 2005). The Australian fig flora includes members of several 

widespread sections, plus a significant endemic radiation of the Urostigma section 

Malvanthera. Ficus rubiginosa and F. watkinsiana belong to Urostigma section 

Malvanthera subsection Platypodeae series Rubiginosae while F. macrophylla belongs to 

Urostigma section Malvanthera subsection Malvantherae (Rønsted et al. 2008b) and these 

three fig species each host homotomids. 
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Ficus macrophylla  

Ficus macrophylla Desf. ex. Pers., known as the Moreton Bay fig, is a tropical and 

subtropical strangler fig tree native to Australia, and now planted widely in parks and cities. 

Its vast foliage creating ample shade, in addition to the design of its trunk, makes it a much-

appreciated ornamental tree. Its canopy can reach up to 40 m in diameter and 20 m in height 

(Newman 2004). Two forms of the Moreton Bay fig can be found: F. macrophylla f. 

macrophylla Desf. ex. Pers. and F. macrophylla f. columnaris C. Moore (Dixon 2001). The 

first one is endemic to the eastern coast of Australia and can be found from the Shoalhaven 

River (New South Wales - NSW) to Brisbane (Queensland - QLD) (Fig. 1.1). It is the most 

common of these two forms. As a result of human activity, its current range is now wider 

than its natural range, in Australia but also in New Zealand, Europe and USA (Starr et al. 

2003; Speciale et al. 2015).  

The second form is endemic to Lord Howe Island (LHI), a volcanic remnant situated about 

600 km east of Port Macquarie (Fig. 1.1). This form is also known locally as the banyan fig. 

The introduction of F. macrophylla to LHI could be the result of dispersal by bird, bats or 

water (Dixon 2001). Ficus macrophylla f. columnaris can be found planted in some parks 

(e.g. the Royal Botanic Gardens in Sydney), but remains rare on the mainland. Ficus 

macrophylla is also grown in parks in New Zealand, as it was introduced as an ornamental 

plant in the 19th century (Gardner & Early 1996). In 1996, Gardner and Early (1996) noted 

the recent arrival of the pollinator wasp Pleistodontes froggatti in New Zealand. Now, it 

seems to be common in the Auckland area.  

Ficus rubiginosa  

Ficus rubiginosa Desf. ex. Vent. or Port Jackson fig is native to East Australia. It occurs 

along most of the east coast, from Bega (southern NSW) to far north Queensland (Fig. 1.1). 

It is also used as an ornamental tree, being planted in urban areas. Ficus rubiginosa is also 

present in New Zealand (Gardner & Early 1996). Its pollinator wasp, P. imperialis probably 

arrived in New Zealand around the mid-1970’s (Gardner & Early 1996). 

Ficus watkinsiana  

Ficus watkinsiana F. M. Bailey or Watkin’s fig is a strangler fig tree endemic to Australia. 

This species is split between two disjunct populations – (1) north-eastern Queensland and (2) 

south-eastern Queensland/north-eastern NSW (Dixon 2003) (Fig. 1.1). 
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Figure 1. 1: Distribution of three species of Ficus in Australia (data from Atlas of Living 

Australia - http://www.ala.org.au/). The arrow on the two bottom graphs indicates LHI.  

 

 Mycopsylla fici 1.1.1.2.2

Ficus macrophylla can suffer from periodic defoliation events and lose up to 70-100 % of its 

foliage (e.g. defoliation of F. macrophylla f. macrophylla in 1996, Sydney Domain; 

defoliation of F. macrophylla f. columnaris in 2013, LHI). These defoliations are associated 

with massive outbreaks of the homotomid Mycopsylla fici (Tryon) (Hemiptera, 

Homotomidae) (Fig. 1.2). Nymphs of M. fici produce a sticky covering called a lerp, usually 

located on the bottom of the fig tree leaves, under which they complete their development. 

Lerps, from the Australian Aboriginal word ‘laap’ (Takagi & Miyatake 1993), are a mix of 

honeydew and wax filaments. Unlike most homotomids, M. fici nymphs are gregarious and 

many nymphs can be found underneath one lerp (up to 30 nymphs may be found under one 

lerp and multiple lerps are also commonly found on one leaf). Due to this feeding activity, 

the leaves become brown and eventually fall to the floor, creating a carpet of sticky leaves. 

In addition to being an aesthetic and practical issue in parks and cities, these severe 
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defoliations can also create other various problems such as increased UV irradiation of the 

understorey, borer and fungal invasion, and weakening of trees (Newman 2004). 

Surveys were made in Australia in 1994, 1996 and 2001 by Alexander Newman to record the 

presence of M. fici in Eastern Australia. Specimens of F. macrophylla with lerps were found 

in Melbourne, Wollongong, Sydney, Newcastle, Port Stephens, Taree, Evans Head, Ballina, 

North Stradbroke Island and on the University of Queensland campus in Brisbane. In 

Lamington National Park, Witches Falls National Park (both Queensland) and in Mount 

Warning National Park (New South Wales), no lerps were observed (Newman 2004). It 

appears that M. fici is present mostly on planted trees in parks and cities, which may be the 

result of more stressed trees in urban area due to pedestrians walking on their roots, 

pollution, lack of water or inappropriate cultural practices such as over-fertilisation.  

Lerps have also been observed on specimen leaves kept at the National Herbarium of New 

South Wales that were collected from F. macrophylla growing in LHI (Newman 2004). In 

addition, Mycopsylla fici has been recorded in New Zealand in 1995 and seems to be 

restricted to Auckland (Bain 2004). Other observations of M. fici have been made in India 

and elsewhere in Asia. Notably, Jayaraj et al. (1989) recorded a psyllid present on Ficus 

amplissima as M. fici. This is probably a misidentification as the fig psyllid is supposedly 

host specific and Ficus amplissima is only distantly related to F. macrophylla. 

Egg masses are laid on the underside of the leaves. After emerging, psyllid nymphs are 

highly mobile and can migrate onto other leaves. As a result of feeding, honeydew is 

excreted by the psyllid nymphs, and in combination with wax tubes also produced by the 

psyllid nymphs, this leads to the creation of a lerp. Inside the lerp, psyllids undergo five 

nymph instars. The last moult, from which the adult emerges, occurs outside but close to the 

lerp. The juvenile development time is approximately 40 days, while the adults live an 

average of 4 days (Newman 2004).       

The distribution of M. fici covers a large area on the eastern coast of Australia, and therefore 

different climatic conditions. The number of psyllid generations per year is different 

according to the location and varies from 2 in cooler to 3 in warmer areas (Newman 2004).  
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Figure 1. 2: Mycopsylla fici (a) egg mass, (b) first stages of lerp formation - wax filament in 

white and honeydew, (c) nymphs, (d) adult male (bottom) and female (top), (e) male and (f) 

female (scale = 1 mm). 

 

 Mycopsylla proxima and other fig homotomids 1.1.1.2.3

In addition to M. fici, only eight other Mycopsylla species have been described - M. 

gardenensis on F. mollis, F. tsjahela, F. macrocarpa and possibly F. religiosa in India, M. 

indica on Santalum album (doubtful host), M. mathuriana on F. religiosa in India, M. 

proxima on F. rubiginosa in Australia, M. kina on Ficus sp. in Papua New Guinea, M. 

tuberculata on an unknown fig species in New Caledonia, M. obliqua on F. obliqua in New 

Caledonia and M. propinqua on an unknown fig species in Loyalty Island (Hollis & 

Broomfield 1989). The three Indian species are probably only one species (Newman 2004) 

and this would reduce the number of described Mycopsylla spp. to seven. Only one other 

species is known in Australia, M. proxima on F. rubiginosa (Fig. 1.3). Except for older 

studies on morphological description of psyllids, no studies seem to have been done on this 

species (Froggatt 1901; Heslop-Harrison 1949; Tuthill & Taylor 1954). According to 

Froggatt (1901), M. proxima is found in NSW. In contrast to M. fici, egg masses and lerps 

are usually smaller, covering only one or two nymphs. 
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Figure 1. 3: Mycopsylla proxima (a) eggs, (b) first stages of lerp formation - wax filament in 

white and honeydew, (c) lerps, (d) mummy and parasitoid, (e) male and (f) female (scale = 1 

mm). 

 

1.1.2 Parasitoids 

Herbivorous insects are attacked by parasites and parasitoids that may control outbreaks 

(Letourneau et al. 2009). The potential role of parasites and parasitoids in regulating host 

dynamics makes them an essential component of a food web to study. According to some 

authors, parasites and parasitoids comprise about 15 to more than 50% of all species 

(Windsor 1998). May (1988) estimated that approximately 50% of all species were parasites, 

while Toft (1986) estimated them to account for 14.5% of all eukaryotic species. Almost 

every species is associated with at least one parasite; even parasites can have parasites 

(Godfray 1994).  

The majority of parasitoids belong to one of two insect orders - Hymenoptera and Diptera 

with almost 75% and 20%, respectively, of the estimated number of parasitoid species 

(Eggleton & Belshaw 1992; Feener & Brown 1997; Belshaw et al. 2003). They can be 

divided into two broad categories, idiobionts that stop host development with parasitoid 
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larvae usually feeding externally on the host (ectoparasitoids) and koinobionts that do not 

stop host development with their larvae usually feeding internally (endoparasitoids). In 

addition to the high number of known parasites, it appears that they often include cryptic 

species, leading to an even higher number of species (Dobson et al. 2008). Cryptic species 

are species that are genetically distinct but very difficult to tell apart based on morphology. 

They may also differ in their biology, ecology and physiology. It is quite common that 

parasitoid species previously described as generalists are now re-described as complexes of 

more specialist species (e.g. Smith et al. 2006, 2007).  

Host specificity involves host recognition and acceptance by the egg-laying females 

(Godfray 1994). Parasites are often host-specific, attacking one or a few host species as a 

result of different evolutionary processes such as cospeciation and host switching (Poulin & 

Morand 2000; Hoberg & Brooks 2008). Interestingly, koinobionts are usually more host-

specific than idiobionts (Althoff 2003). Host-induced plant chemistry and cues are of 

importance as they allow long range localization of the host community (Dutton et al. 2000). 

Specialist and generalist insects appear to be attracted by different volatiles emitted by the 

attacked plant. Specialists are attracted by induced plant volatiles that are more specific cues, 

while generalists are typically attracted by constitutive plant volatiles (Ngumbi et al. 2012; 

Morawo & Fadamiro 2014). Van Poecke et al. (2003) found that the amount of damage and 

type of herbivory influence the attraction of the parasitoids. At shorter ranges, host 

semiochemicals are involved in host plant localization and recognition by parasitoids. These 

volatiles are important in host specificity (Conti et al. 2004).   

 

1.1.2.1 Psyllaephagus spp.  

Psyllids are attacked by various parasitoid wasps, including Thysanus (Encyrtidae), 

Achrysopophagus (Encyrtidae), Pachyneuron (Pteromalidae), Euryischomyia (Aphelinidae), 

Echthroplexis (Encyrtidae), Tamarixia (Eulophidae) but mainly by species of the genus 

Psyllaephagus (Encyrtidae). With about 110 species described, this genus is highly speciose 

in Australia (Berry 2007). 

Males of the genus Psyllaephagus are generally more morphologically diverse than females 

and are usually used to separate species. Structure of the antenna (e.g. flabellate or not, 

presence of hairs, shape of the club, scape or funicle segments) and head (e.g. clypeus, frons) 

are two of the male characteristics that are variable between species. For the females, it 

appears that colour and ovipositor length may help to distinguish species. Some species of 

Psyllaephagus may also be hyperparasitoids (Riek 1962).  
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Some Psyllaephagus species have been used in biocontrol, including P. yaseeni to control 

Heteropsylla cubana in various countries (Noyes & Hanson 1996), the Australian species P. 

pilosus to control Ctenarytaina eucalypti in California, Wales and Ireland (Noyes & Hanson 

1996; Chauzat et al. 2002) and P. pistacea to control Agonoscena pistaciae in India 

(Mehrnejad 2008). 

 

1.1.2.2 Parasitoids associated with M. fici 

Encyrtid parasitoids have been observed emerging from the lerps of the fig homotomid, M. 

fici. The females lay eggs into the lerp after it has closed, approximately 7 days after the 

beginning of its formation. Newman (2004) recorded up to 7 individual parasitoids present in 

one nymph. Most of the time, only one parasitoid larva develops inside an individual 

homotomid, however, 30% of parasitized homotomids contained 2 or 3 parasitoids. Adult 

female parasitoids exhibited two different sizes, the smaller being half the size of the larger. 

Both types were observed laying eggs into lerps; therefore, they are females. In addition, it 

seems that both size types belong to the same undescribed species of Psyllaephagus 

(Newman 2004). Lerps are also a food source for the adults as they have been observed 

consuming them (Newman 2004). 

Psyllaephagus cornwallensis has been described in New Zealand attacking M. fici (Berry 

2007). Because it was found outside the natural distribution of M. fici, we can expect this 

parasitoid species to also be present in Australia. This would not be an isolated case as most 

Psyllaephagus sp. in New Zealand are actually Australian species (Noyes 1988; Withers 

2001). 

 

1.1.3 Endosymbionts 

Symbiosis (syn-, together and –bios, life) was first defined by de Bary (1879) as ‘any 

association between different species’. As discussed by Douglas (2010), this definition is not 

widely used by biologists and another one is ‘an association between different species from 

which all participating organism benefit’. The second definition implies that organisms 

involved in the symbiosis both benefit from the relationship while the first includes all 

relationships from mutualistic to parasitic. For both definitions, the association has to be 

persistent in time and, in mutualistic interactions (i.e. when the interaction benefits both 

partners), the benefit may be an evolutionary innovation such as the fixation of nitrogen in 

the symbiosis between angiosperms and nitrogen-fixing bacteria (Werner et al. 2014). 
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Another widely studied symbiosis is the one between insect hosts and their bacterial 

endosymbionts. 

The last decade has seen growing interest in interactions between endosymbiotic bacteria 

and the ecology of their hosts. In 1965, Buchner published one of the first comprehensive 

works on microbial symbionts, where he described the variety and location (within the host) 

of primary and secondary insect symbionts (Buchner 1965). Invertebrates possess a great 

diversity of symbionts that can be divided into two principal groups: obligate / primary, and 

facultative / secondary endosymbionts. It appears that the distinction between obligate / 

primary and facultative / secondary endosymbionts may be complex in some cases, with 

some secondary endosymbionts being obligate (Hall et al. 2016). 

 

1.1.3.1 Role of bacterial endosymbionts 

Primary (P-) endosymbionts are frequently associated with key metabolic processes of 

insects, mostly nutrition, development and reproduction (Pais et al. 2008; Douglas 2009; 

Sloan & Moran 2012). They are found in the bacteriome (formerly mycetome), with a 

structure composed of a multinucleate syncytial region and uninucleate cells or bacteriocytes 

(formerly mycetocytes) (Buchner 1965; Moran & Telang 1998; Baumann 2005). P-

endosymbionts may provide amino acids to their host but also vitamins. Experiments and 

genome annotation have shown that Buchnera aphidicola provide its aphid host with amino 

acids (Shigenobu et al. 2000; Douglas 2006; Wilson et al. 2010), and that Wigglesworthia 

glossinidia (Akman et al. 2002) and Baumannia cicadellinicola (McCutcheon et al. 2009) 

provide vitamins to their host (tsetse fly and sharpshooter, respectively).  

Interestingly, in some insects such as the sharpshooters (Hemiptera: Cicadellidae), two co-

primary bacteria (Baumannia and Sulcia) with complementary metabolic capabilities are 

found (McCutcheon & Moran 2007). Due to long-term associations with their insect hosts, 

P-endosymbiont genomes are reduced in size and have A-T biased composition when 

compared to their free-living bacterial relatives. The smallest bacterial genome sequenced so 

far is that of Nasua deltocephalinicola (112 kb), the P-endosymbiont of the leafhopper 

Macrosteles quadrilineatus (Bennett & Moran 2013). In addition, P- endosymbiont DNA 

sequences evolve faster than those of their free-living relatives and accumulate more non-

synonymous substitutions (Moran 1996; Wernegreen & Moran 1999). This characteristic, 

also known as Muller’s ratchet, has been hypothesized to be due to small population sizes 

and strong bottlenecks experienced during transmission (Wernegreen 2002; Baumann 2005). 

For example, the genome of B. aphidicola associated with Cinara cedri, smaller than other 
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B. aphidicola, lacks crucial biosynthesis pathways. In fact, this observation has led Pérez-

Brocal et al. (2006) to question the symbiotic capacity of this symbiont.   

Secondary (S-) endosymbionts seem to have a broader range of activities, including 

pathogen (Scarborough et al. 2005; Lukasik et al. 2012) and parasite resistance (Oliver et al. 

2003) or temperature tolerance (Montllor et al. 2002; Russell & Moran 2006). Tsuchida et 

al. (2010) reported a S-endosymbiont that modified the colour of its host. S-endosymbionts 

are not found in every individual or population of a given species, implying that they may 

not be involved in functions that are always required for survival. They can be present in 

cells of different tissues such as the fat body or muscle, for example, as well as in the 

haemocoel or in the gut (Feldhaar 2011). Interestingly, some S-endosymbionts appear to 

complement P-endosymbionts that lack genes involved in amino acid biosynthesis. This role 

in nutrition has been shown for Hamiltonella defensa, the S-endosymbiont of Bemisia tabaci 

(Rao et al. 2012; Su et al. 2014a), as well as for the pea aphid S-endosymbiont Serratia 

symbiotica (Koga et al. 2003). This endosymbiont has been shown to protect Acyrthosiphon 

pisum against the parasitoid Aphidius ervi (Oliver et al. 2003). 

An endosymbiont of wide distribution and interest is Wolbachia, a member of the 

Rickettsiales. Infecting approximately 40% of terrestrial arthropods (Zug & Hammerstein 

2012), this bacterium is often a reproductive manipulator via cytoplasmic incompatibility 

(incompatibility of sperm and eggs of male and female harbouring different, incompatible 

Wolbachia strains), thelytokous parthenogenesis (in arrhenotokous species, unfertilized eggs 

are producing Wolbachia infected females instead of males), feminization and male-killing 

(reviewed in Werren 1997; Werren et al. 2008). While Wolbachia is often seen as a 

facultative bacterium for its host, some species are dependent on this bacterium for 

reproduction (Dedeine et al. 2003). An interesting example is the association between the 

parasitic wasp Asobara tabida and Wolbachia where the bacterium is required for its host 

oogenesis (Dedeine et al. 2001). Remarkably, Wolbachia has also been found to have a 

nutritional role for its bedbug host, Cimex lecturalis (Hosokawa et al. 2010). 

 

1.1.3.2 Transmission of bacterial endosymbionts 

P-endosymbionts are strictly vertically transmitted as indicated by the congruence of host 

and bacterial phylogenies. Superfamilies and families of plant sap-feeding insects 

(Psylloidea, Aleyrodoidea, Aphidoidea, Pseudococcidae, Cicadellidae) are each associated 

with one genus of endosymbionts (Carsonella, Portiera, Buchnera, Tremblaya, Baumannia, 

respectively). Each symbiont genus has been associated with its hosts for a long time, 



15 

 

following a single infection occurring between 100 and 250 MYA (depending on the genus); 

this long term association allowed strong evolutionary interactions (Baumann 2005).  

S-endosymbionts may be vertically but also horizontally transmitted. In the case of a lateral 

transfer, a symbiont is passed from one species to another and this can be limited by the 

relatedness of the donor and recipient hosts (Łukasik et al. 2015). The horizontal 

transmission mode has been particularly studied using natural variability in wild aphid 

populations (Russell et al. 2003), using phylogenetic analysis, but also experimentally using 

microinjection (Oliver et al. 2003; Russell & Moran 2006) or ingestion from an artificial diet 

(Darby & Douglas 2003). Recently, Caspi-Fluger et al (2012) provided ecological context 

for horizontal transfer by showing that transmission of Rickettsia can be plant-mediated. 

Rickettsia was transferred from whiteflies to the phloem, in which the bacterial symbiont 

moved throughout the plant, before being acquired by the feeding of other whiteflies. It is 

also possible that parasitoids and ectoparasitic mites are vectors of endosymbionts, 

transmitting bacteria from infected to uninfected hosts (Jaenike et al. 2007; Gehrer & 

Vorburger 2012). 

 

1.1.3.3 Endosymbionts of psyllids 

Some studies have used 16S rDNA amplicon sequencing to assess the bacterial diversity 

present in psyllids. In general 4 to 7 operational taxonomic units (OTUs) were found 

(Nachappa et al. 2011; Jing et al. 2014) including a P-endosymbiont and Wolbachia. Other 

bacteria such as the plant pathogen ‘Candidatus Liberibacter solanacearum’ in Bactericera 

cockerelli, and transient bacteria Staphylococcus, Acinetobacter or Methylibium were also 

detected. In addition, S-endosymbionts were present, corresponding to bacteria previously 

described in psyllids by Thao et al. (2000a) and Nakabachi et al. (2013). 

 

 Primary endosymbiont 1.1.3.3.1

‘Candidatus Carsonella ruddii’ (referred to hereafter as Carsonella) is the P-endosymbiont 

of psyllids and is located in the bacteriome (Chang & Musgrave 1969; Fukatsu & Nikoh 

1998). It belongs to the Gammaproteobacteria (Spaulding & von Dohlen 1998). It is 

maternally transmitted and, as its status of obligate endosymbiont suggests, is present in all 

psyllids. The association between Carsonella and psyllids results from a single infection 

followed by long-term cospeciation as shown by the congruence of the psyllid and their P-

endosymbiont phylogenies (Thao et al. 2000b, 2001).  



16 

 

Nakabachi et al. (2006) sequenced the genome of Carsonella harboured by Pachypsylla 

venusta and discovered one of the smallest (160 kb) and most A-T biased (83.4%) of known 

bacterial genomes. This genome contained only 182 open reading frames and a very high 

gene density. The highly reduced genome lacks genes involved in essential cell functions 

such as DNA replication, transcription and translation. While Nakabachi et al. (2006) 

suggested that some genes may have been transferred to their host genomes, Tamames et al. 

(2007) argued that the suggested number of genes transferred seemed too high to be credible. 

More recent studies sequencing the genome of two other insects, both hosts of P-

endosymbionts, definitely refuted this gene transfer hypothesis at least for the pea aphid and 

the body louse (Consortium 2010; Kirkness et al. 2010). The genome reduction of 

Carsonella has led to the loss of numerous genes, some implicated in amino acid synthesis, 

and this led people to question its role as a P-endosymbiont (Tamames et al. 2007; Sloan & 

Moran 2012). 

 

 Secondary endosymbionts 1.1.3.3.2

It has been hypothesized that gene loss of psyllid P-endosymbionts could be compensated by 

the presence of S-endosymbionts. Some are located in the syncytial region of the bacteriome 

(Buchner 1965; Chang & Musgrave 1969) and belong to the family Enterobacteriaceae in the 

class Gammaproteobacteria. They represent more recent host associations and have been 

acquired multiple times, as suggested by the incongruence of host and S-endosymbiont 

phylogenies (Spaulding & von Dohlen 1998; Thao et al. 2000a). However, they show longer 

association and stronger co-evolution than many other insect secondary symbionts 

(Spaulding & von Dohlen 2001; Sloan & Moran 2012).  

Interestingly, Sloan and Moran (2012) found a high degree of metabolic complementarity 

between S- and P-endosymbionts. Remarkably, there is an example of a gall-forming 

Pachypsylla psyllid species that appears to not harbour S-endosymbionts (Spaulding & von 

Dohlen 2001), suggesting that it relies on Carsonella alone. The galls induced by insects can 

act as nutritional sinks, concentrating essential nutrients (e.g., Pauropsylla depressa causing 

galls on leaves of Ficus glomerata Dsouza & Ravishankar 2014). As a result, there may be a 

limited need for nutritional S-endosymbionts in gall-forming psyllid species. 

However, S-endosymbionts of psyllids may also have functions other than nutrition. A S-

endosymbiont of Diaphorina citri, ‘Candidatus Profftella armatura’, described by Nakabachi 

et al. (2013) is a protective symbiont encoding genes for synthesis of a polyketide toxin but 
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none for essential amino acids. This endosymbiont was present in all individual insects 

tested and its reduced genome size (464 kb) suggests a long-term association.  

No studies on endosymbionts harboured by Homotomidae (including Mycopsylla spp.) have 

been previously conducted.  

 

 Phylogeography and geographic scales of interactions 1.2

Community assembly and diversity are intricately linked to processes happening at various 

geographical scales (Gaston 1991). Depending on the species studied, different geographical 

scales may be of importance. For example, for insects with limited flight abilities, a scale as 

small as a tree may be of interest while for migratory species, a continent scale or even larger 

may be needed. In a world where trade, agriculture and use of alien species rule, wide 

displacement (deliberate or accidental) of species may be observed. Invasive species are 

species that successfully arrive in a new location, establish and spread. The arrival of these 

alien species may have tremendous impacts on invaded ecosystems. Further, the combination 

of evolutionary divergence with geographical distance – phylogeography – allows us to 

study the distribution and history of species and the relationships between populations. 

 

1.2.1 Dispersal 

Among invertebrates, only Pterygota, winged insects, are able to fly. They diversified 

rapidly, colonised a wide range of habitats and have done so more effectively than 

apterygote insects (Dudley 2000). Due to the lack of fossils, it is difficult to date the origin of 

wings, but it seems that this evolutionary innovation has a Palaeozoic origin (542-251 Mya) 

(Haug et al. 2014), likely during the Early Devonian (~ 406 Mya) (Misof et al. 2014). 

Pterygote insects are able to move from the location in which the eggs were laid, or the adult 

emerged in order to find a mate, food or to escape an unhospitable environment. Insect 

movement across landscape influences the spatial distribution of a species and is crucial to 

study in order to understand population structure. From a management point of view, 

knowing the scale of insect dispersal is crucial for a successful conservation or control 

program. 
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1.2.2 Dispersion patterns and mechanisms 

Three types of dispersal can be distinguished: random, phoretic and directed. The first two 

involve passive mechanisms. They mostly involve small insects with limited or even no 

(phoresy) flight capacities (Clausen 1976; Bullock et al. 2002). In random dispersal, 

individuals are carried by air or water current. Air and water current strength and directions 

may often be unpredictable. However, for small insects with limited flight capacities, using 

moving air has the advantage of being fast and they can cover long distances and reach new 

habitat that would be inaccessible if relying on flight. For example, the fig wasp Ceratosolen 

arabicus host specific to Ficus sycomorus, has been shown to travel at least 160 km between 

host trees in Namibia, with a general westerly direction reflecting wind pattern. However, 

one of the associated problems is being able to leave the air column when/if a resource is 

located. Depending on the weight of the insects, they can be carried along currents for 

variable long distances (Jung & Croft 2001). In phoretic dispersal, insects hitchhike on other 

animals (Clausen 1976). This dispersal mechanism is often used by mites. In both cases, 

insects do not always move towards a suitable location and have no control over direction 

and distance. They thus risk arriving in an unhospitable location. The third type of dispersal 

– directed – is an active mechanism. It involves insects with strong flight capacities that can 

fly towards a source using e.g. chemical, visual or acoustics cues.  

In parallel to natural dispersal of insects, anthropogenic mechanisms are often at play, 

especially in the case of long-term dispersal. Global trade and travel have led to an increase 

in the number of introduced species (Mack et al. 2000; Work et al. 2005; Brockerhoff et al. 

2006). This is particularly problematic for invasive species that may disrupt ecological 

processes and/or be a threat to indigenous species and communities. While only few species 

really establish, probably due to the Allee effect (Brockerhoff et al. 2006), anthropogenic 

dispersal allows species to reach habitats that would otherwise be inaccessible. For example, 

insects with limited flight capacities could reach islands or disturbed habitats that have been 

shown to be more susceptible to invasion (Elton 1958; Evans et al. 2011). 

  

1.2.3 Host patches and islands 

Host patch and island are both defined as an area of suitable habitat surrounded by an 

inhospitable matrix (Gillespie & Roderick 2002). Human-mediated landscape change (urban 

or agricultural) often leads to fragmentation such that suitable hosts for insect species are far 

from each other. However, while tree corridors may happen on the mainland and favour the 

transfer of insects from one host patch to the other, islands are completely isolated. Both size 
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and degree of isolation of islands and patches will define how easily they can be reached by 

insect species. The theory of island biogeography (MacArthur & Wilson 1967) predicts that 

island size and isolation distance influence the colonization and establishment of species on a 

new island (see also Kruess & Tscharntke 1994). This is likely to apply to both oceanic and 

continental contexts with the likelihood of finding a suitable patch increasing with patch size 

and decreasing with distance from the source. In addition, patch quality may vary in time.  

Interestingly, patch size and isolation do not impact all insect species the same way. For 

example, Zabel and Tscharntke (1998) studied the insect community associated with patches 

of nettle plants and found that herbivore presence was explained mainly by patch size while 

predator presence was explained by isolation distance. In this context, it is essential to 

consider insect host-specificity and dispersal capacities. (1) Insects feeding on only one (or 

very few) host species would be highly impacted by the presence/absence of their hosts, with 

a strictly inhospitable surrounding matrix. It has also been found that specialists are more 

prone to local extinction than generalists (Zabel & Tscharntke 1998; Tscharntke et al. 2002). 

(2) It was shown that highly vagile species are only little impacted by fragmentation (Andrén 

1994; Tscharntke et al. 2002). On the other hand, species with limited mobility are expected 

to be much more impacted by habitat fragmentation (Thomas 2000). The surrounding matrix 

is also important to take into account (Öckinger et al. 2012), but this aspect is more 

important for species that can feed or develop on more than one host.  

 

1.2.4 Impact of patchiness and dispersal on interactions 

1.2.4.1 Importance of connectivity on insect population structure and interactions 

Connectivity between bigger patches also matters (Gilbert-Norton et al. 2010). Different 

levels of connectivity can be observed among populations of a given species, from low 

connectivity implying disparities between populations to a high connectivity leading to 

homogenization of populations (Althoff & Thompson 2001). Populations that are not highly 

connected can develop different interactions with other species, including their natural 

enemies and endosymbionts, as envisaged in the geographic mosaic theory of coevolution 

(Thompson 2005a). 

Interacting species such as herbivores and parasitoids may have different dispersal capacities 

and their relative dispersal abilities are crucial to take into account as movements of these 

different trophic levels have different impacts (van Nouhuys & Hanski 2002; Cronin & 

Reeve 2005). Movement of the host can allow it to reach areas free of parasitoids (“enemy-

free space”). In contrast, parasitoids, which are expected to track their hosts, can only 
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establish in populations where the host is already present. Therefore, range expansion of the 

host will likely be followed later by range expansion of its parasitoid. 

Symbiotic interactions, such as between insects and their endosymbionts, may also be 

affected by fragmentation, or even population structure for hosts with limited dispersal 

abilities. Vertically transmitted symbionts are expected to share evolutionary history with 

their hosts and we will likely observe congruent phylogeographic patterns between them 

(Symula et al. 2011). However, host species with structured populations may also have 

variable S-endosymbionts present in each population (Tsuchida et al. 2002) and because of 

their facultative status and horizontal transmission, we will likely observe non congruent 

phylogenetic patterns (Thao et al. 2000a).  

 

1.2.4.2 Impact of environmental variables on interactions  

In addition to being differently affected by fragmentation (Cagnolo et al. 2009), interacting 

insects, such as hosts and parasitoids, may have different responses to environmental 

variables (Maunsell et al. 2015). This will lead to the establishment of changing food webs 

and a mosaic of enemy-driven pressures that can fluctuate in space but also in time. In this 

context, multiple factors such as climatic variables and species interactions will differ across 

the landscape and different selection pressures apply between species but also between and 

within populations. 

Both hosts and parasitoids may harbour endosymbionts that would both influence, and be 

affected by, this variability of species interactions. Pathogens may also exert variable 

pressures on their hosts and the pathogen/host relationship may be influenced or influence 

endosymbiont diversity. Endosymbionts can be an integral part of their host’s interactions 

with natural enemies by producing toxins, boosting host immunity or competing with 

enemies for resources (Oliver et al. 2013). Some bacteria protect their hosts from enemies 

(Hamiltonella, Oliver et al. 2003; Regiella, Scarborough et al. 2005), but different strains 

may not all have the same protective role (e.g. Hamiltonella and APSE bacteriophage, 

Degnan & Moran 2008; Regiella, Hansen et al. 2012). Remarkably, Wolbachia, often 

viewed as an insect parasite, has been shown to reduce the effect of viruses in some insect 

species (e.g. in Culex quinquefascius, Glaser & Meola 2010; in Drosophila innubila, 

Unckless & Jaenike 2011).  

Interactions between endosymbiont, host and parasitoid genotypes have also been found. For 

example, Vorburger et al. (2009) documented a host x parasitoid genotype interaction in 

Aphis fabae and Lysiphlebus fabarum that may in reality be a symbiont (Hamiltonella) x 
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parasitoid genotype interaction. In the case of nutritional symbiosis, it has been found that A. 

pisum and Buchnera genomes both influence host requirement for essential amino acids 

(Vogel & Moran 2011) or aphid genotype influenced Buchnera genomic copies (Martinez et 

al. 2014). In fact, it can become even more complex, as insects can harbour multiple 

endosymbionts (e.g. Chiel et al. 2007; Toju & Fukatsu 2011; Russell et al. 2013) that can 

have additive effects for protection (Oliver et al. 2006), have preferential associations (Toju 

& Fukatsu 2011) or have an impact on each other density (Sakurai et al. 2005; Goto et al. 

2006). Interestingly, these defensive symbionts, as for other non-defensive secondary 

endosymbionts, are only harboured by some individual hosts (Tsuchida et al. 2002; Oliver et 

al. 2013) and this could be due to the cost they impose on hosts in the absence of natural 

enemies (Oliver et al. 2008).  

Climatic variables have also been shown to influence endosymbiont distribution and titre. 

For example, Toju and Fukatsu (2011) discovered higher infection frequencies of Sodalis, 

Wolbachia and Rickettsia in natural populations of the chestnut weevil Curculio sikkimensis 

collected from localities with higher temperature. It has been previously found that Serratia 

symbiotica, a facultative endosymbiont of the pea aphid, reduces the effect of heat stress on 

reproduction. The titre or density of the endosymbionts may also be influenced by climatic 

variables. This has mainly been tested for different temperatures. A recent review by 

Wernegreen (2012) suggested that mutualistic bacteria are highly sensitive to high 

temperature (see also references in Wernegreen 2012; Fan & Wernegreen 2013; Dusi et al. 

2014) and may constrain insect adaptation to a changing climate. Many studies have been 

conducted on the effect of temperature on various strains of Wolbachia and showed 

significant effects on Wolbachia titres (e.g. Mouton et al. 2007; Correa & Ballard 2012). 

Interestingly, Wolbachia titre is important for male-killing efficiency and transmission 

fidelity (Hurst et al. 2000; Jaenike 2009; Unckless et al. 2009). 

 

1.2.5 Dispersal capacities of psyllids 

Psyllids or jumping plant lice are renowned for their jumping abilities (as their name 

suggests). Burrows (2012) analysed jumping mechanisms in three psyllid species and found 

that jumping was due to rapid movements of the short hind legs that propel the individual. 

According to Burrows (2012), psyllids are accomplished jumpers.  

Psyllid flight capacities and dispersal have been studied for multiple species. As some 

species are pests, it is important to know the scale of their dispersal. The dispersal of 

Bactericera cockerelli has been studied at the farm scale and Cameron et al. (2013) found 
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that they were able to disperse throughout the studied landscape (c. 100m in three days). 

Interestingly, they found that wind direction influenced their dispersal direction (see also 

Henne et al. 2010). The effect of wind direction has also been shown for Diaphorina citri 

(Kobori et al. 2010). In addition, they found that D. citri barely moved after being released 

(5-12 m); however, this was done using laboratory-reared psyllids, which may have atypical 

behaviour. This result is, however, consistent with Arakawa and Miyamoto’s (2007) flight 

mill experiment, in which D. citri was described as having poor flight abilities.  

Interestingly, a recent study on the flight capacity of D. citri in natural conditions highlighted 

that dispersal of this psyllid was not correlated with wind direction and that they could 

disperse up to 2 km in 12 days (Lewis-Rosenblum et al. 2015). Long-distance dispersal of D. 

citri has also been suggested by Gottwald et al. (2007), who hypothesized that with the 

assistance of wind, D. citri could disperse up to 90-145 km. Remarkably, D. citri was 

captured in a dense forest as well as in urban environment, questioning the impact of 

geographic barrier on its dispersal (Godfrey et al. 2013; Martini et al. 2013). Other psyllid 

species, such as Trioza apicalis or Cacopsylla sp., have been reported to disperse over long-

distances (Kristoffersen & Anderbrant 2007; Camerota et al. 2012; Nelson et al. 2014) 

Long distance dispersal and island colonization have been studied in the Macaronesian 

islands (Percy 2003). In this study, it was discovered that four or five colonization events by 

the psyllid genera Arytinnis, Arytaina, Arytainilla and Livilla have happened but only one 

resulted in species radiation (Arytinnis). This underlines the long distance dispersal capacity 

of at least some genera of psyllids. Several psyllid lineages have also colonized the Hawaiian 

islands (Ouvrard et al. 2015). Anthropogenic dispersal has been hypothesized as a way for 

psyllids to reach new landmasses via infested plant material (e.g. D. citri, Halbert & 

Manjunath 2004; or B. cockerelli in New Zealand, Thomas et al. 2011). Wind dispersal is 

also a potential route for long-distance dispersal in some species (Peck 1994; Chapman et al. 

2004). 

 

1.2.6 Dispersal of Mycopsylla spp.  

The two species of Mycopsylla described from Australia are found on the eastern coast of 

Australia where their host-trees are native. However, depending on the flight capacities of 

the homotomids, reaching a new tree may be a difficult task. As shown previously for 

different species of psyllids, different flight capacities are found across species and the 

dispersal capacities of Mycopsylla spp. are currently unknown. 
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Ficus macrophylla and F. rubiginosa are found in remnant forest areas and are also planted 

as ornamental trees in park and gardens. It has been noted that M. fici favours city trees 

(Newman 2004). While both Ficus species are planted in Auckland, only F. macrophylla is 

known to be infected by its homotomid, M. fici (Bain 2004). In addition, F. macrophylla and 

M. fici are also present on LHI. It is not known how the homotomids arrived in both LHI and 

Auckland. However, previous research on Pleistodontes froggatti, the pollinator of both F. 

macrophylla subspecies, present in Australia and New Zealand hypothesized that the 

introduction of the pollinator wasp to LHI and to New Zealand may be a result of natural 

aerial dispersal (Gardner & Early 1996). It appears that meteorological conditions between 

Australia and New Zealand, during a short period of the year, can favour the passage of live 

insects, pollen, seeds and dust from one island to another (Close et al. 1978), maybe 

allowing the transfer of the pollinator wasp. These meteorological conditions may also be of 

importance for dispersal of psyllids and their parasitoids to LHI and New Zealand. 

Interestingly, one species of parasitoid, Psyllaephagus cornwallensis was described in New 

Zealand (Berry 2007). No parasitoid species associated with Mycopsylla spp. have been 

described in Australia, but it is likely that the New Zealand species is of Australian origin.  

 

 Thesis objectives 1.3

The research detailed in this thesis focuses on key aspects of ecology and evolution of 

Mycopsylla species, in particular their genetic diversity and interactions with host trees, 

parasitoids and endosymbionts; as well as within species genetic diversity (populations of M. 

fici) across geographical scales. Very few studies have been previously conducted on 

Homotomidae and research gaps exist regarding the Australian diversity of the homotomids 

and interacting species such as parasitoids and endosymbionts as well as their short- and 

long-distance dispersal. Throughout this thesis, I aim to answer three main questions: (1) 

What is the diversity of fig homotomids and parasitoids in Australia? (Chapter 2), (2) What 

is the population genetic structure of Mycopsylla fici, an outbreak species? (microsatellite 

marker development in Chapter 4 and application in Chapter 5) and (3) How do 

homotomids and endosymbionts interact at the species and population levels? (Chapters 3 

and 6). Each chapter analyses a subset of species involved in this complex system of 

interacting host plants, homotomids, parasitoids and endosymbionts. Figure 1.4 summarises 

the targeted focus of each chapter within the overall framework.  

This thesis consists of five experimental chapters that are either published, submitted or in 

preparation for publication in peer-reviewed journals (Fig. 1.4). I have undertaken all the 
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experimental data collection and analysis, under supervision of the supervisory panel (James 

Cook and Markus Riegler) and the inclusion of expert advice for chapters 2 and 5 (Jane 

DeGabriel and Paul Rymer). These five experimental chapters (Two to Six) are presented in 

a format appropriate for peer-review publications. In addition, these five chapters are 

preceded by a general introduction (Chapter 1) and followed by a general discussion of the 

key findings and directions for future research (Chapter 7). Below I present the main aims 

of individual chapters in the thesis: 

Chapter 2. Aim – To explore the diversity and host specificity of homotomids and their 

parasitoids on Australian Ficus species. 

Little is known about Mycopsylla spp. in Australia and while only two species have been 

previously described, extensive collections may lead to the discovery of new, undescribed 

species. In addition, with the exception of one parasitoid species described in New Zealand, 

no formal studies on the parasitoid diversity associated with Mycopsylla spp. have been 

undertaken. Mycopsylla fici infestation levels are very variable and sudden, unpredictable 

outbreaks may cause complete defoliation of its host F. macrophylla. It is important to 

understand both homotomid and parasitoid species diversity and host-specificity. In this 

chapter, I characterised the diversity of both Mycopsylla and their Psyllaephagus parasitoid 

species on the eastern coast of Australia, LHI and New Zealand using mitochondrial and 

nuclear markers. 

Chapter 3. Aim – To explore co-diversification of Australian Mycopsylla and their 

endosymbionts. 

As Psylloidea insects feed on plant sap, a very unbalanced diet, they are expected to harbour 

a P-endosymbiont to provide them with missing nutrients. This role is expected to be 

undertaken by Carsonella, however, due to its ongoing genome reduction, this bacterium is 

missing key genes involved in amino acid synthesis. Therefore it is expected that its role 

would be supplemented by the presence of one or more S-endosymbionts. No studies have 

been done on Homotomidae endosymbionts. In this chapter, I was interested in describing 

the main endosymbionts harboured by Mycopsylla spp. I also compared phylogenies and 

phylogeographic patterns of host and endosymbionts, in the light of association and 

transmission mode of the endosymbionts.   

Chapter 4. Aim – To develop microsatellite markers for the study of M. fici population 

genetics. 

In order to use them in Chapter 5 for population genetics, I developed microsatellite markers 

for M. fici.  
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Chapter 5. Aim – To explore the gene flow and biogeography of M. fici in Australia and 

New Zealand. 

Ficus macrophylla f. macrophylla occurs naturally on the eastern coast of Australia in 

Northern NSW and Southern Queensland, while Ficus macrophylla f. columnaris is 

restricted to LHI (NSW). Due to human activities this tree species is now planted outside its 

natural distribution in Australia (e.g. in Melbourne, Perth), but also further away in New 

Zealand. Mycopsylla fici has been recorded on the eastern coast of Australia, LHI and New 

Zealand. In this chapter, I was interested in understanding the gene flow and biogeographic 

history of M. fici in Australia (mainland and LHI) and New Zealand. In addition, I explored 

the dispersal abilities of the homotomids on the mainland of Australia by considering trees as 

habitat islands.  

Chapter 6. Aim – To explore the endosymbiont diversity of M. fici and compare bacterial 

communities in individuals within and between host populations. 

As M. fici seems to have very structured populations (Chapter 5), I was interested in 

understanding the impact of this structure on the bacterial communities harboured by the 

homotomids. In Chapter 4, I used low coverage whole genome sequencing of the host and 

discovered endosymbionts. However, in Chapter 6 I focussed specifically on the bacteria in 

order to uncover their full diversity and relative abundances in four homotomid populations. 

 

 

Figure 1. 4: Diagram of the main species and interactions focus in each thesis chapter 
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- CHAPTER 2 -  

 

DIVERSITY AND HOST SPECIFICITY OF 

THREE MYCOPSYLLA SPECIES (HEMIPTERA: 

HOMOTOMIDAE) AND THEIR 

PSYLLAEPHAGUS PARASITOIDS 

(HYMENOPTERA: ENCYRTIDAE) ON FIGS 

(FICUS) 

 

Fromont C, DeGabriel JL, Riegler M, Cook JM (2017) Diversity and host specificity of three 

Mycopsylla species (Hemiptera: Homotomidae) and their Psyllaephagus parasitoids 

(Hymenoptera: Encyrtidae) on figs (Ficus). Insect Conservation and Diversity, 10, 107-119 
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 Abstract 2.1

1. The ecology, diversity and parasitoid complex of plant-sap feeding insects of the family 

Homotomidae (Hemiptera: Psylloidea) specialised on fig trees (Ficus) have so far received 

little research attention. However, they are ecologically important, as occasional outbreaks of 

the homotomid Mycopsylla fici may cause complete defoliation of its host plant, the Moreton 

Bay fig (Ficus macrophylla). Mycopsylla proxima, the only other species reported from 

Australia, feeds on F. rubiginosa without any recorded outbreaks.  

2. We searched for homotomids and their parasitoids on eight Ficus species on the east coast 

of Australia, Lord Howe Island (LHI) and in Auckland, New Zealand, and detected them on 

three Ficus species. Using mitochondrial and nuclear DNA sequences, we delimited three 

Mycopsylla species, including a putative new species on F. watkinsiana. We also 

characterised at least five (including one previously described) parasitoid species of the 

genus Psyllaephagus (Hymenoptera: Encyrtidae) based on congruent morphological 

characters and molecular data.  

3. The three homotomid species were highly host-specific to a single fig species, while 

parasitoid species varied in host-specificity: three host-specific to M. fici, three host-

generalists. Geographic distribution varied among parasitoid species; e.g. one host-specific 

species was found on both the mainland and LHI, but a second species only on LHI. 

4. Our study revealed previously unrecognised diversity in fig homotomids and especially in 

their parasitoids. The herbivores and parasitoids showed contrasting patterns of host-

specificity. Interestingly, M. fici, the only outbreak species, had the highest diversity of 

associated parasitoid species and was the only species with host-specific parasitoids. 
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 Introduction 2.2

Any given insect species is typically involved in complex interactions with several other 

species, as part of a food web that characterises feeding interactions through sets of links 

between species (Pimm et al. 1991). For example, an insect herbivore acts both as a 

consumer of its host plant(s), and as a host for parasitoids or prey for predators. Correct 

assessment of host specificity and trophic links first requires accurate delimitation of the 

species (host plant, its herbivores and their parasitoid species) involved, which may be 

complicated by the existence of cryptic species. Furthermore, a crucial step in understanding 

food web structure is the study of the degree of specialisation, i.e. the number of host 

species, for each species involved. This is of importance for assessment of community 

dynamics (van Veen et al. 2006) and global species diversity (Mora et al. 2011), as well as 

for more applied purposes, such as biological control (Stiling & Cornelissen 2005).  

Fig trees (Ficus, Moraceae) form a large plant genus (Frodin 2004), comprising 

approximately 750 species worldwide, with the highest diversity (>500 species) in the Asian-

Australasian region (Rønsted et al. 2008a). Fig trees may be keystone species (Terborgh 

1986) and Janzen (1979) noted that they host a large diversity of frugivores and other 

herbivores. Amongst the insects, various flies and beetles, as well as diverse fig wasp 

lineages, rely on fig fruit resources (Basset et al. 1997). Fig trees are intensively studied for 

their mutualistic interaction with tiny pollinator wasps (Hymenoptera: Agaonidae), which 

shows high reciprocal partner specificity (Cruaud et al. 2012). Despite intense interest in fig 

/ wasp symbiosis, far less research has been undertaken on other insect herbivores feeding on 

fig trees (Basset et al. 1997; Basset & Novotny 1999; Novotny et al. 2005). Fig trees are host 

plants for Mycopsylla spp., sap-sucking insects of the family Homotomidae (Hemiptera: 

Psylloidea). These homotomids are sometimes referred to as “fig psyllids”, but they do not 

belong to the family Psyllidae and their diversity and ecology has been far less studied than 

other families of the Psylloidea superfamily.  

Mycopsylla spp. appear to feed only on Ficus and their nymphs produce a sticky covering on 

the lower surface of fig leaves, a ‘lerp’, under which they develop (Newman 2004). The 

biology of Mycopsylla has been relatively little studied and their diversity and host relations 

are poorly understood. However, the ecological importance of Mycopsylla fici (Tryon) 

cannot be neglected, as it experiences occasional massive population outbreaks as observed 

in Sydney in 1996 (Newman 2004) and on Lord Howe Island (LHI, volcanic remnant located 

~ 600 km off the east coast of Australia) in 2013/2014 (CF, JLD & JMC, pers. obs.). 

Outbreaks may result in complete defoliation of its host plant, Ficus macrophylla (Nicholls 

1939; Newman 2004), limiting the number of leaves and fruits available to support other 



29 

 

animals that feed or shelter on the tree. More generally, several species of the superfamily 

Psylloidea are known for major outbreaks on various plant species that can result in 

significant damage to host plant and ecosystems (e.g. Bactericera cockerelli, Hill 1947; 

Cardiaspina sp., Hall et al. 2015;  Cardiaspina fiscella, Gherlenda et al. 2016).  

In Australia, Ficus species diversity is highest in north Queensland and the Northern 

Territory, but several species are also widespread in southern Queensland and coastal New 

South Wales, with diversity decreasing southwards. While most areas have several co-

occurring fig species, only two Mycopsylla species, M. fici (Tryon) and M. proxima Froggatt, 

have been described in Australia, on Ficus macrophylla Desf. ex. Pers. (Moreton Bay fig) 

and Ficus rubiginosa Desf. ex.Vent. (Port Jackson fig), respectively (Froggatt 1901; Hollis 

& Broomfield 1989). Mycopsylla fici is found on the two forms of its host F. macrophylla: f. 

macrophylla is native to wet forests in Eastern Australia, from northern New South Wales 

(NSW) to southern Queensland, while f. columnaris is endemic to LHI (Dixon 2001). 

Outside their natural distribution, F. macrophylla trees have also been planted in numerous 

parks and gardens across Australia (e.g. in Melbourne and Perth), and overseas, e.g. around 

Auckland, New Zealand, since the 19
th
 century. Mycopsylla fici is also present in Auckland, 

where it was first recorded in 1995 (Bain 2004). The distribution of F. rubiginosa, the host 

of M. proxima, overlaps that of F. macrophylla, and is continuous from near Eden in 

southern NSW to Cape York Peninsula in far north Queensland. In contrast to M. fici, M. 

proxima has not been reported as an outbreak species or as causing complete defoliation of 

its host. In addition to these two Australian species, three Mycopsylla species have been 

described from India (although Newman (2004) suggests that they are only a single species), 

one from Papua New Guinea, and three from New Caledonia, including one from the 

Loyalty Islands (Hollis & Broomfield 1989).  

Nymphs of Psylloidea species are attacked by various parasitoid wasps and most of these 

belong to the genera Psyllaephagus Ashmead (Hymenoptera: Encyrtidae) and Tamarixia 

Mercet (Hymenoptera: Eulophidae) (Riek 1962; LaSalle 1994). Newman (2004) studied the 

basic biology of M. fici during a major outbreak in Sydney in the late 1990s and recorded the 

presence of Psyllaephagus wasps, noting two different size classes of females. These may 

have represented two different species, but this was not explored further. In fact, there have 

been no detailed descriptions of any parasitoid species attacking Mycopsylla species in 

Australia. Interestingly, one species (Psyllaephagus cornwallensis) attacking M. fici has been 

described from New Zealand where the host tree and homotomid were introduced (Berry 

2007). It is not yet known if this parasitoid species is native to Australia, although this is 

highly likely. In Australia, the diversity and host specificity of psyllid parasitoids besides the 

ones feeding on Eucalyptus specialised psyllids (Riek 1962) are not well described.  
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More extensive sampling is needed to assess the diversity and host specificity of Mycopsylla 

spp. and their associated parasitoids in eastern Australia. In this study, we focussed on a food 

web that comprises Australian Ficus species in the section Malvanthera, their homotomids 

(Mycopsylla spp.), and associated parasitoids (Psyllaephagus). We addressed three key 

questions: 1) Are homotomid and parasitoid diversity higher than previously described due 

to the existence of un-sampled or cryptic species? 2) How host-specific are fig homotomid 

and parasitoid species? 3) Do closely related parasitoid/homotomid species utilise the same, 

or closely related, homotomid/Ficus species?     

 

 Materials and methods 2.3

2.3.1 Study species and insect sampling 

Multiple fig species are found on the eastern coast of Australia and we searched for 

homotomids on two dioecious species from the Ficus section Sycidium (Ficus coronata (n = 

30-40 trees) , Ficus fraseri (n=14)) and six monoecious species from two Ficus sections – 

Malvanthera (F. macrophylla (n>100), F. rubiginosa (n>100), Ficus obliqua (n>60)  and F. 

watkinsiana (n = 40-50) and Conosycea (Ficus microcarpa (n>100), Ficus benjamina 

(n>100)). In Australia, Mycopsylla spp. have previously only been recorded from the two 

malvantheran fig species, F. macrophylla and F. rubiginosa. Multiple collections were made 

between March 2013 and December 2014 to sample fig homotomids and parasitoids along 

the eastern coast of NSW and Queensland from Wollongong to Brisbane, as well as in 

Melbourne (Victoria), on LHI and in Auckland, New Zealand (Fig. 2.1 and appendix 1).  

Infested leaves were only found for three Ficus species. Leaves with lerps (solidified 

excretions by the nymphs forming a sticky protective covering, Newman, 2004) were 

collected from multiple branches of infested F. macrophylla, F. rubiginosa and F. 

watkinsiana trees and kept in Petri dishes at ambient room temperature (~20° C) until adult 

insects (homotomids and parasitoids) emerged. In addition, homotomid nymphs were 

collected directly from lerps soon after field sampling. Specimens were preserved in absolute 

ethanol and stored at -18°C until DNA extraction. For the analysis, we then chose 36 

homotomids (23 individuals from F. macrophylla, 11 from F. rubiginosa and 2 from F. 

watkinsiana) and 128 parasitoids (95 from homotomids on F. macrophylla, 31 from 

homotomids on F. rubiginosa and 2 individuals from homotomids on F. watkinsiana), 

representing the morphological, host and geographic diversity of the adult specimens 

collected (Fig. 2.1). However, only homotomid nymphs were collected from F. watkinsiana.  
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Figure 2. 1: Maps of the Mycopsylla and Psyllaephagus collections in Australia and New 

Zealand. Both Mycopsylla and Psyllaephagus were collected in LHI (light green square) and 

Auckland (black diamond) while only Mycopsylla were collected in Melbourne (yellow 

circle). Maps A) and B) represent the collections of Mycopsylla (circle) and Psyllaephagus 

(square), respectively, made in Australia. Colours correspond to the tree species from which 

collections were made (green from F. macrophylla, blue from F. rubiginosa and red from F. 

watkinsiana). The intensity of the colours corresponds to the sampling effort - the darker the 

colour, the higher the number of insect collected. On the left side, the yellow to red scale 

correspond to the colour used for the phylogenetic trees. Scales are in km. 

 

2.3.2 Morphometric measurements 

Homotomids and parasitoids were grouped into distinct morphotypes, for each of the three 

Ficus species. Homotomids were grouped into morphotypes based on the descriptions by 

Froggatt (1901) and Hollis and Bromfield (1989). To test whether parasitoids belonged to 

the genus Psyllaephagus and were morphologically different between species, we measured 

and assessed several traits following Noyes & Hanson (1996) and Berry (2007). Prior to 

molecular analysis, all parasitoids were photographed using a stereomicroscope and the 
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INFINITY ANALYZE software (Lumenera corp., Ottawa, ON). Body and antenna lengths 

were measured for male and female parasitoids. Ovipositor sheath length was measured for 

females, and antennal morphology was recorded for males and females. We compared the 

measured traits (i.e. body length, sheath length:body length and antenna length:body length) 

between species, using a Kruskal-Wallis test with the Benjamini and Hochberg (1995) 

correction and multiple comparison of treatments as implemented in the R package 

‘agricolae’ (De Mendiburu 2014). 

 

2.3.3 DNA extraction and sequencing 

DNA was extracted from the entire body of individual homotomids and parasitoids using a 

Chelex method (Walsh et al. 1991). Individuals were placed into 100 µL homogenization 

solution (5% Chelex, 0.01% proteinase K), crushed with a pestle, incubated at 56 °C for 35 

min then at 96 °C for 15 min and centrifuged for 5 min at 13,000 rpm.  

We sequenced three homotomid gene fragments – mitochondrial Cytochrome Oxidase 1 

(COI), and nuclear Histone 3 (Hist3) and Elongation Factor 1α (EF1α). For the parasitoids, 

we sequenced two mitochondrial (cytochrome b and 16S rDNA) and one nuclear (D2 region 

of the 28S rDNA) gene fragments (Table 2.4). 

PCR for COI was performed in a total volume of 25 µL containing 1x buffer, 3 mM of 

MgCl2, 0.1 mM of dNTPs, 0.5 µM of each primer, 1 unit of Taq DNA (Promega, Madison, 

WI) and 1 µL of genomic DNA (Table 2.2). PCR for the other genes (i.e. EF1α, Hist3, cytb, 

16S rDNA and 28S rDNA) followed the same general protocol as COI with the exception of 

MgCl2 concentration and PCR amplification conditions that differed between genes (Table 

2.2). PCR fragments were sequenced directly in one direction at Macrogen (Korea) using 

BigDye Terminator v.3.1. The sequence data (homotomid COI, EF1α, Hist3 and parasitoid 

cytb, 16S rDNA, 28S rDNA) sequences were deposited in GenBank under accession 

numbers KT273227-KT273238 and KU522537-KU522595 KU522595 and aligned sequence 

are archived at http://doi.org/10.4225/35/57a95a900f19a.  
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Table 2. 1: Primer sequences used in this study 

Primer name Target region Primer sequence Reference  

CB1 Cytb 5’- TATGTACTACCATGAGGACAAATATC (Jermiin & Crozier 1994) 

CB2  5’- ATTACACCTCCTAATTTATTAGGAAT (Jermiin & Crozier 1994) 

COIfor COI 5’- CAACACCTATTCTGATTTTTTGG (Liu et al. 2006) 

UEA9  5’- TGTTGAGGAAAAAATGTTAGGTTTAC (Liu et al. 2006) 

H3AF Hist3 5’- ATGGCTCGTACCAAGCAGACVGC (Buckman et al. 2013) 

H3AR  5’- ATATCCTTRGGCATRATRGTGAC (Buckman et al. 2013) 

EF1aF EF1α 5’- CAGTACCTGTTGGTCGTGTTGAGAC (Hall et al. 2016) 

EF1aR  5’- ACGACGRTCACAYTTTTCTTTGATC (Hall et al. 2016) 

16S rDNA_F_Hym 16S rDNA 5’-TRACTGTRCAAAGGTAGC (Schulmeister 2003) 

16S rDNA_R_Hym  5’-TTAATTCAACATCGAGGTC (Schulmeister 2003) 

D2F 23S rDNA 5’-CGTGTTGCTTGATAGTGCAGC (Campbell et al. 2000) 

D2R  5’-TCAAGACGGGTCCTGAAAGT (Campbell et al. 2000) 

 

Table 2. 2: PCR amplification conditions and MgCl2 concentration used for each primer pair 

 primers PCR conditions MgCl2 (mM) 

CB1/CB2 94°C-3 min, 30x(95°C-15s, 43°C-20s, 72°C-30s), 72°C-10 min 3.5 

COIfor/UEA9 94°C-3 min, 36x(94°C-30s, 42°C-30s, 72°C-60s), 72°C-10 min 3 

EF1aF/R 94°C-3 min, 35x(94°C-30s, 54°C-40s, 72°C-60s), 72°C-10 min 3 

H3AF/R 94°C-2 min, 36x(94°C-30s, 57°C-30s, 72°C-45s), 72°C-7 min 3 

16S_A_Hym/16S_B_Hym 96°C-1 min, 36x(96°C-15s, 60°C-15s, 72°C-15s), 72°C-5 min 2 

D2F/ D2R 94°C-3 min, 31x(94°C-45s, 58°C-30s, 72°C-90s), 72°C-30 min 2.5 
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2.3.4 Phylogenetic analyses 

Sequences for each locus were aligned using the Muscle alignment tool in Geneious 6.1.7. 

Alignment of the protein-coding genes was checked by translating the sequences into amino 

acids using MEGA v 6.06 (Tamura et al. 2013). No evidence for the presence of 

pseudogenes (i.e. no stop codons or frameshifts) was detected. We used the nucleotide 

substitution model selected by JModelTest2 (Guindon & Gascuel 2003; Darriba et al. 2012), 

based on the Bayesian Information Criterion (BIC). The different substitution models 

assume different parameters for DNA site substitution (see Appendix 2 for more details). 

When needed the shape parameter of the Gamma distribution (G) and the proportion of 

invariant sites (I) were estimated in MEGA.  

Sequence data of each gene were analysed using Maximum Likelihood (ML) in MEGA v 

6.06. ML branch support was tested with 1,000 bootstrap pseudo-replicates. Nodes with 

bootstrap values >70% were considered supported, and those with a value >90% well-

supported. Sequence data were also analysed using Bayesian Inference (BI) in MrBayes v 

3.2.2 (Ronquist et al. 2012). Two runs of four Monte Carlo Markov Chain (MCMC) chains 

(3 “heated” and 1 “cold”) were run in parallel in MrBayes for 2x10
6
 generations and sampled 

every 5,000 generations. Tracer v1.6 (Drummond et al. 2012), as well as the standard 

deviation of split frequencies, were used to assess stationarity of the Markov chains. 

 

2.3.5 Species delimitation using COI for Mycopsylla and cytb for the parasitoids 

We explored species boundaries and delimited species using a range of common approaches: 

 

2.3.5.1 Statistical parsimony 

This method partitions the data into independent networks that link haplotypes using 

statistical parsimony based on a 95% confidence interval (Templeton et al. 1992) and this 

can be seen as an initial step to visualize likely species boundaries. We used TCS v1.21 

(Clement et al. 2000) and POPART (Leigh & Bryant 2015) to perform a statistical 

parsimony analysis on homotomid COI data and parasitoid cytb data. 
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2.3.5.2 Barcoding gap 

The ‘barcoding gap’ is a discontinuity between pairwise mtDNA distances of conspecific 

and heterospecific individuals (Hebert et al. 2003; Čandek & Kuntner 2015) that often 

allows simple visual detection of species boundaries. We used the Kimura 2 parameter 

(K2P) distance model (Kimura 1980) to calculate genetic distances in MEGA v 6.06. While 

the use of K2P has been questioned (Srivathsan & Meier 2012), it is widely adopted and 

facilitates comparison with other studies. TaxonDNA (Meier et al. 2006) was then used to 

cluster mtDNA sequences using the observed barcoding gap. 

 

2.3.5.3 Generalized Mixed Yule Coalescent (GMYC) model 

A GMYC model is a common statistical approach to single-locus species delimitation. It is 

based on the differentiation of branching rates resulting from a speciation process (Yule 

pure-birth model) from those resulting from an intra-specific process (neutral coalescent 

model) (Pons et al. 2006). The number of species present in the dataset was determined 

using COI and cytb data with the single threshold method in the package ‘splits’ (Ezard et al. 

2009) in R v3.1.0. This requires ultrametric trees, which were generated using Beast v1.8.0 

(Drummond & Rambaut 2007; Drummond et al. 2012). Based on comparison of the Ln 

likelihood generated by DNAml and DNAmlk implemented in Phylip v3.6 (Felsenstein 

1989), a strict clock model was applied. A coalescent prior set to a constant population size 

was used, as it is thought to be more conservative than a Yule prior (Monaghan et al. 2009). 

All other priors for the model parameters were kept as default values. The MCMC chain was 

run in Beast for 10 million generations and sampled every 1000 generations. Tracer v1.6 was 

used to visualize the estimated sample size and stationarity of the parameters.  

 

 Results 2.4

Adults Mycopsylla collected from F. macrophylla and F. rubiginosa grouped into two 

distinct morphospecies, as described in Hollis and Broomfield (1989) and Froggatt (1901). 

Only nymphs of Mycopsylla were collected from F. watkinsiana. Parasitoids from all three 

Mycopsylla species were grouped into four morphotypes, although the delimitation was 

clearer for the males, due to variation in their antennal morphologies, than for the females 

(see parasitoid morphology section). Based on the identification keys they all appeared to 

belong to the genus Psyllaephagus (Riek 1962; Noyes & Hanson 1996; Berry 2007). 
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2.4.1 Mycopsylla phylogenies  

After trimming of incomplete ends, 414 nucleotides of COI, 279 of EF1α and 285 of Hist3 

were kept for analysis. Across the 36 homotomid individuals used for COI, 16 haplotypes 

with 68 polymorphic sites were found. For EF1α and Hist3, 19 and 23 individuals were 

sequenced and we found 3 alleles with 2 polymorphic sites, and 2 alleles with only one 

polymorphic site, respectively.  

 

Figure 2. 2: Phylogenetic tree constructed using BI of Mycopsylla COI sequences. The 

colour of the tip name corresponds to the tree were Mycopsylla was collected, blue: F. 

macrophylla, green: F. rubiginosa and red: F. watkinsiana. The colour of the circle in front 

of the tip name corresponds to the location where the homotomid was collected. The gradient 

S/N on the mainland of Australia is represented by a gradient from yellow to red, LHI 

individuals are represented by light green squares and Auckland individuals by black 

diamonds. Inverted black triangles indicate a nucleotide change between EF1α sequences of 

the three species. The tree presented is a 50% majority rule consensus tree. Topologies of 

ML and BI were identical. Numbers at the nodes are posterior probabilities from BI analysis 

(lower number) and ML bootstrap values (upper number), estimated from 1000 bootstrap 

replicates. Scale represents the number of substitutions per site. 
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JModelTest2 indicated that the best models were HKY+I for COI, and JC for Hist3 and 

EF1α. Mitochondrial ML and BI phylogenies showed the same topology (Fig. 2.2), with 

three highly supported clades (SI, SII, SIII). The nuclear genes were highly conserved, but 

the limited variation was congruent with the mtDNA clade structure. One fixed synonymous 

nucleotide substitution differentiated Hist3 sequences of individuals collected on F. 

macrophylla from those collected on F. rubiginosa and F. watkinsiana. For EF1α, two 

nucleotide positions varied between clades. One synonymous substitution allowed 

differentiation of Mycopsylla collected from F. macrophylla from those collected from F. 

rubiginosa and F. watkinsiana, while another allowed differentiation of Mycopsylla 

collected from F. watkinsiana from those collected from F. macrophylla and F. rubiginosa 

(Fig. 2.2). Only two species of Mycopsylla have been described previously in Australia: M. 

fici from F. macrophylla and M. proxima from F. rubiginosa. No species has been 

previously described from F. watkinsiana and our data support a putative new Mycopsylla 

species (referred to as Mycopsylla sp.) on this host plant. 

 

2.4.2 Mycopsylla species delimitation using COI sequences 

2.4.2.1 Statistical parsimony 

Eight steps (base differences), corresponding to the 95% cut-off, were set as the connection 

limit between haplotypes. We distinguished three independent networks for the COI data for 

Mycopsylla collected on F. macrophylla, F. rubiginosa and F. watkinsiana, respectively, 

with 16 haplotypes of which 10 were present with one individual only (Fig. 2.3).  
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Figure 2. 3: Statistical parsimony network for Mycopsylla. COI network of Mycopsylla 

collected on Ficus species. The size of the circle corresponds to the number of individuals 

from a given haplotype. Numbers of mutations are shown with hatches. Groups with more 

than 8 steps in between are considered as independent networks with TCS. Colours of the 

circles correspond to the homotomid species, green: M. fici, blue: M. proxima and red: 

Mycopsylla sp. 

 

2.4.2.2 Barcoding gap 

Genetic differences between pairs of individuals varied from 0% to 12.6% for COI. For COI 

the barcoding gap occurred between 2.2% (i.e. maximum intraspecific variation) and 5.8% 

(i.e. minimum interspecific divergence) (Fig. 2.4). It led to the delimitation of three species, 

i.e. M. fici, M. proxima and Mycopsylla sp. from F. watkinsiana (Table 2.3). Intraspecific 

divergences ranged from 5.8-6.5% between Mycopsylla sp. and M. proxima to 11.4-12.6% 

between M. proxima and M. fici (Table 2.3). 
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Table 2. 3: Percentage of mitochondrial pairwise divergence for A) COI of Mycopsylla and 

B) cytb of Psyllaephagus. All codons were used for the analysis for a total of 414 and 357 

bases for the homotomid COI and parasitoid cytb, respectively. In bold, intra-specific 

divergence. The percentages presented in the table are the minimal and maximal values of 

pairwise divergences between species. M. fici_ML are M. fici individuals collected on the 

mainland.  

 A) M. fici_ML M. fici_LHI Mycospylla sp. M. proxima 

M. fici_ML 1.2 

   M. fici_LHI 1.5-2.2 0 

  Mycospylla sp. 9.9-10.7 10.2-10.4 0.2 

 M. proxima 11.4-12.6 11.6-12.1 5.8-6.5 0.2-1.2 

 

 B) PI PII PIII PIV PV PVI 

PI 0 

     PII 22.7-23 0.6 

    PIII 21.8-23.2 21.6-22.1 1.7 

   PIV 24.4-24.6 22.7-23.5 22.1-23.5 0.8 

  PV 26.9-27.2 22.7-23.2 21.8-23.2 6.7-7.6 0.3 

 PVI 26.1 23.8-24.1 22.4-23.2 11.2-11.8 12.9-13.2 0 

 

 

 

Figure 2. 4: K2P genetic distances for the COI dataset of all Mycopsylla (Homotomidae) and 

the cytb dataset of all Psyllaephagus (Encyrtidae) collected on Ficus sp. 
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2.4.2.3 GMYC 

The GMYC model that assigned individuals into five clusters was preferred over the null 

model of uniform branching rate, i.e. assuming one species (GMYC maximum likelihood= 

273.9, null model likelihood= 270.8, p=0.04). The five clusters were 1) M. fici from the 

Australian mainland and New Zealand, 2) M. fici from F. macrophylla from LHI, 3) M. 

proxima from F. rubiginosa from Sydney, 4) M. proxima from F. rubiginosa from Northern 

NSW and 5) Mycopsylla sp. from F. watkinsiana.  

In summary, two analyses (statistical parsimony and barcoding gap) using mtDNA 

sequences and nuclear sequences both recognized three homotomid species corresponding 

strictly to the three different fig species. However, GMYC further split: a) homotomids from 

F. macrophylla into mainland/New Zealand and LHI populations; and b) homotomids from 

F. rubiginosa into Sydney and northern NSW populations.  

 

2.4.3 Psyllaephagus phylogenies  

After trimming for incomplete ends 367, 190 and 290 nucleotides of the mitochondrial cytb 

and 16S rDNA, and nuclear 28S rDNA sequences, respectively, were kept for analysis. 

Across the 128 individuals tested, the cytb sequences displayed 147 polymorphic sites and 

31 haplotypes were found. The 16S rDNA sequences had 71 polymorphic sites across 19 

haplotypes for the 39 individuals sequenced. The 28S rDNA sequences displayed 37 

polymorphic sites across seven alleles in the 33 individuals sequenced. Cytb had the highest 

polymorphism (π= 0.17), followed by 16S rDNA (π= 0.11) and the much less variable 

nuclear 28S rDNA (π= 0.04). 

JModelTest2 indicated that mitochondrial cytb and 16S rDNA followed a HKY+G model, 

and the nuclear 28S rDNA a K80+G model. ML and BI phylogenies showed the same 

topology for each gene. Although the phylogenies differed across the three genes, they did 

not conflict with each other in terms of clade membership, but represented different levels of 

resolution, likely reflecting the difference in mutation rates of the genes used. When using 

nuclear 28S rDNA to build the phylogeny, only four clades, each with high support, were 

observed (Fig. 2.5 B). In contrast, cytb phylogenies split one 28S rDNA clade into three 

highly supported sub-clades, PIV, PV and PVI (Fig. 2.5 A); these clades were also supported 

by 16S rDNA (Fig. 2.5 C). However, we observed some conflicts in terms of tree topology 

(Fig. 2.5), e.g. PII and PIII are sister clades when using 28S and 16S rDNA, but PII and PI 

are sister clades when using cytb. Individuals collected in New Zealand clustered with clade 

PIV, suggesting that clade PIV is P. cornwallensis. 
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2.4.4 Psyllaephagus species delimitation using cytb sequences 

2.4.4.1 Statistical parsimony 

Six independent networks were found using cytb sequences. Eight steps (base differences), 

corresponding to the 95% cut-off, were set as the connection limit between haplotypes. Only 

one network comprised a single haplotype, which grouped just five individuals 

(corresponding to PVI). The six networks corresponded to the same groups (PI, PII, PIII, 

PIV, PV, PVI) delineated with the phylogenetic tree (Fig. 2.6). 

 

2.4.4.2 Barcoding gap 

Genetic differences between pairs of individuals varied from 0% to 27.2% and the barcoding 

gap occurred between 1.7% (i.e. maximum intraspecific divergence) and 6.7% (i.e. minimum 

interspecific divergence). Using TaxonDNA and the previously found threshold percentages, 

six species were delimited (Fig. 2.4). Interspecific divergence of cytb ranged from 6.7-7.6% 

between PV and PIV to 26.9-27.2% between PI and PV (Table 2.3). 
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Figure 2. 5: Phylogenetic tree constructed using BI of A) cytb sequences, B) 28S rDNA and 

C) 16S rDNA for Psyllaephagus. The colour of the tip name corresponds to the tree were 

Psyllaephagus was collected, blue: F. macrophylla, green: F. rubiginosa and red: F. 

watkinsiana. The colour of the circle in front of the tip name corresponds to the location 

where the parasitoid was collected. The gradient S/N on the mainland of Australia is 

represented by a gradient from yellow to red, LHI individuals are represented by light green 

squares and Auckland individuals by black diamonds. PIV is P. cornwallensis. The tree 

presented is a 50% majority rule consensus tree. Topologies of ML and BI were identical. 

Numbers at the nodes are posterior probabilities from BI analysis (lower number) and ML 

bootstrap values (upper number), estimated from 1000 bootstrap replicates. Scale represents 

the number of substitutions per site. 
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Figure 2. 6: Statistical parsimony network for Psyllaephagus. Cytb network of the 

parasitoids collected on Ficus species. The size of the circle corresponds to the number of 

individuals from a given haplotype. Numbers of mutations are shown with hatches. Groups 

with more than 8steps in between are considered as independent networks with TCS. 

Colours of the circles correspond to the parasitoid species, Red: PI, green: PII, purple: PIII, 

yellow: PIV, pink: PV and dark red: PVI. 

 

2.4.4.3 GMYC 

The GMYC model that assigned individuals into six clusters was preferred over the null 

model of uniform branching rate (GMYC maximum likelihood= 719.9, null model 
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likelihood= 694.2, p<0.001). This means that all the clades delimited in the cytb tree 

constitute distinct species according to the GMYC method.  

Cytb sequences suggested the existence of six parasitoid species, regardless of the 

delimitation method used. In contrast, when using 28S rDNA sequences, only four groups 

were evident. Clades PIV, PV and PVI were grouped together, separately from clades PI, PII 

and PIII. Interestingly, Clade PVI grouped individuals collected on F. rubiginosa and F. 

watkinsiana on the mainland of Australia while clade PV contained individuals found on F. 

macrophylla on LHI. Clade PIV grouped individuals found on F. macrophylla on the 

mainland of Australia and in New Zealand. However, one individual collected on LHI was 

also found in this clade. Psyllaephagus sp. PI was a specialist of M. fici found on both the 

mainland and LHI, while PII and PIII were host generalists. We concluded that these six taxa 

are most likely all different species, varying in host specificity. Within species, there was no 

obvious geographic sub-structure.   

 

2.4.5 Parasitoid morphology 

All species had characteristics of the genus Psyllaephagus as described in Noyes & Hanson 

(1996) and Berry (2007). Female body size differed significantly between some species 

(Kruskal-Wallis, χ
2
= 43.4, p= 3.08e

-8
), with females of species PIV, PV and PVI being larger 

than those from species PI, PII and PIII (Fig. 2.8). The same was true for the ovipositor 

sheath to body length ratio, which was higher in PIV, PV and PVI than in PI, PII and PIII. In 

addition, PII had a higher ratio than PI and PIII, and PIV a higher ratio than PVI (Kruskal-

Wallis, χ
2
= 60.9, p= 7.8e

-12
). The shape of the antennal scape also differed between species; 

females of species PII, PIV, PV and PVI have an expanded scape while those from PI and 

PIII have a narrower, only slightly expanded scape (Fig. 2.7). Male body size also differed 

between species (Kruskal-Wallis, χ
2
= 27.3, p= 5.06e

-5
), with species PIV bigger than species 

PI, PII and PIII (Fig. 2.8). Males of PV and PVI were not significantly different in size to 

males of the other species. The ratio of antenna to body length ratio did not differ between 

species in males or females. Male antennae also differed in form between some species (Fig. 

2.7). Species PII, PIV, PV and PVI had filiform antennae without hairs, whereas species PI 

had filiform antennae but the flagellum was covered with hairs. Species PIII had flagellate 

antennae.  
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Figure 2. 7: Pictures of sheath and antennae of female and antennae of male of the different 

Psyllaephagus species. (scale = 500 µm) 
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Figure 2. 8: Comparison of the length of body (a) and ratio ovipositor sheath/body length (b) 

of female and size of body (c) of male of different Psyllaephagus species. The letters 

correspond to the result of the post-hoc test: species with the same letter are not statistically 

different. 

 

2.4.6 Host-specificity of homotomids and parasitoids 

Each of the three Mycopsylla species appeared completely host-specific to one fig species 

(Fig. 2.2). Given this, we assumed that parasitoids collected from one Ficus species 

developed in the appropriate host-specific Mycopsylla species. Parasitoid species showed 

different levels of host specificity (Fig. 2.5), with three species (PI, PIV and PV) highly host 

specific to M. fici (on F. macrophylla), while the other three were polyphagous (PII attacked 

M. fici and M. proxima, PIII attacked all three Mycopsylla species, and PVI attacked M. 

proxima and Mycopsylla sp.) (Fig. 2.9). However, we were only able to sample a few 

individuals belonging to Mycopsylla sp. from F. watkinsiana and additional sampling may 

yield further information on its associated parasitoids (e.g. PII). In our sampling, only M. fici 

had host-specific associated parasitoids (Fig. 2.5).   
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Figure 2. 9: Food web of the Mycopsylla homotomids and their associated Psyllaephagus 

parasitoids found on three species of fig trees. The lower level corresponds to the tree 

species the insects were collected from. The second level corresponds to the Mycopsylla spp. 

collected, M. fici collected on the mainland of Australia and on LHI are separate as they may 

have different parasitoids species attacking them. The third level corresponds to 

Psyllaephagus that emerged from the different Mycopsylla spp. The boxes are coloured 

according to the specialisation of the insect species: yellow for specialists and light blue for 

generalists. 

 

 Discussion 2.5

We characterised three Mycopsylla species from three Ficus species by using genetic 

approaches and extensive field surveys of eight Ficus species in Australia and New Zealand. 

One of the three Mycopsylla species is a new undescribed species from F. watkinsiana. 

Furthermore, we characterised six parasitoid species of the genus Psyllaephagus, including 

five new species (Froggatt 1901; Newman 2004). The three Mycopsylla species appeared 

highly host-specific, but host specificity patterns were more complex for Psyllaephagus, 

which included both specialists and generalists. Interestingly, only M. fici appeared to 

support specialist parasitoid species.   

 

2.5.1 Higher species diversity than previously described 

The new Mycopsylla sp. on F. watkinsiana showed 5.8-6.5% divergence in COI sequence 

from the closest species, M. proxima. Percy (2003) found that intraspecific mitochondrial 

divergence varied between 1 and 10% for psyllid species collected on different islands, but 

was restricted to an upper limit of 3% for continental species. Taylor et al. (2016) identified 



 

 

48 

 

a 5-6% divergence as the threshold that best matched morphological and ecological 

characteristics for their triozid species delimitation. In addition, we found one nucleotide 

difference between EF1α sequences between Mycopsylla sp. and M. proxima. Overall, these 

molecular data suggest a new Mycopsylla species, but as only nymphs were found, 

description of adult morphology was not possible.   

Previously, only one Psyllaephagus species (P. cornwallensis, here Psyllaephagus sp. IV) 

associated with M. fici has been described and this was from New Zealand - outside the 

native range of its host (Berry 2007). We also collected this species in Australia. Our 

molecular delimitation of parasitoid species supports the existence of at least four species 

using the slow-evolving nuclear 28S rDNA data, but more likely the six species suggested by 

using the faster evolving mitochondrial cytb data sequences (Lin & Danforth 2004). Other 

studies such as the ones on the pollinator wasp species on F. rubiginosa found a similar 

situation with additional species discovered based on cytb relative to 28S sequences. 

However, the status of these additional species was then further supported by nuclear 

microsatellite markers (Haine et al. 2006, Darwell et al. 2014). Interestingly, while 

Psyllaephagus sp. PIV, PV, PVI, shared very similar features in terms of size, sheath length 

and antennal morphology, they were collected on two different land masses (PV/PIV) or 

from different hosts (PV-PIV/PVI). In addition, their mitochondrial sequences were at least 

6% different. The lack of differentiation in nuclear DNA suggests relatively recent 

divergence, but it is possible that PIV and PV are strongly diverged populations of a single 

species, as observed for their host species M. fici.   

 

2.5.2 Variable host-specificity across food web 

We found different levels of host-specificity across the fig Mycopsylla food web (Fig. 2.9).  

Here, we established that the herbivore species were highly host specific while their 

associated parasitoid species had various degrees of specialisation. Interestingly, host 

specificity reflects host availability; host tree species that occur at high densities are common 

and may therefore be a relatively stable resource for homotomids (and parasitoids) while 

trees with lower species abundance may be considered as a fluctuating resource for 

homotomids (and parasitoids).  

Mycopsylla fici and M. proxima appeared highly host specific to F. macrophylla and F. 

rubiginosa, respectively. With only a few Mycopsylla individuals collected from F. 

watkinsiana, it is difficult to draw strong conclusions, but, given the high host specificity of 

M. fici and M. proxima, and the absence of homotomids from other Ficus species we 
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surveyed, it seems likely that this putative new Mycopsylla sp. is specific to F. watkinsiana. 

Far more studies are available for insects from other families within Psylloidea and most of 

these described psyllids as highly host specific at the tree species level (Hodkinson 2009; 

Burckhardt et al. 2014; Ouvrard et al. 2015). In addition, closely related psyllid species tend 

to develop on closely related plant species (Hollis & Broomfield 1989), as we found with 

Australian Mycopsylla species feeding only on Ficus species belonging to section 

Malvanthera.  

The Psyllaephagus species detected in our study had different levels of host specificity. 

Three were highly host-specific to M. fici (two on the mainland and one on LHI), but none 

was specific to M. proxima or Mycopsylla sp. from F. watkinsiana. Generalist species 

attacked M. fici and M. proxima (PII) or all three Mycopsylla species (PIII). Nonetheless, 

more extensive sampling of Mycopsylla sp. may lead to the discovery of new parasitoid 

species that could be host-specific. The fact that only M. fici is associated with host-specific 

parasitoid species may reflect host availability, with high abundance of M. fici and much 

lower for the other Mycopsylla species. This is consistent with the ‘resource fragmentation 

hypothesis’ (Janzen 1981), which suggests that rare host species tend to not support 

specialist parasitoid species. Indeed, other studies have found that the number of specialist 

parasitoid species is positively correlated with host density (see for instance Dawah et al. 

1995). Mycopsylla fici lerps are usually much bigger (up to 30 individuals in a lerp), and in 

higher abundance within and between trees (pers. obs.), than those of M. proxima (rarely 

more than two individuals per lerp). In addition, major outbreaks of homotomids have only 

been reported for M. fici.  

Another interesting point is the absence of generalist parasitoids on LHI. This raises multiple 

questions regarding the host preferences and dispersal abilities of the generalist 

Psyllaephagus species. It could also indicate that Psyllaephagus PI, PIV and PV are better 

competitors than the other generalist species. When M. fici outbreaks occur, host resources 

may be abundant enough for all parasitoid species to coexist on this host. However, between 

outbreaks, populations of M. fici are far smaller and, extrinsic and intrinsic competition 

between parasitoid species may be intense (Harvey et al. 2013) and favour the stronger 

competitors (see for instance Patil et al. 1994; Feng et al. 2015). On the mainland, other 

Mycopsylla species may provide refuges for populations of the weaker competitors amongst 

generalist parasitoid species. However, they lack alternative hosts on LHI so may be driven 

to extinction by specialists when hosts are rare and competition is intense (Paranhos et al. 

2013).  
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One important aspect that we were unable to investigate here is whether some of the 

parasitoid species are hyperparasitoids. Hyperparasitoids appear common in systems where 

the primary hosts are hemipteran (e.g. in aphids - Muller et al. 1999) and this will be an 

interesting topic for further investigation. It could also explain the restriction of some species 

(e.g. PII or PIII) to the mainland if they attack parasitoid species present only on the 

mainland (i.e. PII attacking PIII or PIII attacking PII). 

 

2.5.3 Mycopsylla and Psyllaephagus phylogeography varies across species 

Our study focused primarily on establishing the number of species of homotomids and 

parasitoids and patterns of host specificity. However, our sequence data also provide some 

interesting preliminary phylogeographic insights. Both M. proxima and M. fici were divided 

into two mtDNA subclades (COI data). Mycopsylla proxima individuals formed two sub-

clades, one grouped individuals from Sydney and the other grouped individuals with a more 

northern distribution (from Newcastle to Brunswick Heads i.e. from 120 to 630 km north of 

Sydney). This particular genetic break between Sydney and northern NSW was not detected 

for M. fici. Instead, M. fici individuals from LHI form a well-defined sub-clade within the 

wider M. fici clade, suggesting that the LHI population may be genetically discrete.  

Interestingly, the genetically close and morphologically similar putative parasitoid species 

PIV and PV, both host specific to M. fici, show different distribution patterns, with PIV 

mainly on the mainland and PV only recorded on LHI. On the other hand, PI, also host 

specific to M. fici, was collected repeatedly on both mainland and LHI. This may suggest 

more recent or ongoing exchange of some parasitoid species between LHI and the mainland 

without any mixing of M. fici. Surprisingly, only one individual from LHI was found in 

clade PIV. This could indicate occasional dispersal between island and mainland. These 

observations are interesting as they imply that different parasitoid species attacking the same 

host may have different dispersal abilities. These preliminary observations should be 

followed up with targeted population genetic studies of focal species within this system. 

 

2.5.4 Conclusions 

In this study, our data support a putative new species of Mycopsylla homotomids and at least 

four new species of Psyllaephagus parasitoids associated with Ficus species in Australia. 

Revealing unrecognised species diversity is a crucial step towards understanding species 

interactions and food webs, and may be of particular importance for parasitoids, for which 
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diversity is often underestimated due to the existence of numerous cryptic species. In 

addition, sampling a host-parasitoid system across the geographic range of the host plant can 

provide insights into the different phylogeographic patterns of interacting species, their 

relative dispersal abilities and how geographic barriers may impact species in various ways.  
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- CHAPTER 3 -  

 

PHYLOGEOGRAPHIC ANALYSES OF 

BACTERIAL ENDOSYMBIONTS IN FIG 

HOMOTOMIDS (HEMIPTERA: PSYLLOIDEA) 

REVEAL CO-DIVERSIFICATION AND HOST 

DEPENDENCY ON BOTH PRIMARY AND 

SECONDARY ENDOSYMBIONTS  

 

Fromont C, Riegler M, Cook JM (2016) Phylogeographic analyses of bacterial 

endosymbionts in fig homotomids (Hemiptera: Psylloidea) reveal co-diversification of both 

primary and secondary endosymbionts. FEMS Microbial Ecology, 92, fiw205 
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 Abstract 3.1

While obligate primary (P-) endosymbionts usually co-speciate with their insect hosts, less is 

known about co-diversification of secondary (S-) endosymbionts that are generally 

considered facultative. Typically, insects of the superfamily Psylloidea harbour one P- 

(Carsonella) and at least one S-endosymbiont, thought to compensate for Carsonella 

genome reduction. Most co-diversification studies have used phylogenies of psyllids and 

their endosymbionts across and within host families or genera, but few have explored 

patterns within species. We focussed on P- and S-endosymbionts of three Mycopsylla 

(Homotomidae) species to explore whether they have congruent phylogenies and within-

species geographic structures. The P-endosymbiont Carsonella, a S-endosymbiont and 

Wolbachia all had 100% prevalence, while Arsenophonus was only found in one species at 

low prevalence. Congruent phylogenies of Mycopsylla and P-endosymbionts across 

populations and species support strict co-speciation. S-endosymbiont phylogenies were also 

congruent across host species but low genetic variation in the S-endosymbiont was not 

correlated with host phylogeography, possibly due to a shorter evolutionary association. 

Between species, Wolbachia and Mycopsylla phylogenies were incongruent, probably due to 

horizontal transmission events. Our study is the first to explore endosymbionts of 

Mycopsylla and further supports the co-divergence of Psylloidea hosts and P-endosymbionts, 

with obligate host interactions for both P- and S-endosymbionts. 
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 Introduction 3.2

Plant sap is a nitrogen-poor diet and has a ratio of essential to non-essential amino acids of 

1:4 to 1:20 compared with the 1:1 ratio in insect proteins (Douglas 2006). Plant sap-feeding 

insects have developed several adaptations and strategies to deal with this problem, such as 

different levels of host specialisation, an increase in food consumption, different feeding 

sites, the formation of galls, or association with endosymbionts that synthesise missing 

nutrients (Way & Cammell 1970; Simpson & Simpson 1990; Karban & Agrawal 2002; 

Fagan et al. 2002; Price et al. 2011). Plant sap feeding Hemiptera usually harbour obligate 

bacterial endosymbionts, referred to as primary endosymbionts (P-endosymbionts) that 

provide their insect hosts with nutrients that are limiting in their diet (Douglas 2006). 

Amongst Hemiptera, insects of the superfamily Psylloidea harbour Candidatus “Carsonella 

ruddii” (hereafter referred to as Carsonella), a P-endosymbiont with one of the smallest (160 

kb) and most A-T biased (83.4%) bacterial genomes sequenced to date (Spaulding & von 

Dohlen 1998; Nakabachi et al. 2006; Sloan & Moran 2012).  Besides obligate Carsonella, 

Psylloidea also harbour a diversity of secondary (S-) endosymbionts that are mostly 

considered facultative (Thao et al. 2000a; Clark et al. 2000), but their potential to become 

obligate has also been discussed recently (Hall et al. 2016). 

Long term symbiosis and maternal inheritance have resulted in co-speciation of P-

endosymbionts and their insect hosts (Aksoy et al. 1997; Spaulding & von Dohlen 1998; 

Thao et al. 2000b; Sauer et al. 2000; Thao & Baumann 2004a; Baumann et al. 2004). The 

first evidence for this co-divergence came from comparing phylogenies at high taxonomic 

levels amongst host families or genera, with the inclusion of just one or two species per 

genus (Chen et al. 1999; Clark et al. 2000; Thao et al. 2000b, 2001; Sauer et al. 2000; Thao 

& Baumann 2004a). However, the potential to drive long-term co-speciation patterns should 

be evident in co-divergence of closely related host species and their endosymbionts, and 

even across geographically isolated populations of a single host species (Funk et al. 2000). 

More recently, studies have focussed on endosymbiont diversity at lower taxonomic levels, 

e.g. within host genera (Hall et al. 2016), across populations of one insect species (Funk et 

al. 2001) or between biotypes (Swanevelder et al. 2010) but few have contrasted genetic 

diversity within host species and both obligate P- and facultative secondary (S-) 

endosymbiont genomes across host geographic distributions (e.g. for P-endosymbiont only 

Symula et al. 2011). 

At higher taxonomic levels (families and genera), phylogenies of S-endosymbionts and their 

psyllid or aphid hosts are usually incongruent due to occasional horizontal transmission 

(Thao et al. 2000a; Russell et al. 2003; Moran et al. 2008; Toju et al. 2013). However, a 



 

 

55 

 

fundamental difference exists between the nutritional symbioses involving Buchnera in 

aphids and Carsonella in psyllids. The genome reduction in Carsonella has led to the loss of 

numerous genes, some involved in amino acid synthesis, and this may have limited the 

ability of Carsonella to supplement its host’s unbalanced diet (Sloan & Moran 2012). In 

contrast, Buchnera aphidicola, the P-endosymbiont of aphids, has been demonstrated both 

experimentally and by genome annotation to still play a role in providing its hosts with 

amino acids despite its genome reduction (Shigenobu et al. 2000; Douglas 2006; Wilson et 

al. 2010). For psyllids, it has been suggested that Carsonella gene losses might be 

compensated for by the presence of S-endosymbionts that have become obligate (Sloan & 

Moran 2012), and have thus been in longer, more stable, symbiosis with hosts than typical 

facultative S-endosymbionts (Spaulding & von Dohlen 2001).  

It is interesting to note that while all psyllid species harbour Carsonella, the identity of the S-

endosymbiont varies between species, suggesting multiple acquisitions and host switches 

(Hall et al. 2016). However, as psyllid S-endosymbionts may be considered obligate, we 

expect to have 100% prevalence within species and possible co-diversification with their 

host species. While some studies have focussed on either endosymbiont species diversity and 

geographic distribution, or on genetic variation within endosymbionts (e.g. Tsuchida et al. 

2002; Russell et al. 2013), there have been few tests for correlation between host and 

endosymbiont genetic variations between populations of a single host species (Symula et al. 

2011).  

While the long-term evolutionary co-divergence of psyllids of the superfamily Psylloidea 

and their endosymbionts (Carsonella and S-endosymbionts) has previously been studied 

(Thao et al. 2000a; b), no species included in such analysis were members of the family 

Homotomidae. In addition, the within species variation of host-endosymbiont associations 

has not yet been analysed for many psyllid species. Here, we describe host-endosymbiont 

associations and compare genetic divergence of host and endosymbiont populations in three 

closely related Mycopsylla species highly host-specific to Ficus species. One of these 

species, Mycopsylla fici (Tryon), is of particular interest as it has occasional outbreaks that 

may lead to the complete defoliation of its host, Ficus macrophylla. In addition, this species 

is found on three land masses: mainland Australia, Lord Howe Island (LHI, 600km off the 

Australian coast) and New Zealand. The New Zealand population is expected to be a 

recently diverged one as individuals were first recorded in 1995 (Bain 2004) while 

divergence time between LHI and mainland populations are not known. The LHI population 

may be strongly diverged, or represent a recent or ongoing case of speciation. Therefore, it is 

important to study the impact of the host population structure and history on the 

endosymbionts harboured.  
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We predicted that homotomids would harbour both Carsonella and other bacterial 

endosymbionts, including obligate and facultative S-endosymbionts. We predicted co-

divergence of host and Carsonella genomes across populations within and between closely 

related Mycopsylla species. However, we considered two alternative scenarios for S-

endosymbionts: 1) The same obligate S-endosymbiont is shared across homotomid species 

and populations. If so, host and S-endosymbiont phylogenies should be congruent; 2) 

Alternatively, the identity of the obligate S-endosymbiont could vary across host species 

(e.g. Tsuchida et al. 2002; Hansen et al. 2007) due to host switches as a consequence of the 

presence of facultative S-endosymbionts that were acquired through horizontal transfer. 

Consequently, our study sought to answer four main questions: (1) Do the three Mycopsylla 

species display significant geographic population structure? (2) What are their P- and S-

endosymbionts and are they similar to those harboured by other insect species within 

Psylloidea? (3) What is the prevalence of these endosymbionts and are their roles obligate or 

facultative? (4) How do P- and S-endosymbionts vary between species and populations, and 

are they co-diverging with their host? 

 

 Materials and methods 3.3

3.3.1 Study species 

Our study focussed on three Mycopsylla species feeding on figs (Ficus) in Australia. They 

belong to the Homotomidae, a poorly studied family in the superfamily Psylloidea. Only 10 

Mycopsylla species, all feeding on Ficus, have so far been described, and they occur in 

Australia, Papua New Guinea, New Caledonia, New Zealand and India (Hollis & Broomfield 

1989; Bain 2004). One of the focal species, M. fici, has outbreak potential and can cause 

complete defoliation of its host tree F. macrophylla (Dixon 2003), a widespread and iconic 

tree species in coastal eastern Australia. Mycopsylla fici has also been reported from LHI, 

about 600 km offshore from mainland Australia, and, more recently, New Zealand (Bain 

2004). The Moreton bay fig has two forms: F. macrophylla f. macrophylla on the mainland 

and F. macrophylla f. columnaris on LHI (Dixon 2001), and both can be attacked by M. fici 

(Newman 2004). Mycopsylla proxima Froggatt seems restricted to Ficus rubiginosa (Dixon 

2003), another common and widespread tree in Australia. The third species studied, 

Mycopsylla sp., is a putative new species reported for the first time in this study and feeds on 

Ficus watkinsiana.  
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3.3.2 Insect collection 

Individuals of Mycopsylla were sampled along the eastern coast of Australia from 

Melbourne to Brisbane, as well as on LHI and the north island of New Zealand, between 

March 2013 and December 2014 (see Appendix 1 and Fig. 3.1). Mycopsylla nymphs produce 

a sticky covering called lerp, usually located on the underside of the fig leaf, under which 

they complete their development. Lerps were collected from leaves on different branches of 

infested F. macrophylla, F. rubiginosa and F. watkinsiana trees and kept in Petri dishes until 

emergence of the adults. No homotomids were detected on other sympatric fig species (Ficus 

coronata, Ficus fraseri, Ficus obliqua, Ficus macrocarpa and Ficus benjamina). Mycopsylla 

from F. macrophylla was collected from Australia and the two islands, while Mycopsylla 

from F. rubiginosa and F. watkinsiana was only found and collected in Australia. In 

addition, nymphs were collected from underneath some lerps. Adult and nymphs were 

preserved in absolute ethanol and stored at -20°C until DNA extraction. We then analysed 76 

Mycopsylla individuals, including adult males and females, and nymphs, from across the 

entire geographic range of the three host tree species.  

 

3.3.3 Use of shotgun next generation sequencing (NGS) to inform PCR based 

population surveys 

We previously developed microsatellite markers from a NGS total genomic shotgun 

sequencing run on the Illumina MiSeq platform (Fromont et al. 2015) and, because library 

preparation did not target only the insect genome, we also used these data to investigate P- 

and S-endosymbionts of M. fici and M. proxima. Genomic DNA was extracted from five 

pooled individuals of M. fici from Sydney, NSW (Syd), five pooled individuals of M. fici 

from Forster, NSW (Fot) and from five pooled individuals of M. proxima from Newcastle, 

NSW (Nec). Samples were processed as described in Fromont et al. (2015). 

Psyllids commonly harbour the P-endosymbiont Carsonella, a S- and potentially additional 

endosymbionts. We limited our analysis to P- and S-endosymbionts, because our NGS data 

were expected to sample obligate endosymbionts well but may lack the sampling intensity to 

uncover facultative endosymbionts present at lower densities. We preliminarily identified 

bacterial endosymbionts via BLAST comparison to the NCBI nt database. BLAST results 

indicated that Carsonella and two types of S-endosymbiont were present: an unclassified S-

endosymbiont, closely related to the S-endosymbiont of Cacopsylla myrthi, and 

Arsenophonus. Wolbachia was also detected. Consequently, we downloaded GenBank 

sequences for 16S and 23S rDNA of four potential psyllid endosymbionts, Carsonella, the S-
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endosymbiont of C. myrthi, Arsenophonus and Wolbachia, and used them as templates to 

map homotomid contigs and reads. Consensus sequences were then extracted and used to 

build a phylogeny of common insect endosymbionts, including those from Mycopsylla 

species.  

 

 

Figure 3. 1: Maps A), B) and C) show the locations where Mycopsylla was collected in 

Australia and New Zealand. Map A) locates the closed boxes B) and C) in Australia. Box B) 

displays sampling locations of M. proxima (circles) and Mycopsylla sp. (triangles), and Box 

C) for M. fici (squares). Colours of the symbols on the maps A), B) and C) correspond to the 

location where Mycopsylla was collected as seen on the mtDNA tree presented in Fig. 3.2. 

The north to south gradient on the mainland of Australia is represented by a gradient from 

yellow to red, LHI is represented by light green and Auckland by black. Scales are in km. 
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3.3.4 Mycopsylla DNA extraction and mtDNA sequencing 

DNA was extracted from the entire body of each Mycopsylla individual using a Chelex-

based method (Walsh et al. 1991). 76 individuals were used for the DNA extractions, 57 

individuals from F. macrophylla, 16 from F. rubiginosa and 3 from F. watkinsiana. 

Individuals were transferred into 100 µL of the homogenisation solution containing 5 % 

Chelex and 0.01 % proteinase K, crushed using a pestle, incubated at 56 °C for 35 min then 

at 96 °C for 15 min, and finally centrifuged for 5 min at 13,000 rpm. We then amplified the 

mitochondrial cytochrome b gene (cytb) using CB1 and CB2 primers (Jermiin & Crozier 

1994) (Table 3.1). PCR was performed in a 25 µL volume containing 5 µL of buffer, 3.5 

mM of MgCl2, 0.1 mM of dNTPs, 0.5 µM of each primer, 1 unit of Taq DNA (Promega, 

Madison, WI) and 1 µL of genomic DNA (for PCR amplification conditions, see Table 3.2). 

Sequencing was performed by Macrogen (Korea).  

 

3.3.5 Endosymbiont survey by targeted PCR 

Endosymbiont-specific primers were designed using Primer3 (Koressaar & Remm 2007; 

Untergrasser et al. 2012) for the 16S and 23S rDNA regions of the P- and S-endosymbionts 

recovered with NGS (Carsonella, S-endosymbiont of C. myrthi and Arsenophonus). Primers 

for the ATP synthase beta subunit gene (atpD) of Carsonella were also designed (Table 3.1). 

The primers were then used in PCR screening of the three Mycopsylla species for P- and S-

endosymbionts. Individuals were also tested for Wolbachia using the 81F and 691R primers 

(Braig et al. 1998), which amplify a portion of the wsp gene containing four Hyper Variable 

Regions (HVR). Individuals were screened for the presence of Arsenophonus using the 

primers Ars23S1 and Ars23S2 (Thao & Baumann 2004b) and yaeTF and yaeTR (Duron et 

al. 2010). PCRs were performed as previously described for cytb (for differences in MgCl2 

concentration and PCR amplification conditions, see Table 3.2). PCR products were direct-

sequenced at Macrogen (Korea); wsp sequences were sequenced in both directions to obtain 

the complete fragment. The four HVR haplotype numbers of the wsp fragment were obtained 

from the Wolbachia MLST database (http://pubmlst.org/wolbachia/; Baldo et al. 2006). 
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Table 3. 1: Primer sequences used in this study. The target column indicates which host/endosymbionts and genes the primers amplified. 

Primer  Target Primer sequence Reference  

CB1 Host cytb 5’- TATGTACTACCATGAGGACAAATATC (Jermiin & Crozier 1994) 

CB2  5’- ATTACACCTCCTAATTTATTAGGAAT (Jermiin & Crozier 1994) 

Cru198-F Carsonella  5’- TTAAACCACATGCTCCACCG This study 

Cru809-R 16S rDNA 5’- GCTTGATCCAGCTATGTCGC This study 

2dS16S-F S-endosymbiont 5’- GGCGGACGGGTGAGTAATAT This study 

2dS16S-R 16S rDNA 5’- TCCAGTTTATCACCGGCAGT This study 

2dS23S-F S-endosymbiont 5’- TCAAACCGGGAGATAGCTGG This study 

2dS23-R 23S rDNA 5’- CCGGGGCTTCAATCAATAGC This study 

81F Wolbachia 5’- TGGTCCAATAAGTGAAGAAAC (Zhou et al. 1998) 

691R wsp 5’- AAAAATTAAACGCTACTCCA (Zhou et al. 1998) 

Ars23S1 Arsenophonus 5’- CGTTTGATGAATTCATAGTCAAA (Thao & Baumann 2004b) 

Ars23S2 23S rDNA 5’- GGTCCTCCAGTTAGTGTTACCCAAC (Thao & Baumann 2004b) 

CatpD213F Carsonella 5’- TCCGATTTTAACACCTGTTGG This study 

CatpD983R atpD 5’- CCCAATTCTGCTATTTGCCTA This study 

yaeTF  Arsenophonus 5’- GCATACGGTTCAGACGGGTTTG (Duron et al. 2010) 

yaeTR yaeT 5’- GCCGAAACGCCTTCAGAAAAG (Duron et al. 2010) 

 

Table 3. 2: PCR amplification conditions and MgCl2 concentration used for each primer pair 

primers PCR conditions MgCl2 (mM) 

CB1/CB2 94°C-3 min, 30x(95°C-15s, 43°C-20s, 72°C-30s), 72°C-10 min 4.5 

2dS16SF/R 94°C-3 min, 35x(94°C-30s, 58°C-40s, 72°C-60s), 72°C-10 min 3 

2dS23SF/R 94°C-3 min, 35x(94°C-30s, 58°C-40s, 72°C-60s), 72°C-10 min 3 

WSP81F/WSP691R 94°C-3 min, 35x(94°C-30s, 55°C-30s, 72°C-60s), 72°C-10 min 3 

Ars23S1/S2 94°C-3 min, 35x(94°C-30s, 52°C-40s, 72°C-60s), 72°C-10 min 1.25 

Cru198F/Cru809R 94°C-3 min, 35x(94°C-30s, 65°C-40s, 72°C-60s), 72°C-10 min 2.5 

CatpD213F/CatpD983R 94°C-3 min, 35x(94°C-30s, 54°C-40s, 72°C-60s), 72°C-10 min 3 

yaeTF/R 94°C-3 min, 35x(94°C-30s, 48°C-40s, 72°C-60s), 72°C-10 min 3.5 
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3.3.6 Phylogenetic analysis of Mycopsylla and endosymbiont genes 

We used the Mycopsylla cytb sequences to build a host phylogeny. For the endosymbionts, 

we used (1) the bacterial consensus sequences extracted from NGS data and 16S and 23S 

rDNA sequences of common insect bacterial endosymbionts downloaded from GenBank, (2) 

the direct-sequenced 16S and 23S rDNA of the S-endosymbionts, (3) the 16S rDNA, (4) 

atpD of the P-endosymbiont and (5) wsp of Wolbachia. We also calculated the A+T content 

of 16S and 23S rDNA sequences. 

Sequences were aligned using the Muscle alignment tool in Geneious 6.1.7 (Kearse et al. 

2012). Alignment of the protein-encoding genes was checked by translating the sequences 

into amino acids using MEGA v 6.06 (Tamura et al. 2013). The best-fit models of nucleotide 

substitution were selected using JModelTest2 (Guindon & Gascuel 2003; Darriba et al. 

2012), based on the Bayesian Information Criterion (BIC).  

Data were analysed using Maximum Likelihood (ML) in MEGA v 6.06 and Bayesian 

Inference (BI) in MrBayes v 3.2.2 (Ronquist & Huelsenbeck 2003; Ronquist et al. 2012). 

We also used a partitioned analysis of the 16S and 23S rDNA sequences of the Mycopsylla 

S-endosymbiont using MrBayes. ML branch support was tested with 1,000 bootstrap 

pseudo-replicates. Nodes with bootstrap value > 70 % were considered as supported; those 

with a value > 90 % were considered well-supported. Two runs of four Monte Carlo Markov 

Chain (MCMC) chains (3 “heated” and 1 “cold” chain) were run in parallel in MrBayes for 2 

x 10
6
 generations, and sampled every 5,000 generations. Tracer v1.6 (Drummond et al. 

2012) was used to assess stationarity of the Markov chains by examining the effective 

sample size (ESS) values, in addition to the standard deviation of split frequencies.  

We tested the congruence between Mycopsylla and their associated Carsonella and S-

endosymbiont phylogenies using the ParaFit method (Legendre et al. 2002) implemented in 

the R package ape with 9,999 permutations (Paradis et al. 2004). This method, first 

developed to test host and parasite co-evolution, compares matrices of patristic distances that 

were calculated from a phylogenetic tree using the function cophenetic in the package ape. 

We used only mtDNA for host phylogeny and as a result will be comparing endosymbiont 

phylogenies to host mitochondrial and not nuclear population structure. 

 

3.3.7 Mycopsylla and endosymbiont population genetic analysis  

To explore intra-specific geographic patterns in mtDNA, we used a Mantel test in GenAlEx 

(Peakall & Smouse 2006, 2012) on the cytb sequences of both M. fici and M. proxima. We 
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excluded Mycopsylla sp. collected from F. watkinsiana, as there were only a few samples 

available and all from the same population.  

For M. fici, simple geographic distances could be misleading because individuals were 

sampled on some trees outside the native range of F. macrophylla (e.g. Melbourne and 

Auckland), as well as on two islands (LHI and New Zealand) representing different 

colonization events. Consequently, we performed a Mantel test on three separate datasets to 

assess isolation by distance (IBD). The first dataset comprised all M. fici, the second only 

those from the native range of F. macrophylla (Wollongong to Brisbane, and LHI), while the 

third also excluded individuals collected on LHI. Mycopsylla proxima collected on F. 

rubiginosa were all used together in one Mantel test, because the geographic distribution of 

the collections were not as wide as for M. fici and done only in the natural range of the 

insect.  

 

 Results 3.4

Individuals of three homotomid species, collected from F. macrophylla, F. rubiginosa and F. 

watkinsiana across a wide range, were analysed for their cytb sequences in order to build a 

mitochondrial host phylogeny. Then, NGS analysis was used to identify the key 

endosymbionts present in two homotomid species and their sequences were placed into a 

phylogenetic context with sequences of other common insect endosymbionts obtained from 

NCBI. We also performed endosymbiont-specific PCR assays in order to investigate 

endosymbiont prevalence across all three homotomid species. Next, we focussed on the 

within-species sequence variations of host and endosymbionts by using species-specific 

primers. Finally, genetic variations of host and endosymbionts were compared to assess host 

mitochondrial and endosymbiont co-divergence. 

 

3.4.1 Phylogenetic analysis of Mycopsylla 

All individuals collected from F. macrophylla and F. rubiginosa formed two 

morphologically distinct Mycopsylla morphospecies, while individuals collected on F. 

watkinsiana were different and belonged to a putative new, undescribed, species, for which 

we did not collect adults. After trimming of incomplete ends and ambiguous regions, 396 

nucleotides of cytb were kept for analysis. The 76 cytb sequences had 95 polymorphic sites 

across 23 haplotypes. The host mtDNA analysis showed that M. proxima and Mycopsylla sp. 

are sister taxa while M. fici is more distantly related. The Mycopsylla sequences formed 5 
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major clades: MLHI (M. fici collected on F. macrophylla from LHI), MM (M. fici collected 

on F. macrophylla from the mainland of Australia and New Zealand), RN (M. proxima 

collected on F. rubiginosa from the northern range), RS (M. proxima collected on F. 

rubiginosa from Sydney), W (Mycopsylla sp. collected on F. watkinsiana) (Fig. 3.2). Using 

these five clades as terminal taxa, neutrality tests on cytb were non-significant. A summary 

of the molecular diversity and neutrality tests is presented in Table 3.3.  

 

3.4.2 Phylogenetic analysis of the Mycopsylla endosymbionts 

Mycopsylla fici and M. proxima shared three endosymbiont taxa: Carsonella, Wolbachia, 

and an unidentified species of Enterobacteriaceae (hereafter referred to as S-endosymbiont), 

while two out of the 16 individuals of M. proxima also had a fourth bacterium, 

Arsenophonus (Table 3.4). Both the S-endosymbiont and Arsenophonus belong to the 

Gammaproteobacteria. Using species-specific primers, we also confirmed the presence of 

Carsonella, the S-endosymbiont and Wolbachia, however, no amplification for the 

Arsenophonus-specific primer pairs Ars23S1/Ars23S2 and yaeTF/yaeTR suggested its 

absence in the undescribed Mycopsylla sp. from F. watkinsiana. This species was not 

analysed by NGS approaches due to shortage of specimens. Therefore, across all three host 

species, Carsonella, P-endosymbiont and Wolbachia had 100% prevalence while 

Arsenophonus was present only in a small percentage (12.5%) of M. proxima individuals. 

The 23S and 16S rDNA sequences of the four bacteria obtained from the NGS run were used 

to build a phylogeny in combination with sequences of common endosymbionts obtained 

from GenBank (Fig. 3.3). The main S-endosymbiont of the two Mycopsylla species was 

similar to the S-endosymbiont of C. myrthi and clustered with well-characterized insect 

endosymbionts (e.g. Baumannia, Blochmannia, and Wigglesworthia). The S-endosymbiont 

of Mycopsylla sp. from F. watkinsiana also appeared to be highly similar, although only a 

shorter sequence was available for comparisons. The other S-endosymbiont of M. proxima 

was placed in a clade including Arsenophonus nasoniae and S-endosymbionts of insects 

previously described as Arsenophonus-like bacteria. Wolbachia from the two Mycopsylla 

species grouped with the B supergroup Wolbachia (Alphaproteobacteria) strains of 

Drosophila simulans str. wNo and Culex quinquefasciatus str. wPip. The P-endosymbiont 

sequences of the two Mycopsylla species were grouped with Carsonella sequences of 

psyllids. The A+T content of the 16S and 23S rDNA sequences was ~64 % for the P-

endosymbiont, ~55% for the S-endosymbiont, ~56 % for Wolbachia and ~47 % for 

Arsenophonus. 



 

 

64 

 

We then studied genetic variation of each endosymbiont separately across the three 

Mycopsylla species (and their distinct cytb clades) using sequence data from the 

endosymbiont specific primers (436 nucleotides of 16S rDNA and 647 nucleotides of atpD 

for the P-endosymbiont, 684 nucleotides of 16S rDNA and 591 nucleotides of 23S rDNA for 

the S-endosymbionts and wsp for Wolbachia). For each endosymbiont, we found sequence 

variation across host species (Fig. 3.2, 3.4, 3.5, 3.6 and Table 3.6). While the 16S rDNA of 

the P-endosymbiont showed limited variability (only 6 polymorphic sites in total), we still 

recovered variation between species (see Fig. 3.5). In contrast, the other P-endosymbiont 

gene, atpD, displayed, with 66 polymorphic sites, strong interspecific variability (Fig. 3.2). 

Arsenophonus was present only in M. proxima and was therefore not used in phylogenetic 

analysis. However it was compared with Arsenophonus from other psyllids and aphids in 

another study (Hall et al. 2016). 
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Figure 3. 2: Phylogenetic tree using BI of mtDNA (cytb) of the three species of Mycopsylla 

(right) and atpD of their P-endosymbiont Carsonella. The colour of the tip name corresponds 

to the Mycopsylla species (with host tree in parentheses), blue: M. fici (F. macrophylla), 

green: M. proxima (F. rubiginosa) and red: Mycopsylla sp. (F. watkinsiana). The colour of 

the circle in front of the tip name corresponds to the location where Mycopsylla was 

collected. The north to south gradient on the mainland of Australia is represented by a colour 

gradient from yellow to red, LHI is represented by a light green square and Auckland by a 

black diamond. The thick vertical lines represent the host’s cytb clades and the thin lines the 

sub-clades within M. fici. The tree presented is a 50% majority rule consensus tree. Numbers 

at the nodes are posterior probabilities from BI analysis. Scale represents the number of 

substitutions per site. The accession numbers for the species used to root the trees are written 

after the species name. Carsonella used to root the atpD phylogenetic tree are harboured by 

Pachypsylla venusta and Heteropsylla texana. 



 

 

66 

 

Table 3. 3: Molecular diversity and neutrality tests for the cytochrome b sequences of Mycopsylla. Cytb clades: as described in Table 3.6, RN: M. 

proxima in Northern range, RS: M. proxima in Sydney, W: Mycopsylla sp., MLHI: M. fici on LHI, MM: M. fici on the mainland of Australia. h: 

number of haplotypes, S: polymorphic sites, Hd: haplotype diversity, π: nucleotide diversity 

      Molecular diversity   Neutrality tests 

cytb clades sample size h S Hd π   Tajima's D Fu's Fs 

RN 13 2 1 0.154 0.00039 

 

-1.15 (p>0.1) -0.54 (p>0.1) 

RS 3 2 1 0.667 0.00168 

 

0.00 (p>0.1) 0.20 (p>0.1) 

M. proxima 16 4 12 0.442 0.00879 

 

-0.12 (p>0.1) 3.21 (p>0.1) 

W 3 3 2 1 0.00335 

 

0.00 (p>0.1) -1.22 (p>0.1) 

MLHI 14 5 5 0.758 0.00707 

 

0.22 (p>0.1) -0.37 (p>0.1) 

MM 43 11 15 0.671 0.00696 

 

-0.63 (p>0.1) -1.66 (p>0.1) 

M. fici 57 16 29 0.8 0.01873 

 

0.60 (p>0.1) 0.51 (p>0.1) 

overall data 76 26 180 0.875 0.08504       
 

Table 3. 4: Results of the NGS run. Syd: five pooled individuals of M. fici Sydney, Fot: five pooled individuals of M. fici from Forster (Fot), Nec: 

five pooled individuals of M. proxima from Newcastle. The BLAST results present all matches and matches that were more than 97% similar to the 

contigs. 

  Reads Contigs   BLAST (all / >97% identity) 

Psylloid 

ID. 

Number Number N50 Max. 

length 

Number with 

length>500bp 

 Match 

(%) 

Carsonella Wolbachia Arsenophonus Other insects S- or 

P- endosymbionts 

other 

bacteria 

Syd 3,975,520 45,047 329 9.072 3,211  22.42 7 / 2 700 / 462 0 / 0 7 / 3 1 / 0 

Fot 4,557,900 44,750 322 28.185 2,863  27.73 14 / 7 764 / 481 0 / 0 8 / 5 1 / 0 

Nec 5,373,944 96,975 344 26.288 7,986  6.51 10 / 5 187 / 129 260 / 16 36 / 7 15 / 3 
 

Table 3. 5: Nucleotide diversity (π) of the sequences of P- and S-endosymbionts. 
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Figure 3. 3: 16S and 23S rDNA partitioned analysis using MrBayes of common insect 

endosymbionts. Blue labels correspond to endosymbionts found in M. fici, while green labels 

correspond to symbionts found in M. proxima. Red circles correspond to Carsonella (here 

referred to as C. ruddii), black labels to Wolbachia and green to Arsenophonus. The 

complete rDNA sequences for endosymbionts harboured by Mycopsylla sp. from F. 

watkinsiana were not obtained because this species was not analysed by NGS. GenBank 

accession numbers are provided after the bacterial name. SS corresponds to S-endosymbiont. 

The tree presented is a 50% majority rule consensus tree. Numbers at the nodes are posterior 

probabilities from BI analysis. Scale represents the number of substitutions per site. 
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Figure 3. 4: Partitioned analysis using BI of the 16S and 23S rDNA sequences of the S-

endosymbiont of M. fici, M. proxima and Mycopsylla sp. The colour of the tip name 

corresponds to Mycopsylla species (with host tree in parentheses), blue: M. fici (F. 

macrophylla), green: M. proxima (F. rubiginosa) and red: Mycopsylla sp. (F. watkinsiana). 

The colour of the circle in front of the tip name corresponds to the location where 

Mycopsylla was collected. The north to south gradient on the mainland of Australia is 

represented by a gradient from yellow to red, LHI is represented by a light green circle and 

Auckland by a black circle. SS – S-endosymbiont. The tree presented is a 50% majority rule 

consensus tree. Numbers at the nodes are posterior probabilities from BI analysis. Scale 

represents the number of substitutions per site Scale represents the number of substitutions 

per site. 
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Figure 3. 5: Phylogenetic tree obtained from 16S rDNA sequences of P-endosymbiont of M. 

fici, M. proxima and Mycopsylla sp. The colour of the tip name corresponds to Mycopsylla 

species (with host tree in parentheses), blue: M. fici (F. macrophylla), green: M. proxima (F. 

rubiginosa) and red: Mycopsylla sp. (F. watkinsiana). The colour of the circle in front of the 

tip name corresponds to the location where Mycopsylla individuals were collected: red for 

Australia mainland, green for LHI and black for Auckland. PS corresponds to P-

endosymbiont (here, Carsonella). The tree presented is a 50% majority rule consensus tree. 

Numbers at the nodes are bootstrap from ML analysis. Scale represents the number of 

substitutions per site. 
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Figure 3. 6: Phylogenetic tree obtained with ML in Mega from wsp sequences of Wolbachia 

of M. fici, M. proxima and Mycopsylla sp. The tree presented is a 50% majority rule 

consensus tree. Numbers at the nodes are bootstrap from ML analysis. Scale represents the 

number of substitutions per site. Scale represents the number of substitutions per site. 

 

Table 3. 6: HVR haplotypes of the wsp gene of Wolbachia. Mycopsylla individuals were 

collected on the mainland of Australia, LHI and New Zealand. wsp sequences contain four 

hypervariable regions (HVR), 1 to 4. For each species or population, the number of each 

HVR haplotype was taken from the Wolbachia MLST database 

(http://pubmlst.org/wolbachia/; Baldo et al. 2006). 

wsp    mtDNA HVR 

seq. Species Host tree Location clade 1 2 3 4 

1 M. fici F. macrophylla mainland MM 18 16 23 16 

1 M. fici F. macrophylla Auckland MM 18 16 23 16 

2 M. fici F. macrophylla LHI MLHI 18 16 23 41 

3 M. proxima F. rubiginosa mainland RN/RS 2 142 143 23 

4 Mycopsylla sp. F. watkinsiana mainland W 18 79 23 16 
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3.4.3 Intra-specific genetic diversity of Mycopsylla 

Within Mycopsylla species, there is good evidence for geographic population structure. 

Mycopsylla fici had two main clades: individuals from LHI (MLHI clade, Fig. 3.2) and those 

from mainland Australia (Fig. 3.2). Mycopsylla fici was further divided into three mainland 

sub-clades (MM-S: southern, MM-C: central and MM-N: northern subclades, Fig. 3.2). We 

observed IBD on the mainland (Fig. 3.7). The Mantel test on the entire M. fici dataset was 

non-significant (Rxy=-0.073, p=0.5), but was positive when restricted to individuals 

collected from the native range (Rxy= 0.30, p=0.01). It was also positive for individuals 

collected only on the Australian mainland, in the natural range of F. macrophylla f. 

macrophylla (Rxy= 0.54, p=0.02). These results indicated IBD for individuals collected in 

their native range. Mycopsylla proxima was divided into two mainland clades (RS: southern 

and RN: northern clades, Fig. 3.2). The Mantel test was non-significant (Rxy=0.427, p=0.1), 

but this might reflect the relatively low sample size (n =16) that was available for this rarer 

species. The third Mycopsylla species was not analysed due to the low sample number. 

 

 

Figure 3. 7: Mantel test on cytb data for Mycopsylla fici. A) Mantel test performed on all 

data (black circles: M. fici in natural range on the Australian mainland, green diamonds: M. 

fici on LHI, red triangles: planted tree outside the natural range, in Melbourne and 

Auckland). B) Mantel test performed on M. fici natural range (black circles: M. fici in natural 

range on mainland, green diamonds: M. fici on LHI) regression lines: solid line - M. fici in 

natural range on mainland, dashed line– M. fici on mainland and LHI. 
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3.4.4 Geographic variation in endosymbiont genetic diversity 

Within host species, limited or no geographic variation was observed for the S-endosymbiont 

based on 16S and 23S rDNA, and for the P-endosymbiont based on 16S rDNA (see Fig. 3.4 

and 3.5). However, the nucleotide diversities were very low (total π = 0.00537- 0.00647, see 

Table 3.5). Interestingly, for M. fici, we found small variations between 16S rDNA 

sequences of mainland and LHI P-endosymbionts (see Fig. 3.5). The atpD sequences of the 

P-endosymbiont were more variable and proved to be similar within (up to 0.2 % variation 

between sequences), but variable between, populations of a single host species (Fig. 3.2). 

Similarly to the host mtDNA, both north/south and mainland/LHI separations were apparent 

in the endosymbiont atpD phylogeny of both M. fici and M. proxima (Fig. 3.2). For M. fici 

atpD sequence divergence was approximately 4 % between LHI and the mainland 

populations and approximately 0.9% between the northern and southern populations. For M. 

proxima, atpD sequence divergence was approximately 0.3% between the northern and 

southern populations. In contrast, there was no variation for the S-endosymbiont when using 

a longer 16S rDNA fragment (see Fig. 3.4). 

For Arsenophonus, the Ars23S1/S2 primers amplified a fragment for only four of 16 M. 

proxima individuals, suggesting that this S-endosymbiont is not always present. Sequencing 

of these fragments indicated that two individuals harboured in fact Klebsiella oxytoca while 

the other two individuals harboured Arsenophonus. Interestingly, individuals collected six 

months later from the same trees did not harbour K. oxytoca, implying that this could be a 

transient association. No further insects were collected from the trees with Mycopsylla 

infected with Arsenophonus, so we were not able to test for the persistence of this 

association. Furthermore, all individuals of M. fici and Mycopsylla sp. were negative for 

Arsenophonus. 

For Wolbachia, in addition to strain variation between species, we also found variation 

between M. fici populations from the mainland and from LHI, each population harbouring a 

slightly different strain (Table 3.6). Only three SNPs in one HVR separated the wsp 

sequences of Wolbachia from M. fici on the mainland and LHI, suggesting that this 

divergence (like the observed mtDNA divergence) might have arisen following the 

separation of the two host populations. 

 

3.4.5 Evidence for host / endosymbiont co-divergence 

Accepting the subclades defined in Fig. 3.2 provided a phylogeny of seven host operational 

taxonomic units (OTUs) that we were able to compare to the endosymbiont phylogenies. P-
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endosymbiont phylogeny was entirely congruent with its host phylogeny, both between and 

within species (parafit, ParaFitGlobal=0.014, p=0.001). Although phylogenies of S-

endosymbionts and hosts are congruent at the species level (parafit, ParaFitGlobal=1.52, 

p<0.001), no within species variation was observed. In contrast, four Wolbachia variants 

(one each in M. proxima and Mycopsylla sp., and two in M. fici) are evident and their 

relatedness is not congruent with host phylogeny, because the strain in M. proxima is more 

closely related to strains in M. fici whereas host phylogeny pairs M. proxima and the putative 

Mycopsylla sp. (Fig. 3.6). 

 

 Discussion 3.5

We present the first study on P- and S- and other endosymbionts associated with 

homotomids, sap-sucking insects within the superfamily Psylloidea. Each of the three 

Mycopsylla species studied harboured the P-endosymbiont Carsonella, one S-endosymbiont 

and Wolbachia with 100% prevalence. A fourth symbiont (Arsenophonus) was detected in a 

few individuals of one M. proxima population. We also revealed genetic variation in both 

host and endosymbiont genes between host species and within two host species, and this 

diversity was geographically structured. Our study suggests an obligate role of Carsonella, 

S-endosymbiont and possibly Wolbachia (although the fixed Wolbachia infections in three 

species could also be due to a potential expression of cytoplasmic incompatibility). The 

findings of co-divergence support a strictly maternal transmission mode for both Carsonella 

and S-endosymbiont while Wolbachia may also have been acquired by host lineages through 

horizontal transmission.  

   

3.5.1 Geographic patterns in Mycopsylla mtDNA 

Mycopsylla fici showed strong regional variation in mtDNA between individuals from LHI 

and from the mainland (3.6-4.2 % for cytb between the two groups), suggesting limited gene 

flow between these populations (Fig. 3.2 and 3.7). Taylor et al. (2016) found that for a 

triozid genus, also within Psylloidea, 5-6% divergence in COI delineated different species 

(see also Perez et al. 1994; Goropashnaya et al. 2004). Irrespective of this, it appears that 

longer isolation of the LHI population may lead to allopatric speciation. In addition, 

divergent mtDNA lineages were recovered in central NSW and southern Queensland, albeit, 

with overlapping genetic diversity. Individuals from Melbourne and Auckland collected 

outside the native range of the host tree F. macrophylla clustered with the southern group of 
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M. fici, suggesting the origin of these populations from within the southern native range of 

M. fici and little or no divergence after the split from this population.  

Two distinct clades were recovered for M. proxima, individuals from Sydney and those 

collected in regions north of Sydney, with little genetic variation within either group. This 

phylogeographic structure could be due to a geographic barrier (e.g. lakes and rivers and 

surrounding wetlands, between Sydney and Newcastle). For example, the Hunter Valley has 

been described as a major biogeographic barrier in eastern Australia and is located north of 

Sydney and west of Newcastle (Chapple et al. 2011).  

 

3.5.2 Endosymbionts harboured by Mycopsylla species and their prevalence 

While there have been no previous studies on the endosymbionts associated with 

Homotomidae, previous studies found that species in other families within Psylloidea 

typically harbour 2-5 bacterial endosymbionts. This bacterial diversity includes Carsonella 

and a S-endosymbiont such as Arsenophonus (e.g. in Glycaspis and Cardiaspina species of 

the Aphalaridae family; Hall et al. 2016), although sometimes S-endosymbionts are not 

identified to genus level, probably due to a lack of closely related endosymbiont gene 

sequences of classified bacteria in databases.  

Here, we found three endosymbionts (Carsonella, S-endosymbiont and Wolbachia), each 

with 100% prevalence, in the three homotomid species studied while Arsenophonus was 

present in only two of the 16 M. proxima individuals screened. It suggests that Carsonella, 

S-endosymbiont and perhaps also Wolbachia could all be obligate endosymbionts of 

Mycopsylla. While this is expected for Carsonella, our findings strengthen the hypothesis 

that psyllid S-endosymbionts are in fact obligate and possibly involved in the psyllid/bacteria 

nutritional symbiosis (Sloan & Moran 2012; Hall et al. 2016). Remarkably, while the 

identity of the S-endosymbiont varies between species within Psylloidea, we observe a 

conservation of the bacterial community structure. The obligate P-endosymbiont is always 

present and co-diverges with the host, while the S-endosymbiont appears to be evolving 

towards an obligate interaction, even if this role is assumed by different bacterial taxa in 

different host species.  

The situation is less clear for Wolbachia in Mycopsylla. Hosokawa et al. (2010) found that 

Wolbachia harboured by the bedbug Cimex lecturalis had a nutritional role for its host. 

However, numerous studies have found high or 100% prevalence of Wolbachia in insect 

species due to its role as a reproductive parasite (see for instance Turelli & Hoffmann 1991; 

Riegler & Stauffer 2002; Schuler et al. 2016). The presence of reproductive manipulations 
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by Wolbachia such as cytoplasmic incompatibility can also reduce mitochondrial diversity, 

and limited variation was found in cytb of the three Mycopsylla species. Additional 

experiments following antibiotic treatment and/or genome annotations could be used to try to 

disentangle the impact of each endosymbiont on the biology of its host.    

The initial goal of the NGS analysis was to develop microsatellites for M. fici and M. 

proxima (Fromont et al. 2015). This first NGS characterisation cannot be considered an 

exhaustive study of the endosymbiont diversity in the two Mycopsylla species, yet it is a 

thorough isolation of the most abundant bacteria (i.e. P- and S-endosymbionts, 

Arsenophonus and Wolbachia). Interestingly, in our PCR survey with published 

endosymbiont-specific primers we also found a putative transient bacterium with a BLAST-

search hit to K. oxytoca using direct-sequencing, highlighting the fact that bacterial 

communities are dynamic. It is also noted that the primers Ars23S1 and Ars23S2 (Thao & 

Baumann 2004b) are not specific to Arsenophonus as they amplified the 23S rDNA of K. 

oxytoca in our study. Therefore, they should be used with caution and PCR products should 

be sequenced to accurately identify the bacteria being screened. 

 

3.5.3 Wolbachia not congruent with host phylogeny 

Based on the wsp sequences each Mycopsylla species had a different Wolbachia strain or 

variant. Interestingly, the Wolbachia strains of M. fici and Mycopsylla sp. were more similar 

to each other than to the Wolbachia strain of M. proxima (see Fig. 3.6). This is not consistent 

with the phylogeny of the Mycopsylla species, and therefore suggests horizontal acquisition 

of Wolbachia in these host lineages. Numerous studies have shown that Wolbachia is 

generally vertically transmitted but can also undergo horizontal transmission between host 

species (Heath et al. 1999; Schuler et al. 2013; Morrow et al. 2014). This leads to a general 

lack of concordance between phylogenies of Wolbachia and their host species (Shoemaker et 

al. 2002; Baldo et al. 2008; Raychoudhury et al. 2009) as observed here. Furthermore, we 

can exclude any hybridisation events between Mycopsylla species as this would have led to 

the sharing of mtDNA and Wolbachia across the different species. 

Furthermore, M. fici from the mainland of Australia and from LHI also harboured different 

variants that are likely derived from a common ancestor. If these two strains or variants have 

evolved the capacity to induce CI against each other, they could impose a post-zygotic 

isolation mechanism (Wade & Stevens 1985), and this may be another potential barrier to 

gene flow between mainland and LHI populations of M. fici.  
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3.5.4 Do P- and S-endosymbionts co-diverge with their hosts at inter- and intra-specific 

levels? 

Within the phylogeny of common endosymbionts (Fig. 3.3), interesting patterns emerged. 

Carsonella formed one clade, including the Carsonella strains of Mycopsylla spp. that 

clustered as sister taxa within. On the other hand, the evolutionary history for S-

endosymbionts of psyllids is more complex. For example, Heteropsylla texana and 

Glycaspis brimblecombei harbour Arsenophonus as their S-endosymbiont, while other 

psyllids such as Bactericera cockerelli, Heteropsylla cubana, Cacopsylla myrthi or 

Mycopsylla spp. harbour a S-endosymbiont from another genus. Congeneric H. texana and 

H. cubana harbour very different S-endosymbionts while S-endosymbionts from mealybugs 

and other insect P-endosymbionts were related to psyllid S-endosymbionts. Remarkably, 

Mycopsylla spp. appear to display co-divergence of host and S-endosymbiont at the genus 

level. It therefore appears that host switches and multiple acquisitions are likely to drive the 

association between psyllids and S-endosymbionts but co-divergence can also happen in 

some clades, as found in this study. A recent study by Hall et al. (2016) found similar 

patterns of host switches with a high incidence of Arsenophonus as an obligate S-

endosymbiont in psyllids however with signs of symbiont replacement to Sodalis in one 

lineage. The association of psyllids with S-endosymbiont is more recent than their 

association with Carsonella, however obligate S-endosymbionts may have had longer 

associations with hosts than facultative S-endosymbionts as a consequence of the inability of 

Carsonella to provide its host with nutrients or as an additional driver of Carsonella genome 

reduction (Sloan & Moran 2012; Hall et al. 2016).  

At the intra-specific level, Carsonella atpD genetic variation was congruent with host 

genetic variation across populations. Variation, although low, was also seen for Carsonella 

16S rDNA between M. fici from the mainland and from LHI. Phylogenetic congruence of 

host and P-endosymbiont has previously been found across populations of the aphid 

Uroleucon ambrosiae and Buchnera (Funk et al. 2000). For the S-endosymbiont no such 

variation was recovered when using a longer 16S rDNA fragment and 23S rDNA combined. 

This lack of geographic variation in the S-endosymbiont could be due to the use of relatively 

conserved genes (16S and 23S rDNA) for the analysis (Fox et al. 1992) or alternatively these 

S-endosymbionts were more recently acquired by the host lineages. Future research should 

add other loci to the analysis of the intraspecific diversity of the S-endosymbiont. This would 

also prevent any issues that could arise through the multi-copy nature of rDNA seen in some 

endosymbiont lineages (Nováková et al. 2009) although our results suggest that this was 

unlikely to be of concern in our study system.  
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Both mitochondrial DNA and endosymbionts are maternally transmitted and, as a result, 

genetic diversity of long-term endosymbionts is expected to mirror the one of their hosts 

amongst and within species (Symula et al. 2011). However, S-endosymbionts are expected 

to have been acquired more recently and may aid in complementing the diminishing role of 

Carsonella in amino acid provision (Sloan & Moran 2012). Endosymbiotic bacteria have 

been shown to have an accelerated evolutionary rate compared to free-living bacteria (Moran 

1996). Endosymbiotic bacteria have very small population size and undergo a bottleneck at 

each generation, likely to result in the accumulation of mildly deleterious mutations. In turn, 

this will be link to faster sequence evolution compared to free-living bacteria and a bias in 

base composition (Moran 1996; Moran et al. 2008). This is reflected in the different A+T 

contents of endosymbionts in this study. Arsenophonus, found in a few individuals of only 

one population of one species had an A+T content of 47 %, while this value was 64 % for 

Carsonella, which is believed to have the longest association with the hosts. In contrast, the 

A+T content of the S-endosymbiont of Mycopsylla was intermediate (55 %), and similar to 

Wolbachia (~56 %). This difference in A+T content between Carsonella and the S-

endosymbiont genome likely indicates that the Mycopsylla/Carsonella association is the 

oldest one.  
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 Abstract  4.1

The Australian fig homotomid, Mycopsylla fici, is a sap-feeding insect herbivore that is host-

specific to the Moreton Bay fig, Ficus macrophylla. It has periodic major outbreaks that can 

cause complete defoliation of individual trees and massive decrease in local leaf and fruit 

availability, with significant effects for many insect and vertebrate species that utilise the 

tree’s resources. We used 1/8 of an Illumina MiSeq run to sequence genomic DNA from two 

pools of five homotomids from two different field sites. We identified 14 polymorphic 

microsatellite loci and characterised them in 43 individuals from two populations (Sydney 

and Lord Howe Island, Australia). Within populations, the number of alleles ranged from 4 

to 15 per locus with observed heterozygosity from 0 to 0.9. Four loci deviated from Hardy-

Weinberg equilibrium. The microsatellite primers will be useful to study population genetics 

and gene flow within and between homotomid populations. 

 

 Introduction 4.2

Mycopsylla fici (Tryon) (Hemiptera: Homotomidae) is an Australian sap-feeding insect 

herbivore that is host-specific to the Moreton Bay fig, Ficus macrophylla (Hollis & 

Broomfield 1989). Outbreaks can cause complete defoliation of the tree and may endanger 

other animal species that rely on the tree for food, shelter or reproduction. For example, F. 

macrophylla is a common food source for the Grey-headed flying fox (Williams et al. 2006) 

and it is also involved in a mutualism with the pollinator wasp Pleistodontes froggatti as a 

result of co-speciation (Kjellberg et al. 2001). There are two forms of the tree:  f. 

macrophylla is endemic to the eastern coast of the Australian mainland, while f. columnaris 

is endemic to Lord Howe Island (LHI), a volcanic remnant located some 600 km from the 

Australian coast (Dixon 2001). Defoliations due to M. fici have been recorded occurring on 

both forms. The Moreton Bay fig is a popular, even iconic, Australian tree and now has a 

wider distribution due to extensive use in park and road side plantings. This enlarged 

distribution includes New Zealand, where M. fici have been recently recorded, as well as 

more distant countries, such as the USA (Starr et al. 2003). There have been no previous 

genetic studies of the homotomids and genetic markers are needed to assess their population 

structure and gene flow. 
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 Materials and methods 4.3

Genomic DNA was prepared from 10 insects in two batches containing both males and 

females: 5 pooled individuals from Sydney (Syd) and 5 pooled individuals from Forster 

(For), some 300 km north of Sydney. DNA was extracted using a standard 

phenol/chloroform method. Purified DNA was sent to Macrogen (Korea) for library 

construction and sequencing, which was carried out on 1/8 of an Illumina MiSeq run.  

The NGS run yielded 3,975,520 (Syd) and 4,557,900 (For) reads (both ends) for M. fici. 

Paired fragments (2x300 bp) were trimmed for quality and assembled using CLC Genomics 

Workbench v. 6.0.4 (CLC Inc, Aarhus, Denmark) into 45,047 (Syd) and 44,750 (For) 

contigs. Microsatellites were detected using QDD 3.1 (Meglécz et al. 2014). A total of 3,687 

(Syd) and 1,544 (For) di-, tri-, tetra- and penta- nucleotide microsatellites of at least five 

repeats were found. Primer pairs for di- and tetra-nucleotide microsatellites of at least six 

repeats and with unique flanking regions were designed using Primer3 (Koressaar & Remm 

2007; Untergrasser et al. 2012).  

In order to be able to multiplex loci, we selected 74 pairs of primers amplifying different 

region lengths (100-150, 150-200, 200-250, 250-300, 300-350 bp) for screening. We then 

used four fluorescently labelled universal primers in a ‘three primer system’ to allow 

multiplexing of the loci as described in Blacket et al. (2012). We genotyped 43 field-

collected individuals (22 individuals from several locations in Sydney and 21 from several 

locations in LHI) to assess amplification and polymorphism of the loci. PCRs were 

performed in 10 µl reactions with 1µl template, 0.1mM of dNTPs, 0.16 µM of forward tailed 

primer, 0.5 µM of reverse primer, 0.3 µM of µM fluorescently tagged universal primer 

corresponding to each tailed primer (fluorescent primer), 1x buffer, 3.5mM of MgCl2 and 

0.25 u of GoTaq (Promega). After optimization, a different MgCl2 concentration of 2 mM 

was used for one locus, PS 10.  

Conditions for PCR amplification were as follows: an initial denaturing step at 94°C for 3 

min, followed by 35 cycles of 94°C for 30s, then 61°C for 45s and 72°C for 20s, and a final 

extension step at 72°C for 7 min. Loci showing polymorphism were next tested for 

multiplexing following the protocol by Blacket et al. (2012) : PCRs were performed in a 10 

µL reaction consisting of 5 µL Platinum® multiplex PCR master mix (Life Technologies), 

0.06 µM forward tailed primer, 0.09 µM reverse primer, 0.06 µM fluorescent primer and 

1µL DNA template. Conditions for PCR amplification followed manufacturer’s instructions: 

an initial denaturing step at 95°C for 2 min, followed by 35 cycles of 95°C for 30s, then 

60°C for 90s and 72°C for 45 s, and a final extension step at 72°C for 10 min. Samples were 
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run on an ABI 3500 DNA Analyzer and analysed with the microsatellite plugin in Geneious 

6.1.7 (Biomatters Ltd., Auckland, NZ) using GS-500 (LIZ) as a size standard.  

For each population, the number of alleles per locus and heterozygosity were calculated 

using GenAlex (Peakall & Smouse 2006). Deviation from Hardy-Weinberg equilibrium 

(HWE) and linkage disequilibrium were assessed using GENEPOP (Rousset 2008). MICRO-

CHECKER (Van Oosterhout et al. 2004) was used to test for null alleles and genotyping 

errors. 

 

 Results and discussion 4.4

Of the 74 loci tested, 15 amplified reliably and were polymorphic. However, PS16 failed to 

amplify some individuals in the LHI population. As this could be due to the presence of null 

alleles, we excluded it.  The number of alleles was quite high for most loci, ranging from 4 to 

15 (Table 4.1). Observed (Ho) and expected (He) heterozygosity values ranged from 0 to 0.9 

and 0 to 0.87, respectively (Table 4.1). Four loci (PS2, PS39, PS54 and PS71) deviated 

significantly from HWE in the Sydney population while only three (PS7, PS54 and PS71) 

deviated from HWE in the LHI population. Deviation from HWE could be due to the 

presence of null allele, but could also be the results of a Wahlund effect, population 

bottleneck or inbreeding. No evidence for linkage disequilibrium was found. 

The markers are currently being used to study the population structure and gene flow of M. 

fici across Australasia.  
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Table 4. 1: Characteristic of 14 microsatellites isolated from Mycopsylla fici. NA number of allele per locus, HO observed heterozygosity, HE 

expected heterozygosity, sig. significance of the p value for deviance from Hardy-Weinberg equilibrium (ns >0.05, * p<0.05, ** p<0.01, *** 

p<0.001). 
1
 fluorescently labelled universal primers underlined. 

Locus Access. no. Repeat motif Dye Primer pair sequence (5'-3')1 Range (bp) All NA Sydney (N=22)   LHI (N=21) 

              NA HO/HE (sig.)   NA HO/HE (sig.) 

PS1 KR706358 (AG)18 FAM GCCTTGCCAGCCCGCACACACACAAAGTCCCCATATTG 249-277 14 11 0.66/0.76 (ns) 

 

8 0.76/0.80 (ns) 

    

GCAAACCGAGCACCTCATTG 

 
  

  
 

 PS2 KR706361 (CT)17 VIC GCCTCCCTCGCGCCACCAAGGAGGCAAACAAGAAACAC 221-239 8 5 0.25/0.58 (*) 

 

7 0.90/0.81 (ns) 

    

GTAGCTGGCAAGAGTGGGG 

 
  

  
 

 PS7 KR706368 (TC)12 FAM GCCTTGCCAGCCCGCGGAGGAATACAAATGGAAGCTGC 136-168 7 4 0.50/0.66 (ns) 

 

6 0.36/0.71 (*) 

    

CGAGGGGAAACTTGTCATTAAAA 

 
  

  
 

 PS9 KR706371 (TG)11 PET CGGAGAGCCGAGAGGTGGCAGAACGTCTCGGGGAAAA 326-336 4 1 monomorphic 

 

4 0.55/0.63 (ns) 

    
TATGCCCACCTTCCCATGTG 

       
PS10 KR706359 (AACA)6 NED CAGGACCAGGCTACCGTGATCGGCACAGACTACGAGTG 313-337 7 5 0.79/0.74 (ns) 

 

7 0.80/0.83 (ns) 

    

GTGTTACCAACGTCGCCAAG 

 
  

  
 

 PS14 KR706360 (AATG)14 NED CAGGACCAGGCTACCGTGTCCTTGAAGCTGAATTGAGAGA 202-226 7 4 0.45/0.54 (ns) 

 

5 0.57/0.66 (ns) 

    

AAAAGATGATGGCGGCGGTA 

 
   

 
  

PS39 KR706362 (TC)9 VIC GCCTCCCTCGCGCCATATTTTCATGTCCCCCTTCG 217-225 5 5 0.43/0.50 (*) 

 

5 0.33/0.30 (ns) 

    

ACGTGTCACCAAGTCATGGA 

 
  

  
 

 PS48 KR706363 (GT)8 VIC GCCTCCCTCGCGCCATGGCTTTTGCTTTTAAAAATTAG 146-160 6 5 0.65/0.60 (ns) 

 

5 0.57/0.71 (ns)  

    

CTTCTCCAACTCCCTCTGTTT 

 
  

  
 

 PS53 KR706364 (CT)8 FAM GCCTTGCCAGCCCGCGAGGGTGGGTGGGTAGGTAT 261-279 6 4 0.52/0.55 (ns) 

 

5 0.71/0.81 (ns) 

    

GAGGTCCCACAACTCCAAAG 

 
  

  
 

 PS54 KR706365 (AG)8 FAM GCCTTGCCAGCCCGCAGCAGTGAGAATTACGTCCTGA 308-322 6 3 0.17/0.36 (*) 

 

5 0.15/0.33 (*) 

    

ACTGGATAATTACAGCACCAGAA 

 
  

  
 

 PS56 KR706366 (TG)12 PET CGGAGAGCCGAGAGGTGAAACGAAAAGGGAGGAAAGA 267-299 15 12 0.73/0.87 (ns) 

 

8 0.47/0.66 (ns) 

    

CATGTGGCTGGCTTCAGTAA 

 
  

  
 

 PS61 KR706367 (AC)11 NED CAGGACCAGGCTACCGTGTTGCTTATTTTGAGGAGAAATTCA 168-184 7 6 0.69/0.72 (ns) 

 

5 0.80/0.78 (ns) 

    

ATCCTCCGAGCCTCAAAAA 

 
  

  
 

 PS71 KR706369 (GT)9 PET CGGAGAGCCGAGAGGTGGACATCGAAGAAACGGGTGT 139-153 6 4 0.22/0.65 (*) 

 

6 0.33/0.79 (*) 

    

CGAAGAGTATTGATATGGTTTTTGC 

 
  

  
 

 PS74 KR706370 (AC)10 PET CGGAGAGCCGAGAGGTGTGCTTCTTCACTGCCAAAGG 352-366 7 5 0.69/0.69 (ns) 

 

4 0.33/0.44 (ns) 

        AAATCCCTCTTCTCTCCTCAAAA               
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 Abstract 5.1

Host-specific insects with limited dispersal usually face a fragmented landscape, a 

combination of suitable host patches of different sizes and degrees of isolation. In addition to 

these habitat islands, some patches may be further isolated on oceanic islands. Population 

genetic studies can potentially reveal the roles of natural and human-mediated dispersal, 

geographic distance, and colonization history in such fragmented landscapes. We studied 

Mycopsylla fici, an insect host-specific to Ficus macrophylla, a tree that occurs naturally on 

the Australian east coast, on Lord Howe Island (LHI, 600 km offshore), and which has been 

planted in New Zealand. 152 individuals from across the natural and extended host plant 

range were genotyped at 13 microsatellite loci, revealing the northern Australian mainland 

population as the centre of genetic diversity. Northern and southern mainland populations are 

genetically differentiated and interconnected in a stepping-stone pattern. The most recent 

natural colonisation of LHI by M. fici occurred around 5,000 years ago from a northern 

mainland origin. This may have been the only LHI colonisation or the latest in series of 

colonisations and extinctions. Geographically isolated populations in New Zealand and 

Melbourne are far more recent, human-mediated colonisations; these populations are 

genetically similar to the Sydney population and probably derive from this region. By using 

a range of population genetic analyses, we reveal the complex history of gene flow and 

colonisation in this host-specific insect pest. 
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 Introduction 5.2

Dispersal ability and habitat specificity are major determinants of a species’ ability to 

establish new populations (colonisation) and expand its overall geographic range. In the case 

of a host-specific insect herbivore, a key requirement is the presence of its host plant, which 

may have a patchy distribution in the landscape (Stone & Sunnucks 1993). This poses 

particular challenges to colonisation if the insect has limited dispersal capacity (Tscharntke 

& Brandl 2004). In an analogy to Macarthur & Wilson’s (1967) classic island biogeography 

theory (conceived for oceanic islands), isolated host plants provide insects with ‘habitat 

islands’ surrounded by an inhospitable matrix (Janzen 1968; Gillespie & Roderick 2002).  

For an insect herbivore, the probability of colonisation of a new patch and population 

persistence increases with patch size, but decreases with the degree of isolation of the new 

patch (Hanski 2009). At a finer scale, several other factors, such as host plant size, patch size 

and density, as well as the composition of the surrounding landscape, can all influence the 

presence of insects on a focal plant (Müller & Goßner 2007; Öckinger et al. 2012). 

Connectivity between patches may play a key role, as a corridor of host plants can reduce 

isolation between larger patches and therefore increase colonisation success (Gilbert-Norton 

et al. 2010). In this context, limited dispersal in a patchy but semi-continuous habitat may 

result in populations connected in a step-wise manner.  

The processes described above structure populations of host-plant specific insects 

continuously at the landscape scale, but there may also be abrupt geographic barriers (e.g. 

mountains or river systems) that severely limit or prevent natural dispersal and result in 

genetically isolated populations (Phillipsen et al. 2015). Given time, these populations may 

diverge genetically and even speciate, and oceans provide a classic and important case. The 

natural colonisation of an oceanic island by insects first requires the prior establishment of 

the host plant, and the possible pathways depend on the island’s geological history. 

“Fragmented” islands are those previously connected to the mainland by land bridges, such 

that some island species were present there before isolation and remain by vicariance. In 

contrast, species on “Darwinian” islands (not previously joined by land bridges) can only be 

attributed to colonisation (MacArthur & Wilson 1967) by passive or active dispersal (e.g. 

Hollocher & Williamson 1996; Dimitrov et al. 2008), and island biogeography theory 

predicts that this is more likely for larger and less isolated islands.  A review by Gillespie et 

al. (2012) identified three major vectors of natural long distance dispersal in the Pacific 

Ocean: wind, birds, and ocean currents. For insects, it seems that wind and birds are the most 

likely vectors. 
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In addition to natural colonisation processes, trade, agriculture and the use of exotic 

ornamental plants all move plant species to new locations, and their insect herbivores may be 

moved with them initially or colonise later, through either natural or assisted dispersal. The 

various scenarios by which host plant / insect herbivore associations may be re-established 

outside their ancestral ranges are less closely tied to key biological variables such as insect 

dispersal ability and degree of patch or island isolation, since they are also influenced by 

human factors, such as import / export patterns, mode of transport, and quarantine 

procedures. Importantly, we may be able to dissect the colonisation history of an insect 

species by using tools from molecular ecology to estimate colonisation times in different 

locations and combine this with other data to infer the likely roles of natural and 

anthropogenic processes.  

Our study focuses on Mycopsylla fici Tryon (Hemiptera: Homotomidae) a highly host-

specific homotomid insect that feeds exclusively on the sap of the Moreton Bay fig, Ficus 

macrophylla Desf. ex Pers (Moraceae: Urostigma sect. Malvanthera) (Froggatt 1901; Dixon 

2003). The insect has periodic massive outbreaks, which can cause up to 70-100% 

defoliation of a given tree (e.g. in Sydney in 1996, Newman 2004). Nymphs feed on sap and 

develop under a sticky protective covering, or “lerp”, on the underside of the leaf (Newman 

2004). Ficus macrophylla has two forms; f. macrophylla is found in forests on the 

subtropical eastern coast of Australia in northern NSW and southern Queensland, while f. 

columnaris is endemic to Lord Howe Island (LHI), a volcanic remnant island located 600 km 

offshore. Ficus macrophylla is also widely used in Australia as an ornamental plant and is 

planted in parks and gardens in many cities. It is also used in agricultural landscapes, where 

it is found in pastures as a shade tree for cattle. In addition, F. macrophylla is now grown in 

many countries, including the USA, Italy, Spain, and Portugal. The species was also 

introduced to New Zealand as an ornamental plant in the 19th century (Gardner & Early 

1996), and is now common in Northern New Zealand. The homotomid is found all along the 

eastern coast of Australia and on LHI, corresponding to the natural distribution of its host 

tree, and was recorded in New Zealand for the first time in 1995 (Bain 2004).  

In classic island biogeography theory, the probability of colonisation increases with island 

size, but decreases with isolation (MacArthur & Wilson 1967). The situation is similar in a 

fragmented terrestrial landscape, with small, isolated host patches being more difficult to 

colonise. However, depending on the degree of connectivity among trees, isolation has to be 

considered at patch, region and continental scales (see also Gillespie & Roderick 2002). 

Here, we focus on these different scales of isolation and how they lead to two different 



 

 

87 

 

 

predictions for population genetic structure at the landscape scale. First, along the east coast 

of the Australian mainland, we predict that patchy distribution of the host tree, host-

specificity of the insect, and its presumed limited dispersal lead to an isolation-by-distance 

(IBD) process (hypothesis 1). Second, Australia, New Zealand (NZ c. 2,150 km between 

Sydney and Auckland) and LHI (c. 600 km from mainland Australia) are separated by 

inhospitable ocean, eliminating stepping stones. In addition, the oceanic distances are 

expected to far exceed most natural dispersal events, with rare, long distance colonisations 

mediated by storms or human transport. As a result, we hypothesized that LHI and NZ 

populations would be genetically distant from the mainland ones (hypothesis 2). We further 

predicted greater differentiation between the mainland and LHI than between mainland and 

NZ, because LHI could have been colonised long ago, while NZ has only been colonised 

recently, following host plant introduction (hypothesis 3).  

We therefore used 14 microsatellite markers to address the following specific questions: 1) 

How are populations on the Australian mainland genetically structured and where are the 

centres of genetic diversity? 2) Is there IBD along the east coast of the mainland? 3) Is there 

gene flow between the mainland and LHI? 4) When did colonisation of LHI and NZ happen? 

and 5) What are the likely source populations of insects present in LHI, NZ and Melbourne? 

 

 Materials and methods 5.3

5.3.1 Insect sampling and genotyping 

Homotomids were collected throughout the native range of F. macrophylla in Australia, 

along the east coast from Wollongong to Brisbane, and on LHI. Intensive sampling was done 

in Sydney, Brisbane and on LHI (n= 29, 28, 31 insects, respectively) where there are large 

host plant populations. To explore connectivity between trees, patches, and regions on the 

mainland, we also collected homotomids along a North-South transect between Wollongong, 

southern limit of the natural range, and Brisbane, sampling from up to 4 trees in a site with 

8-166 km between sites (n=30). In addition, we sampled a few individuals from outside the 

natural range in Australia (Narooma (NSW) and Melbourne (VIC) (c.200 km, 700 km from 

Wollongong), and Auckland, New Zealand (n=30) (c.1500-2100 km from LHI and Sydney, 

respectively) (see Fig. 5.3). Collections were made between March 2013 and December 

2014. Insects were sampled in two ways: (a) nymphs were collected from lerps directly after 

field collection of leaves and (b) single lerps were kept in petri dishes until adult emergence. 
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To avoid sampling related homotomids, only a single individual (nymph or adult) was 

selected from each host tree.  

DNA was extracted from the entire body of each insect using a Chelex-based method (Walsh 

et al. 1991). Individuals were transferred into 100 µL of the homogenisation solution of 5% 

Chelex and 0.01% proteinase K, crushed using a pestle, incubated at 56 °C for 35 min then at 

96 °C for 15 min and centrifuged for 5 min at 13.000 rpm. 

Fourteen microsatellite loci (Fromont et al. 2015) were amplified using the multiplexing 

protocol developed by Blacket et al. (2012) as described in Fromont et al. (2015). Samples 

were run on an ABI 3500 DNA Analyzer and analysed with the microsatellite plugin in 

Geneious 6.1.7 (Biomatters Ltd., Auckland, NZ) using GS-500 (LIZ) as a size standard. 

 

5.3.2 Population structure 

Deviations from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) were 

assessed using GENEPOP (Rousset 2008). MICRO-CHECKER (Van Oosterhout et al. 

2004) was used to test for null alleles and genotyping errors. To account for the presence of 

null alleles, FST values were corrected with the excluding null allele (ENA) method in 

freeNA (Chapuis & Estoup 2007). To estimate genetic differentiation between populations, 

pairwise FST (Weir & Cockerham 1984) and pairwise RST were calculated with 10,000 

permutations in Arlequin v3.5.1 (Excoffier & Lischer 2010). RST and FST were then 

compared using allele size permutation tests (Hardy et al. 2003) in SPAGEDI v1.5 (Hardy & 

Vekemans 2002) with 20,000 permutations. We also calculated FIS for each population in 

FSTAT 2.9.3 (Goudet 1995). 

Applying different methods to the same dataset may suggest different patterns of population 

genetic structure (Blair et al. 2012). Consequently, we used two alternative approaches with 

different assumptions to identify robust patterns. The first one, Discriminant Analysis of 

Principal Component (DAPC) is a multivariate method that does not assume HWE or LD 

and, as such, is valuable when studying populations that may violate those assumptions 

(Jombart et al. 2010). We chose to use this analysis as current knowledge does not allow us 

to exclude the possibility of inbreeding. DAPC relies on the use of Discriminant Analysis 

(DA) on previously transformed data using Principal Component Analysis (PCA). We 

implemented DAPC in the Adegenet package (Jombart 2008) in R (R Core Team, 2014). 

Using the complete dataset, we predicted the optimal number of clusters using K-means 
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clustering (function find.clusters) based on the lowest associated Bayesian information 

criterion (BIC). We then performed a DAPC (function dapc) using the clusters previously 

defined. We retained 40 principal components (PC) of PCA as choosing more than N/3 PC 

may give unstable results.  

As a second method, we used spatially explicit Bayesian clustering in TESS (Franco̧is et al. 

2006). This includes spatial assignment and makes the a priori assumption that genetic and 

spatial proximity are correlated positively. We used a model with admixture, choosing the 

conditional auto-regressive (CAR) Gaussian model (Durand et al. 2009; François & Durand 

2010) and a linear trend surface. To estimate the number of clusters (K), we ran the model 50 

times for Kmax from 2 to 7, with a burn-in of 10,000 steps and 50,000 MCMC iterations. The 

deviance information criterion (DIC) was calculated for each run and the average DIC for 

each Kmax was plotted against Kmax. The best Kmax was chosen where the DIC curve began to 

plateau, and validated by checking that no new clusters appeared above this K value (Q-

matrix stabilization). CLUMPP v1.1.2 (Jakobsson & Rosenberg 2007) with a Greedy 

algorithm was used to correct for label switching and genuine modality. The result was 

visualised with DISTRUCT v1.1 (Rosenberg 2004). We re-ran the model 100 times for the 

chosen Kmax using the same MCMC parameters, exporting the 20% runs with the lowest DIC 

in CLUMPP format and visualizing with DISTRUCT. 

 

5.3.3 Spatial genetic pattern along the Sydney-Brisbane transect 

To test for IBD, we explored genetic relationships between individuals in GenAlEx. We 

performed spatial autocorrelation analyses to estimate the genetic autocorrelation coefficient 

(r) for increasing distance size classes (0-750km, 50 km increment) between individuals. 

Statistical significance was tested using 999 random permutations and 1000 bootstrap 

replicates to define a 95% confidence interval (CI) under the hypothesis of no 

autocorrelation. When r falls outside the upper and lower bounds of the CI, then individuals 

are significantly more similar or dissimilar than expected under the hypothesis of random 

mating, indicating significant spatial genetic structure.  

 

5.3.4 Recent gene flow 

BAYESASS 3.0 (Wilson & Rannala 2003) was used to test for recent gene flow. It uses a 

Bayesian approach and Markov chain Monte Carlo sampling to detect transient 
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disequilibrium induced by arrival of migrants. We ran it for 10 million generations, sampled 

every 100, and used a 1 million generation burn-in. The convergence was assessed using a 

trace file visualised in TRACER v1.6 (Rambaut et al. 2014). We used two different 

approaches: (1) all four populations (Sydney, Brisbane, Lord Howe Island and Auckland) 

and (2) focus on the mainland populations and transect individuals. Following the DAPC 

analysis (see results), transect individuals were separated into two groups, those clustering 

with (i) Brisbane and (ii) Sydney populations. Using these individuals allowed us to integrate 

more genetic variation and admixed individuals to reveal the presence or absence of recent 

gene flow and its direction.  

 

5.3.5 Population divergence and history 

We used approximate Bayesian computation (ABC) to determine divergence times between 

populations, as well as population sizes. This approach relies on comparison of simulated 

and observed datasets and has been used previously to determine introduction routes of 

invasive species (Estoup & Guillemaud 2010; Lombaert et al. 2011). We modelled different 

scenarios and compared them using DIYABC v2.0.4 (Cornuet et al. 2014). First, we 

modelled 19 scenarios involving just the three Australian populations (Sydney, Brisbane and 

LHI) with different splitting times and events, and possibility of admixture. Six scenarios 

assumed one population as origin for the two others, six scenarios assumed a population 

derived from a second population derived from the third, one scenario assumed an admixture 

event and six scenarios assumed the existence of an ancestral population. Second, we added 

the Auckland population as it is the most recent one. We modelled four scenarios to 

determine the origin and date of colonisation for Auckland: three scenarios assumed 

Auckland derived from one population and one scenario assumed an admixture event. 

Limited sample sizes for planted trees in Narooma and Melbourne precluded a similar 

analysis (see Table 5.1). 

Assuming only a few individuals arriving in a new location, we implemented a bottleneck 

when a new population was created. To determine the best scenario we used a hierarchical 

ABC analysis as described in Sharma et al. (2013). We assumed a generalized stepwise 

mutation model and used a mean mutation rate interval of [10
-4

; 10
-3

] following Guillemaud 

et al. (2010). We used a range of statistics as described in Lombaert et al. (2011) with single 

sample statistics (mean number of alleles across loci, mean gene diversity across loci, mean 

allele size variance across loci and mean M index across loci) as well as two sample statistics 
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(FST, mean index of classification and (δµ)
2
). For k scenarios implemented, we ran k million 

simulations. To choose the best scenario, we estimated the posterior probability and the 95% 

confidence interval (CI) of each scenario from the 1% closest simulated datasets using a 

polychotomic weighted logistic regression. We selected the scenario with the highest 

probability and non-overlapping 95% CI. We then estimated the posterior parameter 

distribution of the best scenario.  

 

Table 5. 1: Description of the scenarios used for the ABC analysis. A) Four main types of 

scenarios were considered and applied to the three populations in the natural range of M. fici 

(i.e. Sydney, Brisbane and LHI). B) Two types of scenarios were used to determine the 

origin and date of colonisation for Auckland. The arrow (pop. A -> pop. B) indicates that 

pop B. derived from pop. A, the plus sign (pop. A + pop. B) indicates an admixture event 

between the two populations.  

A) Scenario First event Second event 

One population as origin for  Brisbane -> LHI Brisbane -> Sydney 

the two other Brisbane -> Sydney Brisbane -> LHI 

 

LHI -> Brisbane LHI -> Sydney 

 

LHI -> Sydney LHI -> Brisbane 

 

Sydney -> Brisbane Sydney -> LHI 

 

Sydney -> LHI Sydney -> Brisbane 

One population derived from  LHI -> Brisbane Brisbane -> Sydney 

a second population  derived  LHI -> Sydney Sydney -> Brisbane 

from the third Sydney -> Brisbane Brisbane -> LHI 

 

Brisbane -> Sydney Sydney -> LHI 

 

Sydney -> LHI LHI -> Brisbane 

 

Brisbane -> LHI LHI -> Sydney 

Admixture event Sydney + Brisbane -> Admixed pop. Admixed pop. -> LHI 

Existence of an ancestral  Ancestral pop. -> LHI + Brisbane Brisbane -> Sydney 

population Ancestral pop. -> LHI + Brisbane LHI -> Sydney 

 

Ancestral pop. -> LHI + Sydney LHI -> Brisbane 

 

Ancestral pop. -> LHI + Sydney Sydney -> Brisbane 

 

Ancestral pop. -> Brisbane + Sydney Brisbane -> LHI 

  Ancestral pop. -> Brisbane + Sydney Sydney -> LHI 

 

B) scenario Third event fourth event 

One population as origin Sydney -> Auckland 

 

 

Brisbane -> Auckland 

 

 

LHI -> Auckland 

  Admixture event Sydney + Brisbane -> Admixed pop. Admixed pop. -> Auckland 
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5.3.6 Bottleneck analysis 

Bottlenecks are characterized by a reduction in the number of alleles, heterozygosity, allele 

size range and a distortion of allele frequencies. Different metrics may be used to infer 

bottlenecks: some methods assume that bottlenecks result in reduced allelic diversity 

compared to heterozygosity (Cornuet & Luikart 1996), others that they lead to loss of rare 

alleles (Slatkin 1985). We calculated allele frequencies and genetic diversity indices in 

GenAlEx (Peakall & Smouse 2006) for each main population. We also calculated the Garza-

Williamson index (M) (Garza & Williamson 2001), i.e. the ratio between number of alleles 

and allele size range, in Arlequin. Garza and Williamson (2001) proposed that a bottleneck 

has occurred when M<0.68 . We compared the different frequency and diversity indices for 

each population using Kruskal-Wallis tests with the Benjamini and Hochberg (1995) 

correction as implemented in the package agricolae (De Mendiburu 2014) in R. We also used 

BOTTLENECK (Cornuet & Luikart 1996) to compare HE to the expected heterozygosity 

under mutation-drift equilibrium. However, if the loci evolve strictly under the stepwise 

mutation model (SMM), the heterozygosity excess may not be observed (Cornuet & Luikart 

1996). We used the SMM and two-phase model of mutation (TPM). 

 

 Results 5.4

5.4.1 Brisbane population is a centre of genetic diversity 

The number of alleles per locus ranged from 5 to 17 and no loci were in LD. After 

Bonferroni correction, 7 loci (PS7-54-61-71-56-2-1) deviated significantly from HWE. 

While MICRO-CHECKER found potential null alleles due to an excess of homozygotes, this 

could also be due to a Wahlund effect or inbreeding. Only locus PS7 failed to amplify in 

many individuals, and was excluded from subsequent analysis. Allele size range and number 

of alleles and private alleles, as well as He, were all highest for Brisbane, followed by LHI, 

Sydney and then Auckland populations (Table 5.2). 
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Table 5. 2: Allelic diversity indices for the four main sampled populations. Na: number of 

alleles, He: expected heterozygosity, Ho: observed heterozygosity 

Population Allele Size Range Na No. Private Alleles FIS He Ho 

Brisbane 8.54 7.46 1.47 0.25 0.73 0.56 

LHI 8 6.46 0.80 0.15 0.66 0.57 

Sydney 7.13 5.62 0.27 0.16 0.57 0.49 

Auckland 4.77 2.77 0.00 0.04 0.38 0.37 

 

5.4.2 M. fici populations are structured in Australia 

FST values with (<0.01 lower) or without ENA correction were very similar. Differentiation 

among most populations was strong with pairwise FST values ranging from 0.11 (Sydney-

Auckland) to 0.37 (LHI-Auckland) and pairwise RST values from 0.03 (Sydney-Auckland) to 

0.31 (LHI-Auckland) (Table 5.3). Interestingly, pairwise FST and RST differed for 

Sydney/Auckland (0.11/0.03, allele size permutation test, p=0.036) and LHI/Brisbane 

(0.13/0.27, allele size permutation test, p=0.003) pairs. FST calculations rely on allele 

frequencies while RST takes allele size into account. Pairwise RST for Sydney/Auckland was 

smaller than FST indicating that while the two populations have alleles with different 

frequencies, they share alleles of similar sizes. In contrast, LHI/Brisbane showed the 

opposite pattern, as expected when mutations contribute to population differentiation (i.e. 

when the migration rate (m) or 1/divergence time (t) are smaller than the mutation rate (µ))  

(Hardy et al. 2003). FIS values ranged from 0.044 (Auckland) to 0.25 (Brisbane) with FIS 

(Sydney) at 0.16 and FIS (LHI) at 0.15. 

 

Table 5. 3: Genetic differentiation among sites. Pairwise FST ⁄RST values are given below the 

diagonal, and significance for genetic differentiation tests above the diagonal (*p < 0.05, 

***p< 0.001). 

 Auckland Brisbane LHI Sydney 

Auckland  *** *** ***/* 

Brisbane 0.29/0.24  *** *** 

LHI 0.37/0.31 0.13/0.27  *** 

Sydney 0.11/0.03 0.14/0.12 0.23/0.20  

 

To assess population structure, we first used a DAPC, which revealed four genetic clusters, 

each corresponding to one of Auckland, Sydney, Brisbane and LHI (Fig. 5.1). Transect 
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individuals were assigned either to Brisbane (21 transect individuals up to 400 km south) or 

Sydney populations (4 transect individuals up to 300 km north and 9 transect individuals 

from Wollongong to Melbourne, 750 km south) but this does not rule out the presence of 

admixture for these individuals. DAPC was conducted using these clusters. The first 40 

principal components of PCA captured approximately 89% of the genetic variability. Most 

of the genetic structure was captured by the first two axes of the discriminant analysis as 

indicated by the eigenvalues (Fig. 5.1, inset).  

 

Figure 5. 1: Scatterplot of DAPC of M. fici. This scatterplot shows the first two principal 

components of the DAPC. Clusters are shown by different colours and inertia ellipses, while 

dots represent individuals. Four clusters were identified (lowest BIC value) and we used four 

colours to represent them (red, orange, blue and green). In addition, we used two shades of 

red and blue to separate individuals collected in Sydney and Brisbane (dark blue and dark 

red, respectively) from individuals collected on the transect (light blue and light red). 

Tr_Pop_Sydney and Tr_Pop_Brisbane include individuals collected along the transect but 

the DAPC analysis clustered some of these individuals with individuals from Sydney and 

others with individuals from Brisbane, respectively. The bottom right inset indicates the 

eigenvalues of the analysis with the retained eigenvalues in black.  
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In the spatially explicit TESS analysis, DIC values plateaued at K=3, and no new clusters 

appear in the bar plot when increasing K above three. The three clusters correspond to 

Brisbane, Sydney and LHI populations. These are all genetically very distinct with very low 

levels of admixture. Individuals from Auckland and Melbourne (outside the native range) 

grouped with Sydney. Meanwhile, individuals from the mainland transect appeared to be 

admixed between Sydney, Brisbane and LHI populations (Fig. 5.2 and 5.3). Interestingly, 

mixing between populations happened in a stepwise manner. 

 

 

Figure 5. 2: Bayesian genetic clustering using TESS with the optimal number of clusters (3) 

of the four main populations and the individuals collected along the transect (T-A: south of 

Sydney, T-B: between Sydney and Brisbane). Individual cluster assignment averaged for 10 

runs with lowest BIC. Black lines separate populations. 

 

5.4.3 Brisbane and Sydney populations are connected via IBD 

The spatial autocorrelation analysis indicated IBD on the eastern coast (Fig. 5.4) - 

individuals from nearby sites are genetically more similar than those from sites that are 

further separated. Except for the 250-300 km class, r was positive for distance classes up to 

400 km. In contrast, with the exception of the 450-500 km class, r was negative for classes 

up to 750 km (distance between Sydney and Brisbane, Fig. 5.4). The Port Macquarie to 

Coffs Harbour region (see Fig. 5.3) is located about midway between Brisbane and Sydney.  

DAPC, TESS and spatial autocorrelation analysis showed well-structured populations in 

Australia with likely IBD on the mainland (see spatial autocorrelation analyses below, Fig. 

5.4). In addition, one test (DAPC) identified Auckland as an individual cluster while the 

other (TESS) clustered Auckland individuals with the Sydney population. This is likely to 

indicate that Sydney is the source population of Auckland and that this colonisation event is 

recent.  

 

LHI Sydney Brisbane Auckland T-A T-B 
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Figure 5. 3: Maps of the admixture proportion/membership probabilities from TESS 

analysis. (A) Distribution of F. macrophylla in Australia, in yellow (from Atlas of living 

Australia). Membership probability of M. fici individuals collected on LHI (green) and 

Auckland (blue) are represented by pie charts. (B) Map of the individuals collected along a 

transect Melbourne–Brisbane and representation of their membership probability. Maps (C) 

and (D) are a close-up of two different locations as indicated on the map of the eastern coast 

of Australia. Syd. – Sydney, Bris. – Brisbane, Coffs H. - Coffs Harbour, Port M. - Port 

Macquarie. Small pie charts represent one individual, large pie charts include all individuals 

from each of the four population studied (LHI N=31, Auckland N=30, Sydney N=29, 

Brisbane N=28) 
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Figure 5. 4: Spatial autocorrelation analysis using all individuals between Sydney and 

Brisbane (individuals collected in both cities and individuals of T-A). r: autocorrelation 

coefficient, U: upper and L: lower bounds of a 95% CI for r generated under the null 

hypothesis of M. fici random geographic distribution. 

 

5.4.4 Brisbane is a centre of diversity but gene flow between populations is limited 

No recent gene flow was detected between the main populations using BAYESASS (all 

m<0.012). However, the second analysis incorporating transect individuals showed limited 

recent gene flow from the Brisbane to the Sydney cluster (m[Brisbane to Sydney]=0.037 and 

m[Sydney to Brisbane]=0.009). Brisbane is the centre of genetic diversity and genes flow 

from this population to the less diverse southern population. No recent inter-population gene 

flow was detected with LHI. 

 

5.4.5 The LHI population divergence is far older than the NZ divergence  

DIY-ABC found that the most likely scenario is that LHI and Brisbane populations derived 

from an ancestral population some 12,000 (CI: 5,140-43,700) generations ago, which 

corresponds to approximately 5,000 years ago, assuming 2-3 generations per year (2.5 

generations per year specified) (Newman 2004). Sydney is estimated to have diverged from 
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Brisbane c. 3,580 (CI: 1,270-13,400) generations (c. 1,500 years) ago. Auckland is estimated 

to have diverged from Sydney c. 148 (CI: 50-1,270) generations (59 years ago). Sydney and 

Auckland both have cooler climates than Brisbane, and homotomids usually undergo only 

two generations per year in Sydney (Newman 2004). Given this, 59 years may be a slight 

underestimate (c. 70 years ago for 2 generations/year). Population sizes were also estimated. 

Brisbane has the largest effective population size (30,100, CI: 16,000-38,500), followed by 

LHI (15,300, CI: 7,180-27,900), Sydney (6,520, CI: 2,600-27,800) and Auckland (860, CI: 

257-5,080) (Fig. 5.5). 

A) 

 

B) 

Parameters Priors Mean Median Mode q2.5 q97.5 

t1 [10;10,000] 345 247 148 50.7 1,270 

t2 [10;100,000] 5,440 4,830 3,580 1,270 13,400 

t3 [10;100,000] 17,300 15,200 12,000 5,140 43,700 

N_Auckland [10;10,000] 1,440 1,140 860 257 5,080 

N_Brisbane [10;40,000] 28,600 29,100 30,100 16,000 38,500 

N_LHI [10;40,000] 17,000 16,900 15,300 7,180 27,900 

N_Sydney [10;40,000] 9,410 7,960 6,520 2,600 27,800 

 

Figure 5. 5: A) Graphical representation of the most likely scenario of the biogeographic 

history of M. fici selected using DIYABC. B) Prior settings, parameter estimations and 

confidence for this scenario. q0.25 and q97.5 are the quantile 2.5% and 97.5%, respectively  
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5.4.6 The NZ population likely experienced a recent bottleneck 

Regardless of the settings, no bottleneck was detected with BOTTLENECK. However, this 

software only compares HE to the modelled heterozygosity under mutation-drift equilibrium 

and may not detect a bottleneck when the microsatellite loci follow a SMM. We searched for 

other signal of bottlenecks and found that, compared to the other populations, the Auckland 

population had a decreased number of alleles, no rare alleles, two loci (PS54 and PS9) fixed 

and lower heterozygosity. The Auckland population thus shows classic bottleneck 

characteristics. In addition, the M index (Garza and Williamson) for Auckland is 0.66, which 

is below the suggested threshold (0.68) to indicate a bottleneck event. In contrast, Sydney, 

LHI and Brisbane populations have M values of 0.81, 0.85, 0.89, respectively. 

 

 Discussion 5.5

We used microsatellite data and a range of population genetic and coalescent analyses to 

explore the spatial population genetic structure and colonisation history of M. fici, a host-

specific insect distributed across patchily distributed trees on the Australian mainland, and 

also found on the other side of considerable distances of open ocean in Lord Howe Island 

and New Zealand. Mainland M. fici populations in Brisbane and Sydney were genetically 

differentiated, but connected by a stepping stone population structure. In contrast, the 

isolated (but naturally established) island population on LHI was the most genetically 

divergent. When considering populations recently established outside the natural range by 

human activities, genetic differentiation from source populations is more likely to reflect 

time of colonisation than physical distance. Hence Auckland is the most geographically 

isolated population (at least 1500km from other populations), but is genetically very similar 

to the Sydney population. This was also the case for other populations outside the native 

range, in Melbourne (700 km from Sydney) and Narooma (280 km from Sydney). We 

observed evidence for four main types of dispersal: (i) stepping stone dispersal between two 

connected populations (along the east coast of Australia), (ii) an old colonisation of an 

isolated island (LHI) and (iii) a recent colonisation of another isolated island (north island of 

New Zealand), and (iv) long distance dispersal within Australia.   
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5.5.1 Population structure on the mainland – hop and step in eastern Australia 

The Sydney and Brisbane populations, at either end of the natural mainland distribution, 

formed two genetically distinct clusters containing individuals with limited admixture. There 

is, however, admixture and a stepping stone structure between these two populations along 

the eastern coast. This pattern could be due to IBD and/or isolation by local adaptation 

(Orsini et al. 2013). We consider that the insect’s limited dispersal ability, leading to IBD, 

may best explain the pattern observed. We found inbreeding coefficients (FIS) to be above 0 

for each population, with the highest value in the oldest population (0.25 in Brisbane), 

suggesting fine-scale spatial structure. In addition, homotomids were mostly observed 

walking and jumping, even when disturbed, and very few adults were observed flying at all 

(CF, pers. obs.). No studies have been undertaken on the flight abilities of Homotomidae, but 

some have focused on other Psylloidea, which usually disperse up to a few kilometres 

(Nelson et al. 2014; Lewis-Rosenblum et al. 2015). Interestingly, M. fici experiences 

periodic major outbreaks. We hypothesize that occasional population pulses occur during 

outbreaks, with increased likelihood for individuals from these outbreaks to contribute 

highly to population expansion.   

Isolation by adaptation is also credible, and factors such as temporal isolation may play a 

role in the mainland population structure. Climate varies significantly over c. 800 km of 

latitude between Sydney and Brisbane, allowing three rather than two M. fici generations per 

year in Brisbane (Newman 2004). If the generations are not synchronised between regions 

(phenological asynchrony), this may impede gene flow between these regions (Schuster et 

al. 1989; Peterson 1995).  

 

5.5.2 Colonisation events - jump to different islands 

Understanding colonisation of geographic islands has long been a core interest of biologists. 

Until recently, few studies could determine the source of origin and the time since 

colonisation of island populations. However, the emergence of molecular markers and novel 

population genetic analyses, including coalescence approaches, has provided the toolbox to 

estimate key parameters such as time of colonisation, migration rate and population size. In 

this study, we determined that Brisbane and LHI derived from an ancestral population, 

probably located on the mainland as Brisbane had the most alleles and private alleles, as well 

as the largest allele size range (i.e. LHI is likely derived from Brisbane). In contrast, The 

New Zealand population was probably derived from the southern part of the mainland range, 



 

 

101 

 

 

around Sydney. Comparison of pairwise FST and RST of Sydney/Auckland and Brisbane/LHI 

gave us some preliminary insights into these two contrasting colonisation events. It seems 

clear that the LHI population represents an older colonisation and has its own private alleles, 

while the Auckland population harbours a subset of the Sydney genetic variability. 

The LHI colonisation event is estimated at c. 5,000 years ago. This is very recent compared 

to the geological formation of LHI about 7 million years ago (McDougall et al. 1981), 

suggesting either (i) a long delay before colonisation, (ii) repeated colonisations and 

extinctions on LHI.  The parameters used in DIYABC could also lead to under- or over-

estimation of the divergence time, but would not change the conclusion regarding LHI and 

Auckland colonisation.  

(i) Two factors could have caused a long delay to colonisation. First, the insect cannot 

establish without the presence of its host tree (F. macrophylla) on the island.  Trees on the 

mainland and LHI are different forms of the same species (Dixon 2001), but it is not known 

how long the host plant has been present on LHI. Interestingly, the first record of human 

presence on LHI is dated from 1834 (Anderson 2003), implying that colonisation was not 

human-mediated, and occurred passively, via wind or animals. Figs are a common food for 

birds and bats (e.g. Calviño-Cancela et al. 2006; Williams et al. 2006), which may disperse 

much further than the active dispersal of M. fici itself. It has been shown that the Hemlock 

woolly adelgid, another hemipteran, is sometimes dispersed by birds (McClure 1990). As 

homotomid nymphs develop under a sticky lerp, they might also be dispersed through 

sticking to the fur or feathers of birds and bats feeding on fig fruits. Wind dispersal is also a 

possibility as it is thought that the arrival of F. macrophylla pollinator wasp on LHI may be 

the result of aerial dispersal (Gardner & Early 1996). However, fig wasps are very small 

insects, famous for unusually long-distance dispersal in air currents well-above ground level 

(Compton et al. 2000), while M. fici is 7-8 mm long, much heavier than a fig wasp, and not 

known to fly upwards to air currents as fig wasps do. Indeed, larger, heavier insects are 

usually transported by wind for smaller distances (Jung & Croft 2001). Consequently, we 

expect long distance dispersal to be rare in M. fici, but cannot rule out that strong storms, for 

example, may occasionally dump mainland insects on the island. 

(ii) Extinction and recolonisation on LHI is also credible. Like many psyllids (Hall et al. 

2015), M. fici has occasional major outbreaks, hypothesized to happen during hot and dry 

years (Newman 2004). However, outside of outbreak events, population sizes are 

significantly lower (to the point that insects can be hard to detect in the field). Local 

extinction (in particular in small habitats) of species with fluctuating population numbers is 
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more likely than for species with stable populations (Fagan et al. 2001) and outbreaks cause 

local depletion of the essential resource of fig leaves, with no alternative available to this 

host-specific insect. Thus the current LHI population, dated to about 5000 years ago, may 

not have been the first. 

The most recent colonisation is the one of Auckland, which may be natural or human-

mediated. Some psyllids have been caught at high altitude suggesting travel in wind currents 

(Peck 1994; Chapman et al. 2004). However, the actual number is small compared to aphids 

(Nelson et al. 2014). It is also known that on a few days during the year, wind power and 

direction allow the transport of live insects, pollen, seeds and dust from Australia to New 

Zealand (Close et al. 1978). These easterly winds could explain the presence of many 

Australian psyllids (Acizzia spp.) (Dale 1985; Taylor & Kent 2013), and also M. fici, in New 

Zealand.  

The population genetic data link the Auckland population strongly with Sydney. This could 

reflect natural dispersal from one of the nearest (though still distant) source populations, 

favoured by wind patterns. However, the introduction of M. fici to New Zealand could also 

be human-mediated. The presence in Auckland of another psyllid, B. cockerelli, is believed 

to be due to human activities, probably smuggling of infested plants (Thomas et al. 2011). 

Today, quarantine protocols are compulsory when importing nursery plant and fresh produce 

to New Zealand, but homotomids may have arrived before these quarantine restrictions were 

introduced. Mycopsylla fici was first recorded in New Zealand in 1995 (Bain 2004), but 

could have been present before then, in small enough numbers to avoid detection. As we 

predicted, the DIYABC results suggest a very recent colonisation and estimate divergence 

from Sydney to have been only c. 70 years ago (based on two generations per year).  

Notably, we have been able to contrast two types of long distance dispersal for M. fici – 

natural and anthropogenic. This species colonised LHI a long time ago and this could not 

have been human-mediated. In contrast, Auckland was colonised recently and it is more 

likely to have been human-mediated. It is likely that long distance dispersal of homotomids 

is rare, but with important consequences for adaptation and speciation. We can expect two 

populations with limited gene flow to diverge and, with time, to differentiate into two 

distinct species as what LHI population could be currently experiencing (Fromont et al. 

2016a; b).  
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5.5.3 Conclusion 

Exploring the genetic diversity of a host-specific insect that has limited dispersal, but is 

distributed over long distances and across both habitat and oceanic islands, provides a good 

framework for understanding both the colonisation process and limits to species distributions 

across terrestrial and oceanic ecosystems. Focussing on host patches of different sizes and 

isolation, provides unique insights into the scales of dispersal between trees, patches, regions 

and islands. The mainland represents a fragmented landscape with connectivity between host 

trees, with M. fici populations at the north and south of the species distribution genetically 

differentiated and connected through a stepping stone model, with most movements small 

and leading to IBD. In contrast, rare long-distance dispersal events are required to colonise 

oceanic islands and planted trees far outside the natural range. While these long-distance 

dispersal events may have been naturally rare (potentially taking millions of years to 

colonise LHI), humans are now increasing their frequency with at least two recent 

colonisation of New Zealand and Melbourne. This is of particular concern for insect pests, 

and some of these founder populations, now isolated by improved quarantine procedures, 

may diverge with time to become genetically distinct entities. Alternatively, the general 

increase in human-mediated dispersal could result in repeated gene flow across continental 

scales, as has been inferred for some anthropogenic mosquitoes.  
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RANGE  
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bacterial endosymbiont community of a sap-feeding insect across its geographic range. 
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 Abstract 6.1

Most insect are associated with bacterial symbionts, and their diversity and community 

composition within host may play an important role in shaping insect population biology, 

ecology and evolution. Here, we focussed on the bacterial microbiome of the Australian fig 

homotomid Mycopsylla fici, which can cause defoliation of its only host, Ficus macrophylla. 

This sap-feeding insect is native to mainland Australia and Lord Howe Island (LHI), but also 

occurs where its host tree has been planted, notably in New Zealand. By using a high 

throughput 16S rDNA amplicon sequencing approach we compared the bacterial diversity 

and community composition in individuals of four host populations, Sydney, Brisbane, LHI 

and Auckland. We also compared males, females and nymphs of the Sydney population. The 

microbiome of M. fici was simple and consisted mostly of three maternally inherited 

endosymbiont species: the primary endosymbiont Carsonella, a secondary (S-) 

endosymbiont, and Wolbachia. However, their relative abundance after library rarefaction 

varied between host populations, with the exception of Sydney and Auckland. In addition, 

insects from Sydney and Auckland had identical bacterial strains supporting the hypothesis 

that Sydney is the source of the Auckland population. In contrast, mainland and LHI 

populations harboured the same S-endosymbiont but different Carsonella and Wolbachia 

strains, likely due to length of bacterial/host association or horizontal symbiont acquisition. 

Besides detecting potential host co-evolutionary patterns for harboured endosymbionts, our 

study highlights that relative abundance should also be taken into account when studying 

bacterial communities across host populations, as variations in bacterial density may impact 

host ecology.  
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 Introduction 6.2

For most if not all animal species, relationships between the animal host and its microbial 

symbionts are of fundamental importance. Insects often harbour bacterial symbionts that are 

characterised as primary (P-) and secondary (S-) endosymbionts (Buchner 1953; Moran et al. 

2008), including reproductive manipulators (e.g. Morrow et al. 2014), gut symbionts and 

other, more transient microbial associates (Morrow et al. 2015). In some cases, microbial 

symbionts enable their host to access and exploit resources that would be otherwise 

unavailable to them (Pais et al. 2008; Douglas 2009; Sloan & Moran 2012; Brown et al. 

2014; Hansen & Moran 2014). Amongst the most studied endosymbionts are Buchnera 

aphidicola and ‘Candidatus Carsonella ruddii’ (hereafter referred to as Carsonella), the 

obligate P-endosymbionts of aphids and psyllids, respectively, that feed on plant sap, a poor 

diet for insects due to its high ratio of non-essential to essential amino acids (4:1 to 20:1) 

compared to the insect 1:1 ratio (Douglas 2006).  

There is plenty of evidence that Buchnera provides or facilitates amino acid synthesis in 

aphids (Shigenobu et al. 2000; Shigenobu & Wilson 2011). In contrast, the nutrient-

provisioning role of Carsonella in psyllids has yet to be established because its very small 

genome has lost several important genes involved in amino acid synthesis, due to genome 

size reduction (Tamames et al. 2007). Buchnera and Carsonella were acquired many 

millions years ago, and have since co-evolved with their hosts (Baumann 2005). Beyond 

these P-endosymbionts, insects may also harbour facultative S- endosymbionts, whose roles, 

ranging from beneficial to detrimental, are poorly known, except for some S-endosymbionts 

in aphids. S- endosymbiont impacts on host biology are sometimes difficult to assess 

(Dunbar et al. 2007; Simon et al. 2011; Oliver et al. 2012; Lukasik et al. 2012; Su et al. 

2014a). Interestingly, the diversity and prevalence of S-endosymbionts often varies between 

host species and populations (Hansen et al. 2007; Gueguen et al. 2010), suggesting that they 

are facultative, i.e. non-essential for the host, or with environment-dependent costs or 

benefits. This has been studied particularly in aphids, which harbour a wide range of 

defensive, heritable symbionts and variations in the bacterial community have been observed 

between populations and seasons (Tsuchida et al. 2002; Simon et al. 2003; Leonardo & 

Muiru 2003; Gauthier et al. 2015; Smith et al. 2015). In addition, symbiont density within 

host individuals may also vary (Fagen et al. 2012; Bansal et al. 2014; Hoffmann et al. 2014). 

In the case of psyllids, it has been hypothesized that S-endosymbionts may compensate for 

the ongoing gene loss of Carsonella (Sloan & Moran 2012). This may have resulted in fixed 
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infection frequencies in host populations and species and therefore some S-endosymbionts of 

psyllids can be considered obligate (Hall et al. 2016). 

Many factors may vary across the geographic range of a given insect species, including 

climate, natural enemies and food availability, and these may influence symbiont density and 

diversity. Host genotype, sex and age, as well as interactions with other symbionts present in 

the same host, could also result in variation (Dossi et al. 2014). Therefore, it can be difficult 

to disentangle the impacts of these multiple factors on symbiont presence and density. 

Recently, a few studies have focussed on microbial diversity across closely related insect 

species (e.g. in Drosophila Chandler et al. 2011), or across populations of a single insect 

species (e.g. in tsetse fly Aksoy et al. 2014; in soybean aphid Bansal et al. 2014; in whitefly 

Jing et al. 2014). The latter showed that different populations of a single species harboured 

different microbiomes both in terms of diversity and relative abundance.  

In addition to their natural ranges, many species are now found in new locations due to 

human activities such as global trade (Capinha et al. 2015).  While some studies have 

compared the microbiomes of natural vs. laboratory-reared populations of the same species 

(Zouache et al. 2009; Morrow et al. 2015), few have compared microbiomes of native vs. 

invasive populations (Bansal et al. 2014; Nguyen et al. 2016). Since invasive species may 

face novel biotic and abiotic conditions in their new ranges, their microbiomes may differ 

from those of native populations. Furthermore, multiple introductions from different source 

populations may also lead to novel microbiome combinations. 

Our study focuses on Mycopsylla fici (Hemiptera: Psylloidea: Homotomidae), a sap-feeding 

homotomid that can cause complete defoliation of its sole host plant, Ficus macrophylla, the 

Moreton Bay fig (Newman 2004). This species is an iconic Australian tree with one of its 

two forms (f. macrophylla) historically found on the eastern coast of Australia in Northern 

New South Wales and Southern Queensland, while the other form (f. columnaris) is endemic 

to Lord Howe Island, a volcanic remnant 600 km offshore. Ficus macrophylla f. 

macrophylla has been planted outside its historical range within Australia (i.e. Melbourne, 

Adelaide, Perth) but also in Auckland, New Zealand and even further away in the USA and 

Europe. Mycopsylla fici also occurs in Melbourne and was first recorded in Auckland in 

1995 (Bain 2004). In a previous study of M. fici using shotgun sequencing, Carsonella and 

two other endosymbionts were found: an unidentified S-endosymbiont with a 100% infection 

rate (thereafter referred to as S-endosymbiont) and Wolbachia (Fromont et al. 2016a). 

However, this previous study did not specifically aim to characterise the entire bacterial 

microbiome of this species across different populations and low-density bacteria may have 
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been missed. Because Auckland has likely been colonised by M. fici originating from the 

Sydney region (Chapter 5), we expected the microbiomes of M. fici from these two 

populations to be similar. On the other hand, we hypothesized that M. fici from Sydney, 

Brisbane and LHI have different microbiomes, likely due to the fact that they face a different 

climate. Here, we aimed to assess (1) whether host population structure M. fici also defines 

geographic structure in microbiome diversity and composition, (2) the effect of a recent M. 

fici introduction event to New Zealand, as well as (3) the importance of host sex and 

developmental stages on bacterial symbiont communities.  

 

 Materials and methods 6.3

6.3.1 Insect sampling and 16S rDNA amplicon sequencing 

For this microbiome study, we chose 8 individual males from each of four populations: 

Sydney, LHI and Brisbane, all in the natural range in Australia, and Auckland (New 

Zealand). Only one male per tree was used. We used males as they were considerably more 

abundant than females in our collections, and to standardise the comparisons across the four 

populations. In addition, for the Sydney population, we also included 8 females and 8 late 

instar nymphs that appeared non-parasitized (i.e. nymphs without dark inclusion in their 

body and that had moved outside the protection of the lerp after the leaves were cut off the 

tree). Nymphs were not sexed. Insects were surface sterilized in order to remove microbes 

present on their surface, by first washing them in 4% bleach (3-4 min), followed by one 

wash in 0.2% Triton-X (approx. 30s) and then triple rinsing in distilled water. Genomic 

DNA was extracted from each individual using the DNeasy kit (Qiagen) following the 

manufacturer's instructions, but with the addition of 1 µl Riboshredder RNase (Epicentre) 

after the digestion step and incubation for 30 min at 37°C. The quality of the DNA 

extractions was verified using agarose gel electrophoresis, Nanodrop spectrophotometry 

(Thermo Scientific) and the DNA concentration was quantified using a Qubit dsDNA high 

sensitivity assay (Invitrogen). The primers 341F (5’-CCTACGGGNGGCWGCAG) and 

805R (5’-GACTACHVGGGTATCTAATCC) were used to amplify the V3 and V4 regions 

of the 16S rDNA (Herlemann et al. 2011). Preparation of 48 (including the normalisation of 

the DNA input to 5 ng/µl), following the Illumina 16S rDNA metagenomics library 

preparation guide, and 16S rDNA amplicon sequencing (paired end, 2x300bp), using the 

MiSeq platform were performed at the Hawkesbury Institute for the Environment Next-

Generation Sequencing Facility (Western Sydney University). 



 

 

109 

 

 

 

6.3.2 Microbiome diversity 

Sequence data were processed using Mothur v 1.34.4 (http://www.mothur.org) (Schloss et 

al. 2009) following the MiSeq SOP developed by the Schloss lab 

(www.mothur.org/wiki/MiSeq_SOP) (Kozich et al. 2013). After contig assembly, we 

discarded sequences that did not align well (i.e. with possible insertions or deletions) or 

contained more than one ambiguous nucleotide. We aligned our reads with the SILVA 

database (Pruesse et al. 2007) and further de-noised the sequences by pre-clustering them, 

allowing for a difference of 4 bp maximum between sequences (99% similarity). We then 

removed chimeric sequences using the UCHIME algorithm (Edgar et al. 2011) and clustered 

sequences into OTUs with a 0.03 cut-off value. OTUs with less than 5 reads were not used in 

following analysis.  

 

6.3.2.1 Symbiont variants in different populations 

Sequence processing as described in the previous paragraph was first conducted on the 

complete dataset (i.e. including all the insect populations) to compare diversity and relative 

abundance between host samples. We also analysed each insect population separately, to 

check for any potential symbiont variants that could have been unaccounted for due to the 4 

bp difference pre-clustering.  

We then extracted representative sequences for each OTU and aligned the sequences, 

selected the best-fit model of nucleotide substitution using MEGA v 6.06 (Tamura et al. 

2013) and built a phylogenetic tree using Bayesian inference (BI) with Monte Carlo Markov 

Chain (MCMC) in MrBayes v 3.2.2 (Ronquist & Huelsenbeck 2003; Ronquist et al. 2012). 

Two runs of four MCMC chains (3 “heated” and 1 “cold” chain) were run in parallel in 

MrBayes for 2x10
6
 generations, and sampled every 5,000 generations. Tracer v1.6 

(Drummond et al. 2012), along with the standard deviation of split frequencies, was used to 

assess stationarity of the Markov chains. 

 

6.3.2.2 Alpha diversity 

Libraries were rarefied in silico to 13,069 sequences, the size of the smallest library. Species 

richness (Chao1), diversity (inverse Simpson and Shannon) and coverage were calculated in 
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Mothur on the subsampled dataset. We compared the different indices using a Kruskal-

Wallis test with the Benjamini and Hochberg (1995) correction and multiple comparison of 

treatments as implemented in the package agricolae using the statistics software R (De 

Mendiburu 2014; R Core Team, 2014). 

 

6.3.2.3 Beta diversity 

We made three separate microbiome comparisons using different datasets: (1) the complete 

dataset, i.e. Brisbane, LHI, Auckland, Sydney males, Sydney females and Sydney nymphs, 

(2) the population dataset which included only males of the four populations and (3) the sex 

and stage dataset which included only males, females and nymphs from the Sydney 

population.  

We calculated the relative abundance of each OTU for every insect. The Bray-Curtis 

coefficient (incorporating both OTU presence and relative abundance) was calculated to 

assess dissimilarity between pairs of communities in R using the vegan package (Oksanen et 

al. 2015). The dissimilarity scores were then used to create a dendrogram of bacterial 

communities at the individual host level. We plotted it against a heat-map of the bacteria 

present, created in R using the function “heatmap.2” in the package gplots (Warnes et al. 

2015). In Mothur, we tested for the significance (parsimony test) of the clustering according 

to the population from which the host originated. Dissimilarity of the communities was 

visualized using a principal coordinates analysis (PCoA) performed on the Bray-Curtis 

coefficients in Mothur. We also used a Discriminant Analysis of Principal Component 

(DAPC) based on the bacterial relative abundance in the R package adegenet (Jombart 

2008). To test whether the spatial clustering determined with PCoA was significant, we used 

an analysis of molecular variance (AMOVA) in Mothur. The Metastats function was used to 

determine which OTUs impacted the bacterial diversity between the M. fici populations. 

 

6.3.3 Genetic data of M. fici populations 

We used two mtDNA fragments (cytochrome b – cytb and cytochrome oxidase I - COI) to 

estimate a phylogeny of M. fici populations (see Chapters 2 and 3 for a description of 

primers and protocols), using a partitioned analysis under Bayesian Inference (BI) with 

Monte Carlo Markov Chains (MCMC) in MrBayes v 3.2.2 (Ronquist & Huelsenbeck 2003; 

Ronquist et al. 2012). Two runs of four MCMC chains (3 “heated” and 1 “cold” chains) 



 

 

111 

 

 

were run in parallel in MrBayes for 2x10
6
 generations sampled every 5,000 generations. 

Tracer v1.6 (Drummond et al. 2012), as well as the standard deviation of split frequencies, 

were used to assess stationarity of the Markov chains. To test whether more closely 

genetically related M. fici populations have more similar microbiomes, we compared the 

mitochondrial phylogenetic tree of M. fici and the dendrogram created with the 16S rDNA 

data of the males from Sydney, Brisbane, Auckland and LHI, using the parafit function in 

the ape package with 999 permutations (Paradis et al. 2004). 

 

 Results 6.4

6.4.1 Microbiome diversity 

M. fici individuals produced an average of 29,761 reads. After quality filtering and de-

noising, a total of 1,428,537 sequences were used for analysis, ranging from 13,069 to 

62,168 sequences per insect host (Table 6.1). Across M. fici individuals, we identified 18 

OTUs belonging to the phyla Firmicutes, Actinobacteria and Proteobacteria, and within the 

latter, OTUs belonging to the classes Alphaproteobacteria, Betaproteobacteria and 

Gammaproteobacteria (Fig. 6.1). 

Wolbachia and an unclassified Enterobacteriaceae OTU, both present in every individual 

accounted for about 98% of all sequence reads (708,761, and 695,076, i.e. 49.6% and 48.7% 

respectively). We compared the Wolbachia and unclassified Enterobacteriaceae sequences to 

the 16S rDNA genes of Wolbachia and the S-symbiont (GenBank accession numbers 

KT273277 and KT273275) harboured by the homotomids and found that they were identical. 

The primary endosymbiont, Carsonella, was present in every individual but only 4,135 

sequence reads (0.29%) in total were found. The discrepancy between the numbers of 

sequence reads for Wolbachia, the unclassified Enterobacteriaceae and Carsonella could be 

due to differences in primer affinity to these bacteria. Authors usually refer to Carsonella 

and Wolbachia as endosymbiotic bacteria and while our study did not use microscopy to 

locate these bacteria, we referred to them as endosymbionts. Similarly, the physical location 

of the homotomid S-symbiont was not assessed in this study. However, as Buchner (1965) 

and Chang & Musgrave (1969) described the presence of a S-symbiont in the syncytial 

region of the bacteriome and authors often refer to psyllid S-symbiont as S-endosymbiont 

(e.g. Spaulding & von Dohlen 1998; Thao et al. 2000a), we described the unclassified 

Enterobacteriaceae as a S-endosymbiont. We acknowledge that microscopy should be used 

to properly locate these bacteria in homotomids but this bacterium was present in all 
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individuals tested and seems to coevolve with its host, suggesting a tight association. No 

other bacterium was found consistently across samples. One male individual from LHI 

(CF61) had a very high incidence of Pseudomonas (13,879 sequences) and Pantoea (4,405 

sequence reads), but these bacteria were very rare in other insects. In addition, few sequences 

corresponding to Wolbachia (358 sequence reads) and the S-endosymbiont (1,072 sequence 

reads) were found in CF61 compared to their average presence in other samples from LHI 

(6,594 and 11,948, respectively) (Fig. 6.2). Overall, six OTUs were found only in CF61. 

This sample may have been contaminated, diseased or acquired plant- associated bacteria 

(including potential plant pathogens), so we did not use it in subsequent analysis that 

addresses population structures. One female sample from Sydney that was also removed 

from the analysis, CF87, had a high incidence of Enterococcus (9% of the reads), which was 

not present in other samples. 
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Figure 6. 1: Bayesian inference tree of 16S rDNA sequences showing the position of the 

OTUs found in the microbiome of Mycopsylla fici. OTUs from M. fici are shown in green. 

Numbers below branches are posterior probability calculated by BI. Branch labels show 

GenBank accession number and species name, in case of P- or S-endosymbiont, the name of 

the host is indicated. SS (S-endosymbiont) 
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Table 6. 1: Alpha diversity metrics calculated after rarefaction to 13,069 sequences of 48 

microbiome samples of Mycopsylla fici from four populations, males, females and nymphs. 

All insect hosts harboured Carsonella, a S-endosymbiont and Wolbachia. Nseqs = number of 

16S rDNA sequences after quality filtering, de-noising and chimera removal, OTUs = 

number of operational taxonomic units at a 0.03 cut-off, InvSimpson and Shannon = 

estimates of diversity, Chao1 = estimate of species richness. For an indication of which 

OTUs were present in each host sample, see Fig. 6.2. 

Sample Id Location Sex/stage Nseqs Coverage OTUs InvSimpson Shannon Chao1 

CF51 Auckland male 27439 1 3 1.998 0.694 3 

CF52 Auckland male 40196 1 3 1.816 0.655 3 

CF53 Auckland male 34558 1 3 2.008 0.706 3 

CF54 Auckland male 33597 1 3 2.009 0.708 3 

CF55 Auckland male 28358 1 3 1.989 0.700 3 

CF56 Auckland male 33997 1 3 1.977 0.701 3 

CF57 Auckland male 38177 1 3 1.772 0.642 3 

CF58 Auckland male 44554 1 4 1.904 0.678 4 

CF59 LHI male 13069 1 5 1.720 0.640 6 

CF60 LHI male 15914 1 3 1.982 0.720 3 

CF61 LHI male 20072 1 12 1.889 0.906 12 

CF62 LHI male 23903 1 3 1.715 0.627 3 

CF63 LHI male 21132 1 6 2.022 0.729 6 

CF64 LHI male 19964 1 3 1.734 0.637 3 

CF65 LHI male 21619 1 3 1.974 0.705 3 

CF66 LHI male 14919 1 4 1.629 0.596 4 

CF67 Brisbane male 56491 1 5 1.260 0.383 5 

CF68 Brisbane male 44559 1 3 1.982 0.701 3 

CF69 Brisbane male 30227 1 4 1.279 0.397 4 

CF70 Brisbane male 24535 1 4 1.295 0.403 4 

CF71 Brisbane male 16344 1 3 1.383 0.470 3 

CF72 Brisbane male 16987 1 4 1.186 0.312 4 

CF73 Brisbane male 16105 1 4 1.341 0.450 4 

CF74 Brisbane male 16819 1 4 1.392 0.477 4 

CF75 Sydney male 29107 1 5 1.981 0.701 5 

CF76 Sydney male 34885 1 3 1.869 0.669 3 

CF77 Sydney male 28227 1 4 1.976 0.697 4 

CF78 Sydney male 37345 1 4 1.946 0.690 4 

CF79 Sydney male 18171 1 3 1.488 0.520 3 

CF80 Sydney male 62168 1 6 1.888 0.671 6 

CF81 Sydney male 54086 1 5 1.644 0.588 5 

CF82 Sydney male 47767 1 6 1.839 0.664 6 

CF83 Sydney female 29999 1 5 2.001 0.715 5 

CF84 Sydney female 21031 1 4 2.004 0.710 4 

CF85 Sydney female 15806 1 3 2.001 0.704 3 

CF86 Sydney female 24757 1 3 1.973 0.698 3 

CF87 Sydney female 18300 1 4 2.359 0.947 4 

CF88 Sydney female 35557 1 4 1.911 0.681 4 

CF89 Sydney female 21798 1 4 1.867 0.702 4 

CF90 Sydney female 27864 1 4 1.917 0.684 4 

CF91 Sydney nymph 21944 1 3 2.010 0.709 3 

CF92 Sydney nymph 23485 1 5 1.919 0.686 5 

CF93 Sydney nymph 24428 1 3 1.938 0.690 3 

CF94 Sydney nymph 36605 1 3 1.992 0.700 3 

CF95 Sydney nymph 31206 1 3 1.986 0.697 3 

CF96 Sydney nymph 45330 1 4 1.995 0.707 4 

CF97 Sydney nymph 36819 1 3 2.013 0.718 3 

CF98 Sydney nymph 48317 1 3 1.976 0.706 3 
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Figure 6. 2: Similarity of male Mycopsylla fici samples using a heatmap and a dendrogram 

(on the left side of the figure). OTUs were identified in Mothur and the light yellow to red 

scale represents the relative abundance of each OTU. Colours were attributed to each group 

on the dendrogram (Blue- Auckland, Yellow- LHI, Green- Brisbane and Red-Sydney). 

Sample Id is indicated on the right of the figure. The dendrogram was using the Bray-Curtis 

index. The phylogenetic tree of COI and cytb of M. fici populations is included on the right 

side of the figure.   

 

6.4.2 Endosymbiont variants 

By focussing the analysis on the four populations separately instead of the complete dataset, 

we discovered population-level variants for two bacteria. Individuals from Sydney, Brisbane 

and Auckland harboured one Wolbachia sequence variant and those from LHI another. 

These differed by three nucleotides of the short 16S rDNA amplicon. This situation was 

similar for Carsonella, with LHI sequences differing by one nucleotide from those of all 

other populations. All individuals harboured the same S-endosymbiont (Fig. 6.1) sequence. 

As the difference is minimal, these sequences are not separated into different species when 
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using a 3% cut-off, but still represented fixed bacterial differentiation between populations 

and as such, were recovered when studying each population independently. 

 

6.4.3 Alpha diversity 

The coverage was very good, being more than 0.99 for all hosts after rarefaction to 13,069 

sequence reads. We calculated the Chao1 richness index, the inverse Simpson and Shannon 

diversity estimator (Table 6.1). There was no difference between populations (Kruskal-

Wallis, χ
2
= 5.3, p= 0.15) and it was low for all insects (Chao1, 3.96 ± 1.50), except for one 

individual (CF61) whose Chao index was 12. There was a difference in inverse Simpson 

(Kruskal-Wallis, χ
2
= 13.6, p= 0.003) and the Shannon diversities (Kruskal-Wallis, χ

2
= 13.5, 

p= 0.004) and this was driven by low diversity in individuals collected from Brisbane (Fig. 

6.3). 

 

Figure 6. 3: Alpha diversity indices (A- InvSimpson, B- Shannon and C- Chao1) of the four 

populations, sexes and stages of M. fici. 
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6.4.4 Beta diversity 

6.4.4.1 Mycopsylla fici populations 

We used beta diversity measurements based on Bray-Curtis measures to compare 

communities from different host populations, shown here in a dendrogram (Fig. 6.2). All 

location groupings were significantly different (PARSIMONY, p<0.05) except for Sydney-

Auckland (PARSIMONY, p=0.79).  

The Bray-Curtis values obtained were also visualised using DAPC (Fig. 6.4) and PCoA. We 

used the first two PCoA / DAPC dimensions as they explained 93% of the variation. The 

three methods gave very similar results (for DAPC see Fig. 6.4). Males from Sydney, 

Brisbane, Auckland and LHI had different microbiomes, with males from Sydney and 

Auckland actually having similar microbiomes (see AMOVA and Kruskal-Wallis tests in 

Table 6.2 A and B). In Sydney, males, females and nymphs had also different microbiomes, 

with the comparison between microbiomes of (i) nymphs and males, and (ii) males and 

females being statistically different while the microbiomes of (iii) nymphs and females were 

not statistically different (see AMOVA and Kruskal-Wallis tests in Table 6.2 A and C). 

Similarly to the parsimony analysis of the dendogram, individuals clustered according to the 

locality they were collected from and this was significant. The pairwise comparison of 

Sydney and Auckland was not statistically different (AMOVA, F=3.3, p=0.1). Three OTUs 

(Wolbachia, S- and Carsonella) were responsible for the sample groupings along the PCoA 

axes. Not surprisingly, and consistent with the heatmap generated from relative sequence 

read abundances, Wolbachia and the S-endosymbiont drove the position of samples in 

opposite directions along the first axis of the PCoA. The Metastats function indicated that 

relative bacterial densities (based on relative sequence read abundance) were similar in 

samples from Sydney and Auckland. Carsonella sequence reads were slightly more 

abundant in insects from LHI than from Brisbane, with both being higher than in insects 

from Sydney/Auckland. S-endosymbiont relative sequence read abundance was higher in 

insects collected in Brisbane than in those from LHI, with both being higher than in insects 

from Auckland and Sydney. Wolbachia relative sequence read abundance showed the 

opposite pattern to the S-endosymbiont, i.e. higher in Auckland and Sydney insects, 

followed by LHI and Brisbane insects (Table 6.2 and Fig. 6.5).  
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Figure 6. 4: Scatterplot of DAPC of M. fici microbiome showing the first two principal 

components of the DAPC. Nymphs and females were collected in Sydney. Clusters are 

shown by different colours and inertia ellipses, while dots represent individuals. Male CF61 

from LHI and female CF87 from Sydney were removed from the DAPC analysis.

 

Figure 6. 5: Relative abundance of the three major OTUs in A) males of different 

populations and B) different stages and sexes within the Sydney population of M. fici. 

100*Carsonella – relative abundance of Carsonella multiplied by 100. Means with different 

letters were significantly different using Kruskal-Wallis tests.   
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Table 6. 2: Results of the statistical tests used to compare the bacterial communities between 

populations and sexes/stages of M. fici. Table A) presents the results of the AMOVA test to 

assess whether the bacterial communities of each insect population were different while 

tables B) and C) present the results of the Kruskal-Wallis test used to determine whether the 

relative abundances of Carsonella, S-endosymbiont and Wolbachia differed among 

populations and sexes/stages, respectively. In table B) and C), we present a ranking of the 

insect populations in which a given bacterium was relatively more abundant to less 

abundant. # Sydney females were not significantly different from males and nymphs and are 

not presented in table C).  

A) AMOVA test between: F p-value 

Males Sydney-Brisbane-Auckland-LHI 44.9 <0.001 

Males Sydney-Auckland 3.3 0.1 

Males Auckland-Brisbane 70.3 <0.001 

Males Auckland-LHI 28.1 <0.001 

Males Brisbane-LHI 11.7 0.02 

Males Brisbane-Sydney 91.5 <0.001 

Males LHI-Sydney 44.7 <0.001 

Sydney nymphs-males-females 5.1 0.01 

Sydney nymphs-males 8.2 0.002 

Sydney males-females 4.3 0.05 

Sydney nymphs-females 1.2 0.3 

B) Carsonella S-endosymbiont Wolbachia 

Kruskal-Wallis test χ
2
= 21.2, p= 9.6e

--5
 χ

2
= 24.8, p= 1.7e

--5
 χ

2
= 24.8, p= 1.7e

--5
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C) Carsonella S-endosymbiont Wolbachia 

Kruskal-Wallis test χ
2
= 5.4, p= 0.07 χ

2
= 6.9, p= 0.03 χ

2
= 7.1, p= 0.03 
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6.4.4.2 Mycopsylla fici sexes and stages 

The Bray-Curtis dendrogram was not significantly different from a random dendrogram, i.e. 

samples did not group according to host sex or stage. However, using AMOVA, sexes and 

stages were significantly different (Table 6.2, for DAPC see Fig. 6.4). Male and nymph 

bacterial communities were different, while male and female bacterial communities were 

marginally different. As we were not able to sex the nymphs, it is possible that the absence 

of a difference between the female group and the nymph group indicates that more female 

nymphs were sampled. Carsonella relative sequence read abundance was similar across 

stage and sex. Wolbachia relative sequence read abundance was higher in males compared to 

nymphs, but was not significantly different in females compared to both males and nymphs. 

Meanwhile, S-endosymbiont relative sequence read abundance was lower in males compared 

to nymphs, but was not significantly different in females compared to both males and 

nymphs (Table 6.2 and Fig. 6.5). 

Genetic data 

Using both cytb and COI to calculate a concatenated mitochondrial phylogeny, we found that 

insects from Sydney and Auckland were very similar, while those from Sydney and Brisbane 

were more closely related to each other than to insects from LHI.  However, microbiome 

relatedness (including bacterial diversity and relative sequence read abundance) was not 

correlated with mtDNA relatedness at the population level (ParaFitGlobal=0.002, p=0.52). 

The microbiomes of insects from Brisbane and LHI are more similar to each other than to 

those from Sydney. However, this contrasts with the pattern for mtDNA, for which Brisbane 

insects are genetically closer to those from Sydney than from LHI. Interestingly, the 

genetically related Sydney and Auckland populations also shared very similar microbiomes 

(Fig. 6.2).  

 

 Discussion 6.5

Our study compared the bacterial communities harboured by four populations of M. fici, a 

sap-sucking insect pest of an Australian iconic fig tree, F. macrophylla. In addition, we 

compared the microbiome of males with females, and adults with nymphs. Overall, we found 

relatively few OTUs (including Carsonella, an unidentified S-endosymbiont and 

Wolbachia). However, the LHI population had variant sequences for two of the OTUs 

present in all samples (Carsonella and Wolbachia). We also observed differences in relative 
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sequence read abundance of the three main OTUs between M. fici populations that added 

insight on the colonisation history of this host species. Samples from Sydney and Auckland 

had similar relative sequence read abundance and this result further corroborated the fact that 

Sydney area is the likely source population of New Zealand individuals.  

 

6.5.1 Stream-lined microbiome 

The three main endosymbionts recovered (Carsonella, an unidentified S-endosymbiont and 

Wolbachia) confirmed the findings of a previous analysis using shotgun sequencing of total 

genomic DNA from two species of Mycopsylla (Fromont et al, 2016a). This very low 

diversity, i.e. 3-6 OTUs, is consistent with other analyses of the microbiomes of phloem-

feeding insects (Jing et al. 2014). In particular, the microbiome of Diaphorina citri, the 

Asian citrus psyllid by Jing et al (2014) revealed only 4-7 and the one of Calophya spp. only 

5-8 OTUs  with an abundance >1% (Overholt et al. 2015).  

As expected, M. fici harboured Carsonella as the P-endosymbiont and an undescribed S-

endosymbiont. Carsonella has one of the smallest bacterial genomes (Nakabachi et al. 2006) 

and is missing key genes involved in amino acid biosynthesis (Sloan & Moran 2012). Its 

nutritive role could be supplemented by the presence of a S-endosymbiont. Interestingly, in 

three Australian Mycopsylla spp., the same secondary endosymbiont was found to show 

codivergence patterns with its host (Fromont et al. 2016a). The fact that this endosymbiont 

was present in all individuals of these species questions whether it is a facultative secondary 

endosymbiont. While Carsonella is always described as a primary and thus obligatory 

endosymbiont, the ‘secondary’ endosymbiont associated with Mycopsylla may in fact act as 

a co-primary, nutritional endosymbiont, and also be obligate. Further studies on this 

endosymbiont through experiments, microscopy or genome analysis would shed light on its 

functions and possible role in compensating for Carsonella gene loss. Mealybugs have been 

found to harbour nested endosymbionts, Moranella and Tremblaya, with metabolic 

complementarity for the synthesis of some essential amino acids (McCutcheon & Von 

Dohlen 2011). S-endosymbionts of psyllids are predicted to complement P-endosymbiont 

function, however they are located in the syncytial space of the bacteriome, outside the 

bacteriocytes that contain Carsonella (Sloan & Moran 2012) 

Wolbachia, a very common insect endosymbiont, infecting approximately 40% of terrestrial 

arthropods (Zug & Hammerstein 2012), was present in all samples. Interestingly, in another 

hemipteran species, Wolbachia was demonstrated to act as a nutritional mutualistic 
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bacterium of the bedbug Cimex lectularius (Hosokawa et al. 2010). The possibility that 

Wolbachia has a nutritional role in psyllids, as a complement to Carsonella, is worth 

exploring, especially given Wolbachia’s 100% infection rate in M. fici. A study on 

Wolbachia in a leaf-cutting ant has found the bacterium to be present in the foregut and this 

result suggests a potential role as a nutritional symbiont (Anderson et al. 2010).The use of 

fluorescence in situ hybridisation to locate endosymbionts in M. fici could help resolve the 

role of the associated bacteria. However, it is also possible that Wolbachia induces 

cytoplasmic incompatibility and therefore is fixed in host populations as seen in other insect 

species (Riegler & Stauffer 2002). This may also explain the tight association of 

mitochondrial haplotypes with Wolbachia strains (Schuler et al. 2016). 

We recovered only a few other bacteria (15 OTUs), usually not present in all host samples, 

all at low abundances, but represented by at least five reads. Some, such as Pantoea, 

Pseudomonas or Oxalobacter, have previously been found associated with other plant sap-

feeding insects, also with a very low abundance and could be environmental or plant-

associated bacteria (Clark et al. 2012; XiaoFang et al. 2012; Jing et al. 2014). Others, such 

as Buttiauxella, Psychrobacter, Methylophilaceae or Phyllobacterium were also described in 

other studies on insects (Moran & Telang 1998; Matsuura et al. 2012; Gendrin & 

Christophides 2013; Vicente et al. 2013), and were thought to be acquired from the 

environment, likely present in the gut of their host and without any symbiotic role. 

Interestingly, Davidson et al. (2000) found no bacteria in the whitefly Bemisia tabaci gut, 

while Grenier et al (1994) found few microorganisms (dominated by Staphylococcus and 

Pseudomonas) in the gut of the aphid Acyrthosiphon pisum, one bacterial species in the gut 

of the aphid Myzus albifrons and none in the gut of Myzus persicae. They attributed the low 

diversity to filtering at the stylet level (Grenier et al. 1994). It should also be said that 

phloem is generally microbe-free (Jing et al. 2014). Colonization resistance, i.e. the 

limitation of bacterial growth by the indigenous gut microbiota could also happen and limit 

the development of some bacteria, including pathogenic ones (Dillon & Dillon 2004). In 

contrast, insects that do not feed on phloem often have considerably higher bacterial 

diversity, likely present in their gut (i.e., ants Ishak et al. 2011; black soldier fly Zheng et al. 

2013; tiger mosquito Minard et al. 2014).  

Grenier et al. (1994) found a Gram-positive coccus present in L4 larva of the aphid A. pisum 

but absent from all young adults screened. They hypothesized that loss of the bacteria was 

due to insect moulting. In M. fici, nymphs and adults shared very similar bacterial diversity 
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with only three bacterial symbionts present in all individuals so we found no differences 

attributable to moulting.   

 

6.5.2 Bacterial variants present 

Interestingly, we recovered small variations between bacterial sequences from different 

populations. Wolbachia harboured by individuals from LHI were three nucleotides different 

than Wolbachia from mainland and New Zealand individuals. Carsonella also differed 

between LHI and the mainland and New Zealand by only one nucleotide. In contrast, the S-

endosymbiont sequence was the same in every sample. Our finding of bacterial variants 

using 16S rDNA amplicon sequencing is not an isolated case, Overholt et al. (2015) found 

multiple OTUs for Carsonella and an Enterobacteriaceae between Calophya spp. However, 

they found no difference in Carsonella sequences between two Calophya spp. and attributed 

this to the low resolving power of short 16S rDNA fragments (Thao et al. 2000a; Overholt et 

al. 2015).  

The presence of bacterial variants may be linked to the patterns of co-evolution of species of 

the superfamily Psylloidea and endosymbionts. The P-endosymbiont Carsonella was 

acquired from a single infection event, ~100-250 Mya followed by long term co-speciation 

(Thao et al. 2000b; Wernegreen 2002; Baumann 2005) as proven by the observation of co-

cladogenesis between host species and Carsonella (Hall et al. 2016). Our mtDNA phylogeny 

shows that M. fici from Sydney and Brisbane are more closely related than either group is to 

those from LHI. The island was formed ~7 Mya (McDougall et al. 1981) and the arrival of 

the host tree and insect could be ancient. The geographic isolation of the island from the 

Australian mainland (600 km off-shore) is likely to restrict gene flow leading to genetically 

distinct insects and P-endosymbionts on LHI. In addition, F. macrophylla f. columnaris is 

found on LHI while f. macrophylla is present on the mainland. This difference in host-plant 

association could have led to ecological specialisation of the homotomids and, as a result, to 

genetic differentiation between mainland and LHI populations. On the mainland, while 

isolation by distance is likely to happen, the barriers to gene flow are less extreme and 

individuals and their P-endosymbionts are genetically closer to each other than to those from 

LHI, and this was reflected by their endosymbiont genetic diversity. While separated by 

about 2,000 km, Auckland and Sydney were genetically similar and shared the same 

bacterial variants. This is not surprising as M. fici arrived only recently (probably within the 

last 100 years) in New Zealand (Bain 2004), likely originating from the Sydney region. 
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Probably due to the ongoing gene loss in Carsonella and its subsequent inability to provide 

amino acids to its host, it has been found that homotomid S-endosymbionts display signs of 

longer association with their host compared to S-endosymbiont in other host insect taxa 

(Sloan & Moran 2012; Hall et al. 2016). This could explain the absence of variation in the 

16S rDNA sequence of the S-endosymbiont. However, the low resolution power of these 

short 16S rDNA fragments is also a likely explanation for the lack of variation. Wolbachia 

sequences were more different between LHI and the other populations compared to the P-

endosymbiont. However, this may be due to the fact that Wolbachia while maternally 

inherited can also be horizontally transmitted between species (Heath et al. 1999; Cook & 

Butcher 1999). We probably have two different strains and these could cause cytoplasmic 

incompatibilities between the mainland and LHI populations, potentially adding an 

additional barrier (beyond the 600 km of ocean dispersal barrier) to gene flow between 

mainland and LHI populations, and enhancing the conditions for speciation of the LHI 

population. Alternatively, the Tasman Sea could solely act as a barrier leading, with time, to 

genetically discrete populations on LHI and the mainland with genetically distinct bacteria, 

including Wolbachia.  

 

6.5.3 Variation in relative sequence read abundance 

Although bacterial diversity did not differ between populations, we found differences in 

relative sequence read abundances. We need to be cautious regarding conclusions on 

bacterial abundances based on 16S rDNA amplicon sequencing, as some taxa may be over-

represented due to higher primer affinity than others (Amend et al. 2010; Gauthier et al. 

2015). Low primer affinity may explain why Carsonella is poorly represented. Other studies 

of insect microbiomes using different regions of the 16S rDNA gene and different primer 

sets such as the V4 region (Overholt et al. 2015) or the V6-V7 regions (Jing et al. 2014) 

have found higher percentages (51-65% and 10-72%) of Carsonella reads amongst their 

microbial sequences than we did here. This discrepancy may reflect differential success of 

the primers in amplifying Carsonella and future studies could make a direct comparison to 

test this idea. However we have investigated highly similar microbiomes that involves the 

same bacterial diversity across populations of a single host species, therefore we can assume 

that primer affinity is controlled for across all samples (Fagen et al. 2012). According to 

Pinto and Raskin (2012), metrics that combine both richness and relative abundance are 

more reliable to draw quantitative conclusions than richness and shared richness metrics. 

Nevertheless, relative abundance results do not allow us to draw conclusions on whether the 
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decrease in relative abundance of a bacterium is due to decrease in this bacterium or increase 

in another bacterium.  

We found that males from Sydney and New Zealand have very similar microbiomes not only 

in terms of diversity, but also in terms of the relative sequence read abundance of 

endosymbionts. In contrast, males from Sydney, Brisbane and LHI, while sharing similar 

diversity, have different bacterial relative sequence read abundances. As discussed above for 

endosymbiont variants, we can draw similar conclusions about links between bacterial 

community relative abundances and biogeographic history of the M. fici populations. They 

constituted highly structured populations with some gene flow on the mainland and probably 

none with LHI. This situation is mirrored by the differences in bacterial relative abundance. 

However, more closely related M. fici populations did not harbour a more similar 

microbiome. While host genetic relatedness does not influence bacterial relative abundance, 

a link likely exists between genetic relatedness of host populations and genetic relatedness of 

their maternally inherited bacteria (see Fromont et al. 2016a)Chapter 3). Exceptionally, New 

Zealand was colonized recently from Sydney and no change in relative abundance has been 

observed so far. Previous studies have found differences in bacterial relative abundances 

(Morrow et al. 2015; Overholt et al. 2015), but those differences were mainly observed 

between congeneric species rather than across conspecific populations. Interestingly, 

Morrow et al. (2015) found that environment had a greater impact than species affiliation on 

bacterial community similarity, but they were not able to disentangle which aspects of the 

environment (e.g. diet, temperature) drove these patterns.  

Different populations of the same species may face different environments including climate 

variables or predator pressure for example. This is particularly interesting in the case of 

multiple infections of vertically transmitted endosymbionts that coexist inside the same host. 

We found differences in relative abundances of symbionts in each population and this may 

imply that (i) each bacterial species responds differently to host genotype and/or 

environment, via proliferation rate for example, (ii) a change in the interactions 

host/symbiont, such as symbiont regulation, may happen or (iii) different environment and/or 

genotypes, interacting or not, may lead to preferential associations. In addition, we also have 

two different Wolbachia strains (mainland/LHI) and this could affect further the density of 

this symbiont. For example, Ikeda et al. (2003) found that two Wolbachia strains were 

regulated independently and resulted in different densities of each strain in the same host. 

Numerous studies investigated factors influencing bacterial density, with many focussing on 

Wolbachia. The importance of temperature (Mouton et al. 2006), bacterial strains (Ijichi et 
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al. 2002; Ikeda et al. 2003; Mouton et al. 2003), host species or genotypes (McGraw et al. 

2002; Ikeda et al. 2003; Kondo et al. 2005) as well as host-genotype-by-environment 

(Mouton et al. 2007) interactions have all been shown for Wolbachia and other bacteria (i.e., 

Spiroplasma Anbutsu et al. 2008; Portiera, Hamiltonella and Rickettsia Su et al. 2014b). It 

can be even more complex; effects of a single factor such as temperature may not be linear 

or easily predictable, resulting from “genotype-by-genotype-by-environment” interactions 

(Thomas & Blanford 2003; Anbutsu et al. 2008). Moreover, these issues all apply when 

considering one symbiont, and complexity increases further with multiple interacting 

symbionts present in one host, especially if they are not segregated to different tissues or 

structures. 

In order to compare symbiont densities, quantitative PCR should be used on individuals from 

different populations and stages. For example, a recent study assessed Buchnera titre by 

quantitative PCR in genetically distinct aphid lines and found titres to be correlated with host 

fitness (Chong and Moran, 2016).  In our system, additional studies are then needed to 

understand the impact of the harboured symbionts as well as their density on M. fici biology 

as bacterial density may have an impact on transmission; or, in the case of Wolbachia in the 

expression of reproductive manipulation phenotypes such as cytoplasmic incompatibility 

(Mouton et al. 2006).  
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GENERAL DISCUSSION 
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 Introduction 7.1

The research presented in this thesis focussed on Mycopsylla species, in the little studied 

Homotomidae family. In Australia, two species have been previously described, M. fici 

feeding on F. macrophylla and M. proxima feeding on F. rubiginosa. Mycopsylla fici has 

outbreak potential and was the main focus of my work.  

Using molecular ecology approaches, I sought to increase our knowledge of this poorly 

studied system by testing ideas in endosymbiont biology and species interactions. I 

investigated the interactions between Ficus trees, Mycopsylla hosts, Psyllaephagus 

parasitoids and bacterial endosymbionts, and focussed on inter- and intra-specific levels of 

genetic diversity in Mycopsylla. My study had three principal aims linked to answering 

questions on species interactions and how they vary across populations. 

1) The first aim was to assess the diversity of fig homotomids, their endosymbiotic 

bacteria and associated parasitoids in Australia and New Zealand. 

2) The second aim was to understand the population structure and dispersal of M. 

fici, an outbreak species, on the east coast of Australia, LHI and New Zealand. 

3) The third aim was to study the interactions of Mycopsylla and their obligate and 

facultative endosymbionts at the host species and population levels. 

I articulated this thesis around five experimental chapters that explored ecological and 

evolutionary interactions of M. fici and related species. In chapter 2, I described the 

homotomid and parasitoid diversity in Australia and New Zealand. In chapter 3, I studied the 

diversity of endosymbionts associated with Australian Mycopsylla species, with a particular 

focus on the genetic diversity and phylogeography of M. fici and its endosymbionts. In 

chapter 4, I presented the microsatellite markers developed for M. fici; then I used these in 

chapter 5 to characterize the population structure and dispersal of M. fici in Australia, LHI 

and New Zealand and also to explore possible colonisation histories. Finally, in chapter 6, I 

compared the diversity and relative abundance of bacterial endosymbionts associated with 

M. fici across different, structured populations of the host.  

This general discussion chapter is structured around three main themes that are recurrent 

throughout the thesis: 1 – Diversity and host-specificity, 2 – Phylogeography and dispersal 

and 3 – Geographic population structure. Within these three themes, I first summarise the 

key findings across the different chapters related to a particular theme and discuss different 
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questions linked to this broader theme. I then present a section expanding on future research 

questions.  

 

Figure 7. 1: Schematic diagram of key research themes, scope of study, and relevance of 

issues 

 

 

 Key findings and discussion 7.2

7.2.1 Insect and bacterial diversity and host specificity 

7.2.1.1 Key findings  

 Species diversity in Mycopsylla food web 7.2.1.1.1

In this thesis, I present evidence for new species of both homotomid (one putative new 

species) and parasitoid species (five new species) compared to what was described in the 

literature. The rapid growth of molecular taxonomy, including DNA barcoding, has provided 

new tools for the discovery and description of insect diversity and, in particular, of cryptic 

species (Hebert et al. 2003, 2004; Haine et al. 2006; Gebiola et al. 2012; Clare et al. 2013; 
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Rouxel et al. 2013; Ludwiczuk et al. 2013; Camp et al. 2014). Some recent studies have 

reported the use of molecular data to split what was thought to be a single host-generalist 

herbivore (e.g. Hebert et al. 2004) or parasitoid (e.g. Smith et al. 2006) species into several 

more host-specific cryptic species. If this pattern is common and widespread, the world has 

far more species and far more specialists than we currently think. This is of importance for 

estimates of global diversity that rely on scaling up from small-scale studies. Since the 

adoption of DNA barcoding, an amazing number of sequences has been uploaded to 

databases, potentially increasing our knowledge of species numbers and facilitating cryptic 

species identification. However, one of the drawbacks of this fast accumulation of new 

species (i.e. sequences via DNA barcoding) is that morphological description cannot keep 

pace and most species remain unnamed (Schlick-Steiner et al. 2007), especially as funds 

allocated to taxonomy are mostly directed to molecular phylogenies and not traditional 

taxonomic work that builds on morphology and ecology (Wheeler et al. 2004). 

The lack of formal description is particularly noticeable for insect bacterial endosymbionts 

where primary and widespread endosymbionts are often described (e.g. Carsonella, 

Buchnera, Wigglesworthia, Wolbachia) but some secondary and less widespread 

endosymbionts frequently remain unknown, even at the genus level (e.g. in GenBank 

AF476106: S-symbiont of Melanococcus albizziae, AF263560: S-symbiont of Calophya 

schini, AY264664: S-symbiont of Aleurodicus dispersus). It is important to note that 

taxonomic conventions for insects and bacteria are different, with bacterial taxonomy relying 

mostly on 16S rDNA (or wider genomic data) while insect taxonomy rely on both DNA 

barcoding and morphological description. The main issue here is that while new 16S rDNA 

sequences of bacteria are being isolated at an increasing rate, their species status is often not 

further examined.  

I also characterised the diversity of endosymbionts associated with homotomids. They 

harboured the known P-endosymbiont of psyllids and other psylloids, (Carsonella) and a S-

endosymbiont, probably belonging to a lineage of S-endosymbionts (within the 

Enterobacteriaceae) that has not yet been named. Beyond this, I also found Wolbachia in 

three homotomid species, which is not surprising, given its presence in ~40% of terrestrial 

arthropod species (Zug & Hammerstein 2012). 
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 Host-specificity in Mycopsylla food web 7.2.1.1.2

I found that homotomids were highly host-specific to their fig host species. Mycopsylla fici 

was found only on F. macrophylla and M. proxima only on F. rubiginosa. Only very few 

individuals were collected of the putative new Mycopsylla sp. on F. watkinsiana. While M. 

fici experiences outbreak leading to almost complete defoliation of its host tree, no 

individuals were collected on adjacent trees of other species. These massive defoliation 

events may have important impacts on wider animal communities associated with F. 

macrophylla. More variation in host-specificity was observed for the parasitoids, with three 

host-specific species and three species found attacking more than one homotomid species. 

The three host-specific Psyllaephagus species were only collected from M. fici, the most 

common Mycopsylla species. As discussed in chapter 2, M. fici is the host species that 

represent the largest resource and the only species with host-specific parasitoid and this is 

consistent with ‘resource fragmentation hypothesis’ (Janzen 1981).  Regarding the bacterial 

endosymbionts, only Wolbachia differed across different populations of one host species, i.e. 

the strain found in M. fici from LHI different from the strain on the mainland.  

 

7.2.1.2 Importance of small-scale studies for the assessment of global diversity 

The number of plant and animal species on earth continues to be debated vigorously 

(Ødegaard 2000; Basset et al. 2012; Costello et al. 2012; Adams et al. 2014). Early studies 

estimated from about 3 to 100 million species (May 1988, 1992) – a very wide range of 

uncertainty. However, some recent studies have aimed to refine these estimates of global 

species diversity and introduced confidence limits and likelihood approaches. For example, a 

detailed study by Mora et al (2011) yielded an estimate of 8.7 million eukaryotic species (1.3 

million SE). A more recent study by Stork et al. (2015) estimated the number of insects to be 

5.5 million species (range 2.6-7.8 million) and the number of terrestrial arthropods to be 6.8 

million species (range 5.9-7.8 million). As only about 1.2 million species have actually been 

described to date (Mora et al. 2011), it is clear that most species on Earth remain 

undescribed. Estimates of regional and global insect (and other arthropod) diversities often 

depend on scaling up from ecological patterns determined in detailed smaller scale studies.  

A key “multiplier” is the host specificity shown by different insect taxa (Erwin 1982; May 

1988, 1992; Hamilton et al. 2010). However, detailed studies of host specificity have been 

made for relatively few insect groups and host specificity may vary greatly between taxa. 

Moreover, there is a strong bias in empirical studies towards focus on insect herbivores, and 
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especially on beetles (Coleoptera) and moths (Lepidoptera). Consequently, there are several 

detailed studies for particular groups of insect herbivores (Novotny & Basset 2005; Dyer et 

al. 2007; Hamilton et al. 2010), but far fewer for their parasitoid enemies (Smith et al. 2006). 

This is important, because essentially all insect herbivores are attacked by parasitoids, and 

there are growing suspicions of a massive under-estimation of parasitoid diversity, especially 

in the tropics (Santos & Quicke 2011; Quicke 2012; Novotny & Miller 2014). Our study on 

the diversity and host-specify of homotomids and parasitoids contributes to the effort of 

assessing global diversity and supports relative under-description of parasitoids. 

 

7.2.1.3 Impact of M. fici outbreaks on communities 

Mycopsylla fici has outbreak potential and may cause up to 70-100% leaf loss by its host F. 

macrophylla (Newman 2004). No study has been undertaken on the impact of F. 

macrophylla defoliation on the tree health and its associated animal communities. As a 

result, we cannot draw finer conclusions on the damage caused by M. fici outbreaks. 

However, as M. fici seems to attack old, usually well-established trees mainly in urban areas, 

we suspect that trees are not often severely impacted by occasional defoliation events. 

Outbreaks of M. fici on the mainland have been recorded in 1996 (Newman 2004) and 

2013/2014. Many animal species, such as bats for feeding and wasps for pollination, are 

associated with F. macrophylla (Janzen 1979). However, we believe that mainland F. 

macrophylla populations are large enough to compensate for defoliation of some trees with 

limited impact on their associated animal communities.  

Yet, outbreaks of M. fici on a small island such as LHI could have more dramatic 

consequences, especially for the pollinator populations. During the M. fici outbreak in 

2013/2014, we recorded almost no fruits on LHI (Caroline Fromont, Jane DeGabriel, James 

Cook, pers. obs. on three successive visits over a period of ca. 2 years). In other tree species, 

defoliation had various impact on the fruit production: fruit quality but not quantity may be 

affected (Thalmann et al. 2003), fruit quantity may be reduced (Pratt et al. 2005), or no 

effects may be recorded (Obeso & Grubb 1993). In some cases, defoliated branches may 

compensate by importing resources from other branches (Obeso 1998). However, a 

fundamental trade-off exists between allocating resources to reproduction or growth (Obeso 

2002). As a result, in major defoliation events, fruit or/and leaf resources may be limiting 

and insufficient to support the associated animal communities. The lack of leaves may be a 

problem for herbivores feeding on fig trees, while the lack of fruit may be a problem for the 
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pollinator wasps that must lay their eggs in the fruit and develop inside it. However, we need 

to consider whether the pollinator population is reproductively isolated and restricted to LHI. 

If pollinator wasps are able to cross the ocean between the Australian mainland and LHI, it 

would buffer the effects of defoliation for the wasp population. Consequently, a study on the 

population structure of pollinator wasps on the mainland of Australia and LHI is needed to 

further assess the impact of defoliation and absence of fruiting.      

In addition, F. macrophylla is now planted in warmer climates in Europe and America. To 

our knowledge, M. fici is not present outside Australia and New Zealand but, considering the 

increase in species movement worldwide, it may spread as has been observed for many 

psyllid species (e.g. 31 psyllid species were introduced to California, Percy et al. 2012). 

Recently, the Japanese homotomid species Macrohomotoma gladiata has been recorded for 

the first time in California (Rung 2016). Similarly, the European Homotoma ficus has also 

been recorded in California outside its natural range (Rung 2016). Newman (2004) noted 

that M. fici outbreaks seem to happen during dry and hot years, and by moving to warmer 

and dryer climates, M. fici outbreaks may happen more often and impact the native 

communities.  

 

7.2.2 Phylogeography and dispersal 

7.2.2.1 Key findings 

Both M. fici and M. proxima were found to show some interesting phylogeographic patterns 

(i) M. proxima in the Sydney area and M. proxima collected in northern NSW formed two 

distinct clades based on mtDNA data, (ii) M. fici from the mainland and from LHI also 

formed two distinct populations and (iii) mainland M. fici was further separated into a 

northern and a southern subclade. Similarly, the parasitoid species had different 

phylogeographic patterns, especially considering the ones that were host-specific to M. fici: 

(i) all Psyllaephagus sp. PI individuals found both on the mainland and on LHI had the same 

mtDNA, perhaps due to the presence of Wolbachia (pers. obs.), (ii) Psyllaephagus sp. PV 

was found only on LHI while (iii) Psyllaephagus sp. PIV was found mainly on the mainland, 

one individual collected in LHI grouped with this species. We also discovered that (iv) in 

contrast to hosts, no north/south separation was observed for the parasitoid species. It is 

important to compare spatial structure and genetic patterns of interacting species as their 

presence vary within their geographical range, creating a complex interaction web, and this 
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may have an impact on their interactions (e.g. host use) or co-evolution (e.g. the geographic 

mosaic of co-evolution, Thompson 2005a). 

Using nuclear microsatellites, I studied in more detail the dispersal of M. fici across the 

eastern coast of Australia from Sydney to Brisbane as well as between three landmasses: 

Australia, LHI and New Zealand. We found isolation by distance on the mainland between 

Sydney and Brisbane (as hypothesized based on chapter 3 results). This indicated that 

homotomids were not dispersing very far on the mainland. In addition, I was able to estimate 

the arrival of M. fici on LHI (~5,000 years ago, assuming 2.5 generations per year) and in 

New Zealand (~75 years ago, assuming 2 generations per year in this cooler climate). 

Interestingly, an outbreak of M. fici was recorded in 1933 in the Domain in Sydney as 

reported in the Sydney Morning Herald on the 7
th
 of February 1933 

(http://trove.nla.gov.au/newspaper/article/16950829). The estimated date of arrival 

corresponds approximately to this year and, we can hypothesize that this outbreak explains 

the arrival of M. fici in New Zealand after a massive population expansion in Sydney. These 

estimates allowed us to evaluate the possible introduction pathways of M. fici (i.e. natural vs. 

anthropogenic) and show the importance of molecular dating for understanding the spread of 

alien and invasive species.  

 

7.2.2.2 Host and parasitoid: differences in dispersal and implication for host regulation 

Studying how interacting species are spatially distributed may shed light on co-evolutionary 

processes and on local differences in behaviour or ecology of these species (Thompson 1994, 

1999, 2005a). Interestingly, I presented two examples of parasitoid species associated with 

the same host, which may have very different dispersal abilities. One was restricted to LHI 

while a second species was found both on the mainland and LHI, with population genetic 

structure suggesting recent gene flow. I also found that mainland and LHI populations of M. 

fici were very structured. In other words, one species of parasitoid probably disperses further 

than its host. A lead to explore could be the impact of body size differences on parasitoid 

dispersal. Long distance dispersal of small insects is often dictated by wind power and 

direction, smaller and lighter organisms appear to disperse further by wind (Vagvolgyi 1975; 

Jung & Croft 2001; Meyer & Carlson 2001). If the wind speed is low, small and slow-flying 

insects could have directed flight but considering small body size and probably limited 

resources, it would likely happen over short distances only. On the other hand, wind 

dispersal may allow insect species to reach habitats further away but without active choice 
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(Compton 2002). When considering passive dispersal via wind, it has been shown for 

different taxa that a link exists between organism size and dispersal distance. We can 

hypothesize that long-distance dispersal is mainly wind powered for small parasitoid wasps. 

If applied to our system, it is interesting to underline that Psyllaephagus sp. PI, present on 

both LHI and the mainland, is smaller than Psyllaephagus sp. PV that was collected only on 

LHI.  

Discrepancy between host and parasitoid dispersal has been shown recently for a fig 

pollinator wasp and its parasitoid on the eastern coast of Australia (Sutton et al. 2015). In 

their study, Sutton et al. (2015) found that two disjunct populations of the pollinator P. 

imperialis sp. 1 were present on the mainland while only one continuous population of the 

parasitoid was delimited. However, dispersal abilities of host and parasitoid cannot be 

generalized. In their review, Cronin and Reeve (2005) underlined the fact that host and 

parasitoid dispersal probably happen at different spatial scales. Indeed, studies have found 

that parasitoids may disperse further than their hosts (e.g. Johannesen & Seitz 2003), may 

have similar dispersal ranges (e.g. Weisser 2000) or have a smaller dispersal range (e.g. van 

Nouhuys & Hanski 2002). It is important to study both parasitoid and host dispersal as these 

may have a great impact on population dynamics. Some studies have found that parasitoids 

can cause local extinction of their hosts (Weisser 2000; Johannesen & Seitz 2003). However, 

it appears that parasitoids are often at higher risk of extinction than their hosts (e.g. van 

Nouhuys & Hanski 2002; Cronin 2004; Cronin & Reeve 2005), often due to their higher 

sensitivity to habitat fragmentation (e.g. Kruess & Tscharntke 1994). This observation 

implies that not all parasitoid species are able to regulate their host density (Liebhold et al. 

2000; Teder et al. 2000; Schott et al. 2010; Hall et al. 2015), as it is sometimes assumed.  

 

7.2.2.3 Importance of human-mediated dispersal in expanding species distribution 

Alien or non-indigenous species are defined as those found outside their historic natural 

range. Invasive species are alien species that threaten native species and ecosystem stability 

and can cause economic harm. They have to arrive in a new location, establish and spread. 

Arrival may be via natural or anthropogenic (deliberate or accidental) pathways. Increase in 

trade and travel has been mirrored by an increase in biological invasions (Meyerson & 

Mooney 2007). Ship and air transport have been identified as main drivers of invasions 

(Lodge 2006; Tatem et al. 2006). It also appears that disturbances (e.g. anthropogenic, 

natural, environmental conditions) are other key drivers in invasion success (Elton 1958; 
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Von Holle & Motzkin 2007; Evans et al. 2011). A recent study by Hulme et al. (2008) 

looked at the different introduction pathways for alien species and identified six main 

pathways: release, escape, contaminant, stowaway (e.g. ballast water or airfreight), corridor 

(e.g. transport infrastructure) and unaided. Interestingly, plant introduction pathways were 

mainly characterized as escape, vertebrates as release and invertebrate as contaminant. 

Studying introduction pathways for invasive species is of importance to inform management 

methods. The understanding of which vectors are the most important in transporting species 

out of their native range has to be used to generate and model spatial and temporal risk maps 

(Buckley 2008; Hulme 2009). These maps could then be used to inform policy and develop 

effective methods to control alien species arrival in high risk locations (Chytrý et al. 2008).  

One of the most striking examples of an invasive species is the brown tree snake, Boiga 

irregularis, on Guam. It was transported accidentally, probably via ships coming from the 

Admiralty Islands after World War II (Rodda et al. 1992). Like many invasive species, the 

snakes arrived in a new location with no local predator, few competitors and great food 

availability. The avifauna of Guam was seriously impacted by the population expansion of 

the snake with 22 bird species detrimentally affected, including 12 species extirpated as 

breeding residents and 8 experiencing declines of 90% or more (Wiles et al. 2003). 

Deliberate introduction of species may also have a detrimental impact on the native 

ecosystem. For instance, the Nile perch Lates niloticus was first introduced in Lake Victoria 

(Kenya) in 1954 for fishery purposes and caused a severe reduction in other fish species, 

especially haplochromine cichlids (Ogutu-Ohwayo 1990; Goudswaard et al. 2007). The Nile 

perch is considered by the IUCN’s Invasive Species Specialist Group to be one of the 100’s 

world’s worst invasive alien species. In both examples, anthropogenic dispersal (deliberate 

or accidental) was the cause of the species expanded range. 

Amongst the insects, many species such as the ants Pheidole megacephala (big-headed ant), 

Anoplolepis gracilipes (crazy ant), Linepithema humile (Argentine ant), Solenopsis invicta 

(red imported fire ant), Wasmannia auropunctata (little red fire ant), the tiger mosquito 

Aedes albopictus, the Asian longhorned beetle Anoplophora glabripennis, the common wasp 

Vespula vulgaris or the Asian gypsy moth Lymantria dispar belong on the IUCN’s Invasive 

Species Specialist Group 100 world’s worst invasive species list. Introduction pathways 

include ignorant possession, nursery trade, road vehicles, agriculture and sea freight. They 

all have detrimental effects on ecosystems and economies.  

Some psyllid species, such as Bactericera cockerelli, Glycaspis brimblecombei and 

Diaphorina citri, are considered invasive species and are problematic for agriculture and 
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forestry. Some studies looked at the possible dispersal pathways for these species and found 

them to be mainly human-mediated. For example, Reguia and Peris-Felipo (2013) found that 

G. brimblecombei expansion in the Mediterranean area was likely to have happened via 

anthropogenic transport along motorways and waterways. Meanwhile, Bactericera 

cockerelli was likely introduced to New Zealand via smuggling of infected plant (Thomas et 

al. 2011).  

 

7.2.3 Geographic population structure 

7.2.3.1 Key findings 

I found that Mycopsylla species and their P-endosymbiont, Carsonella, had similar 

phylogeographic patterns. This matching of host and P-endosymbiont structure was 

particularly clear for M. fici (especially for the mainland/LHI comparison) as it was our main 

sampled species and harboured more genetic variation along the eastern coast compared to 

M. proxima. However, Carsonella from M. proxima collected in Sydney differed slightly 

from Carsonella harboured by M. proxima in northern NSW, matching the host population 

separation visible in mtDNA. The S-endosymbiont did not vary between populations of 

some species, but this could be due to the sequences used, which are not very variable. No 

variation in wsp was found in Wolbachia infection of M. proxima and Mycopsylla sp., 

infected by one strain each. However, M. fici from the mainland and M. fici from LHI were 

infected by two different strains. Comparing the genetic variations\ of interacting species, 

especially those as closely associated as host and endosymbionts, may unravel patterns of 

co-speciation and shed light on the ecological impacts of endosymbionts for their hosts.  

Interestingly, I discovered that M. fici was genetically structured on the mainland but with 

populations interconnected by stepping stones, while the LHI population was very isolated 

and could be a case of incipient speciation. Similarly, morphologically similar Psyllaephagus 

species were present on the mainland of Australia or on LHI. The case of LHI is very 

interesting as mainland vs. LHI homotomid and parasitoid clades may be diverged 

populations or incipient species. On the other hand, the recent colonisation of Auckland 

probably originated from the Sydney population with insufficient time for substantial genetic 

divergence from the source population. These patterns of structure and colonisation were 

mirrored by the microbiome of M. fici both in terms of strain discovery (chapter 3) and 

bacterial relative abundance (chapter 6). It is then interesting to see that in addition to 

evolutionary changes in both hosts and endosymbionts, bacterial communities also vary in 
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relative abundance between host populations. As host populations occur in different 

environments, a cross talk between host genotype, microbiome and environment likely exists 

and structures both host populations and bacterial communities.  

 

7.2.3.2 Closely interacting species and genomes 

Here, I presented four types of species interactions: (i) obligate mutualistic interactions 

between host and the P-endosymbiont Carsonella, and potentially also with some S-

endosymbionts, (ii) facultative interactions between host and other S-endosymbionts, (iii) 

highly host-specific parasitism by parasitoids and (iv) less host-specific parasitism by 

parasitoids. These different levels of dependence and interactions have various impacts on 

the evolution of genetic diversity and may be explored by looking at the population genetic 

structure of these interacting species. 

(i) As described in the introduction of this thesis, many hemipteran insect species (including 

those in the superfamily Psylloidea) rely on P-endosymbionts to provide nutrients absent 

from their diets. Due to a long-term association, these bacteria have lost many genes and rely 

on their host for survival. In addition, they are only transmitted maternally. Multiple studies 

have shown the congruence of host and P-endosymbiont phylogenies at the insect species (or 

higher) level (Clark et al. 2000; Thao et al. 2000b; Sauer et al. 2000; Viale et al. 2015). This 

implies that host and bacteria are tightly linked and as such, it is expected that their genomes 

are evolving accordingly (cospeciation or congruent evolution). As a result, we predicted 

similar patterns at the population level. Few other studies have compared co-divergence of 

host and obligate endosymbiont at population levels. Funk et al. (2000) investigated the 

phylogenies of the aphid Uroleucon ambrosia and Buchnera endosymbionts across 20 US 

localities and found them to be congruent. Symula et al. (2011) compared the 

phylogeography of tsetse flies and their obligate endosymbiont Wigglesworthia in Uganda 

and found that host mtDNA divergence between a southern and a northern lineage was 

mirrored by genetic patterns in their obligate endosymbiont. This result is similar to what I 

found; obligate endosymbiont genetic variability was correlated to host genetic variability 

and geography influenced this structure. Interestingly, due to genome reduction from long 

term host association, some P-endosymbionts have lost some key functions such as 

biosynthesis of essential amino acids. These losses could be compensated for by the presence 

of S-endosymbionts that are then selected to become obligate.   
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(ii) Other endosymbionts (including S-endosymbiont and Wolbachia) are expected to be 

mostly vertically transmitted, but horizontal transmission can occur occasionally. 

Consequently, their phylogenies are not expected to be congruent with their host 

phylogenies. They are usually described as facultative endosymbionts and may vary across 

host populations and individuals. Interestingly, we found that the three species of 

homotomids were infected by a similar S-endosymbiont. In contrast, Thao et al. (2000a) 

found a lack of high level congruence between Psylloidea and S-endosymbiont phylogenies. 

However, they did not include multiple species of one genus and this could be the reason for 

the difference between the results. Thao et al.’s (2000a) results contrast with the study by 

Spaulding and von Dohlen (2001) who found evidences that some S-endosymbionts had 

congruent phylogeny with their host’s. They hypothesized that Psylloidea hosts and some S-

endosymbiont may have been associated for a longer period than other S-endosymbionts, 

which were acquired relatively recently via horizontal transmission. It has also been 

hypothesized that psyllid S-endosymbionts compensate for genome reduction in Carsonella 

(Sloan & Moran 2012) and are now obligate. We could expect that, while no intra-specific 

genetic variation was recovered in the S-endosymbiont 16S and 23S rDNA, stronger and 

longer interactions between host and S-endosymbiont would result, eventually, in 

phylogenetic congruence.   

Wolbachia is a well-known example of a bacterium that can occasionally be transmitted 

horizontally (Vavre et al. 1999) and it was therefore not surprising that the three Mycopsylla 

species harboured different Wolbachia strains, nor that two disjunct populations of M. fici 

(LHI and mainland) also had different strains. Interestingly, multiple studies have looked at 

the effect of Wolbachia on host mtDNA and found different results, varying from no 

correlation (Shoemaker et al. 2003) to reduced diversity (Shoemaker et al. 2004; Sun et al. 

2011). Remarkably, two different examples are presented in this thesis. Mycopsylla fici is 

infected by Wolbachia throughout its mainland range but multiple cytb (12) and COI (6) 

haplotypes were found. On the other hand, Psyllaephagus sp. PI, infected by a different 

Wolbachia strain, had only one cytb haplotype. This could be due to a bottleneck following 

Wolbachia infection (i.e. one initial infected female) or the impact of Muller’s ratchet on 

mtDNA (Turelli 1994; Shoemaker et al. 2004). The difference in mtDNA diversity between 

the two species could also be due to the time elapsed since the Wolbachia sweep. According 

to Avise (2000), a decrease in mtDNA diversity should be observable for ~2Nf generations 

(Nf: effective population size of females) after the Wolbachia sweep. After a longer period, 

new mutations can accumulate and compensate for the decrease due to Wolbachia 



 

 

140 

 

 

(Shoemaker et al. 2003). Other reasons (not involving Wolbachia) such as less structured 

populations due to long distance dispersal could also explain such observations.  

(iii and iv) Specialist parasitoids attack only one host species and therefore rely on their 

host’s presence in the landscape. However, unlike bacterial endosymbionts, they do not 

depend on their host for dispersal. Depending on the relative dispersal abilities of host and 

parasitoid (discussed previously) we might expect to find either congruent or incongruent 

spatial genetic structure. Generalist parasitoids attack multiple species of host and it is then 

more complex to discuss concordant dispersal abilities as, instead of comparing two species, 

there is a need of comparing one parasitoid species to multiple host species. However, 

geography is important in the study of host-parasitoid interactions and geographic variations 

in parasitoid behaviour and development (Althoff & Thompson 2001; van Nouhuys et al. 

2012), or host encapsulation and parasitoid development rate (van Nouhuys et al. 2012), 

have been observed and could influence the outcomes of host-parasitoid interactions 

(Thompson 2005b).  

 

7.2.3.3 Bacterial endosymbionts between host populations 

As discussed in section 7.2.2.2, bacterial endosymbionts may co-diversify with their hosts. In 

addition to genetically vary between host populations, bacterial endosymbionts may also 

vary in terms of prevalence, strains or titre. S-endosymbionts and other bacteria such as the 

reproductive parasite Wolbachia have been found to vary between populations of the same 

host species (e.g., titer variations Kondo et al. 2005; presence/absence Hansen et al. 2007; 

strain variations Schuler et al. 2013).  

(i) Prevalence of endosymbionts: In the case of psyllids, it is useful to know not only 

whether S-endosymbionts are present in every species but also in every population and 

individual of a given species. This is crucial as S-endosymbionts have been hypothesized to 

compensate for Carsonella gene loss (Sloan & Moran 2012). As suggested by Sloan and 

Moran (2012), the absence of S-endosymbiont in some Psylloidea lineages implies that other 

mechanisms (e.g. behavioural or physiological) may be involved in nutrient provisioning.  

(ii) Strain diversity: In addition to variable prevalence, bacteria may also occur as different 

strains in different populations. This can be of particular importance for Wolbachia. 

Depending on the strains, the effect on the host may vary (e.g. male killing, CI, feminization) 

and in the case of CI, males and females of a given species may be di-directionally 
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incompatible if they harbour two different strains. Indeed, strains are also important for other 

bacteria and, for example, Vorburger et al. (2010) found that one strain of Regiella 

insecticola protected aphids against parasitoid attack.  

(iii) Titres: Bacterial titres may also vary between host populations (as discussed in chapter 

6). Host populations may face different environments (temperature, climate, biotic pressure) 

and this could impact their bacterial titres. Different interactions involving host, bacterium, 

other bacterial genotypes, and environment are at play and could also influence bacterial 

titres (Thomas & Blanford 2003; Anbutsu et al. 2008).  

 

7.2.3.4 Speciation 

Speciation is often characterized by its geographical context: allopatric speciation with 

geographic isolation, parapatric speciation where populations do not mate randomly and 

sympatric speciation “without geographic isolation” (Mayr 1963). In addition, bacterial 

endosymbionts, such as the reproductive parasite Wolbachia, may strengthen host 

reproductive isolation. 

The case of M. fici on LHI is interesting as two different barriers to gene flow are present. 

First, the ocean that separates two land masses is an obvious geographical barrier for a 

species thought to have limited dispersal abilities. In addition, individuals collected on LHI 

harboured a different Wolbachia strain than those from the mainland. This raises the 

question of whether individuals on LHI are a very divergent population or have speciated 

following geographical isolation. Speciation following geographic isolation may happen if 

gene flow is limited with other populations, allowing selection or genetic drift to drive 

population divergence. This could be further facilitated by a founder event leading to 

inbreeding and gametic disequilibrium (Templeton 1980). In addition to geographic 

isolation, pre-zygotic barriers, behavioural (e.g. sexual selection) or ecological (e.g. host 

specialization) isolations, may be implicated in speciation (reviewed in Gillespie & Roderick 

2002). Mating isolation can be further enhanced by endosymbionts. For example, if 

Wolbachia promotes cytoplasmic incompatibility (CI), a post-zygotic barrier between 

differently infected host individuals, different strains could add another barrier to gene flow 

between populations via reproductive isolation (Breeuwer & Werren 1990; Bordenstein et al. 

2001; Miller et al. 2010). The impact of Wolbachia on speciation has been questioned, as it 

seems likely that a sweep would happen when an unstable equilibrium between two strains 

has been reached (Weeks et al. 2002). In the case of M. fici, however, allopatry and 
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Wolbachia may act in concert for speciation of M. fici between the Australian mainland and 

LHI.  

The question remains of what could happen to the M. fici population in New Zealand. On 

one hand, the fact that Australian and New Zealand populations harbour the same Wolbachia 

strain removes a barrier to gene flow between these populations. On the other hand, the 

colonisation event was dated from 75 years ago and due to the strict quarantine now 

observed in New Zealand, there may be no new arrivals of insects from Australia. In this 

case, it is likely that the New Zealand population would undergo a similar evolutionary 

history to the one on LHI, with maybe a Wolbachia sweep or strain divergence from the 

mainland strengthening reproductive isolation.  

Only a few species of Mycopsylla are found in Australia but an interesting result was the 

high host-specificity of these species and the fact that Mycopsylla phylogeny reflects the one 

of its hosts. Ficus rubiginosa and F. watkinsiana (subsection Platypodeae) are sister species 

while F. macrophylla is within the subsection Malvanthereae (Rønsted et al. 2008a). This is 

similar to the Mycopsylla phylogeny, with M. proxima and Mycopsylla sp. sister species and 

M. fici genetically more distinct. In addition, all three Mycopsylla species have overlapping 

geographic range and this could represent an example of sympatric speciation via host race 

formation. The importance of host switching for psyllid diversification has been shown on 

the Canary Islands by Percy (2003) and is likely the reason for the Australian Mycopsylla 

diversity, facilitated by the overlapping distribution of their host Ficus species. Mycopsylla 

fici is an outbreak species and it could be hypothesized that during these massive population 

expansions, tree resources would be limiting and could favour host shifts to related Ficus 

species, such as F. rubiginosa. Interestingly, Newman (2004) noted the presence of M. fici 

on related fig species during an outbreak. 

Speciation is a continuum from host race to species formation and may happen over very 

long timescales. While the three Mycopsylla species are clearly distinct, it is not as clear for 

some of the Psyllaephagus clades. The putative parasitoid species Psyllaephagus spp. PIV, 

PV and PVI were very similar morphologically but clustered genetically into three different 

clades. They followed the definition of cryptic species. Interestingly, Psyllaephagus spp. PIV 

and PV were found attacking M. fici only while Psyllaephagus sp. PVI was attacking M. 

proxima and Mycopsylla sp. Furthermore, Psyllaephagus sp. PV was found only on LHI and 

with the exception of one individual collected on LHI, Psyllaephagus sp. PIV was found 

only on the mainland. These three species could represent examples of speciation following 

geographic isolation (Psyllaephagus spp. PIV and PV) and ecological isolation 
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(Psyllaephagus sp. PVI). Psyllaephagus sp. PVI may also be an example of sympatric 

speciation (Fitzpatrick et al. 2008). Remarkably, we can compare host and parasitoid 

speciation. On one hand, we have one parasitoid species present on the mainland and one on 

LHI that could have undergone allopatric speciation, probably recently as the nuclear gene 

28S rDNA did not differ between parasitoid species and on the other hand, only one host 

species, with two diverged populations. We can hypothesize that the presence of Wolbachia 

in M. fici resulted in mtDNA homogenization and a longer time for mutations to accumulate 

compared to its parasitoid. We can also hypothesize that the founder event was strongest for 

the parasitoid (i.e. less individuals arrived in the new location) implying higher rates of 

inbreeding and gametic disequilibrium and faster selection.       

While allopatric speciation is likely the most common mode of speciation, it is more 

challenging to understand how sympatric speciation, i.e. divergence with gene flow, occurs. 

Ecological speciation happens when populations or groups of individuals adapt to a different 

environment or occupy a new niche that eventually lead to reproductive isolation (Schluter 

2001). Ecological speciation can both arise either in allopatry and sympatry.  Adaptation to a 

novel environment or niche may arise from standing genetic variation or the appearance of 

new mutations, and it will have an impact on how fast these populations can adapt (Barrett & 

Schluter 2007). Standing genetic variation is the mode of adaptation the most likely to 

happen as it implies that beneficial alleles are already present and available as a new 

ecological niche becomes accessible. An interesting example of standing genetic variation 

leading to speciation is the case of the apple maggot fly, Rhagoletis pomonella, and its host 

shift from the downy hawthorn, its native host, to introduced domesticated apple (Powell et 

al. 2012; Mullen & Shaw 2014). This species is a model of host-plant shifting and host race 

formation leading to incipient sympatric speciation. In a wind tunnel experiment, different 

host races of R. pomonella showed directed flight toward their natal host odour blend 

(Powell et al. 2012) and it is likely that non-random mating as host choice and prezygotic 

reproduction isolation arose from host discrimination (Linn Jr. et al. 2003). Olfactory cues 

play an important role in host location and recognition and, as such the host shift and 

adaptation to this new host imply rapid evolution of the olfactory mechanisms linked to host 

recognition. Not only olfactory, but also visual, gustatory and tactile cues are involved in 

host recognition (Bernays 2001). Host shifts, for both herbivore and parasitoid species, may 

involve complex changes in genetics, ecology and behaviour leading to reproductive 

isolation of races and incipient species formation.  
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 Future research 7.3

This thesis has explored species and population interactions for M. fici and associated 

species using molecular tools. Additional experiments and possible future research directions 

are described here: 

- Increase field sampling range for homotomid species discovery 

Malvantheran fig species with much more restricted ranges are found in the rainforests of 

northern Queensland and in the Kimberley area of Northern Territory (Dixon 2003). 

Searching for homotomids on these fig species in the future may lead to the discovery of 

additional Mycopsylla spp.  

- Are LHI and mainland homotomids reproductively compatible? 

Mycopsylla fici on the mainland and on LHI harboured two different strains of Wolbachia 

that have not co-diverged and must therefore have been acquired by horizontal transfer. 

Potentially these two different strains could induce CI. Newman (2004) attempted to rear M. 

fici on potted plants and in the field using leaf cages, without success. It would be interesting 

to try testing whether homotomids of LHI and mainland are able to mate and produce viable 

offspring with their natural Wolbachia infections, and without Wolbachia after treatment 

with antibiotics.  

- Studies of homotomid population genetics/behaviour at a smaller scale 

I studied the population genetics of M. fici at a broad, continental scale. It would also be 

interesting to focus on smaller scales such as leaf, tree or tree stand to bring an additional 

angle on dispersal abilities and degree of inbreeding of homotomids. We do not know how 

mobile nymphs are before forming the lerp or whether a lerp groups only siblings or the 

offspring of multiple females. This could be achieved using a combination of population 

genetics and behavioural experiments.   

- What causes outbreaks? 

Outbreaks of M. fici occurred in 2013/2014, but few insects were observed in late 2015 and 

early 2016 (pers. obs.). We do not know what environmental factors cause outbreaks. 

Newman (2004) hypothesized that outbreaks happen during hot and dry years when the trees 

are stressed. It would be interesting to understand what is driving homotomid outbreaks.  
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- Taxonomic description of undescribed species  

The use of molecular techniques is often crucial to differentiate species. A recent study on 

Astraptes fulgerator, a neo-tropical butterfly has determined that what was previously 

thought to be only one species was in reality more than ten (Hebert et al. 2004). These types 

of findings are not rare. However, morphological analyses are equally important and 

currently the only formal way to describe newly discovered insect species (Schlick-Steiner et 

al. 2007). The next step in species delimitation, especially for the parasitoids, would be to 

formally describe the species we discovered. 

- Hyperparasitoids 

While we discovered new parasitoid species, we were not able to assess if they were 

parasitoid or hyper-parasitoids (i.e. parasitoids of parasitoids). In order to understand how 

many trophic levels occur on fig trees, stable isotope analyses can be considered. A recent 

method using compound specific stable isotope analysis (amino acids), instead of bulk 

isotopic analysis of the 
15

N, showed good results in the delimitation of trophic levels 

(McClelland & Montoya 2002; Steffan et al. 2013). Amino acids are interesting because 

some enrich little with trophic level (e.g. phenylalanine) while others enrich a lot (e.g. 

glutamic acid). The comparison between the enrichment of these two amino acids can permit 

estimation of the different trophic levels of a food web (Popp et al. 2007; McCarthy et al. 

2007).  

- Parasitoid dispersal and behaviour  

This thesis focussed mainly on M. fici. However, the phylogeny of the parasitoids displayed 

interesting geographic patterns that should be investigated further using population genetics 

methods. For example, it would be interesting to draw a parallel between colonisation events 

of generalist parasitoid, specialist parasitoid and their host species.  

- Bacterial titres: characterisation, causes and consequences 

Using 16S rDNA amplicon sequencing suggested that bacterial titres differ between host 

populations. Yet, it is not known whether titre varies for each bacterium or whether only one 

is driving the observed patterns. The use of RT- qPCR would be a method to investigate 

further endosymbiont titres (e.g. Clark et al. 2012; Dossi et al. 2014). As mentioned earlier, 

attempts have been made to rear M. fici without success. However, it would be really 

interesting to check what causes variations in bacterial titre across population and what 

consequences these differences have on their host ecology. 
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 Main conclusions 7.4

This research addressed the diversity and phylogeny of Mycopsylla species, their associated 

endosymbionts and parasitoids in Australia and New Zealand. By focussing on a pest, M. 

fici, that can cause complete defoliation of its host, F. macrophylla, I sought to answer 

questions regarding its population structure, dispersal and colonization of LHI and New 

Zealand. I found additional insect species diversity compared to what was previously found 

in the literature and showed the value of targeted study, intensive sampling and molecular 

data to assess diversity in poorly known systems. The discovery of new species is of interest 

for wide questions regarding global diversity, but at a smaller scale it is also crucial for 

conservation planning, especially when considering pest species. However, species 

discovery requires further work to describe taxonomically and attribute a name to the 

discovered species. Comparing phylogenies of hosts, endosymbionts and parasitoids allowed 

me to understand patterns of host-specificity, co-speciation and geographic distribution. I 

also described colonisation events for M. fici that can be attributed to natural or 

anthropogenic processes. Finally, I also compared host microbiome and population genetic 

structure across host populations. The development of NGS technology provided excellent 

tools to discover bacterial endosymbionts, develop microsatellites and study microbiomes. In 

summary, this PhD thesis described a new study system with relevance for speciation and 

phylogeography questions and provides a framework for understanding species and 

population interactions as well as short and long-distance dispersal and colonisation history.  
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Appendix 1: List of the insects, Mycopsylla and Psyllaephagus used in this thesis with the 

indication of the tree they were collected from, the location, longitude and latitude as well as 

the date of collection.  

Insect id Tree Latitude Longitude Location Date 

M. fici CF1S1 F. macrophylla f. macrophylla -33.859 151.216 Sydney Mar-13 

M. fici CF1S2 F. macrophylla f. macrophylla -33.859 151.216 Sydney Mar-13 

Psyllaephagus CF2A1 F. macrophylla f. macrophylla -33.859 151.216 Sydney Mar-13 

Psyllaephagus CF2A2 F. macrophylla f. macrophylla -33.859 151.216 Sydney Mar-13 

M. fici PS-BotG F. macrophylla f. macrophylla -33.859 151.216 Sydney Mar-13 

M. fici PSBotGS1 F. macrophylla f. macrophylla -33.86 151.22 Sydney Mar-13 

Psyllaephagus CF3A1 F. macrophylla f. macrophylla -34.593 150.859 Shellcove Apr-13 

Psyllaephagus CF3A2 F. macrophylla f. macrophylla -34.593 150.859 Shellcove Apr-13 

M. fici CF3S1 F. macrophylla f. macrophylla -34.593 150.859 Shellcove Apr-13 

M. fici CF4S1 F. macrophylla f. macrophylla -34.422 150.906 Wollongong Apr-13 

Psyllaephagus CF5A1 F. macrophylla f. macrophylla -34.423 150.905 Wollongong Apr-13 

Psyllaephagus CF5A2 F. macrophylla f. macrophylla -34.423 150.905 Wollongong Apr-13 

M. fici CF5S1 F. macrophylla f. macrophylla -34.423 150.905 Wollongong Apr-13 

M. fici PSSHC F. macrophylla f. macrophylla -34.593 150.859 Shellcove Apr-13 

M. fici PSShCS1 F. macrophylla f. macrophylla -34.593 150.859 Shellcove Apr-13 

M. fici PS-Woll1 F. macrophylla f. macrophylla -34.422 150.906 Wollongong Apr-13 

M. fici PS-Woll2 F. macrophylla f. macrophylla -34.422 150.906 Wollongong Apr-13 

Psyllaephagus CF10A1 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville May-13 

Psyllaephagus CF10A2 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville May-13 

Psyllaephagus CF10A3 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville May-13 

Psyllaephagus CF11A1 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville May-13 

Psyllaephagus CF11A2 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville May-13 

Psyllaephagus CF11A3 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville May-13 

M. proxima CF12S1 F. rubiginosa -30.884 153.041 South West Rocks May-13 

M. proxima CF12S2 F. rubiginosa -30.884 153.041 South West Rocks May-13 

Psyllaephagus CF13A1 F. macrophylla f. macrophylla -30.497 153.022 Urunga May-13 

Psyllaephagus CF13A2 F. macrophylla f. macrophylla -30.497 153.022 Urunga May-13 

Psyllaephagus CF14A1 F. macrophylla f. macrophylla -30.497 153.022 Urunga May-13 

Psyllaephagus CF14A2 F. macrophylla f. macrophylla -30.497 153.022 Urunga May-13 

Psyllaephagus CF14A3 F. macrophylla f. macrophylla -30.497 153.022 Urunga May-13 

Psyllaephagus CF16A1 F. macrophylla f. macrophylla -30.294 153.117 Coffs Harbour May-13 

Psyllaephagus CF16A2 F. macrophylla f. macrophylla -30.294 153.117 Coffs Harbour May-13 

Psyllaephagus CF17A1 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A10 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A11 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A12 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A13 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A2 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A32 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A42 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A5 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A6 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A7 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF17A9 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

M. fici CF17S1 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour May-13 

Psyllaephagus CF20A1 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie May-13 

Psyllaephagus CF20A2 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie May-13 

Psyllaephagus CF20A3 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie May-13 

Psyllaephagus CF20A42 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie May-13 

M. fici CF20S1 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie May-13 

Psyllaephagus CF21A1 F. macrophylla f. macrophylla -31.418 152.876 Riverside May-13 

Psyllaephagus CF21A2 F. macrophylla f. macrophylla -31.418 152.876 Riverside May-13 

M. fici CF21S1 F. macrophylla f. macrophylla -31.418 152.876 Riverside May-13 

M. fici CF23S1 F. macrophylla f. macrophylla -32.184 152.513 Forster May-13 



 

 

182 

 

 

M. fici CF23S2 F. macrophylla f. macrophylla -32.184 152.513 Forster May-13 

Psyllaephagus CF24A1 F. macrophylla f. macrophylla -32.187 152.511 Forster May-13 

Psyllaephagus CF24A2 F. macrophylla f. macrophylla -32.187 152.511 Forster May-13 

Psyllaephagus CF24A32 F. macrophylla f. macrophylla -32.187 152.511 Forster May-13 

Psyllaephagus CF24A42 F. macrophylla f. macrophylla -32.187 152.511 Forster May-13 

Psyllaephagus CF6A1 F. macrophylla f. macrophylla -31.42 152.867 Port Macquarie May-13 

Psyllaephagus CF6A2 F. macrophylla f. macrophylla -31.42 152.867 Port Macquarie May-13 

M. fici CF6S1 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie May-13 

Psyllaephagus CF7A1 F. macrophylla f. macrophylla -31.077 152.837 Kempsey May-13 

M. fici CF7S2 F. macrophylla f. macrophylla -31.077 152.837 Kempsey May-13 

Psyllaephagus CF8A1 F. macrophylla f. macrophylla -30.966 152.932 Clybucca May-13 

Psyllaephagus CF8A2 F. macrophylla f. macrophylla -30.966 152.932 Clybucca May-13 

Psyllaephagus CF8A3 F. macrophylla f. macrophylla -30.966 152.932 Clybucca May-13 

M. fici CF9S1 F. macrophylla f. macrophylla -30.954 152.994 South West Rocks May-13 

Psyllaephagus CF25A1 F. rubiginosa -33.414 150.962 Wisemans Ferry Aug-13 

M. proxima JCHIE170S1 F. rubiginosa -28.54 153.549 Brunswick Heads Aug-13 

M. fici JCHIE172S1 F. macrophylla f. macrophylla -28.541 153.551 Brunswick Heads Aug-13 

M. fici JCHIE174S1 F. macrophylla f. macrophylla -28.87 153.57 Ballina Aug-13 

M. proxima TSHIE568S1 F. rubiginosa -28.542 153.55 Brunswick Heads Aug-13 

M. fici TSHIE570S1 F. macrophylla f. macrophylla -28.87 153.57 Ballina Aug-13 

M. fici TSHIE574S1 F. macrophylla f. macrophylla -28.81 153.34 Ballina Aug-13 

M. fici CF30S1 F. macrophylla f. macrophylla -33.87 151.22 Sydney Sep-13 

Psyllaephagus CF35A1 F. rubiginosa -33.861 151.222 Sydney Sep-13 

Psyllaephagus CF38A1 F. rubiginosa -33.863 151.22 Sydney Sep-13 

M. fici CF39S1 F. macrophylla f. macrophylla -33.86 151.22 Sydney Sep-13 

Psyllaephagus CF42A1 F. macrophylla f. macrophylla -33.859 151.216 Sydney Sep-13 

M. fici CF49S1 F. macrophylla f. macrophylla -33.87 151.22 Sydney Sep-13 

M. proxima CF54S1 F. rubiginosa -33.869 151.214 Sydney Sep-13 

M. fici CF55S1 F. macrophylla f. macrophylla -33.865 151.22 Sydney Sep-13 

M. fici CF58S1 F. macrophylla f. macrophylla -33.76 150.67 Penrith Sep-13 

Psyllaephagus CF101A1 F. macrophylla f. macrophylla -33.827 151.252 Sydney Oct-13 

M. fici CF102S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Oct-13 

Psyllaephagus CF113A1 F. rubiginosa -33.801 151.299 Sydney Oct-13 

M. fici CF119S1 F. macrophylla f. macrophylla -33.802 151.297 Sydney Oct-13 

Psyllaephagus CF61A1 F. rubiginosa -33.922 151.248 Sydney Oct-13 

Psyllaephagus CF62A1 F. rubiginosa -33.922 151.249 Sydney Oct-13 

Psyllaephagus CF64A1 F. macrophylla f. macrophylla -33.904 151.266 Sydney Oct-13 

Psyllaephagus CF64A2 F. macrophylla f. macrophylla -33.904 151.266 Sydney Oct-13 

Psyllaephagus CF64A3 F. macrophylla f. macrophylla -33.904 151.266 Sydney Oct-13 

M. fici CF64S1 F. macrophylla f. macrophylla -33.904 151.266 Sydney Oct-13 

Psyllaephagus CF65A1 F. rubiginosa -33.904 151.266 Sydney Oct-13 

Psyllaephagus CF66A1 F. rubiginosa -33.902 151.265 Sydney Oct-13 

Psyllaephagus CF68A2 F. macrophylla f. macrophylla -33.902 151.264 Sydney Oct-13 

Psyllaephagus CF68A3 F. macrophylla f. macrophylla -33.902 151.264 Sydney Oct-13 

Psyllaephagus CF69A1 F. rubiginosa -33.899 151.269 Sydney Oct-13 

Psyllaephagus CF69A2 F. rubiginosa -33.899 151.269 Sydney Oct-13 

M. proxima CF69S1 F. rubiginosa -33.899 151.269 Sydney Oct-13 

Psyllaephagus CF70A1 F. macrophylla f. macrophylla -33.807 150.997 Parramatta Oct-13 

M. fici CF70S1 F. macrophylla f. macrophylla -33.807 150.997 Parramatta Oct-13 

Psyllaephagus CF71A1 F. macrophylla f. macrophylla -33.807 150.997 Parramatta Oct-13 

M. proxima CF72S1 F. rubiginosa -33.807 150.997 Parramatta Oct-13 

Psyllaephagus CF78A1 F. rubiginosa -33.829 151.254 Sydney Oct-13 

Psyllaephagus CF90A1 F. rubiginosa -33.828 151.257 Sydney Oct-13 

M. fici CF130S1 F. macrophylla f. macrophylla -32.92 151.74 Newcastle Nov-13 

M. fici CF141S1 F. macrophylla f. macrophylla -32.92 151.74 Newcastle Nov-13 

Psyllaephagus CF143A1 F. macrophylla f. macrophylla -32.917 151.737 Newcastle Nov-13 

Psyllaephagus CF143A2 F. macrophylla f. macrophylla -32.917 151.737 Newcastle Nov-13 

Psyllaephagus CF167A1 F. macrophylla f. macrophylla -32.922 151.744 Newcastle Nov-13 

M. fici CF169S1 F. macrophylla f. macrophylla -32.92 151.74 Newcastle Nov-13 
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Psyllaephagus CF186A1 F. rubiginosa -32.916 151.764 Newcastle Nov-13 

Psyllaephagus CF211A1 F. rubiginosa -32.928 151.773 Newcastle Nov-13 

Psyllaephagus CF230A1 F. rubiginosa -32.928 151.774 Newcastle Nov-13 

Psyllaephagus CF230A2 F. rubiginosa -32.928 151.774 Newcastle Nov-13 

Psyllaephagus CF254A1 F. rubiginosa -32.928 151.773 Newcastle Nov-13 

M. fici CF263S1 F. macrophylla f. macrophylla -32.93 151.79 Newcastle Nov-13 

Psyllaephagus CF269A1 F. macrophylla f. macrophylla -32.929 151.786 Newcastle Nov-13 

Psyllaephagus CF286A1 F. rubiginosa -32.934 151.763 Newcastle Nov-13 

Psyllaephagus CF337A1 F. rubiginosa -32.932 151.748 Newcastle Nov-13 

M. proxima CF341S1 F. rubiginosa -32.916 151.764 Newcastle Nov-13 

M. proxima CF345S1 F. rubiginosa -32.928 151.774 Newcastle Nov-13 

M. proxima CF346S1 F. rubiginosa -32.928 151.774 Newcastle Nov-13 

M. fici CF968S1 F. macrophylla f. macrophylla -36.851 174.768 Auckland Nov-13 

M. fici CF969S1 F. macrophylla f. macrophylla -36.851 174.768 Auckland Nov-13 

Psyllaephagus CF362A1 F. rubiginosa -32.181 152.511 Forster Dec-13 

Psyllaephagus CF365A1 F. rubiginosa -32.181 152.511 Forster Dec-13 

Psyllaephagus CF365A3 F. rubiginosa -32.181 152.511 Forster Dec-13 

M. proxima CF365N1 F. rubiginosa -32.181 152.511 Forster Dec-13 

M. fici CF385N1 F. macrophylla f. macrophylla -32.181 152.512 Forster Dec-13 

M. fici CF389N1 F. macrophylla f. macrophylla -32.181 152.512 Forster Dec-13 

Psyllaephagus CF394A1 F. macrophylla f. macrophylla -32.183 152.514 Forster Dec-13 

Psyllaephagus CF394A2 F. macrophylla f. macrophylla -32.183 152.514 Forster Dec-13 

Psyllaephagus CF394A3 F. macrophylla f. macrophylla -32.183 152.514 Forster Dec-13 

Psyllaephagus CF404A1 F. macrophylla f. macrophylla -32.187 152.511 Forster Dec-13 

Psyllaephagus CF417A1 F. rubiginosa -31.443 152.92 Port Macquarie Dec-13 

Psyllaephagus CF423A2 F. macrophylla f. macrophylla -31.431 152.9 Port Macquarie Dec-13 

M. proxima CF434N1 F. rubiginosa -31.431 152.9 Port Macquarie Dec-13 

Psyllaephagus CF436A1 F. rubiginosa -31.431 152.9 Port Macquarie Dec-13 

M. fici CF448S1 F. macrophylla f. macrophylla -30.7 152.93 Macksville Dec-13 

Psyllaephagus CF459A1 F. rubiginosa -30.675 152.979 Macksville Dec-13 

Psyllaephagus CF462A1 F. rubiginosa -30.674 152.979 Macksville Dec-13 

Psyllaephagus CF489A1 F. rubiginosa -30.495 153.022 Urunga Dec-13 

M. proxima CF492S1 F. rubiginosa -30.496 153.022 Urunga Dec-13 

Mycopsylla sp. CF496N1 F. watkinsiana -30.495 153.022 Urunga Dec-13 

Psyllaephagus CF499A1 F. watkinsiana -30.495 153.022 Urunga Dec-13 

Mycopsylla sp. CF499S1 F. watkinsiana -30.495 153.022 Urunga Dec-13 

Psyllaephagus CF502A2 F. watkinsiana -30.495 153.022 Urunga Dec-13 

M. fici CF506N1 F. macrophylla f. macrophylla -30.497 153.022 Urunga Dec-13 

M. fici CF515S1 F. macrophylla f. macrophylla -30.5 153.02 Urunga Dec-13 

Mycopsylla sp. CF519N1 F. watkinsiana -30.497 153.022 Urunga Dec-13 

Psyllaephagus CF524A2 F. rubiginosa -30.373 153.1 Sawtell Dec-13 

Psyllaephagus CF524A3 F. rubiginosa -30.373 153.1 Sawtell Dec-13 

M. fici CF534S1 F. macrophylla f. macrophylla -30.299 153.136 Coffs Harbour Dec-13 

M. fici CF538S1 F. macrophylla f. macrophylla -30.29 153.12 Coffs Harbour Dec-13 

M. fici CF544N1 F. macrophylla f. macrophylla -30.294 153.117 Coffs Harbour Dec-13 

M. fici CF547S1 F. macrophylla f. macrophylla -30.88 153.04 South West Rocks Dec-13 

M. proxima CF555N1 F. rubiginosa -30.884 153.041 South West Rocks Dec-13 

Psyllaephagus CF558A1 F. rubiginosa -30.884 153.041 South West Rocks Dec-13 

M. fici CF577S1 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville Dec-13 

Psyllaephagus CF578A1 F. macrophylla f. macrophylla -30.92 153.04 Jerseyville Dec-13 

Psyllaephagus CF600A1 F. rubiginosa -30.93 153.031 South West Rocks Dec-13 

Psyllaephagus CF607A1 F. macrophylla f. macrophylla -30.941 153.014 South West Rocks Dec-13 

Psyllaephagus CF607A2 F. macrophylla f. macrophylla -30.941 153.014 South West Rocks Dec-13 

M. fici CF665S1 F. macrophylla f. macrophylla -33.8 151.28 Manly Dec-13 

M. fici CF670S1 F. macrophylla f. macrophylla -33.8 151.28 Manly Dec-13 

Psyllaephagus CF673A1 F. macrophylla f. macrophylla -33.797 151.285 Sydney Dec-13 

Psyllaephagus CF675A1 F. macrophylla f. macrophylla -33.797 151.285 Sydney Dec-13 

M. fici CF677S1 F. macrophylla f. macrophylla -33.8 151.28 Sydney Dec-13 

M. fici CF683N1 F. macrophylla f. macrophylla -33.8 151.3 Manly Dec-13 
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M. fici CF691S1 F. macrophylla f. macrophylla -33.801 151.299 Manly Dec-13 

M. fici CF692S1 F. macrophylla f. macrophylla -33.801 151.299 Sydney Dec-13 

M. fici CF698S1 F. macrophylla f. macrophylla -33.8 151.29 Manly Dec-13 

M. fici CF713S1 F. macrophylla f. macrophylla -33.828 151.254 Sydney Jan-14 

M. fici CF719S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

M. fici CF724S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

Psyllaephagus CF725A1 F. macrophylla f. macrophylla -33.828 151.253 Sydney Jan-14 

M. fici CF730S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

M. fici CF735S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

M. fici CF741S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

M. fici CF742S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

M. fici CF747S1 F. macrophylla f. macrophylla -33.83 151.25 Sydney Jan-14 

M. fici CF761S1 F. macrophylla f. macrophylla -33.87 151.22 Sydney Jan-14 

M. fici CF771S1 F. macrophylla f. macrophylla -33.87 151.22 Sydney Jan-14 

M. fici CF782S1 F. macrophylla f. macrophylla -33.87 151.22 Sydney Jan-14 

M. fici CF784S1 F. macrophylla f. macrophylla -33.865 151.220 Sydney Jan-14 

Psyllaephagus CF800A1 F. macrophylla f. macrophylla -33.862 151.222 Sydney Jan-14 

M. fici CF800S1 F. macrophylla f. macrophylla -33.86 151.22 Sydney Jan-14 

M. fici CF825S1 F. macrophylla f. macrophylla -33.86 151.21 Sydney Jan-14 

Psyllaephagus CF831A1 F. macrophylla f. columnaris -31.523 159.062 Lord Howe Island Jan-14 

M. fici CF841S1 F. macrophylla f. columnaris -31.53 159.07 Lord Howe Island Jan-14 

M. fici CF845S1 F. macrophylla f. columnaris -31.533 159.078 Lord Howe Island Jan-14 

Psyllaephagus CF857A1 F. macrophylla f. columnaris -31.527 159.067 Lord Howe Island Jan-14 

M. fici CF860S1 F. macrophylla f. columnaris -31.526 159.071 Lord Howe Island Jan-14 

M. fici CF882S1 F. macrophylla f. columnaris -31.531 159.07 Lord Howe Island Jan-14 

M. fici CF883N1 F. macrophylla f. columnaris -31.523 159.069 Lord Howe Island Jan-14 

M. fici CF884N1 F. macrophylla f. columnaris -31.523 159.069 Lord Howe Island Jan-14 

Psyllaephagus CF886A1 F. macrophylla f. columnaris -31.573 159.077 Lord Howe Island Jan-14 

Psyllaephagus CF886A2 F. macrophylla f. columnaris -31.573 159.077 Lord Howe Island Jan-14 

Psyllaephagus CF886A3 F. macrophylla f. columnaris -31.573 159.077 Lord Howe Island Jan-14 

Psyllaephagus CF887A2 F. macrophylla f. columnaris -31.564 159.092 Lord Howe Island Jan-14 

Psyllaephagus CF896A1 F. macrophylla f. columnaris -31.548 159.081 Lord Howe Island Jan-14 

M. fici CF898N1 F. macrophylla f. columnaris -31.523 159.069 Lord Howe Island Jan-14 

M. fici CF900S1 F. macrophylla f. columnaris -31.516 159.045 Lord Howe Island Jan-14 

M. fici CF902S1 F. macrophylla f. columnaris -31.516 159.045 Lord Howe Island Jan-14 

M. fici CF908S1 F. macrophylla f. columnaris -31.527 159.066 Lord Howe Island Jan-14 

M. fici CF919S1 F. macrophylla f. columnaris -31.521 159.065 Lord Howe Island Jan-14 

Psyllaephagus CF921A1 F. macrophylla f. columnaris -31.536 159.079 Lord Howe Island Jan-14 

M. fici CF932S1 F. macrophylla f. columnaris -31.528 159.075 Lord Howe Island Jan-14 

M. fici CF943S1 F. macrophylla f. columnaris -31.521 159.069 Lord Howe Island Jan-14 

Psyllaephagus CF945A1 F. macrophylla f. columnaris -31.55 159.092 Lord Howe Island Jan-14 

Psyllaephagus CF960A1 F. macrophylla f. columnaris -31.517 159.046 Lord Howe Island Jan-14 

M. fici CF971S1 F. macrophylla f. macrophylla -33.847 151.172 Sydney Apr-14 

M. fici CF974S1 F. macrophylla f. macrophylla -33.85 151.17 Sydney Apr-14 

M. fici CF977S1 F. macrophylla f. macrophylla -37.81 144.955 Melbourne May-14 

M. fici CF978N1 F. macrophylla -37.81 144.955 Melbourne May-14 

M. fici CF978S1 F. macrophylla -37.81 144.955 Melbourne May-14 

M. proxima CF982S1 F. rubiginosa -33.865 151.22 Sydney May-14 

M. fici BRI34.2S1 F. macrophylla f. macrophylla -27.458 153.022 Brisbane Jul-14 

M. fici BRI5.1S1 F. macrophylla f. macrophylla -27.232 153.117 Brisbane Jul-14 

M. fici CF1039S1 F. macrophylla f. macrophylla -27.23 153.12 Brisbane Jul-14 

Psyllaephagus CF1041A1 F. macrophylla f. macrophylla -27.23 153.12 Brisbane Jul-14 

M. fici CF1044S1 F. macrophylla f. macrophylla -27.232 153.117 Brisbane Jul-14 

M. fici CF1057S1 F. macrophylla f. macrophylla -27.23 153.12 Brisbane Jul-14 

M. fici CF1067S1 F. macrophylla f. macrophylla -27.23 153.12 Brisbane Jul-14 

Psyllaephagus CF1073A1 F. macrophylla f. macrophylla -27.232 153.117 Brisbane Jul-14 

M. fici CF1074S1 F. macrophylla f. macrophylla -27.232 153.117 Brisbane Jul-14 

Psyllaephagus CF1080A1 F. macrophylla f. macrophylla -27.229 153.116 Brisbane Jul-14 

Psyllaephagus CF1080A2 F. macrophylla f. macrophylla -27.229 153.116 Brisbane Jul-14 
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M. fici CF1088S1 F. macrophylla f. macrophylla -27.23 153.12 Brisbane Jul-14 

M. fici CF1095S1 F. macrophylla f. macrophylla -27.23 153.12 Brisbane Jul-14 

M. fici CF1097S1 F. macrophylla f. macrophylla -27.227 153.115 Brisbane Jul-14 

M. fici CF1102S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1111S1 F. macrophylla f. macrophylla -27.462 153.02 Brisbane Jul-14 

M. fici CF1115S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

Psyllaephagus CF1117A1 F. macrophylla f. macrophylla -27.462 153.02 Brisbane Jul-14 

M. fici CF1127S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1135S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1143S1 F. macrophylla f. macrophylla -27.464 153.019 Brisbane Jul-14 

M. fici CF1144S1 F. macrophylla f. macrophylla -27.464 153.019 Brisbane Jul-14 

M. fici CF1154S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1155S1 F. macrophylla f. macrophylla -27.459 153.02 Brisbane Jul-14 

M. fici CF1158S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1162S1 F. macrophylla f. macrophylla -27.459 153.021 Brisbane Jul-14 

M. fici CF1168S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1172S1 F. macrophylla f. macrophylla -27.458 153.022 Brisbane Jul-14 

M. fici CF1176S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1179S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1181S1 F. macrophylla f. macrophylla -27.46 153.02 Brisbane Jul-14 

M. fici CF1189S1 F. macrophylla f. macrophylla -27.479 153.017 Brisbane Jul-14 

M. fici CF1193S1 F. macrophylla f. macrophylla -27.48 153.02 Brisbane Jul-14 

M. fici CF1199S1 F. macrophylla f. macrophylla -27.48 153.02 Brisbane Jul-14 

M. fici CF1202S1 F. macrophylla f. macrophylla -27.48 153.016 Brisbane Jul-14 

M. fici CF1204S1 F. macrophylla f. macrophylla -27.48 153.02 Brisbane Jul-14 

M. fici CF1212S1 F. macrophylla f. macrophylla -27.5 153.02 Brisbane Jul-14 

M. fici CF1213S1 F. macrophylla f. macrophylla -27.5 153.019 Brisbane Jul-14 

M. fici CF1221S1 F. macrophylla f. macrophylla -27.500 153.019 Brisbane Jul-14 

M. fici CF1236S1 F. macrophylla f. macrophylla -28.089 153.452 Burleigh Heights Jul-14 

M. fici CF1241S1 F. macrophylla f. macrophylla -28.09 153.45 Burleigh Heights Jul-14 

M. fici CF1256S1 F. macrophylla f. macrophylla -29.07 153.35 Woodburn Jul-14 

M. fici CF1272S1 F. macrophylla f. macrophylla -29.43 153.24 Harwood Jul-14 

M. fici CF1277S1 F. macrophylla f. macrophylla -30.447 152.897 Bellinger Jul-14 

M. fici CF1280S1 F. macrophylla f. macrophylla -30.447 152.897 Bellingen Jul-14 

M. fici CF1298S1 F. macrophylla f. macrophylla -30.44 152.87 Bellingen Jul-14 

M. fici CF983S1 F. macrophylla f. macrophylla -34.62 150.83 Shellcove Jul-14 

M. proxima CST2.8S1 F. rubiginosa -29.406 153.349 Iluka Jul-14 

M. fici IL14F F. macrophylla f. macrophylla -34.71 150.84 Kiama Jul-14 

M. fici CF1351S1 F. macrophylla f. macrophylla -33.884 151.221 Sydney Sep-14 

M. fici CF1356S1 F. macrophylla f. macrophylla -36.85 174.77 Auckland Nov-14 

M. fici CF1370S1 F. macrophylla f. macrophylla -36.85 174.77 Auckland Nov-14 

M. fici CF1378S1 F. macrophylla f. macrophylla -36.851 174.768 Auckland Nov-14 

M. fici CF1384S1 F. macrophylla f. macrophylla -36.86 174.76 Auckland Nov-14 

M. fici CF1390S1 F. macrophylla f. macrophylla -36.856 174.761 Auckland Nov-14 

M. fici CF1396S1 F. macrophylla f. macrophylla -36.858 174.75 Auckland Nov-14 

M. fici CF1407S1 F. macrophylla f. macrophylla -36.86 174.75 Auckland Nov-14 

M. fici CF1412S1 F. macrophylla f. macrophylla -36.855 174.753 Auckland Nov-14 

M. fici CF1417S1 F. macrophylla f. macrophylla -36.85 174.75 Auckland Nov-14 

M. fici CF1426S1 F. macrophylla f. macrophylla -36.86 174.78 Auckland Nov-14 

M. fici CF1428S1 F. macrophylla f. macrophylla -36.86 174.77 Auckland Nov-14 

M. fici CF1434S1 F. macrophylla f. macrophylla -36.86 174.78 Auckland Nov-14 

M. fici CF1438S1 F. macrophylla f. macrophylla -36.9 174.78 Auckland Nov-14 

M. fici CF1444S1 F. macrophylla f. macrophylla -36.915 174.765 Auckland Nov-14 

M. fici CF1452S1 F. macrophylla f. macrophylla -36.91 174.76 Auckland Nov-14 

M. fici CF1455S1 F. macrophylla f. macrophylla -36.83 174.8 Auckland Nov-14 

M. fici CF1468S1 F. macrophylla f. macrophylla -36.83 174.8 Auckland Nov-14 

M. fici CF1475S1 F. macrophylla f. macrophylla -36.82 174.81 Auckland Nov-14 

M. fici CF1483S1 F. macrophylla f. macrophylla -36.9 174.652 Auckland Nov-14 

M. fici CF1484S1 F. macrophylla f. macrophylla -36.79 174.77 Auckland Nov-14 
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M. fici CF1487S1 F. macrophylla f. macrophylla -36.79 174.76 Auckland Nov-14 

M. fici CF1492S1 F. macrophylla f. macrophylla -36.86 174.78 Auckland Nov-14 

M. fici CF1497S1 F. macrophylla f. macrophylla -36.85 174.85 Auckland Nov-14 

M. fici CF1506S1 F. macrophylla f. macrophylla -36.85 174.85 Auckland Nov-14 

M. fici CF1511S1 F. macrophylla f. macrophylla -36.88 174.85 Auckland Nov-14 

M. fici CF1514S1 F. macrophylla f. macrophylla -36.901 174.839 Auckland Nov-14 

M. fici CF1518S1 F. macrophylla f. macrophylla -36.93 174.84 Auckland Nov-14 

M. fici CF1520S1 F. macrophylla f. macrophylla -36.901 174.839 Auckland Nov-14 

M. fici CF1525S1 F. macrophylla f. macrophylla -36.94 174.84 Auckland Nov-14 

M. fici CF1529S1 F. macrophylla f. macrophylla -36.9 174.652 Auckland Nov-14 

Psyllaephagus JE01A1 F. macrophylla f. macrophylla -36.9 174.652 Auckland Nov-14 

Psyllaephagus JE01A2 F. macrophylla f. macrophylla -36.9 174.652 Auckland Nov-14 

Psyllaephagus JE01A3 F. macrophylla f. macrophylla -36.9 174.652 Auckland Nov-14 

M. fici CF1533S1 F. macrophylla f. columnaris -31.52 159.07 Lord Howe Island Dec-14 

M. fici CF1535S1 F. macrophylla f. columnaris -31.52 159.06 Lord Howe Island Dec-14 

M. fici CF1541S1 F. macrophylla f. columnaris -31.523 159.069 Lord Howe Island Dec-14 

M. fici CF1560S1 F. macrophylla f. columnaris -31.527 159.074 Lord Howe Island Dec-14 

M. fici CF1564S1 F. macrophylla f. columnaris -31.53 159.07 Lord Howe Island Dec-14 

Psyllaephagus CF1567A1 F. macrophylla f. columnaris -31.528 159.072 Lord Howe Island Dec-14 

Psyllaephagus CF1570A1 F. macrophylla f. columnaris -31.528 159.072 Lord Howe Island Dec-14 

M. fici CF1583S1 F. macrophylla f. columnaris -31.53 159.07 Lord Howe Island Dec-14 

M. fici CF1595S1 F. macrophylla f. columnaris -31.52 159.07 Lord Howe Island Dec-14 

M. fici CF1610S1 F. macrophylla f. columnaris -31.53 159.07 Lord Howe Island Dec-14 

Psyllaephagus CF1625A1 F. macrophylla f. columnaris -31.522 159.068 Lord Howe Island Dec-14 

M. fici CF1625S1 F. macrophylla f. columnaris -31.53 159.07 Lord Howe Island Dec-14 

M. fici CF1628S1 F. macrophylla f. columnaris -31.52 159.06 Lord Howe Island Dec-14 

M. fici CF1632S1 F. macrophylla f. columnaris -31.52 159.07 Lord Howe Island Dec-14 

M. fici CF1657S1 F. macrophylla f. columnaris -31.531 159.07 Lord Howe Island Dec-14 

M. fici CF1661S1 F. macrophylla f. columnaris -31.528 159.07 Lord Howe Island Dec-14 

M. fici CF1666S1 F. macrophylla f. columnaris -31.53 159.07 Lord Howe Island Dec-14 

M. fici CF1677S1 F. macrophylla f. columnaris -31.531 159.07 Lord Howe Island Dec-14 

Psyllaephagus CF1679A1 F. macrophylla f. columnaris -31.538 159.076 Lord Howe Island Dec-14 

M. fici CF1691S1 F. macrophylla f. columnaris -31.52 159.06 Lord Howe Island Dec-14 

M. fici CF1701S1 F. macrophylla f. columnaris -31.54 159.08 Lord Howe Island Dec-14 

M. fici CF1704S1 F. macrophylla f. columnaris -31.57 159.08 Lord Howe Island Dec-14 

Psyllaephagus CF1705A1 F. macrophylla f. columnaris -31.548 159.076 Lord Howe Island Dec-14 

M. fici CF1712S1 F. macrophylla f. columnaris -31.54 159.08 Lord Howe Island Dec-14 

M. fici CF1714S1 F. macrophylla f. columnaris -31.523 159.069 Lord Howe Island Dec-14 

M. fici CF1732S1 F. macrophylla f. macrophylla -36.22 150.13 Narooma Jan-15 

M. fici CF1732S2 F. macrophylla f. macrophylla -36.22 150.13 Narooma Jan-15 

 

 

 

  

 

  



 

 

187 

 

 

Appendix 2: Nucleotide substitution models. 

Nucleotide substitution models assume different combination of parameters for DNA site 

substitution. The “Base frequencies” parameter indicates at which frequency nucleotides 

occur (e.g. 25% for the JC and K80 models but variable in others). Transversions and 

transitions - see figure below, thin arrows represent transversions and wide arrow transitions 

- can also happen at different rates. 

Model Base frequencies Substitution rate 

 Jukes-Cantor (JC) equal equal 

 general time reversible (GTR) variable symmetrical matrix 

Model Base frequencies transition rate transversion rate 

Kimura 2-parameter (K80) equal one one 

Hasegawa-Kishino-Yano (HKY) variable one one 

Tamura-Nei (TrN) variable equal variable 

Kimura 3-parameter (K3P) variable equal two 
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