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Abstract 
 

The pasture mealybug Heliococcus summervillei Brookes (1978) (Hemiptera: 

Pseudococcidae) was recently confirmed as the primary causative factor in pasture dieback. 

Short-read sequencing of the bacterial 16S gene (V3-V4) has been used to generate a 

baseline microbial profile for H. summervillei, for which there is no equivalent in the current 

literature. Bacterial community composition and diversity in H. summervillei specimens from 

different host plants and geographic locations are described for the first time in this work. 

Neither host plant suitability nor geography appear to affect the bacterial microbiome, which 

is dominated by the primary endosymbiont, Candidatus Tremblaya phenacola.  

 

H. summervillei has two known biotypes: an ‘old’ biotype associated with historical dieback 

outbreaks in the 1920s and 1930s, and a ‘new’ biotype that has been identified at all reported 

sites in the current outbreak (2015-present) and is spreading rapidly across eastern 

Australia. The only appreciable difference in bacterial diversity in the H. summervillei 

microbiome is associated with mealybug biotype, which in itself is attributed to sequence 

variation in the T. phenacola genome. T. phenacola associated with H. summervillei does not 

appear to match T. phenacola from any Phenacoccidae mealybugs published to date, which 

suggests the emergence of a new strain of the endosymbiont. We propose the designation 

“Tremblaya phenacola HSUM” in line with the naming conventions of published strains. More 

complete sequencing of both variants of H. summervillei and T. phenacola is recommended, 

as is further investigation into microbial functional diversity.  

 

Long-term field trials are necessary to identify factors that may alter the impact of H. 

summervillei in real agricultural conditions, but mass testing of pasture varieties is a high-

cost endeavour. Bioassays are proposed to help prioritise dieback-tolerant pasture varieties 

for long-term field trials. This research demonstrates proof of concept of a rapid laboratory-

based bioassay for screening pasture varieties for susceptibility to dieback. This method 

uses the survival rate of H. summervillei on different grasses to infer their suitability as hosts 

for the mealybug; increased host suitability then suggests increased dieback susceptibility.  

 

The association of a hypervirulent outbreak of pasture dieback with a new mealybug biotype, 

in conjunction with the emergence of a new strain of the endosymbiont, raises questions 

about the biology of H. summervillei and calls for revision of its biosecurity status. The 

baseline microbial profile and pasture screening method established in this thesis will yield 

more immediate results for the agricultural industry, primarily in pasture variety assessment 

for proactive management (e.g. resowing affected land) against future incursions.  
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Chapter 1: Introduction 

 

This chapter describes the background and context of the research (section 1.1) and 

provides a literature review (section 1.2) with consideration for the real-world implications of 

the research problem (section 1.3). Further sections summarise the purpose (section 1.4), 

significance (section 1.5) and methodology (section 1.6) of the research. An outline of the 

subsequent thesis is also provided (section 1.7).  

 

1.1 Background and Context 

 

Pasture dieback is a complex condition associated with the pasture mealybug, Heliococcus 

summervillei Brookes (Brookes, 1978). It is characterised by premature and progressive 

death of pasture grasses, which subsequently reduces the productivity of affected pastures 

and has wide-ranging implications for the agricultural industry. Published records show that 

pasture dieback outbreaks associated with H. summervillei have occurred in Australia in 

1926 (Summerville, 1928) and 1938 (Brookes, 1978); Pakistan in 1975 (Brookes, 1978); 

India in 1987 (Ghosh & Ghose, 1987); New Caledonia in 1998 (Brinon et al., 2004); Puerto 

Rico in 2019 (Hauxwell et al., 2022a-b); and Barbados in 2020 (Gibbs, 2020). More recent 

outbreaks of pasture dieback in Australia, first observed in the 1990s, were not conclusively 

associated with H. summervillei until recently (Hauxwell et al., 2022c-d).  

 

Pasture dieback associated with H. summervillei has historical ties with the state of 

Queensland in eastern Australia, having affected paspalum grasses (Paspalum dilatatum) on 

the Sunshine Coast in 1926 (Summerville, 1928) and in Atherton in 1938 (Brookes, 1978). 

There is growing concern about a rapidly accelerating outbreak of the pasture mealybug and 

resulting dieback across Queensland and northern New South Wales. This outbreak began 

in the 1990s and has impacted approximately 400,000 hectares as of 2020 (Meat & 

Livestock Australia (MLA), 2021a). Early occurrences of the current dieback outbreak in 

buffel grasses (Cenchrus) near Moura in 1993 were also reported to be associated with a 

mealybug, but the species was not identified (Graham & Conway, 1998). The Queensland 

grazing industry has lost an estimated AU$2 billion in productivity based on reported dieback 

cases between 2015 and 2021 (AgForce, 2021), though local graziers believe losses are in 

the order of AU$3-4 billion (Halter, 2023). Further losses are expected as the outbreak area 

moves south into New South Wales.  

 



2 
 

H. summervillei, commonly known as the pasture mealybug, was recently confirmed as the 

primary causative factor in pasture dieback (Hauxwell et al., 2022c-d). H. summervillei has 

two known biotypes (i.e. variant phenotypes with similar or identical genotypes) found at 

pasture dieback sites across Australia. The first biotype was discovered at the site of the first 

recorded outbreak of pasture dieback in Australia in 1926 (Summerville, 1928), hereafter 

referred to as the ‘old’ biotype. The second biotype is associated with the current outbreak 

and has been identified at all reported pasture dieback sites (Schutze et al., 2019), hereafter 

referred to as the ‘new’ biotype. The current pasture dieback outbreak is more widespread 

and severe than past outbreaks, affecting at least 26 known grass varieties (Hauxwell et al., 

2022e) and spreading almost four times as fast (MLA, 2021b). The association of a new 

pasture dieback outbreak with a new mealybug biotype raises questions about the biology 

and biosecurity status of H. summervillei.  

 

In Australia, biosecurity risk analyses consider all mealybug species as a collective due to 

their similar biological characteristics and thus presumably similar manners of distribution 

(Department of Agriculture, Fisheries and Forestry (DAFF), 2020). The former Department of 

Agriculture and Water Resources (DAWR) (2019, p39-44) estimates that mealybugs have a 

moderate overall likelihood of establishment and spread, and that the potential economic and 

environmental consequences of their establishment are low in magnitude and scale. 

However, this generalised risk estimate is challenged by the rapid spread of the new H. 

summervillei biotype across eastern Australia and the high severity of the pasture dieback 

associated with it (Hauxwell et al., 2022d-e). These characteristics suggest that H. 

summervillei poses a more significant threat to Australian biosecurity, beyond the published 

risk estimates for mealybugs as a group. Furthermore, recent outbreaks of pasture dieback 

in Puerto Rico (Hauxwell et al., 2022b) and Barbados (Gibbs, 2020) have been confirmed to 

be attributed to the new H. summervillei biotype (Hauxwell et al., 2022b), which suggests that 

H. summervillei should in fact be considered an international biosecurity threat.  

 

H. summervillei is a soft scale insect that uses piercing-sucking mouthparts to penetrate 

plant tissue and feed on phloem sap directly from the host plant vascular system. Low 

numbers of H. summervillei can induce significant and rapid onset of pasture dieback 

symptoms (Hauxwell et al., 2022c). Mealybugs have limited capacity to deplete plant sap due 

to their small size (<5mm), and these symptoms are therefore unlikely to be caused by 

mealybug feeding alone. Feeding by the solenopsis mealybug (Phenacoccus solenopsis) is 

understood to disrupt plant defence signalling pathways mediated by jasmonic acid (JA) and 

salicylic acid (SA) (Zhang et al., 2011, 2015), and recent work suggests that salivary bacteria 
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play a key role in this response (Zhao et al., 2023). H. summervillei feeding is suspected to 

disrupt plant immune responses in a similar manner (Hauxwell et al., 2022d-e).  

 

JA and SA signalling pathways are mutually antagonistic, with the induction of one leading to 

suppression of the other (Hou & Tsuda, 2022). JA pathways are responsible for inducing 

defence mechanisms against necrotrophic pathogens, while SA pathways induce defence 

against biotrophs/hemi-biotrophs (Li et al., 2019). Sufficient signal interference of either 

phytohormone would leave the host plant susceptible to the associated pathogen type. 

Transcriptomics on American buffel grass (C. ciliaris var. USA) suggests that H. summervillei 

feeding suppresses the JA pathway and activates the SA pathway, thus rendering the host 

plant susceptible to secondary infection (Hauxwell et al., 2022; Munro & Hauxwell, 2023). 

Secondary infection by necrotrophic fungi, particularly Fusarium spp., corresponds with the 

symptoms seen in pasture dieback associated with H. summervillei, and multiple species and 

strains of Fusarium are typically isolated from affected pastures (Hauxwell et al., 2022d).  

 

Historical management strategies rely on preventative measures (i.e. farm biosecurity) to 

minimise the spread of pasture dieback (Buck et al., 2022; MLA, 2021c), but these practices 

have limited efficacy on the affected areas themselves. Biological and chemical controls are 

shown to be effective for targeting foliar-feeding mealybugs (Hauxwell et al., 2022a). 

However, adult females disperse in late summer and do not feed on leaf, and overwintering 

populations also disperse from foliage – they persist underground, around the roots, and in 

dense thatch (Hauxwell et al., 2022b). These behaviours decrease the effectiveness of 

insecticide application and increase the likelihood of reinfestation. For longer-term 

management, a promising strategy is to regenerate affected areas by re-sowing with grass 

varieties that are resistant or tolerant to pasture dieback (Buck et al., 2022; MLA, 2021c). 

Recent work shows that the new H. summervillei biotype has a very wide host range in the 

field (Hauxwell et al., 2022b; MLA, 2023). Differences in host suitability can be detected in 

short-term laboratory and screenhouse assays (Hauxwell et al., 2022d), which may be used 

as an initial screen for host range suitability prior to long-term and high-cost field testing.  

 

Insects, and particularly hemipterans, are typically associated with complex microbial 

communities that significantly influence various aspects of their biology (Gurung, 2019). For 

example, gut microbiota can provide essential amino acids the host insect cannot synthesise 

themselves (Schmidt & Engel, 2021), and bacteriocyte-dwelling microbes can produce toxins 

as a chemical defence against predators (Van Arnam et al., 2018). Insect-associated 

microbes appear to play a larger role in insect-plant interactions than previously thought 

(Coolen et al., 2022). Bacterial symbionts of other mealybugs are associated with the 
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suppression of host plant defence responses (Zhao et al., 2023), increasing the potential 

susceptibility of the host plant to secondary infection. Further investigation is required to 

understand the composition and potential role of the microbiome (i.e. all the microorganisms 

that live on and within the insect host) in the interactions of H. summervillei with host grasses 

in pasture dieback.  

 

Within the H. summervillei microbiome, the primary endosymbiont Candidatus Tremblaya 

phenacola (Proteobacteria: Betaproteobacteria) is of particular interest. It is responsible for 

synthesising critical amino acids and vitamins to compensate for the nutritional deficiencies 

of the sap-based mealybug diet and is therefore essential for their survival (McCutcheon & 

von Dohlen, 2011). Studying diversity in the bacterial communities of H. summervillei and in 

T. phenacola at a sequence level may provide insight into the role of bacteria in the severity 

of effects of the pasture mealybug on susceptible grass varieties.  

 

For species with low genetic diversity like H. summervillei, standard population genetic 

analyses with microsatellites or barcodes have limited resolving power (Ma et al., 2020). A 

cophylogenetic approach that also investigates the primary endosymbiont T. phenacola may 

therefore be useful for resolving H. summervillei systematics. This has been demonstrated in 

a multi-genome approach to tracking the Russian wheat aphid (Diurapis noxia) using its 

primary endosymbiont (Buchnera aphidicola) (Zhang et al., 2014). Cophylogenetic analyses 

could exploit the long evolutionary history between mealybugs and Ca. Tremblaya that is 

shaped more by their genetic interdependence than by biogeography or plant host range 

(Hardy et al., 2008), and could thus facilitate the identification and differentiation of 

endosymbiont biotypes.  

 

This thesis will investigate the following: rapid bioassays for screening relative susceptibility 

and suitability of pasture grasses as hosts for H. summervillei; bacterial communities 

associated with H. summervillei on different grass hosts and across the geographic range of 

the current pasture dieback outbreak in Australia; diversity in the H. summervillei primary 

endosymbiont T. phenacola across a wide geographic range; and potential cophylogeny 

between H. summervillei and T. phenacola.  
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1.2 Literature Review 

 

This chapter presents literature reviews on the following topics: pasture dieback and its 

current status in Australia (section 1.2.1); the biology and host range of the pasture 

mealybug (section 1.2.2); and the bacterial communities associated with mealybugs, 

including their primary endosymbionts (section 1.2.3). Sections 1.3-1.5 then highlight 

implications of the literature and develop the conceptual framework for the study.  

 

1.2.1 Pasture dieback 

 

The term ‘dieback’ describes numerous conditions characterised by progressive plant death 

and encompasses a range of causal agents across a range of plant types. ‘Pasture dieback’ 

is a particular condition currently affecting grass pastures across eastern Australia, primarily 

in Queensland and New South Wales. For many Australian graziers, pasture dieback is 

regarded as a mysterious and devastating condition (Courtney, 2020; Nason, 2018; Nugent, 

2019). However, recent research has established that the causal agent of the current pasture 

dieback outbreak is the pasture mealybug, Heliococcus summervillei Brookes (Hauxwell et 

al., 2022a-e).  

 

Mealybugs are known to affect several important grasses in Australia. In Queensland, the 

sugarcane mealybug Saccharicoccus sacchari and the rhodesgrass mealybug Antonina 

graminis are frequent pests of their eponymous hosts (Hauxwell, 2018; Samson, Sallam & 

Chandler, 2019). The tuttle mealybug Brevennia rehi has been identified on native grasses in 

Far North Queensland (Grimshaw & Donaldson, 2007), but is usually found on rice in the 

Northern Territory (Ben-Dov, 2008; Williams, 1985). The ryegrass mealybug Phenacoccus 

graminicola is mostly reported on barley and other cereal crops in South Australia 

(Department of Primary Industries and Regions, 2023). Neighbouring countries cite two 

mealybug species as pests of various pasture grasses, both referred to as the pasture 

mealybug in their corresponding reports: Balanococcus poae in New Zealand (Charles et al., 

2009) and Heliococcus summervillei in New Caledonia (Brinon et al., 2004).  

 

Distribution 

 

In Australia, pasture dieback caused by the mealybug later classified as H. summervillei was 

first reported around the Cooroy district of South East Queensland in 1926 (Summerville, 

1928; Brookes, 1978), but subsequent observations were sporadic. Pasture dieback and H. 
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summervillei were not observed again until 1938 in the Atherton Tablelands of Far North 

Queensland (Brookes, 1978). H. summervillei was next observed the 1990s, when dieback 

associated with an unidentified mealybug was reported in the Dawson and Callide Valleys of 

Central Queensland (Graham & Conway, 1998). From 2015, a rapid and wide geographic 

spread of dieback and the unidentified mealybug was reported across Central Queensland 

and outwards into South East and Far North Queensland (MLA, 2021b-c). By 2020, this 

outbreak had spread into northern New South Wales (MLA, 2021b-c).  

 

 

Figure 1. Approximate geographic range of the current pasture dieback outbreak (2015 to present) across eastern 

Australia based on reported cases (Photo: Meat & Livestock Australia).  

 

A conservative estimate of 400,000 hectares of land across eastern Australia is impacted by 

pasture dieback (MLA, 2021a) (Figure 1), at least 200,000 of which is productive grazing 

land (Buck, 2019). Note that these figures likely underestimate the actual area affected, as 

not all cases are reported nor identified. There are well over 16,000 agricultural businesses 

in Queensland (Department of Agriculture and Fisheries (DAF), 2018) and these conclusions 

are based on reports of pasture dieback from approximately 120 landholders. Anecdotal 
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evidence suggests that some landowners are reluctant to report cases of pasture dieback 

due to concerns about biosecurity and/or land devaluation (Buck, 2017).  

 

H. summervillei is also an internationally recognised pest, with published records of 

outbreaks on sugarcane in Pakistan in 1975 (Brookes, 1978); on rice in India in 1987 (Ghosh 

& Ghose, 1987); on sedge and grasses in New Caledonia in 1998 (Brinon et al., 2004); and 

on pasture grasses in Barbados in 2020 (Gibbs, 2020). Outbreaks have also been reported 

on unconfirmed host plant/s in Puerto Rico in 2019 (Hauxwell et al., 2022b).  

 

Causation 

 

Research into causal agents of ‘pasture dieback’ since the 1990s has focused on pests and 

pathogens found at dieback-affected sites. The literature reports a range of suspected 

agents: mealybugs, ground pearls, nematodes, fungi, and viruses (Applied Horticultural 

Research (AHR), 2019; Bransgrove, 2017; Buck et al., 2022; Hauxwell et al., 2022a-e; 

Mercer et al., 2008; Rogers, 2017; Schutze et al., 2019; Summerville, 1928; Thomson et al., 

2020). Recent work, however, has confirmed that H. summervillei Brookes is the primary 

causal agent of the current pasture dieback outbreak in Australia (Hauxwell et al., 2022c-e).  

 

Symptoms 

 

An early symptom of pasture dieback in most grasses is leaf yellowing, followed by purple-

red streaking or blocking along the leaf margins (Hauxwell et al., 2022a-c) (Figure 2a). These 

changes typically affect the oldest leaves first, beginning at the leaf tip and moving down the 

leaf blade (Baker et al., 2021; Hauxwell, 2018; MLA, 2021b-c). Dieback-associated 

discolouration can be hard to differentiate from other conditions like drought, grazing stress, 

or nutrient deficiency and related opportunistic diseases (MLA, 2021c), which can make 

diagnosis difficult. As the condition progresses, plant growth slows or stops, and premature 

senescence may occur (Baker et al., 2021). The grass may eventually die, especially with 

warm, wet weather in late summer. Such conditions facilitate secondary infections (e.g. by 

Fusarium spp.) wherein the grass becomes fragile and characteristically grey, with loss of 

root structure (Hauxwell et al., 2022c). The death of pasture grasses allows the spread of 

broadleaf weeds and unpalatable grasses, thereby reducing overall pasture quality and 

productivity (Baker et al., 2021; MLA, 2021c).  
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Figure 2. (a) Yellowing and purple-red streaking in dieback-affected American buffel grass (Cenchrus ciliaris var. 

USA). (b) Large patches of dieback on an affected hillside. (Photos: C. Hauxwell, QUT) 

 

The early symptoms and presence of mealybugs were frequently overlooked in initial reports 

of pasture dieback. Graziers would often only observe what appeared to be the grey, ashy 

‘death’ of grass and how affected areas increased rapidly in size, from square metre patches 

to paddocks of several hundred hectares within weeks (Figure 2b). The rapid spread of 

dieback is especially likely following rainfall in the growing season, when secondary infection 

of mealybug-infested grasses leads to the rapid death of the grass, and this often spreads in 

the direction of prevailing winds (Baker et al., 2021; Hauxwell et al., 2022a, 2022c; Hauxwell, 

2018; MLA, 2021b-c) - i.e. conditions that facilitate mealybug dispersal.  

 

Management 

 

Management strategies to date rely on farm biosecurity, initially to prevent the spread of 

‘unknown’ causal agents and more recently to prevent spread of H. summervillei (Buck et al., 

2022; Hauxwell 2018, MLA, 2021a-c). Key biosecurity measures include monitoring for 

symptoms; limiting livestock access to affected areas; washing down 

vehicles/equipment/personnel/etc. that enter the property, or when moving between affected 

and unaffected areas; and planting windbreaks, especially if recurrent outbreaks occur in 

upwind areas (Baker et al., 2021; MLA, 2021a-c). Where mealybug populations are 

established, management options include slashing and grazing to reduce dense layers of 

grass where mealybugs thrive (Hauxwell et al., 2022a-d; Hauxwell, 2018; MLA 2021a-c). For 

longer-term management, re-sowing affected pastures with less susceptible pasture varieties 

and/or forage crops is an attractive option, as it can reduce the severity of dieback while still 

providing livestock with high quality feed (Buck, 2022; Hauxwell et al., 2022a-e; Hauxwell, 

a b 
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2018; MLA, 2021a-c). Recent work has shown significant differences in susceptibility 

between grass varieties, with corresponding differences in the development and survival of 

mealybugs (Hauxwell et al., 2022e). This suggests that replanting with varieties more tolerant 

or less suited as hosts of the mealybug is a promising strategy for proactive recovery.  

 

Dicotyledonous pasture species are not suitable hosts for H. summervillei and are not 

affected by pasture dieback (Buck et al., 2022; Department of Primary Industries (DPI), 

c2021; MLA, 2021c; Whitton et al., 2022), and broadleaf forage crops such as brassicas, 

legumes and herbs are thus recommended options for re-sowing in dieback-affected 

pastures (DPI, c2021; Hauxwell et al., 2022d-e; MLA, 2021c). Grasses infested with H. 

summervillei are reportedly unpalatable to livestock (AHR, 2019; Baker & Boschma, 2020; 

Buchanan, 2018) and forage crops can compensate by providing high quality livestock feed 

(DPI, c2021). In the event of pasture death, forage crops can also help to prevent erosion by 

maintaining ground cover and preserve agricultural productivity by competing with broadleaf 

weeds, which are also resistant to pasture dieback (DPI, c2021; Hauxwell et al., 2022e).  

 

The brief duration of the New Caledonia pasture dieback outbreak associated with H. 

summervillei was attributed to control by natural enemies (Brinon et al., 2004). Natural 

enemies of H. summervillei include the predators Cryptolaemus montrouzieri and Mallada 

signatus. C. montrouzieri is a lady beetle that exhibits predatory behaviour against various 

mealybug species and is widely used as a biocontrol agent (Gunawardana & Hemachandra, 

2020) (Figure 3a). M. signatus is a green lacewing species that is commonly used in 

biological pest control as a generalist predator (Manners & Duff, 2015) (Figure 3b). 

Parasitoids of H. summervillei include the chalcid wasp Callipteroma sexguttata (Baker et al., 

2020; Hauxwell, 2018) (Figure 3c) and two new parasitoid wasp species of the genera 

Parectromoidella and Yamatsuiola (Hymenoptera: Encyrtidae) (Hauxwell et al., 2022d) 

(Figure 3d-f). However, all observed parasitoids of H. summervillei in Australia have low 

parasitism rates and do not provide meaningful levels of biological control.  
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Figure 3. Natural enemies and parasitoids of H. summervillei. (a) Cryptolaemus montrouzieri (Photo: N. Diplock). 

(b) Mallada signatus (Photo: L. Woodmore). (c) Callipteroma sexguttata (Photo: L. Sanders). (d) Mummified H. 

summervillei host before (top) and after (bottom) parasitoid wasp emergence (Photos: E. Bryans, QUT). (e) 

Parectromoidella sp. (Photo: E. Bryans, QUT). (f) Yasumatsuiola orientalis (Photo: E. Bryans, QUT).  

 

The systemic insecticides Movento® (spirotetramat) and Confidor® (imidacloprid) are 

effective against H. summervillei and may be used under permit (emergency and minor use 

permit, respectively) in Queensland and New South Wales (Hauxwell et al., 2022c). 

Chemical controls can be effective against small incursions where mealybug populations are 

building rather than established, but they are not recommended for widespread application 

(Hauxwell et al., 2022d-e). It is also important to note that contact insecticides may not 

provide sufficient control of mealybugs. Their protective wax coating and tendency to persist 

deep in the soil profile (Hauxwell, 2018; Manners & Duff, 2015) can put them beyond the 

reach of surface sprayed chemicals, and any surviving mealybugs can then go on to re-

establish populations. Further drawbacks of chemical use include the negative impacts on 

beneficial insect populations; high cost of insecticide application; and risk of chemical 

residues persisting in grazing livestock meat (Hauxwell, 2018; MLA, 2021).  

 

  

a b c 

d e f 
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1.2.2 Pasture mealybug, Heliococcus summervillei 

 

General mealybug morphology 

 

Mealybugs (Hemiptera: Pseudococcidae) are a diverse group of phloem-feeding scale 

insects (>1000 species) that target an increasingly broad range of plants (>300 genera). This 

includes several economically important commercial crops like cereal, citrus, coffee and 

cotton (Zarkani et al., 2021; Finch et al., 2020; Wang et al., 2020a; Tong et al., 2019; Wei et 

al., 2019). Like all hemipterans, mealybugs possess specialised piercing-sucking mouthparts 

in which the mandibles and maxillae are modified to form a tubular piercing structure known 

as a stylet (Jockusch & Fisher, 2021). Variations in the ultrastructure of these mouthparts 

thought to reflect adaptations in feeding behaviour (Alliaume et al., 2018). For example, 

variation in the length and/or number of serrations of the distal stylets may represent 

adaptations to feeding on different plant types (e.g. herbaceous vs. woody) or plant 

structures (e.g. leaf vs. stem), as seen in other hemipterans (Brozek et al., 2015; Wang et al., 

2015). Several mealybug species are highly polyphagous (Subramanian et al., 2021) and 

have the potential for widespread invasion, with considerable consequences for global 

agriculture and food security. Although mealybugs are a known biosecurity risk in Australia, 

current risk estimates indicate only a moderate overall likelihood of establishment and spread 

given the strict verification measures for Australian commercial imports (DAWR, 2019).  

 

Mealybugs of both sexes are flat and oval-shaped for much of their life cycle, from birth to 

the third/fourth instar stage. Sexual dimorphism only becomes unambiguous at adulthood: 

females remain neotenous (juvenile-like) (Figure 4a), while males metamorphose into a 

macropterous (winged) form (Figure 4b) (Bain et al., 2021; Vea et al., 2016). Taxonomic 

assessment of adult male mealybugs has proven challenging. Field sampling is difficult due 

to their small size (both body length and wingspan are typically 1.0mm or less) and cryptic 

nature, and laboratory colonies are notoriously difficult to maintain due to the handling 

trauma associated with frequent transfers to new host plants when previous hosts become 

overwhelmed (O’Hearn & Walsh, 2018; Johnson & Giliomee, 2013; Waterworth et al., 2011). 

Mealybug taxonomy is therefore largely based on the morphological characteristics of adult 

females (Bahder et al., 2015).  
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Figure 4. (a) Neotenous live adult female H. summervillei, showcasing the powdery white filamentous wax coating 

that mealybugs are named for (Photo: E. Bryans, QUT). (b) Macropterous dead adult male H. summervillei, 

demonstrating the extreme sexual dimorphism in mealybugs (Photo: G. Dickson, QUT).  

 

Mealybug taxonomy is made more challenging by varying reproductive behaviours between 

species. Many species demonstrate primarily sexual reproduction but also possess the 

capacity for facultative parthenogenesis in the event of fluctuating or insufficient male 

populations (Sompalaym et al., 2016). The latter may disqualify the use of males in species 

identification as it can create inconsistencies in subsequent phylogenetic studies.  

 

Older juveniles and adult females secrete a powdery white filamentous wax as a protective 

barrier against water loss and exposure to toxic substances (Tong et al., 2022). This wax 

coating imparts a ‘mealy’ appearance for which mealybugs are named (Figure 4). Given that 

adult females are morphologically similar across many mealybug species, even more so 

between closely related species, identification to species level is difficult without specialist 

knowledge and microscopic examination (da Silva et al., 2013). Common morphological 

characters used in mealybug species identification pertain to the antennae (number of 

segments), dermal pores and ducts (location/shape/size/number), claw structure (simple vs. 

developed) and auxiliary setae (presence/absence) (Figure 5) (Mani & Shivaraju, 2016a).  

 

a b 
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Figure 5. Generalised scientific illustration of a mealybug, highlighting morphological characters that are 

commonly seen on the dorsal (left) and ventral (right) surfaces (Illustration: D. J. Williams).  

 

Species identification of H. summervillei 

 

The following morphological description refers to key characters in the adult female holotype 

and paratypes of H. summervillei Brookes found in Queensland in 1926 (Brookes, 1978; 

Summerville, 1928), as well as mealybugs sampled from the current (2015-present) pasture 

dieback outbreak across eastern Australia that have been identified conclusively as H. 

summervillei Brookes (Schutze et al., 2019; Hauxwell et al., 2022d-e) (Figure 6). Adult 

females of this species have an elongated oval body shape (approx. 2.5-3.5mm long and 

1.0-2.0mm wide) and conspicuous nine-segmented antennae (approx. 0.5-1.5mm long). The 
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legs are long and slender (approx. 0.4mm from trochanter to femur and 0.5mm from tibia to 

tarsus) and the tibiae feature clusters of pores that become more numerous distally. The 

claws have fine digitules (finger-like structures) that are longer than the claw itself, and a 

prominent denticle (tooth-like structure) on the plantar surface. The dorsal ostioles (paired, 

slit-like apertures) lack setae (hair-like structures) and pores on the upper lip, but feature 

lanceolate (lance-shaped) setae and quinquelocular (five-lobed) pores on the lower lip. The 

posterior cerarii (mealybug-specific structures consisting of pores and setae) are distinctly 

developed, with setae emerging from sclerotised bases and quinquelocular pores set in 

protuberances. Body setae are sparse and fine, and more numerous on the dorsal surface, 

where they occur on the abdomen in segmented rows.  

 

  

Figure 6. (a) Scientific illustration of the ventral surface of an adult female individual of the species H. summervillei 

Brookes, with key characteristics derived from specimens collected in Queensland and Pakistan (Illustration: H. 

M. Brookes). (b) Light microscopy image of the ventral side of an adult female H. summervillei specimen collected 

in Queensland from the current (2015-present) pasture dieback outbreak (Photo: G. Dickson, QUT).  

 

  

a b 
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Life history 

 

Like many mealybug species, H. summervillei is capable of both sexual and asexual 

reproduction, a decision likely driven by environmental factors (Hauxwell et al., 2022a, 

2022d; Summerville, 1928). For example, under laboratory conditions in which adult males 

failed to emerge, Summerville (1928) observed adult females producing a second generation 

by parthenogenesis. It is not yet known how many generations can continue to reproduce 

asexually but based on the enigmatic nature of adult male mealybugs, facultative 

parthenogenetic reproduction may be a necessary strategy for species survival (Galis & van 

Alphen, 2019). Asexual reproduction has not been observed in any subsequent laboratory-

based experiments on H. summervillei. However, field experiments have reported unmated 

adult females (distinguished by their white colour, as females turn pink when mated) closely 

associated with neonates in the soil during winter (Hauxwell et al., 2022d) (Figure 7). This 

suggests a possible parthenogenetic life stage during winter under field conditions.  

 

  

Figure 7. (a) Mated (pink) adult female H. summervillei surrounded by first instars on leaf. Females only turn pink 

when mated; colouration here therefore indicates that sexual reproduction has occurred. (b) Unmated (white) 

adult female H. summervillei surrounded by first instars in soil, a possible indicator of parthenogenetic 

reproduction. (Photos: C. Hauxwell, QUT).  

Summerville (1928) documented that each female can give birth to about 250 offspring, with 

the first production of young occurring at around 70 days. More recent work reports 

production of about 100 young on average, at around 40 days (Hauxwell et al., 2022d). 

Temperature may be a contributing factor; other mealybug species demonstrate shortened 

development duration with higher temperatures (Prasad et al., 2012; Amarasekare et al., 

2008; Chong et al., 2003). The effect of temperature on development time is not yet 

confirmed in H. summervillei, as historical works do not report the relevant parameters.  

a b 
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Host range 

 

H. summervillei feeds exclusively on grasses (Poaceae) and sedges (Cyperaceae). Known 

host species are listed in Table 1.  

 

Table 1. Grasses and sedges that are known hosts of H. summervillei. This information is based on records from 

the scale insect literature database ScaleNet (Garcia Morales et al., 2016) and Meat & Livestock Australia 

technical reports (Hauxwell et al., 2022e).  

Plant Species Common Name Published Records 

Axonopus compressus Broad leaf carpet grass Brinon et al., 2004 

Bothriochloa bladhii Australian bluestem Hauxwell et al., 2022e 

Bothriochloa insculpta (cv. Bisset) Creeping bluegrass Hauxwell et al., 2022e 

Brachiaria/Urochloa decumbens  
(cv. Basilisk) 

Signal grass 
Hauxwell et al., 2022e; Mille et 
al., 2016 

Brachiaria ruziziensis Congo grass Brinon et al., 2004 

Cenchrus clandestinus Kikuyu grass Hauxwell et al., 2022e 

Cenchrus ciliaris  
(cv. American, Biloela, Gayndah) 

Buffel grass Hauxwell et al., 2022e 

Chloris gayana (cv. Callide) Rhodes grass 
Brinon et al., 2004; Hauxwell et 
al., 2022e 

Cyperus rotundus Nut grass Hauxwell et al., 2022e 

Dichanthium sericeum Queensland bluegrass Hauxwell et al., 2022e 

Digitaria didactyla Queensland blue couch Hauxwell et al., 2022e 

Digitaria eriantha Pangola grass Hauxwell et al., 2022e 

Digitaria milanjiana Milanje finger grass Brinon et al., 2004 

Eleocharis sp. Spike sedge Brinon et al., 2004 

Heteropogon contortus Black spear grass Hauxwell et al., 2022e 

Lolium rigidum Annual ryegrass Hauxwell et al., 2022e 

Megathyrsus maximus Guinea grass Hauxwell et al., 2022e 

Melinis minutiflora Molasses grass Hauxwell et al., 2022e 

Melinis repens Natal grass Hauxwell et al., 2022e 

Ochthochloa compressa Wire grass Brinon et al., 2004 

Oryza sativa Rice 
Ben-Dov, 1994; Ghosh & Ghose, 
1987; Varshney, 1992 

Panicum maximum  
(cv. Green, Gatton) 

Panic grass 
Brinon et al., 2004; Hauxwell et 
al., 2022e 

Paspalum dilatatum Dallis grass 
Ben-Dov, 1994; Hauxwell et al., 
2022e; Summerville, 1928; 
Williams, 1985 

Paspalum mandiocanum Broad-leaved paspalum Hauxwell et al., 2022e 

Paspalum notatum Bahia grass Hauxwell et al., 2022e 

Saccharum officinarum Sugarcane Ben-Dov, 1994; Brookes, 1978 

Setaria spacelata (cv. Splendida) Giant setaria Hauxwell et al., 2022e 

Stenotaphrum secundatum Buffalo turf Hauxwell et al., 2022e 

Themeda triandra Kangaroo grass Hauxwell et al., 2022e 

Urochloa mosambicensis (cv. Nixon) Sabi grass Brinon et al., 2004 

Urochloa oligotricha Signal grass Hauxwell et al., 2022e 
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In Australia, pasture dieback was first observed in buffel grasses (Cenchrus ciliaris) (Graham 

& Conway, 1998; Makiela & Harrower, 2008) and initially referred to as ‘buffel grass dieback’ 

or ‘buffel ill-thrift’ (Buck, 2017; Makiela & Harrower, 2008). However, the condition was later 

seen in bluegrass and paspalum species, bringing a shift in terminology to the broader 

‘pasture dieback’ (Baker et al., 2020; Buck, 2017; Hauxwell 2018). Several economically 

important grasses are now known to be hosts of H. summervillei resulting in dieback, 

including panic grass (Panicum maximum), Rhodes grass (Chloris gayana) and sugarcane 

(Saccharum officinarum) (Baker et al., 2020; Buck, 2017; Hauxwell et al., 2022a; Schutze et 

al., 2019). Meat & Livestock Australia (2023) recently released a guide on the relative 

tolerance and susceptibility of grass varieties to pasture dieback caused by H. summervillei. 

Among the most highly susceptible varieties are creeping bluegrass (Bothriochloa insculpta 

cv. Bisset), buffel grass (Cenchrus ciliaris cv. American and Gayndah), broad-leaved 

paspalum (Paspalum mandicorum), Kikuyu grass (Cenchrus clandestinus), Sabi grass 

(Urochloa mosambicensis cv. Nixon), Pangola grass (Digitaria eriantha) and Queensland 

bluegrass (Dichanthium sericeum) (MLA, 2023).  
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Figure 8. Regions of Queensland, Australia. The state is divided into regions for administrative and statistical 

purposes, to account for its large size (1.85 million square kilometres) and decentralised population (<50% 

located in the capital city). (Photo: Queensland Government)  

 

In Queensland, the predominant affected grass appears to vary by region (Buck, 2017) 

(Figure 8): buffel grass across Central Queensland; creeping bluegrass across Wide Bay 

Burnett and South East Queensland; Pangola grass across Mackay Isaac Whitsunday; and 

signal grass (Brachiaria/Urochloa decumbens) across Far North Queensland.  
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Damage to host plants 

 

Phloem sap is a key component of the plant vascular system, responsible for transporting 

sugars and amino acids (among other important metabolites) from source to sink (Hijaz & 

Killiny, 2014). As mealybugs feed on phloem sap of the host plant, they excrete a sugar-rich 

waste product known as honeydew, on which sooty moulds (i.e. saprobic ascomycetes) will 

typically grow (Windbiel-Rojas & Messenger-Sikes, 2020). Secondary infection by sooty 

moulds typically only causes cosmetic damage to the host plant (Nelson, 2008). However, 

heavy or prolonged mealybug infestation may encourage mould growth over a significant 

surface area, indirectly leading to reduced photosynthetic ability and stunted development in 

the host plant (Mani & Shivaraju, 2016b; Subramanian et al., 2021).  

 

Mealybug feeding likely causes more damage through the dysregulation of plant defence 

systems than by removal of phloem sap or growth of sooty moulds. Solenopsis mealybug 

attacks on cotton (Zhang et al., 2011) and tomato (Zhang et al., 2015) have been shown to 

suppress plant-induced defences by disrupting the expression of phytohormones that 

mediate plant defence signalling pathways, jasmonic acid (JA) and salicylic acid (SA). JA 

pathways are activated in response to necrotrophic pathogens and involve the induction of 

chemical and/or physical defences to keep host plant cells alive. Conversely, SA pathways 

are activated to induce localised cell death, which is beneficial against biotrophic pathogens 

as it opposes their requirement for living host tissue. SA pathways are typically activated in 

response to piercing-sucking insects, whereas chewing insects trigger a JA-based response 

(Mason, 2020).  

 

Transcriptome analysis on American buffel grass suggests that H. summervillei feeding 

disrupts defence signalling pathways in a similar manner to the solenopsis mealybug, 

repressing JA pathways and activating SA expression (Hauxwell et al., 2022d; Munro & 

Hauxwell, 2023). Concurrent JA repression and SA activation would render the host plant 

susceptible to necrotrophic and hemibiotrophic pathogens. Multiple species and strains of the 

broadly pathogenic fungal genus Fusarium have been identified in association with the roots 

and soil of dieback affected pastures (Hauxwell et al., 2022e). Secondary infection by 

necrotrophs like Fusarium spp. corresponds with the symptoms seen in pasture dieback 

associated with H. summervillei (Hauxwell et al., 2022c-d) - e.g. leaf yellowing, stunted 

growth, eventual plant death.  
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1.2.3 Mealybug bacterial symbionts 

 

Endosymbiosis in insects 

 

Symbiotic associations with microbes are ubiquitous in nature, and virtually all higher-level 

organisms have acquired microbial symbionts over the course of their existence (Drew et al., 

2021). Time and time again throughout their 479-million-year evolutionary history (Misof et 

al., 2014), insects have established symbioses with microbes to acquire traits that provide a 

fitness advantage (McCutcheon et al., 2019). The acquisition of novel, beneficial traits is a 

major driving force in evolution. It facilitates expansion into ecological niches that may have 

been previously inaccessible, and subsequently catalyses ecological diversification 

(Cornwallis et al., 2022).  

 

Microbial symbionts can confer a wide range of host-beneficial traits, owing to their extensive 

metabolic diversity. These include molecular defences against pathogens and predators 

(Van Arnam et al., 2018), resistance to abiotic stresses (Renoz et al., 2019), and increased 

fecundity and reproductive success (Wang et al., 2020b). The most common microbial 

symbioses provide the insect host with nutritional benefits, typically by synthesising nutrients 

that are deficient or absent in the host diet, or by enabling the digestion of alternative or 

recalcitrant substrates for use as a food source (Gupta & Nair, 2020; Sudakaran et al., 2017). 

The acquisition of diverse microbial symbionts has thereby allowed insects to adapt to an 

extensive range of environmental conditions and survive on a wide variety of nutritionally 

incomplete diets (Cornwallis et al., 2022; McCutcheon et al., 2019; Rosenblueth et al., 2017; 

Sudakaran et al., 2017).  

 

Microbiomes and metabarcoding 

 

Recent work on the solenopsis mealybug indicates that salivary bacteria play a role in 

modulating inducible plant defences. By eliminating and selectively reinoculating salivary 

bacteria in P. solenopsis, Zhao et al. (2023) identified that phloem ingestion and overall 

mealybug survival is enhanced when Enterobacteriaceae or Stenotrophomonas are present. 

Subsequent cotton plant infestation showed that feeding by Enterobacteriaceae- or 

Stenotrophomonas-inoculated mealybugs results in decreased expression of JA-responsive 

genes (i.e. anti-herbivore defences) and increased expression of SA-responsive genes (Zhao 

et al., 2023). This corresponds with plant defence modulation strategies seen in other 

insects.  
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For example, Chung et al. (2013) demonstrates that the Colorado potato beetle (Leptinotarsa 

lycopersicum) uses bacterial symbionts to exploit the mutual antagonism between JA and SA 

signalling. Secretion of specific oral bacteria into plant wounds was shown to trigger SA-

regulated defences, which interfere with induction of JA-regulated defences that are the 

appropriate response to herbivory (Chung et al., 2013). Induced plant defences were 

suppressed when at least one of three bacteria, Stenotrophomonas, Pseudomonas or 

Enterobacter was present (Chung et al., 2013). Similarly, the bacterial symbiont Hamiltonella 

defensa in silverleaf whitefly (Bemisia tabaci) saliva is shown to downregulate JA responses 

and upregulate SA responses, thus suppressing anti-herbivore plant defences to the benefit 

of the insect herbivore (Su et al., 2015).  

 

Exploitation of JA/SA antagonism is not limited to salivary bacteria. Bacteria present in fall 

armyworm (Spodoptera frugiperda) gut regurgitant have been shown to reduce the anti-

herbivore response in tomato plants through modulation of JA-mediated defences (Acevedo 

et al., 2017). This was attributed to the presence of bacteria from five different genera of the 

family Enterobacteriaceae, of which Pantoea ananatis was the only isolate identified to 

species level (Acevedo et al., 2017). Such findings imply that examination of the whole 

microbiome is important for identifying taxa that play a role in modulating plant defence 

responses, as in the exploitation of JA/SA signalling in the above insect systems.  

 

As discussed in section 1.2.2, the suppression of JA-regulated defences and activation of 

SA-regulated pathways would leave the host plant susceptible to necrotrophic and 

hemibiotrophic pathogens. H. summervillei feeding is shown to elicit this response in 

American buffel grass (Hauxwell et al., 2022d; Munro & Hauxwell, 2023), which suggests 

that mealybug attack renders the host plant vulnerable to secondary infection by necrotrophs 

like the ubiquitous environmental pathogen Fusarium. Indeed, Fusarium spp. are abundant in 

plant and rhizospheric material from dieback-affected sites across the current outbreak in 

eastern Australia (Hauxwell et al., 2022d). Pasture dieback and Fusarium infection elicit 

concordant symptoms like leaf yellowing and eventual death of the plant (Hauxwell et al., 

2022c-d).  

 

Characterisation of the whole microbiome of H. summervillei may yield novel data that could 

inform further research on the roles of mealybug-associated microbes in grass-mealybug 

interaction and plant response. This project will use metabarcoding methods to profile the 

bacterial communities in the H. summervillei microbiome and establish baseline data on this 

species. This data will be used to investigate whether there is a relationship between H. 

summervillei microbiota and host plant range and pathology. It can be used to identify taxa 
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that may be involved in modulating JA/SA signalling or other plant defences, as seen in P. 

solenopsis (Zhao et al., 2023), L. lycopersicum (Chung et al., 2013), B. tabaci. (Su et al., 

2015) and S. frugiperda (Acevedo et al., 2017). Metabarcodes or short-read sequences for 

this project will be generated based on the bacterial 16S rRNA V3-V4 region, which is highly 

conserved between bacterial species (Martinez-Porchas et al., 2017). 16S metabarcoding, 

especially the V3-V4 variable region, is demonstrated to be sufficient for specifies 

identification and phylogenetics in insect systematics (Lin et al., 2019).  

 

Mealybugs and Candidatus Tremblaya 

 

Dietary intake of the nine essential amino acids is a growth limiting factor for living 

organisms. Insufficient levels of any one essential amino acid constrains the ability to 

synthesise proteins and thus limits the rate of growth (Moriyama & Fukatsu, 2022). Plant 

phloem sap is a rich source of carbon due to its high carbohydrate content, but a poor source 

of nitrogen thanks to low ratios of essential:non-essential amino acids. This ratio is typically 

around 1:4 to 1:20 for phloem – substantially lower than the 1:1 ratio seen in most animal 

proteins (Douglas, 2006).  

 

Despite this, insects of the order Hemiptera have evolved the capacity to utilise phloem sap 

as the sole food source throughout their lifecycle (Jing et al., 2016). Phloem-feeding is a 

conserved trait exclusive to hemipterans (Bennett & Moran, 2013), made possible through 

the acquisition of symbionts that can supplement limiting nutrients (Sudakaran et al., 2017). 

For instance, to satisfy the nutritional deficiencies of their phloem-based diet, mealybugs 

(Hemiptera: Pseudococcidae) maintain endosymbioses with a betaproteobacterial genus 

known as Candidatus Tremblaya (hereafter referred to as Ca. Tremblaya) that can perform 

critical amino acid and vitamin biosynthesis (McCutcheon & von Dohlen, 2011). Mealybugs 

are unusual in harbouring betaproteobacterial endosymbionts; the endosymbionts of related 

insect species are largely of gammaproteobacterial origin (Gatehouse et al., 2012; O’Fallon, 

2007).  

 

Endosymbiosis involves a free-living organism undergoing adaptations to transition from an 

extracellular to an intracellular environment and to maintain their existence within the host 

(Rafiqi et al., 2022). These evolutionary pressures typically lead to directional selection for 

defences against the host immune response and relaxed selection for traits that no longer 

serve an essential function (Kinjo et al., 2021). For example, traits required for extracellular 

survival are generally lost, given the relative safety of an intracellular environment (Keeling & 
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McCutcheon, 2018). This ultimately results in loss of the ability to exist as a free-living 

organism (Alarcon et al., 2022).  

 

In mealybugs, these endosymbionts reside in specialised cells (bacteriocytes) within a 

specialised organ (bacteriome), located centrally in the body cavity (Garber et al., 2021; 

Gatehouse et al., 2012). This system is thought to have evolved as a means of stabilising 

symbiotic associations and is found in many other insects (Alarcon et al., 2022; Ferrarini et 

al., 2022; Rafiqui et al., 2022). Physical compartmentalisation serves a purpose for both host 

and symbiont. The host reaps nutritional benefits from the symbiont (Rafiqui et al., 2022) and 

is protected from harmful effects the symbiont may cause (Alarcon et al., 2022), and the 

symbiont is protected from the host immune system (Ferrarini et al., 2022).  

 

Ca. Tremblaya is the primary endosymbiont found in the mealybug subfamilies 

Pseudococcinae and Phenacoccinae. Two species are described in the literature: Ca. 

Tremblaya princeps (T. princeps hereafter) in subfamily Pseudococcinae (Gatehouse et al., 

2012; Husnik & McCutcheon, 2016; Koga et al., 2013; Kono et al., 2008; Lin et al., 2019;  

Lopez-Madrigal et al., 2015; Szabo et al., 2017; Thao et al., 2002; von Dohlen et al., 2001) 

and Ca. Tremblaya phenacola (T. phenacola hereafter) in subfamily Phenacoccinae (Gil et 

al., 2018; Gruwell et al., 2010; Husnik et al., 2013; Koga et al., 2013; Lin et al., 2019; 

Michalik et al., 2019a). Ca. Tremblaya is a monophyletic lineage that shares congruent 

phylogenies with its mealybug hosts (Lin et al., 2019; Szabo et al., 2017) (Figure 9). This 

pattern suggests that their association originated from a single endosymbiosis event before 

mealybugs split into subfamilies and was followed by long-term co-speciation (Baumann & 

Baumann, 2005; Gruwell et al., 2010; Lopez-Madrigal et al., 2015; Szabo et al., 2017).  

 



24 
 

 

 

Figure 9. Cophylogeny showing the congruent evolution between various Ca. Tremblaya species (thin black lines) 

and their mealybug hosts (bold black lines). Potential cospeciation, duplication and host-switching events are also 

noted. (Image: Michalik et al., 2019a)  

 

These primary endosymbionts are passed between generations through vertical maternal 

transmission (Gatehouse et al., 2012; Lopez-Madrigal & Gil, 2017). In male mealybugs, 

however, the endosymbiont system is understood to degenerate progressively (Kono et al., 

2008). This is likely because adult males have no nutritional requirements (they have no 

mouthparts and exist only to fertilise females) and thus no need for nutritional symbionts. 

 

Tremblaya princeps vs. Tremblaya phenacola 

 

Ca. Tremblaya has an unusual history with endosymbiosis, beyond its acquisition by ancient 

mealybugs. Phylogenetic analyses based on 16S-23S ribosomal RNA suggest that, in some 

Ca. Tremblaya lineages, the precursor betaproteobacteria were recurrently infected by 

different gammaproteobacteria (Gatehouse et al., 2012; Garber et al., 2021; Husnik & 

McCutcheon, 2016; Koga et al., 2013). This gave rise to an unusual multi-partner 

endosymbiosis: secondary endosymbionts (gammaproteobacteria) nested within the primary 

endosymbiont (betaproteobacteria) harboured by the host insect (mealybug) (Figure 10).  
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Figure 10. Simplified diagram showing the multi-partner endosymbiosis seen in Pseudococcinae mealybugs. 

Secondary endosymbionts (gammaproteobacteria) are nested within the cytoplasm of the primary endosymbionts 

(betaproteobacteria). This nested system is then contained in bacteriocytes in the bacteriome of the host insect. 

In contrast, Phenacoccinae mealybugs maintain a single-partner endosymbiosis, harbouring only primary 

endosymbionts in their bacteriocytes/bacteriomes. (Created with BioRender.com)  

 

This multi-partner system has only been identified in Pseudococcinae mealybugs harbouring 

T. princeps as the primary endosymbiont. The T. princeps genome is a near-perfect subset 

of the T. phenacola genome (Husnik et al., 2013), only lacking many of the genes involved in 

translation (Lopez-Madrigal et al., 2015). The loss of translation-related genes is noteworthy, 

as many other bacterial symbiont genomes, although reduced, retain these genes 

(McCutcheon & Moran, 2012). This indicates that T. princeps has undergone further 

reductive genome evolution, beyond that involved in establishing endosymbiosis.  

 

The acquisition of additional endosymbionts is the likely catalyst for this extreme genome 

degeneration. Secondary endosymbionts that also fulfil the host nutritional needs would allow 

for relaxed selection and eventual loss of redundant genes in the primary endosymbiont 

(Husnik & McCutcheon, 2016; Szabo et al., 2017). This is seen in the nested three-way 

symbiosis in citrus mealybugs (Planococcus citri), where many of the metabolic genes 

missing in the associated T. princeps genome are present in the secondary endosymbiont 

genome, Moranella endobia (McCutcheon & von Dohlen, 2011; Douglas, 2016). Nested 

endosymbiosis appears to be a relatively recent development in mealybugs; the 

gammaproteobacterial endosymbionts associated with T. princeps have reduced genomes 

compared to their closest non-endosymbiotic relatives, but do not yet show significant 

genome reduction consistent with long-term endosymbiosis (Garber et al., 2021).  
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In contrast, the Phenacoccidae maintain single-partner symbioses with T. phenacola as the 

primary endosymbiont (Douglas, 2016; Gruwell et al., 2010; Michalik et al., 2019a). Genetic 

screening of endosymbiotic systems from Pseudococcidae and Phenacoccidae, specifically 

genes involved in essential amino acid biosynthesis, show that T. phenacola alone can 

provide the same nutritional functions as the T. princeps endosymbiotic consortium (Husnik 

et al., 2013; Lopez-Madrigal et al., 2014; Michalik et al., 2019a). Further analysis has 

revealed the presence of 80 gammaproteobacterial genes within the T. phenacola genome 

(accounting for 46% of the genome), identified by their characteristic GC content and 

patterns of biased codon usage (Gil et al., 2018). Consequently, T. phenacola is thought to 

have undergone cellular fusion followed by genomic fusion with a gammaproteobacterium at 

some point in its lineage (Gil et al., 2018; Lopez-Madrigal & Gil, 2017).  

 

It is posited that the T. phenacola genome represents more than just a series of horizontal 

gene transfers, but rather a whole-genome fusion phenomenon between betaproteobacteria 

and gammaproteobacteria, resulting in a unique chimeric structure (Gil et al., 2018; Lopez-

Madrigal & Gil, 2017). While its current form is significantly different from the endosymbiotic 

system seen in Pseudococcidae, it has not been determined whether Phenacoccidae 

maintained a similar nested consortium before the proposed cellular/genomic fusion event. T. 

phenacola has been examined in only a handful of Phenacoccidae mealybugs to date 

(Husnik et al., 2013; Gil et al., 2017; Lopez-Madrigal et al., 2014; Michalik et al., 2019a) and 

would benefit from further study.  

 

Cophylogeny in insect systematics 

 

Effective monitoring of pest species requires an understanding of their population genetics. 

Analyses with polymorphic microsatellite markers and barcode sequences such as COI 

(cytochrome c oxidase 1), 18S and 28S can have limited resolving power for parthenogenetic 

species like H. summervillei due to low levels of genetic diversity. Obligate bacterial 

endosymbionts can potentially be used to support the analysis of insect lineages (Choi & 

Lee, 2022; Rafiqi et al., 2022). The rapid generation time of endosymbionts relative to their 

hosts gives rise to faster mutation rates and provides genetic variation that can be utilised in 

population genetic analyses. Insect monitoring can therefore be enhanced by incorporating 

cophylogenetic analyses that target alternative genetic markers in endosymbiont genomes in 

addition to markers in the host insect. This is a promising approach for monitoring 

mealybugs, whose evolutionary history has been shaped more by their relationship with Ca. 

Tremblaya than by historical biogeography or host range (Hardy et al., 2008). Zhang et al. 

(2014) demonstrates this approach using three genes from the primary endosymbiont 
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(Buchnera aphidicola) of the parthenogenetic Russian wheat aphid (Diuraphis noxia), which 

provided sufficient resolution to track global invasion of the host insect.  

 

Bacterial symbionts could be used to enhance population genetic analyses for H. 

summervillei and improve resolution of insect systematics and lineage. The primary 

endosymbiont, T. phenacola, is a key target. In characterising the bacterial communities in H. 

summervillei microbiome, this project will generate short reads or metabarcode sequences 

based on the bacterial 16S rRNA V3-V4 region. T. phenacola reads from this work will be 

used for a preliminary investigation into the validity of endosymbiont markers in H. 

summervillei population genetics. Further study would require more complete sequencing of 

T. phenacola. Only two complete genomes have been published: T. phenacola PAVE from 

Phenacoccus avenae (Husnik et al., 2013) and T. phenacola PPER from Phenacoccus 

peruvianus (Gil et al., 2018).  

 

Metabarcode sequence processing 

 

Metabarcode analysis with next-generation sequencing (NGS) data presents various 

challenges. NGS data often involves millions to billions of sequencing reads and requires 

several gigabytes of RAM to store and analyse (Callahan et al., 2017). This is compounded 

by the fact that sequencing errors can be introduced at various stages of the conventional 

NGS workflow and may significantly skew the results of downstream analyses if unaccounted 

for (Ma et al., 2019). Furthermore, taxonomic assignment of 16S reads is complicated by the 

nature of bacterial taxonomy, which remains incomplete due to the rapid advancement of 

NGS technologies and the exponential rate at which new taxa are discovered (Ferraz Helene 

et al., 2022).  

 

A common approach to preparing NGS data for analysis is to cluster highly similar reads, 

often at the arbitrarily selected threshold of 97% nucleotide similarity, into representative 

sequences. These are referred to as ‘operational taxonomic units’ (OTUs) and can be used 

to assign taxonomy (Nguyen et al., 2016). This approach assumes that sequences with 

greater nucleotide similarity represent more phylogenetically similar taxa and can reduce the 

computational resources necessary for NGS analysis (Callahan et al., 2017; Nguyen et al., 

2016). However, the means of generating OTUs and assigning taxonomies are not infallible. 

For example, a lax similarity threshold can cause ambiguous sequences to be arbitrarily 

assigned to OTUs and obscure the true taxonomic diversity, and unidentified sequencing 

errors can generate spurious OTUs that overinflate diversity estimates (Tarlinton, 2021).  

 



28 
 

An alternative approach to NGS data preparation is to incorporate sequencing error profiles 

for run-specific error-correction, which enables resolution into exact sequences known as 

‘amplicon sequence variants’ (ASVs) (Jeske & Gallert, 2022). ASVs are intended to 

correspond to real biological sequences (Tarlinton, 2021) and can identify sequence variation 

at the level of a single nucleotide (Callahan et al., 2017; Chiarello et al., 2022). However, it 

should be noted that ASV-based methods have limited ability to deal with undefined bases 

(‘N’) and non-overlapping reads, which are less of a problem in OTU-based methods (Jeske 

& Gallert, 2022). For this project, single-nucleotide resolution may be required to differentiate 

between T. phenacola sequence variants; ASV-based methods have therefore been selected 

over OTU-based methods for raw sequence processing.  

 

1.3 Literature Implications 

 

Phenacoccinae mealybugs are largely overlooked in the literature compared to their 

Pseudococcinae relatives, and this includes the species in question. Despite the billions of 

dollars of damage and the potential global threat to pasture production, research dedicated 

to H. summervillei is lacking. Few publications on the biology of H. summervillei exist beyond 

the initial observations recorded by Summerville in 1928 and the species description by 

Brookes in 1978. Most reports on the current outbreak of pasture dieback only mention 

mealybugs as a potential causative factor (AHR, 2019; Baker et al., 2020; Buck, 2017; DPI 

2021), despite early research that proposed H. summervillei as the primary cause (Hauxwell, 

2018) and recent work that now confirms this (Hauxwell et al., 2022c).  

 

The majority of H. summervillei specimens associated with the current (2015-present) and 

rapidly spreading outbreak of pasture dieback have minor, but consistent, morphological 

characteristics that are distinct from the holotype and paratypes identified by Summerville 

(1928) and Brookes (1978). Mealybugs in the current outbreak differ by the absence of 

translucent nodules on the hind tibia (Schutze et al., 2019; Biosecurity Queensland, 2022). 

Their prevalence suggests that the current pasture dieback outbreak may result from an 

incursion of a new variant of H. summervillei.  

 

There is a clear gap in the literature on the biology of H. summervillei, the taxonomy and 

systematics of the variant in the current outbreak of pasture dieback, and mechanisms by 

which the mealybug contributes to the severity of impacts on the plant host and virulence in 

the current outbreak.  
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1.4 Purposes 

 

The purposes of this research are threefold: 

  

• Provide proof of concept for a rapid screening method to determine the suitability of 

pasture grasses as hosts for H. summervillei and thus evaluate their potential 

tolerance or resistance to dieback. 

• Establish baseline data on the bacterial communities associated with H. summervillei 

in the current pasture dieback outbreak and examine how (or if) the microbiome of 

the mealybug changes between host plants of differing susceptibility and over its 

geographical range. 

• Explore diversity in the new variant of H. summervillei and identify differences from 

the 1926 H. summervillei biotype using a systematics approach that considers insect 

and endosymbiont sequencing data.  

 

This work will generate novel information with practical applications in pasture variety 

selection for proactive, long-term mealybug management. It will also support analysis of the 

diversity and systematics of the new H. summervillei variant through short-read sequencing 

of associated bacterial microbiota. This bacterial metabarcoding data will also enable 

preliminary investigation into the use of endosymbiont genes, like that from the H. 

summervillei primary endosymbiont T. phenacola, as molecular markers for monitoring 

potential insect pest incursions.  

 

1.5 Significance and Scope 

 

Sowing, or re-sowing, pastures with more tolerant grass varieties is a recommended option 

for proactive and long-term mealybug management (Hauxwell et al., 2022a-b, 2022d-e; MLA, 

2021a-c). Host range testing for susceptibility to pasture dieback is therefore important for 

Australian livestock industries, but such variety trials typically require extensive and costly 

field trials lasting several years at multiple locations using a limited number of varieties. 

Previous work to test grasses for dieback tolerance has failed because accurate evaluation 

requires application of the causal agent, H. summervillei, which was not yet confirmed when 

the trials were run (Peck et al., 2022; Silcock, 2020). Glasshouse assays can provide some 

indication of susceptibility by infestation over a few generations of the mealybug, but 

variance in these assays is high (Hauxwell et al., 2022c); they are also dependent on 

favourable seasonal conditions, labour intensive, and require several months to conduct. A 
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rapid, statistically powerful screen that tests pasture grasses for their suitability as hosts for 

H. summervillei could reduce the cost of field tests by focusing on varieties with lower relative 

susceptibility to the mealybug. Screening will provide early results to support selection of 

more tolerant varieties by pastoralists seeking a solution to dieback.  

 

This research will also address the lack of data available on the microbiome of the invasive 

agricultural pest, H. summervillei, which is severely underrepresented in the literature 

compared to other mealybug species like P. citri and P. solenopsis. Using targeted next 

generation sequencing to establish baseline data on the composition of bacterial 

communities associated with H. summervillei, with particular focus on diversity and 

systematics in T. phenacola, will help to close this gap in the knowledge. In addition to 

contributing to the literature on Phenacoccinae and Ca. Tremblaya, this work will constitute 

preliminary investigation into the use of endosymbiont-based systematics to identify and 

monitor insect pest incursions.  

 

1.6 Methodology 

 

This project employs an experimental approach with plant/insect survival bioassays, 

microbial bioinformatics, and molecular systematics. Short-term plant/insect survival 

bioassays were used to monitor mealybug survival on different grass varieties over time, 

relative to a standard variety, to generate quantitative data towards development of a rapid, 

statistically-powerful screening assay that can determine the suitability of grasses as hosts 

for H. summervillei. Metabarcode sequencing and bioinformatics were used to establish 

baseline data on the diversity of bacterial communities in H. summervillei specimens that 

were reared on different grass varieties grown in screenhouses, and H. summervillei 

specimens collected from dieback-affected field sites across Queensland and New South 

Wales. These methods generated qualitative (e.g. genus-level identification) and quantitative 

(e.g. abundance) data on bacterial communities present in the current mealybug population. 

Barcode sequences from the primary endosymbiont T. phenacola were extracted from these 

datasets and used alongside short-read sequences from the host insect H. summervillei in 

cophylogenetic analysis of this host/symbiont system.  

 

All laboratory-based work was conducted at QUT Gardens Point campus in the M5 and R1 

laboratories. Plants were reared at the Redlands Research Station and insects at the 

Samford Ecological Research Facility (SERF). Statistical analyses were performed in 
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RStudio-2022.07.2 (RStudio Team, 2020) using R-4.2.2 with Rtools42 for Windows (R Core 

Team, 2022); relevant R packages are cited in the methods section of each chapter.  

 

1.7 Thesis Outline 

 

Chapter 1 of this thesis evaluates the literature on pasture dieback associated with the 

pasture mealybug, H. summervillei; the biology and host range of H. summervillei; and the 

bacterial communities and primary endosymbionts associated with mealybugs. It highlights 

the implications of the literature and gaps in the current knowledge, which form the 

conceptual framework for this study. Each subsequent chapter covers the aims, methods, 

results and discussion on the given topic.  

 

Chapter 2 describes a novel and rapid laboratory-based bioassay for screening relative 

susceptibility to pasture dieback in different grass varieties (relative to a standard variety), 

based on the survival rate of H. summervillei on the host plant. Chapter 3 establishes 

baseline data on the composition of the bacterial communities associated with H. 

summervillei on different grass varieties using targeted next generation ‘metabarcode’ 

sequencing of the V3-V4 region of the bacterial 16S rRNA gene. Chapter 4 determines the 

diversity in bacterial communities associated with the mealybug across the geographic range 

of the known H. summervillei population using samples collected from dieback-affected sites 

across Queensland and New South Wales. Data were generated using 16S metabarcode 

sequencing (as in chapter 3) and enable further investigation into the patterns between H. 

summervillei microbial diversity and host plant suitability and pathology across the current 

hypervirulent outbreak of pasture dieback.  

 

Chapter 5 explores the diversity and differences in new H. summervillei variants in the field 

by isolating short V3-V4 region 16S sequence reads from the NGS data that correspond to 

the primary endosymbiont T. phenacola, and collating this with 28S sequencing data from H. 

summervillei for systematic analyses. This approach constitutes preliminary investigation into 

the use of relatively variable endosymbiont molecular markers for monitoring insect pests 

that are difficult to track with standard population genetic analyses due to low genetic 

diversity. Chapter 6 provides a summary and discussion of the results presented in previous 

chapters and highlights key areas of future research.  
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Chapter 2: Preliminary pasture 

screening for H. summervillei host 

range testing 

 

2.1 Aims 

 

The majority of knowledge on grass varieties that support damaging populations of H. 

summervillei in Australia is based on field observations (Hauxwell, 2018; MLA, 2021c) and 

landowner reports (Buck, 2017; MLA, 2021c). Previous attempts to test susceptibility and 

tolerance to pasture dieback have failed (Peck et al., 2022; Silcock, 2020) due to a lack of 

understanding of the cause of dieback, i.e. the pasture mealybug H. summervillei (Hauxwell 

et al., 2022c). Host range testing is necessary to identify resistant or tolerant grass varieties 

and offer options with which to sow/re-sow affected pastures, as per the recommended 

strategies for proactive and long-term mealybug management (Hauxwell et al., 2022a-b, 

2022d-e; MLA, 2021a-c, 2023). This is especially pertinent given the rapid spread of H. 

summervillei across eastern Australia (MLA, 2021b), into highly productive grazing land 

through Queensland and northern New South Wales (Figure 1).  

 

Long-term pasture trials (2+ years) are necessary to identify field-based factors (soil nutrition, 

soil microbes, environmental stress, etc.) that may alter dieback susceptibility and the impact 

of H. summervillei in real agricultural conditions. For example, phosphorus is an essential 

plant nutrient involved in a wide range of cellular processes and is required at all 

developmental stages (Malhotra et al., 2018). However, it is notoriously deficient in 

Australian soils (Kooyman et al., 2017), which are geologically ancient and have lost many 

soluble nutrients over time due to extensive weathering (Eldridge et al., 2018). Phosphorus 

deficiency reduces pasture growth and resilience (Malhotra et al., 2018), potentially making 

host plants more susceptible to pasture mealybug and dieback.  

 

Another factor that may influence the severity of mealybug impact is soil fungal community 

composition, particularly the presence and abundance of pathogenic fungi like Fusarium and 

beneficial endophytes like Trichoderma and Penicillium. Various studies demonstrate the role 

of Penicillium species in suppressing Fusarium species (Miao et al., 2019; Win et al., 2021; 

Zhao et al., 2021), many of which have the capacity to become plant pathogens (Dinolfo et 
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al., 2017) that suppress innate immune pathways (Nag et al., 2022). These findings suggest 

that the balance between beneficial and pathogenic soil fungi may play a role in host plant 

defence and thus susceptibility to H. summervillei attack and pasture dieback (Hauxwell et 

al., 2022e). Similarly, environmental stressors like drought or waterlogging are known to 

modulate plant hormone signalling and the expression of plant defence genes (Kim et al., 

2021) and are therefore likely to also influence how dieback presents or progresses in the 

field.  

 

Large-scale field trials to test pasture varieties are ideally conducted over several years and 

at multiple locations (Hort Innovation, AHR & RM Consulting Group, 2019; Reid, 2005) but 

require significant investments in time and money to establish and conduct, and may be 

limited to a few varieties due to the cost and time required to generate results. Smaller-scale 

shadehouse or glasshouse trials can reduce these costs (Hauxwell et al., 2022e; Inspector-

General of Biosecurity, 2022; Kubiriba et al., 2001) but are seasonally dependent, labour 

intensive, and still take several months. More rapid methods of screening for host suitability 

are needed to identify varieties for field testing and give graziers options to reduce the 

impacts on their businesses in the face of the rapid spread of H. summervillei in eastern 

Australia. Furthermore, field trial data is largely categorical (e.g. variety A vs. variety B, 

affected vs. unaffected) and can therefore only be analysed through an analysis of variance 

(ANOVA). In contrast, the bioassay method we propose uses proportion of deaths over time, 

which can be analysed by regression, a more powerful statistical analysis (Faraway, 2002), 

to generate a median survival time with confidence intervals. This approach is similar to 

median lethal dose bioassays commonly used in pesticide screening (Kaur & Goyal, 2019; 

Kiljanek et al., 2017).  

 

Field reports and screenhouse assays suggest that American buffel (Cenchrus ciliaris var. 

USA) and Gatton panic (Panicum maximum var. Gatton) grass are relatively susceptible to 

pasture dieback compared to Mekong brizantha (Brachiaria brizantha var. Mekong), which 

exhibits greater tolerance to mealybug attack (Buck, 2017; Hauxwell, 2018; MLA, 2021c). 

Life history studies of early instar mealybugs feeding on American buffel and Callide rhodes 

grass (Chloris gayana var. Callide) resulted in poor survival and more rapid death on the less 

susceptible Callide rhodes (Hauxwell et al., 2022e). This chapter will build on these life 

history studies using three pasture grasses (American buffel as a standard, Gatton panic and 

Mekong brizantha as test species) as a model for the development and proof of concept for a 

rapid 2-3 week laboratory-based test for relative suitability as a host for H. summervillei. 

These results can then be used to inform and focus conventional field trials. Preliminary 
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results using an early version of this method can be seen in MLA technical report 

B.PAS.0006 (Hauxwell et al., 2022e).  

 

Second instars were used for these bioassays as first instars are very small and prone to 

handling death. Second instars are easier to handle with little damage, and their early 

developmental stage would still allow for sufficient on-plant development time to observe 

differences in survival on the different varieties. Strategies employed to minimise handling 

deaths included using glass vials for sample collection, as plastic specimen tubes can 

generate static electricity that has proportionately more influence on small insects like 

mealybugs (Edwards, 1960); collecting only actively moving mealybugs, as inactive 

mealybugs may be feeding and dislodging them could damage the mouthparts; and 

transferring mealybugs to/from leaves by gently brushing with a fine wet paint brush to avoid 

piercing the soft tissue.  

 

The results of this chapter will have practical applications for Australian agriculture. The 

development of a rapid and statistically robust assessment for pasture varieties will benefit 

those seeking a solution to dieback, particularly pastoralists in the Australian livestock 

industry, which is in the top five largest beef exporters in the world (MLA, 2022). The 

outcomes of susceptibility screening will help support the selection of grasses that are more 

tolerant to H. summervillei, thus facilitating long-term pasture productivity.  

 

2.2 Methods 

 

2.2.1 Bioassays 

 

Three pasture grass varieties commonly used in Queensland cattle grazing were used as a 

model system to test a rapid bioassay method: American buffel (Cenchrus ciliaris var. USA), 

Gatton panic (Panicum maximum var. Gatton), and Mekong brizantha (Brachiaria brizantha 

var. Mekong). American buffel was included as a standard for comparison of susceptibility 

and as the host plant on which the mealybugs were reared. Host plants were grown in 

sterilised potting mix in screenhouses at Redlands Research Station. Plants were grown for 

two months to allow the leaves to be developmentally robust enough to support insect cages.  

 

Insect cages were fabricated and modified for the bioassays in this project. In development 

of these cages, key requirements were identified as follows: transparent walls to enable 

visual mealybug assessments without opening the cage; a complete seal around the 
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perimeter of the cage to prevent mealybugs from escaping; soft edges along the seal to 

accommodate live grass leaves without damaging their vasculature; and ventilation to 

prevent the build-up of condensation. The final cage design can be seen in Figure 11.  

 

  

 

Figure 11. Insect cages designed and fabricated for the bioassays conducted in this project. The cages contain H. 

summervillei on American buffel grass. (Photos: Y. Hernandez-Europa, QUT) 

 

Second instar H. summervillei specimens were collected from a culture on American buffel 

grass maintained in screenhouses at the QUT Samford Ecological Research Facility. 10 

mealybugs were placed in each cage and 10 cages were used on each grass variety, giving 

a total of 100 mealybugs per variety. To minimise mechanical stress on the host plant, an 

elevated wire rack was used to support the weight of the cages (Figure 11). Host plants were 

maintained in separate insect rearing tents with twice weekly watering in a temperature-

controlled room at 26°C (± 5°C) and 60% humidity, simulating conditions that pasture 

grasses would typically be exposed to in Queensland and northern New South Wales.  

 

Mealybugs were observed daily, and the number of live mealybugs recorded until there were 

at least two consecutive time points with no additional mealybug deaths. After this point, it 

was assumed that the mealybugs had ‘survived’ the assay and further deaths would not 

occur in a practicable observation period. Survivorship of the remaining live mealybugs was 

accounted for (i.e. right censored) in subsequent survival analyses (Schober, 2018).  

 

  

a b 
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2.2.2 Survival analysis 

 

Median survival time was determined using the R statistical software (v4.2.2; R Core Team, 

2022) in RStudio (v2022.07.2; RStudio Team, 2020), with right censoring to account for 

individuals that did not die during the observation period. Time-to-death analyses and 

visualisations were performed using the R packages ‘survival’ (v3.5-5; Therneau et al., 2023) 

and ‘ggsurvfit’ (v0.3.0; Sjoberg et al., 2023).  

 

Kaplan-Meier curves (Equation 1) were generated to graphically represent population 

survival for each variety. Log-rank tests were used to conduct significance tests according to 

variety. Cox regression (Equation 2) was used to quantify the relative risk of mealybug death 

between varieties, presented here as hazard ratios (HR). These represent the probability of 

death in one group relative to another group; a HR greater than one therefore indicates an 

increased risk of death relative to the specified group.  

 

Equation 1. Equation for the Kaplan-Meier curve, a conditional probability of survival, as calculated in the R 

package ‘survival’ (Therneau et al., 2023). Survival at a certain time point (St+1) is a product of the cumulative 

survival probabilities prior to that time (St) and the proportion of individuals who are still alive (Nt) - i.e. minus 

deaths (Dt) - at that time (Nt-Dt/Nt). Graphically, this is represented as a step function that drops with each death. 

 

𝑆𝑡+1 = 𝑆𝑡 ×
𝑁𝑡 − 𝐷𝑡

𝑁𝑡
 

 

Equation 2. The Cox regression model, as calculated in the R package ‘survival’ (Therneau et al., 2023). Cox 

regression is a multivariate statistical model that models the transition rate between states (e.g. alive to dead) and 

is commonly used in survival analysis. The hazard ratio between two groups of interest at a certain time point (ht) 

is a product of the underlying baseline hazard rate (h0) and the exponential (e) of the regression coefficients (b) 

and predictor variables (x).  

 

ℎ𝑡 = ℎ0 × 𝑒 
𝑏1𝑥1+𝑏2𝑥2+⋯+𝑏𝑖𝑥𝑖 

 

The impact of potential handling death (as opposed to death by treatment exposure, i.e. 

feeding on the host plant) was evaluated with a competing risks analysis, a type of survival 

analysis that aims to estimate the probability of an event (treatment death) in the presence of 

competing events (handling death). This was performed using the ‘tidycmprsk’ package 

(v0.2.0; Sjoberg & Fei, 2022).  
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2.3 Results 

 

Time-to-death analysis based on Kaplan-Meier survival curves (Figure 12) indicates a 

statistically significant difference in overall survival probability according to grass variety (log-

rank test, p=0.02).  

 

 

 

Figure 12. Kaplan-Meier curves representing H. summervillei population survival on different grasses, which 

demonstrate a statistically significant difference in overall survival probability according to grass variety (log-rank 

test, p=0.02). Further significance testing was performed relative to American buffel (median survival time of 191 

hours [166, NA]) and shows that mealybugs have a lower relative probability of survival on Mekong brizantha 

(median survival time of 166 hours [142, 191]; hazard ratio of 1.57 [1.11, 2.20], p=0.010) and Gatton panic 

(median survival time of 154 hours [142, 191]; hazard ratio of 1.55 [1.10, 2.18], p=0.012).  

 

Median survival time per variety is positively correlated with effect size between varieties 

(Table 2). Mealybugs demonstrated a median survival time of 191 hours [166, NA] on 

American buffel, greater than that of Gatton panic (154 hours [142, 191]) and Mekong 

brizantha (166 hours [142, 191]). Correspondingly, when compared to mealybugs on 

American buffel, mealybugs on Gatton panic (HR=1.55) and Mekong brizantha (HR=1.57) 

are estimated to have a significantly higher risk of death (Cox regression, p=0.013). These 

results suggest that a relationship exists between grass variety and mealybug survival on 

alternate hosts.  
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Table 2. Results of survival analyses using data from bioassays with H. summervillei on live pasture grass 

varieties. Kaplan-Meier survival curves (see Figure 12) have been used to estimate median survival time in hours. 

Cox regression has been used to quantify effect size in the form of hazard ratios, which represent the probability 

of death in one group relative to another group (a hazard ratio greater than 1 therefore indicates an increased 

relative risk of death); the hazard ratios here have been calculated relative to American buffel. 95% confidence 

intervals are shown for both median survival time and effect size.  

Factors Median survival time Effect size 

Grass variety 
Sample 

size 

Number  

of deaths 

Time in 

hours 
95% CI 

Hazard 

ratio 
95% CI p-value 

American buffel 100 58 191 166, NA* NA** NA** NA** 

Gatton panic 100 76 154 142, 191 1.55 1.10, 2.18 0.012 

Mekong brizantha 100 76 166 142, 191 1.57 1.11, 2.20 0.010 

 

*A finite upper confidence limit cannot be calculated for American buffel due to too few individuals (n=58) 

experiencing the event (i.e. death) during the observation period 

**Effect size is calculated with respect to American buffel 

 

There appears to be no meaningful difference in hazard ratios between grass varieties when 

handling death is regarded as a competing risk to treatment death (Gray’s test, p=0.068). 

The results of competing risks analysis are similar to those of standard survival analysis: 

when compared to mealybugs on American buffel, mealybugs on Gatton panic (HR=1.62, 

95% CI [1.12, 2.32], p=0.010) and Mekong brizantha (HR=1.48, 95% CI [1.02, 2.15], 

p=0.037) are estimated to have a significantly higher risk of death (competing risks 

regression, p=0.022).  

 

2.4 Discussion 

 

2.4.1 Bioassay results support field and screenhouse observations 

 

The bioassays show statistically significant differences in mealybug survival time and 

predicted dieback susceptibility between grass varieties compared to American buffel (Figure 

12). American buffel demonstrates the greatest suitability as a host for H. summervillei (i.e. 

longest mealybug survival time) (Table 2), suggesting higher susceptibility to pasture dieback 

than Gatton panic or Mekong brizantha. These results are supported by field observations 

and screenhouse trials (Hauxwell et al., 2022c-e), which report greater suitability as a host 

for H. summervillei and greater severity of dieback symptoms in C. ciliaris (buffel) varieties 

compared to P. maximum (panic) and B. brizantha (brachiaria) varieties.  
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2.4.2 Host suitability correlated with phenotypic traits 

 

Screenhouse trials indicate an apparent correlation between varieties with thick stems and 

tillers and reduced susceptibility to dieback (Hauxwell et al., 2022e). This pattern persists in 

the rapid bioassays, with the thick-stemmed (>10mm) Mekong brizantha demonstrating lower 

relative susceptibility to dieback than the thin-stemmed Gatton panic (5-10mm) or American 

buffel (<5mm). These findings suggest that mealybug survival may be influenced by 

phenotypic traits of the host plant (see Table 3 for morphological descriptions of the pasture 

grasses in this study).  

 

Table 3. Morphological descriptions of the pasture grasses in this study. Descriptions have been compiled from 

the Register of Australian Herbage Plant Cultivars (Commonwealth Scientific and Industrial Research 

Organisation (CSIRO), 1990), plant identification keys (Cook, 2007; Cox, 2008; Johnson & Lloyd, 2008) and 

animal feed datasheets (Heuze et al., 2016a-b; Heuze & Tran, 2020).  

Grass variety 
Cenchrus ciliaris var. 

USA (“American buffel”) 

Panicum maximum var. 

Gatton (“Gatton panic”) 

Brachiaria brizantha var. 

Mekong (“Mekong brizantha”) 

Height Medium (30-150cm) Medium (50-150cm) Short (60-70cm) 

Stem 

Herbaceous, slender 

(<5mm), extensively 

branched  

Herbaceous, slender (5-

10mm), moderately 

branched 

Herbaceous, thick (>10mm),  

non-branching 

Leaf shape 
Linear (i.e. elongated), flat, 

tapered to a fine point 

Linear, prominent midrib, 

rough margins, tapered 

Triangular, thick, widens before 

tapering to a point 

Leaf size  

(at maturity) 

Moderate length (30cm), 

thin (5-10mm) 

Long (40-100cm), 

moderate width (<15mm) 
Short (<30cm), wide (>25mm) 

Leaf stiffness Extremely lax Moderately lax Moderately erect 

Trichomes 

Mostly hairless but short 

hairs (<2mm) may be 

present around leaf base 

or stem nodes 

Leaves are generally 

hairy but this can vary 

somewhat, short bristles 

on leaf sheaths 

Soft hairs on upper and lower 

leaf surfaces, fine bristles around 

leaf base and covering leaf 

sheaths 

Growth habit 

Typically starts erect or 

decumbent but becomes 

sprawling, dense, tussocky 

Mostly erect to slightly 

decumbent, tussocky 
Erect, dense, tussocky 

 

Indeed, certain plant traits appear to better accommodate mealybug physical characteristics 

and/or facilitate mealybug behaviour. For instance, mealybugs have somewhat delicate 

piercing-sucking mouthparts (see section 1.2.2 for details on mealybug morphology) that 

may make it difficult to penetrate and feed on host plants with tougher or thicker leaves, like 

Mekong brizantha. This suggests that plant traits that confer structural robustness (e.g thick 
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stem, thick leaves) contraindicate mealybug attack and may therefore impart some 

resistance to dieback. Leaf lamina thickness has been shown to be negatively correlated with 

sucking insect population size in other plant/pest systems, like green jassid on cotton (Khalil 

et al., 2017) and two-spotted spider mites on melon (Xu et al., 2019).  

 

Other physical plant defences include trichomes, epidermal structures that can vary from soft 

hairs to sharp bristles and may be widely distributed on the surface of the plant (Liu et al., 

2017). Trichome presence and density are understood to negatively affect insect dispersal 

and feeding, as they mechanically interfere with insect locomotion and access to the leaf 

epidermis proper (Belete, 2018). Mealybugs are a soft-bodied scale and can be easily 

damaged by physical defences like trichomes, which would limit their capacity to move and 

settle for feeding (da Silva-Torres et al., 2013). This suggests that increased plant 

pubescence may deter mealybug establishment and thus decrease susceptibility to pasture 

dieback.  

 

Screenhouse trials with Gatton panic and Green panic (both varieties of P. maximum) further 

support this hypothesis: these varieties are genetically similar due to facultative apomixis (i.e. 

asexual reproduction) but demonstrate significantly different susceptibility to H. summervillei 

(Hauxwell et al., 2022e). This may be attributed to phenotypic differences between the 

varieties, with Gatton panic (broader leaves with denser, short bristles) featuring more 

effective physical mechanisms of resistance than Green panic (shorter leaves with sparser, 

long hairs) (Moore, 2018). The results of the rapid bioassays support this hypothesis, with 

the glabrous variety (American buffel) demonstrating greater suitability as a host than the 

pubescent varieties (Gatton panic and Mekong brizantha) (section 2.3).  

 

H. summervillei exhibits strong negative phototactic behaviour (i.e. avoids light), observed in 

both field and laboratory conditions. Grass varieties with lax leaves that droop down and/or 

sprawling growth habits that put leaves in a more decumbent position offer more shade, 

possibly making them a more attractive host than erect varieties. This again corresponds 

with the results of the rapid bioassays (section 2.3) and early screenhouse trials (Hauxwell et 

al., 2022c, 2022e). The lax-leafed, sprawling American buffel is more susceptible to H. 

summervillei attack than the erect-leafed, non-sprawling Mekong brizantha; the moderately 

lax-leafed and slightly decumbent Gatton panic falls somewhere between the two extremes.  

 

The characteristics of the less suitable host plants may also reduce susceptibility to severe 

dieback symptoms and subsequent death of the grass. Gatton panic and Mekong brizantha 

exhibit phenotypic traits that are less favourable for the dispersal and feeding of H. 
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summervillei compared to American buffel (Table 3). The wider stems, thicker leaf laminae, 

higher trichome density, more erect leaf orientation and more erect growth habits of the 

Mekong brizantha and Gatton panic varieties may confer decreased susceptibility to the 

symptoms of dieback and death of the grass by reducing the opportunity for H. summervillei 

to establish.  

 

The above observations on the effect of plant phenotype on host suitability require further 

validation beyond the scope of this study. Future experiments should involve formal 

assessment of phenotypic traits (for example: stem thickness, leaf thickness, trichome 

density, trichome length, leaf orientation, growth habit) with a larger sample size to enable 

robust statistical analysis on the influence of plant phenotype on susceptibility to mealybug.  

 

Mealybugs used in this experiment were reared on American buffel grass, and thus might be 

expected to be less well-adapted to alternate plant hosts. The assay method requires further 

testing on a range of plant varieties, including those more susceptible to the mealybug, to 

determine a range of survival times (relative to American buffel as the standard) to confirm 

the validity of the test.  

 

2.4.3 Rapid bioassays for mass pasture dieback screening 

 

Technical reports by Hauxwell et al. (2022c, 2022d, 2022e) provide a baseline for the length 

of conventional plant screening for pasture dieback (Table 4). Field trials were performed 

over a 2-year period between March 2020 and May 2022 (Hauxwell et al., 2022d, p. 45-50), 

with screenhouse pot plant trials conducted concurrently over a 1-year period between 

December 2020 and January 2021 (Hauxwell et al., 2022c, p. 20-22). Both methods have 

provided valuable longitudinal data on the impact of season on mealybug populations and 

recovery of grasses. These reports also detail life history studies on H. summervillei and 

exploratory survival time assays that form the basis of the rapid bioassays presented in this 

thesis. Laboratory life history studies followed H. summervillei neonates from birth to death 

over a 5-month period, demonstrating a maximum observed lifespan of approximately 30 

days in males and up to 145 days in females (Hauxwell et al., 2022d, p. 26-27). Survival time 

assays were conducted over 10-14 days in the laboratory and shown to determine sensitive 

and statistically robust differences in susceptibility between grass varieties (Hauxwell et al., 

2022e, p. 24-26).  
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Table 4. Comparison of experimental approaches to H. summervillei monitoring and pasture dieback screening. 

Data are based on field trials, screenhouse trials and life history studies conducted by Hauxwell et al. (2022c, 

2022d, 2022e) and rapid bioassays presented in this thesis.  

Experiment Field trial Screenhouse trial Life history study Rapid bioassay 

Time required Years Months Months Weeks 

Labour intensity High Moderate High Low 

Data produced Categorical (e.g. 

variety A vs. variety 

B, affected vs. 

unaffected) 

Categorical Numerical (e.g. 

number dead, 

proportion of deaths 

over time) 

Numerical and 

categorical 

Analysis Analysis of variance Analysis of variance Regression Regression,  

analysis of variance 

Advantages Allows long-term 

investigation of 

biological and 

physiological 

responses in a 

natural environment 

Allows investigation 

of biological and 

physiological 

responses in a 

semi-natural 

environment, with 

some control over 

environmental 

parameters; can be 

studied long-term 

Captures full life 

history; controlled 

environment allows 

for clearer 

understanding of 

cause and effect; 

not seasonally 

dependent 

Controlled 

environment allows 

for clearer 

understanding of 

direct cause and 

effect; not 

seasonally 

dependent; can 

generate results in a 

short timeframe 

Limitations Costly to establish 

and maintain; no 

control over 

environmental 

parameters; 

seasonally 

dependent; requires 

long-term monitoring 

to generate data 

Costly to establish 

and maintain, but 

less so than field 

trials; seasonally 

dependent; requires 

long-term monitoring 

to generate data 

Intensive labour 

costs (e.g. 

continuous 

monitoring); 

biological and 

physiological 

responses may be 

altered in a 

controlled 

environment 

Cannot capture full 

life history; biological 

and physiological 

responses may be 

altered in a 

controlled 

environment; does 

not facilitate long-

term study 

 

Long-term field trials are undoubtedly important for assessing plant disease presentation and 

progression in real-world conditions. However, in the case of screening for pasture dieback 

susceptibility, it would quickly become a costly endeavour to perform mass testing of all 

relevant grass varieties. With this in mind, we have demonstrated proof of concept of a rapid 
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laboratory-based bioassay that has generated similar results to previous screenhouse trials 

but in a shorter timeframe and can identify pasture varieties that are less susceptible hosts 

for H. summervillei for inclusion in field trials. Although these rapid bioassays are limited in 

that they cannot capture the full insect life history and the laboratory environment may alter 

insect biological/physiological responses, they offer a valuable means of focusing the scope 

of future field trials, thereby reducing associated costs and prioritising practical results for the 

agricultural industry.  

 

This bioassay would ideally be further tested before use in pasture screening. A key 

limitation of the experimental approach here is the potential impact of insect adaptation to 

host plants. Mealybugs used in this experiment were reared on American buffel, one of the 

subject species, and thus might be expected to be less well-adapted to alternate hosts. 

Differentially host-adapted insects were unable to be reared for each pasture species in this 

project due to time and resource constraints. Reciprocal transplant trials could be conducted 

to validate the findings presented in this chapter. Such trials should involve testing host-

adapted mealybugs on the corresponding plant hosts as well as a common host (i.e. plant 

species that the mealybugs have not been introduced to) to examine whether local 

adaptation has an effect.  

 

Nonetheless, for commercial screening purposes, comparison with a standard like American 

buffel may be more practical. The bioassay method requires further testing on a range of 

plant hosts, including grass varieties reported to be equally or more susceptible to the 

mealybug than American buffel (the standard used here), such as annual ryegrass (Lolium 

multiflorum). Testing across varieties of the same species with known differences in 

suitability as hosts for the mealybug, such as American/Biloela/Gayndah buffel (Hauxwell et 

al., 2022e), is also recommended.  
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Chapter 3: Composition and diversity 

of bacterial communities in H. 

summervillei on different host plants 

 

3.1 Aims 

 

This chapter aims to establish baseline data on the composition and diversity of bacterial 

communities in H. summervillei, identify potential core bacteria, and examine whether 

differences in host plant suitability affect the mealybug microbiome. This was achieved using 

targeted next generation sequencing of the V3-V4 region of the bacterial 16S gene from total 

DNA extracted from adult female H. summervillei mealybugs adapted to various pasture 

grasses. This research has generated novel data on microbiome diversity and community 

composition in H. summervillei, for which there is no equivalent in the current literature.  

 

This chapter also explores whether the mealybug microbiome contributes to the apparent 

dysregulation of plant immune systems, as per the pathology of pasture dieback caused by 

H. summervillei attack (section 1.2.1). P. solenopsis mealybug feeding has been shown to 

disrupt JA/SA signalling pathways involved in plant defences (Zhang et al., 2011, 2015) and 

recent work suggests that H. summervillei operates in a similar manner. Transcriptomics on 

the effect of H. summervillei feeding on gene expression in American buffel grass suggests 

that mealybug feeding suppresses the anti-herbivore plant defence response mediated by JA 

(Hauxwell et al., 2022d; Munro & Hauxwell, 2023). Differential expression analysis illustrates 

that H. summervillei feeding results in significant induction of SA biosynthesis, SA-responsive 

and SA-dependent genes, as well as a repressor of JA-related responses (Hauxwell et al., 

2022d; Munro & Hauxwell, 2023). Upregulation of SA-related genes would disrupt the 

antagonistic JA/SA crosstalk that modulates induced defence responses and effectively 

suppress JA-based defences that would be beneficial against mealybug attack (Hauxwell et 

al., 2022d).  

 

The mechanisms by which JA signalling is suppressed and/or SA signalling is promoted in H. 

summervillei have not been confirmed. These effects may be caused directly by H. 

summervillei, or through endosymbionts like T. phenacola or other associated microbiota. 

Recent work suggests that specific endosymbionts in P. solenopsis mealybug saliva play a 
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role in modulating herbivore-induced plant defences (Zhao et al., 2023) and thus facilitate 

mealybug establishment and survival on the host plant. The presence of salivary 

Enterobacteriaceae and Stenotrophomonas resulted in decreased expression of JA-

responsive genes in the host (with corresponding increase in expression of SA-responsive 

genes) and enhanced phloem ingestion in the solenopsis mealybug (Zhao et al., 2023). 

When P. solenopsis was treated with antibiotics to remove these salivary endosymbionts, 

feeding was shown to trigger JA-responsive gene expression in the host and reduce the 

duration and volume of phloem ingestion in the mealybug (Zhao et al., 2023). Identifying core 

bacteria in the H. summervillei microbiome may provide insight into whether plant defence is 

regulated at the level of the microbiome as in P. solenopsis.  

 

As discussed in the previous chapter, host plant suitability for H. summervillei appears to be 

partially influenced by phenotypic traits like leaf lamina thickness and the presence of 

trichomes (section 2.4.2). Further work is required to understand the factors that influence 

host selection and susceptibility in H. summervillei. Determining the composition and 

diversity of bacterial communities in H. summervillei on different host plants may shed light 

on whether the mealybug microbiome plays a role in host selection, or vice versa.  

 

3.2 Methods 

 

3.2.1 Sample collection 

 

White adult female mealybugs were collected from American buffel, Callide rhodes, Gatton 

panic, and sugarcane (Saccharum officinarum) grass varieties grown in screenhouses at the 

Samford Ecological Research Facility, as per MLA technical report B.PAS.0006 (Hauxwell et 

al., 2022e). Mealybugs were cultured on host plants for six (6) weeks to allow for microbiome 

adaptation or adjustment. Three (3) adult females were collected from each of three (3) 

plants of each plant variety, for a total of nine (9) mealybugs per variety. Samples were 

stored in 70% ethanol at -20°C until processed.  

 

3.2.2 Pretreatment 

 

Mealybugs were pretreated to remove wax from the body surface and minimise inhibitory 

effects during DNA extraction, as described by Wang et al. (2019) in their comparative 

analysis of DNA extraction methods for mealybugs. Specimens were removed from ethanol 
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storage and soaked in trichloromethane for 30 minutes, transferred to ultrapure water and 

soaked for a further six (6) hours, then air-dried on sterile filter paper.  

 

3.2.3 DNA extraction 

 

DNA extraction was performed using the DNeasy Blood & Tissue kit (QIAGEN, 2022), 

following manufacturer instructions with minor modification to the lysis incubation step, which 

was extended from four (4) hours to eight (8) hours to achieve sufficient DNA yield. Purified 

DNA was stored at -20°C.  

 

3.2.4 Sequencing 

 

PCR amplification and sequencing were performed by the Australian Genome Research 

Facility (AGRF) using their 16S (V3-V4) microbial diversity profiling service. PCR amplicons 

were generated using the primer pair 341F (5’ CCTAYGGGRBGCASCAG 3’) and 806R (5’ 

GGACTACNNGGGTATCTAAT 3’) and conditions outlined in Table 5. Thermocycling was 

completed with an Applied Biosystems Veriti 384-well thermal cycler using Platinum SuperFi 

II PCR Master Mix (Invitrogen, Australia). Expected amplicon size was approximately 464bp.  

 

Table 5. PCR cycling parameters used in the 16S (V3-V4) microbial diversity profiling service by the Australian 

Genome Research Facility (Melbourne, Australia).  

Cycles Pre-Denaturation Denaturation Annealing Extension Final Extension 

30 98°C for 30 sec 98°C for 10 sec 60°C for 10 sec 72°C for 30 sec 72°C for 5 min 

 

The primary PCR amplicons were cleaned using magnetic beads and visualised on 2% 

SYBR E-Gel (Thermo Fisher). A secondary PCR to index the amplicons was performed with 

the same master mix and cleaned again using magnetic beads. The resulting amplicons 

were quantified by fluorometry (Promega Quantifluor) and normalised. The equimolar pool 

was cleaned a final time using magnetic beads to concentrate the pool and then measured 

using High Sensitivity D1000 Tape on an Agilent 2200 TapeStation. The pool was diluted to 

5nM; molarity was confirmed using a Qubit High Sensitivity dsDNA assay (Thermo Fisher). 

This was followed by sequencing on an Illumina MiSeq (San Diego, CA, USA) with a V3 600-

cycle reagent kit (2 x 300bp, paired-end reads).  
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3.2.5 Microbiome analysis 

 

Sequence processing and preliminary data analyses were performed using QIIME2 

(Quantitative Insights Into Microbial Ecology) (Bolyen et al., 2019) with the following plugins: 

‘q2-demux’ for demultiplexing; ‘q2-dada2’ for denoising; ‘q2-feature-classifier’ for taxonomic 

classification; ‘q2-phylogeny’ for phylogenetic reconstruction; and ‘q2-diversity’ for the 

computation of diversity metrics.  

 

Raw reads were inspected via interactive quality plots produced in QIIME2 (Estaki et al., 

2020). Reads were trimmed to remove 341F/806R primer sequences (17bp for forward 

reads, 20bp for reverse reads) and where sequence quality scores dropped below 20 (Q20). 

Subsequent quality filtering of trimmed reads was performed with a maximum expected 

errors (maxEE) threshold of 2. Paired forward and reverse reads were merged to obtain the 

full denoised sequences. Chimeric sequences were removed through a de novo chimera 

filtering algorithm used by dada2 (Callahan et al., 2016).  

 

SILVA SSU Ref NR 99 v138.1 (SILVA small subunit rRNA non-redundant reference 

database with 99% identity criterion to remove highly similar sequences) (Glockner et al., 

2017; Robeson et al., 2020) was used as the reference database for taxonomic assignment. 

BLAST+ local alignment was performed between the query and reference sequences. The 

top 10 hits (taxonomic assignments) for each query sequence were identified by filtering for 

80% identity and 80% query cover. Being the first investigation into the microbiome of this 

species, a relatively relaxed (<95%) percent identity threshold was necessary to capture 

similar sequences for consensus taxonomy and other phylogenetic analysis. For each query 

sequence, a consensus taxonomy was assigned if 50% of hits matched the top hit. The 

QIIME2 ‘core-metrics-phylogenetic' pipeline was used to compute diversity metrics (Shannon 

index, observed features) and distance matrices (UniFrac, weighted and unweighted) for 

downstream analysis. A sampling depth of 10,000 was selected based on the minimum 

sequence count across non-control samples.  

 

End products of the QIIME2 workflow are an ASV table, which records the number of times 

each ASV is observed in each sample; a representative sequences table, which provides the 

sequence for each ASV; Newick-formatted phylogenetic tree files; and vectors for various 

biodiversity metrics, as detailed above. Decontamination and microbiome analyses were 

performed on these products with the R statistical software (v4.2.2; R Core Team, 2022) in 

RStudio (v2022.07.2; RStudio Team, 2020) using the ‘decontam’ (Davis et al., 2018) and 

‘phyloseq’ (McMurdie et al., 2013) packages, respectively. Multiple sequence alignment was 
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performed in the Clustal Omega program (Madeira et al., 2022) and visualised in R using the 

‘ggmsa’ package (Zhou et al., 2023). Phylogenetic reconstruction and tree annotation were 

performed using the ‘ggtree’ (Yu et al., 2017) package.  

 

3.3 Results 

 

3.3.1 Overall bacterial diversity 

 

Overall bacterial diversity was low. 16 bacterial species were identified across the bacterial 

microbiomes of the entire cohort (Figure 13), most of which are common environmental 

organisms typically found in soil and water sources. Ca. Tremblaya sp. was the only species 

present in all samples. It is also the most dominant taxon, which is expected given that it is 

the primary endosymbiont in H. summervillei. Ca. Tremblaya ASVs account for at least half 

the amplicon reads in each sample. Some samples (C5-3-16S, G1-3-16S, S1-1-16S) have a 

notably low abundance of Ca. Tremblaya.  

 

 

 

Figure 13. Heat map of ASV (16S rRNA V3-V4) abundance across the bacterial microbiome of H. summervillei 

samples collected from different plant hosts. ASVs are agglomerated at the species level for clarity; minor ASV 

variants are therefore not shown. ASVs that were not assigned at the species level are reported to the lowest 

taxonomic depth possible; unassigned ASVs here are reported to the genus level. Mealybug samples are 

grouped according to host plant: American buffel (C. ciliaris var. USA), Callide rhodes (C. gayana var. Callide), 

Gatton panic (P. maximum var. Gatton) and sugarcane (S. officianarum). Ca. Tremblaya is the most dominant 

taxon and is the only group present across all samples.  

 

Alpha diversity analyses indicate no significant difference in bacterial diversity within 

individual mealybug samples (Kruskal-Wallis test, p=0.476) or within samples from the same 

grass variety (p=0.135). Post-hoc pairwise comparisons confirm no underlying differences 

(Wilcoxon rank sum test on Shannon indices, p>0.5).  
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Bacterial diversity is low across the entire cohort, with most samples comprising only two or 

three distinct taxa. Beta diversity analyses show a statistically significant difference in 

diversity between grass varieties (PERMANOVA, p=0.021) but this significance is lost when 

potential outliers (samples with relatively low abundance of Ca. Tremblaya ASVs, identified 

in Figure 13) are removed (p=0.209). Initial principal coordinates analysis (Figure 14, left) 

shows a highly skewed amount of variance (>99%) captured by one principal coordinate 

(axis 1), which generally indicates that outliers are present. Removal of outliers in 

subsequent analysis shows variance spread across multiple axes and no distinct clustering 

of sample points (Figure 14, right). These results indicate low or no difference in bacterial 

diversity between samples from different hosts. Post-hoc pairwise comparisons reveal no 

underlying differences (pairwise PERMANOVA, p>0.05).  

 

 

 

Figure 14. Ordination plots showing the results of beta diversity analysis on 16S rRNA (V3-V4) extracted from H. 

summervillei reared on different grass varieties. Ordination has been performed using an MDS (multidimensional 

scaling) model (also known as Principal Coordinates) and the weighted UniFrac distance method, with (left) and 

without (right) potential outliers. The amount of variation captured by each axis is noted as a percentage. The 

spatial distance between sample points reflects the differences in beta diversity - the closer two points are in 

ordination space, the more similar the bacterial diversity in those samples. The left-hand plot shows variance 

being largely captured by a single variable (99% of variation is explained by axis 1); this highly skewed variance 

suggests that outliers are present. Potential outliers are removed in the right-hand plot and variance becomes 

more appropriately spread across the axes. These results indicate little-to-no difference in bacterial diversity 

between samples from different host plants.  

 

3.3.2 Non-Tremblaya bacterial diversity 

 

Bacterial diversity is better visualised when Ca. Tremblaya is removed from analysis (Figure 

15). Sugarcane demonstrates the greatest non-Tremblaya bacterial diversity, with one 

sample containing ASVs from three unique taxa. Samples from all other grass varieties 

comprise only one or two bacterial species. Alpha diversity is correspondingly similar within 
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individual mealybug samples (Kruskal-Wallis test, p=0.450) and samples grouped by grass 

variety (p=0.186). It should be noted that of the 63 total samples, only 15 samples contain 

species other than Ca. Tremblaya, and these are in extremely low read abundance.  

 

 

 

Figure 15. Heat map of ASVs (16S rRNA V3-V4) of minor bacterial species associated with H. summervillei 

mealybugs collected from different grass varieties. ASVs of the primary endosymbiont, Ca. Tremblaya, were 

removed from analysis to better visualise low abundance species and overall microbiome diversity. Note that this 

graph includes only 15 of the 63 total samples; in all other samples, only Ca. Tremblaya was detected. Pantoea 

agglomerans is the most abundant minor species and appears in only one sugarcane sample. Sphingomonas sp. 

and Flavobacterium sp. are the only common species between grass varieties.  

 

Of these minor bacterial species, Pantoea agglomerans is the most abundant but was 

detected in only one sugarcane sample (S2-2-16S) (Figures 13 and 15). ASVs from 

Sphingomonas sp. and Flavobacterium sp. were detected in mealybug samples across three 

of the four grass varieties: American buffel, Gatton panic and sugarcane. American buffel 

and Gatton panic contain common ASVs from Lawsonella sp., whereas ASVs from 

Pseudomonas sp. are common across Callide rhodes and sugarcane.  

 

There appear to be no significant differences in non-Tremblaya bacterial diversity 

(PERMANOVA, p=0.341) and there are no clear patterns in the reads indicating presence or 

abundance of non-Tremblaya taxa between grass varieties. Ordination highlights one 

standout American buffel sample (A4-2-16S) (Figure 16); however, this variation is likely 

explained by the presence of two major non-Tremblaya bacterial species (Escherichia coli 

and Cloacibacterium sp.) where most samples only have one. Given the low overall 

abundance of these bacterial species, this is unlikely to be a biologically significant result.  
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Figure 16. Ordination plot showing the results of beta diversity analysis on non-Tremblaya bacterial species, a 

subset of the 16S rRNA (V3-V4) data from H. summervillei reared on different grass varieties. Ordination has 

been performed using an MDS model and the weighted UniFrac distance method, as per Figure 14. The similar 

diversities between samples (i.e. low spatial proximity between points) likely reflects the extremely low abundance 

of non-Tremblaya bacteria – almost all samples are represented by only one major non-Tremblaya taxon, so all 

samples have similarly low diversities. One American buffel sample is the exception (bottom right); it contains 

multiple non-Tremblaya taxa and correspondingly falls outside the main cluster of sample points.  

 

3.3.3 Tremblaya-specific diversity 

 

59 unique Ca. Tremblaya ASVs were identified. There appears to be one main ASV, as 

indicated by its high abundance and presence in all samples, with many minor variants 

(Figure 17). Most samples have around 3-5 minor variants, aside from one sugarcane 

sample (S3-2-16S) that appears to have several more (at least 36 minor ASVs). Alpha 

diversity analyses reveal no significant difference in Ca. Tremblaya ASV diversity within 

individual mealybug samples (Kruskal-Wallis test, p=0.476) nor when samples are grouped 

by grass variety (p=0.404) and post-hoc pairwise comparisons confirm no underlying 

differences at either level (Wilcoxon rank sum test on Shannon indices, p>0.5).  
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Figure 17. Heat map of Ca. Tremblaya ASVs (16S rRNA V3-V4) in H. summervillei samples collected from 

different grass varieties. Each row represents a unique ASV. There appears to be one ‘main’ ASV, present in high 

abundance in all samples, and many minor variants. About 3-5 minor variants are present in most samples; the 

only exception is sugarcane sample S3-2-16S, which appears to have several more minor ASVs.  

 

Beta diversity analyses reveal no significant difference between grass varieties at the level of 

Ca. Tremblaya ASVs (PERMANOVA, p=0.085; pairwise PERMANOVA, p>0.100). Ordination 

shows two key clusters (Figure 18), the larger of which (left) represents the main Ca. 

Tremblaya ASV (present in all samples in high abundance) and the smaller (right) which is 

likely an ASV present in many samples but in lower abundance.  

 

 

Figure 18. Ordination plot showing the results of beta diversity analysis on Tremblaya-specific ASVs, a subset of 

the 16S rRNA (V3-V4) data from H. summervillei reared on different grass varieties. Ordination has been 

performed using an MDS model and the weighted UniFrac distance method. Sample points are grouped into two 

key clusters that appear to represent the main Ca. Tremblaya ASV (left) present in all samples in high abundance 

and a minor variant (right) present in many samples in low abundance.  
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Multiple sequence alignment confirms that the Ca. Tremblaya ASV variants differ by number 

and type of single-nucleotide polymorphisms (SNPs), and only one ASV (the ‘main’ ASV) is 

present in all (n=63) samples (Figure 19).  

 

 

 

Figure 19. Phylogenetic tree of Ca. Tremblaya ASVs (16S rRNA V3-V4) with corresponding sequences. Each tip 

on the tree represents a unique ASV; the size of the tip points (purple) reflect the number of samples in which that 

ASV was identified. To better visualise ASV diversity, only nucleotide positions 25-100 are shown in the multiple 

sequence alignment, representing a region where sufficient difference was observed. Positions marked as ‘N’ 

delineate ambiguous base calls that could not be identified by the Illumina software; these have been included for 

completeness. One ASV appears in much greater abundance and is present in all samples (largest purple point).  

 

3.4 Discussion 

 

3.4.1 Low bacterial diversity across H. summervillei cohort 

 

Unlike the rich microbial diversity seen in their plant hosts, some herbivorous insects 

possess microbiomes of limited diversity, but the reasons for this contrast are still under 
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investigation (Sugio et al., 2015). In this study, the diversity of bacteria detected in H. 

summervillei was particularly low, irrespective of host plant (section 3.3.1). The bacterial 

microbiome is dominated by Ca. Tremblaya (Figure 13), which is unsurprising given that T. 

phenacola is the obligate endosymbiont that performs critical amino acid biosynthesis to 

compensate for the nutrient-poor diet of the host insect (Gil et al., 2018; Husnik et al., 2013; 

Lopez-Madrigal et al., 2014).  

 

Minor species in the H. summervillei microbiome are largely ubiquitous environmental 

bacteria commonly found in soil and natural water sources (Bacillus subtilis, Bradyrhizobium, 

Cloacibacterium, Delftia, Flavisolibacter, Flavobacterium, Methylobacterium, Methylorubrum, 

Pseudomonas, Sphingomonas, Vicinamibacteraceae), or in association with livestock 

(Enterococcus faecium, Escherichia coli, Lawsonella, Staphylococcus hominis) or plant roots 

(Pantoea agglomerans). Bacillus and Staphylococcus are common members of the gut 

microbiota in other Pseudococcidae like solanum mealybug (Phenacoccus solani) and 

passionvine mealybug (Planococcus minor), where they are thought to play a role in 

conferring insecticide resistance (Lin et al., 2019). In other phloemophagous insects like 

silverleaf whitefly, these bacteria are involved in reducing pathogenic microbes by 

maintaining the gut pH (Indiragandhi et al., 2010; Wu et al., 2014).  

 

3.4.2 Core bacteria in the H. summervillei microbiome 

 

This chapter defines ‘core’ bacteria as any taxa shared among mealybugs and consistently 

detected when reared on two or more grass varieties. This definition is widely thought to 

represent the most ecologically and functionally important microbial associates in the given 

host species under the experimental conditions (Neu et al., 2021). Ca. Tremblaya was the 

only taxon identified in all mealybug samples across all grass varieties and therefore 

constitutes the primary ‘core’ bacterium in H. summervillei.  

 

Figure 15 identifies four potentially facultative/secondary bacterial symbionts, detected in 

multiple but not all mealybugs associated with the current outbreak of pasture dieback. 

These span four genera: Sphingomonas, Flavobacterium, Pseudomonas and Lawsonella.  

 

Sphingomonas is a strictly aerobic, chemoheterotrophic genus that has been isolated from 

soils and plant roots, as well as many human clinical contexts (Sorouri et al., 2023). It is 

identified as a facultative secondary endosymbiont in papaya mealybug (Paracoccus 

marginatus) (Megaladevi et al., 2020) and a potential symbiont in birch bark scale (Steingelia 

gorodetskia) (Michalik et al., 2019b). Sphingomonas is also a key bacterial group in 
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solenopsis mealybug, though it was not one of the taxa associated with the disruption of the 

JA/SA pathway (Zhao et al., 2023). Recent work on the gut microbiome in cotton aphid 

(Aphis gossypii) suggests that Sphingomonas mediates host resistance to broad-spectrum 

neonicotinoid insecticides by utilising them as a carbon and nitrogen source (Lv et al., 2023). 

Although their role in other insect hosts has not been determined (Megaladevi et al., 2020; 

Michalik et al., 2019b; Zhao et al., 2023), molecular phylogenetics suggests that symbiotic 

Sphingomonas species may be a recent acquisition in scale insects (Hemiptera: 

Sternorrhyncha) based on their close similarity to the free-living soil bacterium 

Sphingomonas echinoides (Michalik et al., 2019b).  

 

Sphingomonas species are also an important and typically beneficial component of the plant 

microbiome, and both biotic and abiotic stress may lead to an increase in their abundance as 

part of a stress-induced dysbiosis. Recent work on Xylella fastidiosa (Xanthomonadaceae) 

infection has shown an increase in Sphingomonas species in the plant microbiome that is 

associated with expression of symptoms in infected plants (Landa et al., 2022).  

 

Flavobacterium species are commonly recovered from freshwater sources and rhizospheric 

soil, where their ability to digest inert organic matter plays an important role in geochemical 

cycling (Lee et al., 2023). Flavobacterial endosymbionts are thought to play a role in 

synthesising essential amino acids and have been found in several scale insect families, 

including the Diaspididae, in which they serve as primary endosymbionts (Gruwell et al., 

2010; Rosas-Perez et al., 2014; Rosenblueth et al., 2012). Given that essential amino acid 

synthesis is fulfilled by T. phenacola, this may not be their primary function in H. 

summervillei. Flavobacterium may instead provide functional redundancy to compensate for 

compositional shifts in the microbial community associated with H. summervillei (Chen et al., 

2022). An alternative theory is that insect-associated Flavobacterium species are involved in 

the degradation of insecticides, corresponding with their function in soil, and thus contribute 

to insecticide resistance of the host (Kikuchi et al., 2012).  

 

Pseudomonas is known gut symbiont in at least three mealybug species: papaya mealybug 

(Krishnamoorthy et al., 2019; Megaladevi et al., 2020), citrus mealybug (Ibrahim et al., 2021) 

and cassava mealybug (Phenacoccus manihoti) (Harish & Aryalakshmi, 2022). Mealybug-

associated Pseudomonas isolates demonstrate high proteolytic activity (Krishnamoorthy et 

al., 2019) and the capacity to degrade insecticides, specifically the organophosphate 

insecticide chlorpyriphos (Ibrahim et al., 2021) and the neonicotinoid insecticide 

thiamethoxam (Harish & Aryalakshmi, 2022). ASVs from Pseudomonas were common 

across Callide rhodes grass and sugarcane (Figure 15).  
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Mealybugs reared on American buffel and Gatton panic contain common ASVs from 

Lawsonella, a newly identified genus represented by the type species Lawsonella 

clevelandensis (Bell et al., 2016). Little is known about the distribution and function of 

Lawsonella beyond the role of L. clevelandensis in abscess formation in humans (Bell et al., 

2016; Chudy-Onwugaje et al., 2020; Favila Menezes et al., 2018). Lawsonella species have 

been identified in the microbiomes of the cereal leaf beetle (Oulema melanopus) 

(Wielkopolan et al., 2021), turtle vein lady beetle (Propylea japonica) (Chang et al., 2023) 

and water scorpion (Nepa rubra) (Bektas, 2022), but their functions are unknown. 

Understanding the roles of rare taxa in the H. summervillei microbiome will require an 

approach that involves deeper functional characterisation.  

 

The results of this study suggest that Sphingomonas and Flavobacterium may form part of 

community of potential facultative symbionts in H. summervillei microbiome (Figure 15). 

Sequence reads of Sphingomonas sp. and Flavobacterium sp. were observed in mealybug 

samples from American buffel, Gatton panic and sugarcane. Their absence in Callide rhodes 

may be a factor of small sample size in the diversity analyses of non-Tremblaya ASVs 

(section 3.3.2), where Callide rhodes was represented by only one sample (C2-2-16S). 

Further bacterial sequencing is required to confirm the presence of Sphingomonas, 

Flavobacterium and Pseudomonas in H. summervillei and determine their function in the 

mealybug, particularly whether they are involved mealybug-plant interactions.  

 

This study did not detect the specific taxa identified in the salivary bacteria of solenopsis 

mealybug that disrupt JA/SA signalling (Zhao et al., 2023). However, there are similarities 

with bacteria known to affect JA/SA pathways in other insects. Modulation of JA-mediated 

defences in fall armyworm (S. frugiperda) was attributed to the presence of bacteria from five 

genera of the family Enterobacteriaceae, of which Pantoea ananatis (recently reclassified 

from Enterobacteriaceae to the family Erwiniaceae) was the only isolate identified to species 

level (Acevedo et al., 2017).  

 

The small amount of research into the role of bacterial symbionts of insects on the JA/SA 

pathway of host plants suggests that several different secondary bacterial symbionts may be 

involved in the disruption of JA/SA pathways. In the Colorado potato beetle (Leptinotarsa 

decemlineata), induced plant defences were suppressed when at least one of three bacteria 

– Stenotrophomonas, Pseudomonas or Enterobacter – was present (Chung et al., 2013). 

The bacterial symbiont Hamiltonella defensa (Enterobacteriaceae) in silverleaf whitefly 

(Bemisia tabaci) saliva downregulates JA responses and upregulates SA responses, (Su et 
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al., 2015). Such findings imply that examination of the whole microbiome, with emphasis on 

Enterobacteriaceae and related taxa, is important to determine the ecology of potential 

bacterial symbionts that play a role in modulating plant defence responses.  

 

Overall, the results of this study indicate that the bacterial communities associated with H. 

summervillei have extremely low diversity. Potential core bacteria other than Ca. Tremblaya 

and their role in the disruption of JA/SA pathways requires further investigation. Functional 

characterisation is recommended to understand the role and response of these bacteria in 

the mealybug and in mealybug-plant interactions, in the disruption of JA/SA pathways, and in 

the development of symptoms of pasture dieback.   

 

3.4.3 Factors that may influence low bacterial diversity 

 

Scale insects (Hemiptera: Sternorrhyncha) demonstrate great diversity in symbiotic 

associates (Szklarzewicz et al., 2020), even in scales from the same family (Buchner, 1965; 

Frago et al., 2020); however, overall gut bacterial diversity is relatively low (Malacrino, 2021; 

Yun et al., 2014). This appears to be true for H. summervillei: bacterial diversity is low (<16 

species identified across the entire mealybug cohort) and the microbiome is dominated by T. 

phenacola (Figure 13), one of two known primary endosymbionts in the mealybug family.  

 

Several factors may explain why the bacterial communities associated with H. summervillei 

are not overly diverse. Mealybugs feed exclusively on phloem, an oxygen-limited medium 

that is not conducive to microbial growth beyond microaerophiles, most of which are insect-

vectored pathogens rather than resident microbes (Bendix & Lewis, 2018; Jing et al., 2014; 

Lewis et al., 2022). Since phloem is not a rich source of foodborne microbes, it may not have 

a significant impact on the host-adapted mealybug microbiome.  

 

It is also important to note that the previously mentioned studies on plant-specific insect 

microbiomes investigate plant hosts from phylogenetically distant families - e.g. grapevine 

(Vitaceae) vs. potato (Solanaceae) (Iasur-Kruh et al., 2015). However, the host plants in this 

study are all within the grass family (Poaceae). Plants in the same family tend to share 

similar bacterial community compositions, and microbiome diversity is shown to become 

more distinct with increased phylogenetic distance (Lei et al., 2019). If the host plants here 

share a similar microbial community composition, differences in the host-adapted mealybug 

microbiomes may not be easily identifiable in the data. Despite their demonstrated polyphagy 

and successful adaptation to the different host plants in this experiment, H. summervillei may 
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not exhibit host-specific changes in bacterial diversity due to the inherent lack of microbes in 

phloem sap and/or potential similarities in transmissible host grass microbiota.  

 

Another explanation may be that the structure and composition of the H. summervillei 

microbiome is influenced by the obligate symbiont, T. phenacola. Although insect-associated 

bacteria are more commonly recognised for their impacts on host nutrition and reproduction 

(Gupta & Nair, 2020; Singh et al., 2021), symbiotic bacteria in some insects are also known 

to regulate critical biological processes. Examples include larval development (Girard et al., 

2023), metabolic homeostasis (Salem et al., 2014), innate immunity (Weiss et al., 2012), and 

microbiome assemblage (Douglas, 2014). Consider Burkholderia in bean bugs (Riptortus 

pedestris): Burkholderia is speculated to have become the primary symbiont by possessing 

features that facilitate establishment in the host (e.g. flagellar motility, resistance to host 

antimicrobial responses, ability to combat host-induced stress) (Kim et al., 2013; Lee et al., 

2015) and is thought to remain the primary symbiont by upregulating antimicrobial responses 

to non-self bacteria (Futahashi et al., 2013; Mason, 2020; Salem et al., 2014). If T. phenacola 

exerts a similar antagonistic effect in the H. summervillei microbiome, this may explain the 

lack of abundance and consistency of any non-Tremblaya species (potential facultative 

symbionts) across the mealybug cohort and between replicates from the same host plant 

(Figures 13 and 15). Additionally, hosting facultative symbionts may incur an unsatisfactory 

cost-benefit trade-off. For example, some aphid species host symbionts that confer 

resistance against parasitic wasp attack, but this comes at the cost of reduced fecundity and 

longevity (Zytynska et al., 2021).  

 

It is essential to recognise that this study focuses on bacterial microbiota, the most studied 

facet of insect microbiome research (Gurung et al., 2019). Microbiomes can comprise many 

more kingdoms (fungi, viruses, archaea, protozoa) that may have significant influence on the 

life history of the host insect. For instance, nutritional symbioses with specific bacterial 

lineages are found in all major sap-feeding soft scale families (Dahan et al., 2015) except the 

Coccidae, which appears to be dominated by an Ophiocordyceps-allied fungal symbiont 

rather than a bacterial symbiont (Gomez-Polo et al., 2017). Although research on fungal 

symbiosis in insects (amongst other symbioses) is still developing (Barcoto et al., 2020; 

Watson et al., 2022; Van Moll et al., 2021), it is highly recommended that future work on the 

H. summervillei microbiome involve screening for non-bacterial microbiota and 

characterisation of their roles in pasture dieback. Further recommendations include longer 

adaptation time for mealybugs on new plant hosts to examine whether the microbiome 

changes with prolonged and multigenerational exposure.  
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3.4.4 Host switching mechanisms in H. summervillei 

 

The mechanism/s of host switching in H. summervillei are not apparent at the level of the 

microbiome in this study. Some variation in the host-adapted bacterial microbiome was 

expected, given the wide host range of pasture mealybugs (section 1.2.2) and the known 

influence of dietary changes on microbiome composition and diversity (Huang et al., 2021; 

Jones et al., 2019). However, only minor variations in bacterial diversity were observed 

across the entire cohort, with no significant differences between mealybugs from different 

host plants (section 3.3.1). The results of this research indicate that host plant suitability does 

not appear to affect bacterial composition and diversity in H. summervillei associated with the 

current outbreak of pasture dieback.  

 

A higher degree of bacterial diversity was expected based on studies of differential 

colonisation of gut microbiota by food source (Huang et al., 2021; Jones et al., 2019), as well 

as transient or facultative symbionts acquired through horizontal transmission as the 

mealybugs adapted to each grass variety (Henry et al., 2013; Iasur-Kruh et al., 2015; Lin et 

al., 2019). Facultative (i.e. non-obligate) mealybug symbionts are relatively understudied 

compared to obligate symbionts like Ca. Tremblaya (see section 1.2.3 for further details on 

mealybug primary symbionts) but it is hypothesised that, when colonising new host plants, 

they would likely aid insect fitness through functions like the detoxification of plant chemical 

defences (Brady & White, 2013; Iasur-Kruh et al., 2015). This is seen in the polyphagous 

vine mealybug (Planococcus ficus) (Iasur-Kruh et al., 2015), which demonstrates markedly 

different microbiomes on grapevine (the preferred host) compared to potato (a common 

alternative host) (Cocco et al., 2021; Schulze-Sylvester et al., 2021) and suggests that host 

plant adaptation is associated with changes in microbial community structure. Studies on 

other polyphagous plant pests (e.g. cowpea aphid, cabbage looper, cotton aphid) further 

indicate that microbiome diversity is conditional to the host plant (Brady & White, 2013; Leite-

Mondon et al., 2021; Xu et al., 2020).  

 

Dietary adaptation often involves a cascade of changes to ensure survival in a new 

ecological niche (Ashra & Nair, 2022; Sudakaran et al., 2017). A host-switching insect not 

only needs to adapt to a new food source with a different nutrient profile – it may need to 

overcome a new array of host plant defences, as well as mitigate interactions with new 

predators or competitors. Phenotypic plasticity (the ability to produce multiple distinct 

phenotypes from the same genome) and transient symbioses (the acquisition of temporary 

microbial symbionts to enhance fitness) are common phenomena in host-switching 

generalists that help facilitate adaptation to multiple hosts (Santos-Garcia et al., 2020). 
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Neither of these strategies appear to be at play here, but H. summervillei possesses another 

trait that may explain its capacity to switch hosts.  

 

Their effect on JA/SA signalling (Hauxwell et al., 2022d; Munro & Hauxwell, 2023) suggests 

that H. summervillei has the capacity to exploit phytohormone crosstalk to promote their own 

virulence. If H. summervillei can systematically dismantle plant defence pathways in this 

manner, it would negate the need for strategies like phenotypic plasticity or transient 

symbioses to succeed on new plant hosts. It is possible that T. phenacola in H. summervillei, 

with or without interactions with secondary symbionts, may disrupt the JA/SA pathways of 

the host grasses.  

 

Further sequencing and network analysis of the T. phenacola genome with gene expression 

and transcriptome analyses are required to understand if the primary mealybug 

endosymbiont influences plant response. Network analysis may also provide insight into the 

interactions of H. summervillei and T. phenacola with potential secondary symbionts, in the 

context of JA/SA pathway disruption and induced dysbiosis in plant microbial communities. 

Future research could also examine molecular markers of the JA/SA pathways and measure 

the phytohormones directly to identify how H. summervillei is able to regulate plant defence 

mechanisms. It may also be worthwhile to investigate ethylene pathways (also involved in 

plant defence), which can be synergistic to the JA pathway in host plant responses to 

necrotrophs.  
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Chapter 4: Biogeography and the H. 

summervillei bacterial microbiome 

 

4.1 Aims 

 

Bacterial diversity in H. summervillei between geographic populations 

 

Chapter 4 examines mealybug-associated bacterial diversity across the geographical range 

of H. summervillei in Australia and aims to determine whether geography affects the 

mealybug microbiome. Targeted next generation sequencing (‘metabarcoding’) of the V3-V4 

region of the bacterial 16S gene was used to profile bacterial diversity in adult female H. 

summervillei specimens from dieback-affected sites across the current outbreak area. This 

work builds on the baseline bacterial community composition data established in chapter 3.  

 

Like other invasive species, mealybugs from geographically separated populations are 

posited to develop genetic adaptations that reflect the environmental conditions and indirectly 

affect microbial composition and diversity (Lin et al., 2019; Wu et al., 2015). Current 

knowledge on mealybug diversity across geographic distributions is limited to studies based 

on the host genome, using molecular markers that are common in insect ecology like COI, 

28S and ITS (Kaur & Singh, 2020). Intraspecific genetic variation among geographic 

populations is apparent in multiple Pseudococcidae systems, for example: cassava 

mealybug (Nopriawansyah et al., 2019), cotton mealybug (Thomas & Ramamurthy, 2014), 

obscure mealybug (Pseudococcus viburni) (Correa et al., 2015) and vine mealybug (Daane 

et al., 2018). These studies do not conclusively attribute genetic variation across mealybug 

distributions to any one factor; however, geography, climate and host plant selection are 

thought to be key influencing factors (Correa et al., 2015).  

 

Various other hemipteran species demonstrate geographic patterns in their bacterial 

microbiome. The green peach aphid (Myzus persicae) exhibits regional variation in 

secondary symbionts within and between populations from Australia, Asia, Europe and Africa 

(Yang et al., 2023). Secondary symbionts were notably absent in global aphid populations 

compared to aphids in the native range of China, but the reasons for this are not clear (Yang 

et al., 2023). At a more localised scale, glassy-winged sharpshooters (Homalodisca 

vitripennis) from different Texas vineyards show differences in bacterial community 



62 
 

composition that correspond with geographic location (Welch et al., 2015). Despite this, 

vineyard proximity was not correlated with microbiome similarity (Welch et al., 2015), which 

indicates that other factors likely play a role in shaping microbiome composition. Additionally, 

many of the host-associated bacteria identified in this study were previously known to inhabit 

soil and plants exclusively, suggesting that the environment is a major source of facultative 

symbionts.  

 

Although mealybugs demonstrate high capacity for passive dispersal by wind and water, they 

have limited capacity for active dispersal (i.e. movement through their own ability), generally 

only moving short distances (e.g. from plant to soil, or plant to plant) within a localised area 

(DAFF, 2013; Hauxwell, 2018). This implies that mealybugs are particularly susceptible to 

the effects of isolation by distance and may accrue local variation under geographically 

limited dispersal (Paddock et al., 2022). Altogether, these factors suggest that bacterial 

composition and diversity in H. summervillei may vary across a spatial scale. Corresponding 

with this hypothesis, chapter 4 aims to describe bacterial community composition in 

geographic populations of H. summervillei and determine whether there are differences in 

bacterial diversity across the geographic range of H. summervillei in Australia.  

 

The QUT pasture dieback research group has collected H. summervillei samples across 

Queensland and northern New South Wales, dating back to July 2018. H. summervillei 

specimens have been identified by morphological (Biosecurity Queensland, 2022) and 

molecular examination (Dickson et al., 2023). A subset of this mealybug collection has been 

studied in this chapter. Samples have been selected to be as geographically comprehensive 

as possible, covering the known range of H. summervillei in eastern Australia.  

 

Characterisation of H. summervillei biotypes 

 

H. summervillei exhibits two known biotypes (variant phenotypes with similar or identical 

genotypes), as confirmed by 18S/28S DNA sequencing (Dickson et al., 2023) and light 

microscopy (Biosecurity Queensland, 2022). Morphologically, these biotypes differ by the 

presence or absence of translucent nodules on the hind tibia (Figure 20) (Schutze et al 2019, 

Biosecurity Queensland, 2022). The presence of translucent nodules is consistent with the 

description of the first recorded H. summervillei specimens collected in 1926 (Brookes, 1978) 

(referred to here as the ‘old’ biotype) but are absent in mealybugs collected from current 

(2015-present) outbreak (the ‘new’ biotype) (Biosecurity Queensland, 2022). New biotype 

mealybugs have been identified at all dieback-affected sites in the current outbreak 

(Hauxwell et al., 2022d). At present, Kin Kin (QLD) is the only known location of the old 
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biotype; a mixed population of old and new biotype mealybugs have been found here, not far 

(~25km) from the site of the original old biotype samples collected in 1926 (Brookes, 1978).  

  

  

 

Figure 20. H. summervillei specimens with (left) and without (right) translucent nodules on the hind tibia, collected 

from Setaria grass in Kin Kin in 2020. The presence of translucent nodules (black arrows) is consistent with the 

description of specimens collected in 1926 (Brookes, 1978). These samples (E1B-1 and E1B-2) were slide 

mounted, stained and examined in August 2022 (Biosecurity Queensland, 2022). (Photos: M. Schutze, DAF)  

 

Metabarcoding using a combination of the V3-V4 hypervariable regions of the bacterial 16S 

gene has the potential to resolve taxa to species level (Li et al., 2020) for most bacterial 

groups (Santos et al., 2020). Amplicon sequencing of 16S subregions has been used in the 

molecular characterisation of multiple hemipteran taxa. It is frequently used in studies to 

differentiate members of polymorphic species complexes, such as silverleaf whitefly 

(Gorsane et al., 2011; Lee & de Barro, 2000; Bing et al., 2013) and pea aphid (Acyrthosiphon 

pisum) (Gauthier et al., 2015; Leclair et al., 2016; Russell et al., 2013). This approach has 

been used in this chapter to generate novel data on bacterial community composition and 

diversity in the old and new H. summervillei biotypes and identify whether biotype differences 

are seen at the level of the microbiome. It focuses on differences in sequences from the 

primary endosymbiont, T. phenacola, to explore the use of symbionts in H. summervillei 

biotype characterisation. A symbiont-based approach could lend support to the host-based 

morphological and molecular methods that are currently being used to identify this species.  
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4.2 Methods 

 

4.2.1 Sample Collection 

 

Adult female H. summervillei samples were taken from material collected by the QUT pasture 

dieback research group from dieback-affected sites across Queensland and New South 

Wales from 2020 to 2022 (Figure 21) (Hauxwell et al., 2022d).  

 

 

Figure 21. H. summervillei samples were collected from dieback-affected sites across South East Queensland 

and northern New South Wales, Australia. (Image: S. Richards, QUT) 

 

H. summervillei samples were characterised into two biotypes, ‘old’ (similar to the 1926 

mealybug described by Summerville) and ‘new’ (associated with the current pasture dieback 

outbreak). Ch was based on the presence (old biotype) or absence (new biotype) of 

translucent nodes on the hind tibia (Figure 20) (Biosecurity Queensland, 2022; Brookes, 

1978; Schutze et al., 2019).  

 

Samples from four (4) outgroups were included for comparison with H. summervillei: 

Saccharicoccus sacchari (sugarcane mealybug, A35), Hypogeococcus festerianus (Harrisia 

cactus mealybug, D7), Coccus longulus (long brown scale, JH3) and Antonina graminis 

(Rhodes grass mealybug, RG1-11). Sample metadata is presented in table 6.  
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Table 6. H. summervillei sample metadata, including sample ID, location, collection date, and biotype (mealybug 
or outgroup). Samples are ordered alphabetically by location.  

Sample ID Location Collection Date Biotype (Mealybug or Outgroup) 

BG-3a-16S Biggenden, QLD 26/03/2021 Pasture mealybug – new biotype 

BG-TN-16S Biggenden, QLD 26/11/2020 Pasture mealybug – new biotype 

BD-1a-16S Biggenden, QLD 12/10/2020 Pasture mealybug – new biotype 

BG-UQ-16S Biggenden, QLD 18/02/2021 Pasture mealybug – new biotype 

BG-16S Biggenden, QLD Unknown Pasture mealybug – new biotype 

JH3-16S Biloela, QLD 25/10/2019 Long brown scale – outgroup 

RG1-11-16S Birkdale, QLD 04/09/2018 Rhodes grass mealybug – outgroup 

BR-7-16S Brendale, QLD 22/06/2020 Pasture mealybug – new biotype 

D7-16S Dingo, QLD 30/10/2019 Cactus mealybug – outgroup 

EC-1a-16S Emu Creek, QLD 24/03/2022 Pasture mealybug – new biotype 

EC-3-16S Emu Creek, QLD 17/05/2022 Pasture mealybug – new biotype 

EC-2-16S Emu Creek, QLD 17/05/2021 Pasture mealybug – new biotype 

E8b-16S Fairfield, QLD 19/01/2020 Pasture mealybug – new biotype 

K2-1-16S Kin Kin, QLD 06/01/2021 Pasture mealybug – new biotype 

K-63-16S Kin Kin, QLD 20/06/2020 Pasture mealybug – new biotype 

JL-1-16S Kin Kin, QLD 03/03/2021 Pasture mealybug – new biotype 

KK-20-16S Kin Kin, QLD 03/04/2021 Pasture mealybug – new biotype 

K-61-16S Kin Kin, QLD 20/06/2020 Pasture mealybug – new biotype 

KK1-1-16S Kin Kin, QLD 19/06/2020 Pasture mealybug – old biotype 

E1B-1-16S Kin Kin, QLD 24/02/2020 Pasture mealybug – new biotype 

E1B-2-16S Kin Kin, QLD 24/02/2020 Pasture mealybug – old biotype 

MC-6-16S Maudsland, QLD 19/01/2021 Pasture mealybug – new biotype 

MD-9-16S Maudsland, QLD 02/03/2021 Pasture mealybug – new biotype 

MC-9-16S Maudsland, QLD 02/03/2021 Pasture mealybug – new biotype 

MD-7-16S Maudsland, QLD 05/01/2021 Pasture mealybug – new biotype 

MC-5-16S Maudsland, QLD 05/01/2021 Pasture mealybug – new biotype 

MD-8-16S Maudsland, QLD 14/01/2021 Pasture mealybug – new biotype 

UNE-16S Rubyvale, QLD 22/05/2022 Pasture mealybug – new biotype 

SE-PD-4-16S Samford, QLD 04/12/2020 Pasture mealybug – new biotype 

SE-PD-1-16S Samford, QLD 09/08/2021 Pasture mealybug – new biotype 

S1-1-16S Samford, QLD 10/02/2022 Pasture mealybug – new biotype 

S2-2-16S Samford, QLD 10/02/2022 Pasture mealybug – new biotype 

SP-1-16S Nobbys Creek, NSW 02/07/2020 Pasture mealybug – new biotype 

SP-9-16S Nobbys Creek, NSW 02/03/2021 Pasture mealybug – new biotype 

A35-16S Yerra, QLD 19/07/2019 Sugarcane mealybug – outgroup 

 

Mealybug samples were originally collected in propylene glycol and maintained at room 

temperature for long-term storage as part of the QUT mealybug collection. Samples were 

transferred to 70% ethanol and stored at -20°C until required for further processing.  

 

4.2.2 Sample Processing 

 

Pretreatment, DNA extraction and sequencing were performed as per sections 3.2.2-3.2.4.  
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4.2.3 Microbiome Analysis 

 

Microbiome analyses were performed as per section 3.2.5. Additional phylogenetic 

reconstruction was performed in the IQ-TREE web server (based on v1.6.12; Nguyen et al., 

2014; Trifinopoulos et al., 2016). Phylogenies were inferred by maximum likelihood under a 

K2P+G4 nucleotide substitution model, as determined by ModelFinder (Kalyaanamoorthy et 

al., 2017), using 100 bootstrap replicates.  

 

4.3 Results 

 

4.3.1 Total Microbiome Diversity 

 

Bacterial diversity within individual samples was again low, with the most diverse samples 

only containing only 5 unique taxa. Ca. Tremblaya was the only taxon identified across all H. 

summervillei samples, and was the most abundant taxon in all but one non-outgroup sample 

(KK1-1) (Figure 22). Most other identified taxa appear to be ubiquitous environmental 

organisms that are commonly isolated from soil, plant roots, natural water sources and 

agricultural leachate. These findings are consistent with those in section 3.3.1.  

 

Figure 22. Heat map of ASV abundance across H. summervillei samples from dieback-affected sites across 

South East Queensland and northern New South Wales. ASVs are agglomerated at the species level for clarity; 

ASVs not assigned at the species level are reported to the lowest taxonomic depth possible. H. summervillei 

samples are grouped by geographical location; outgroup samples are grouped together for ease of comparison 

with the mealybug of interest. H. summervillei samples are dominated by Ca. Tremblaya – it represents over 

60,000 reads in each sample, whereas most other bacterial taxa are represented by less than 4,000 reads.  
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Alpha diversity analyses indicate no significant difference in microbiome diversity within 

individual samples (Kruskal-Wallis test, p=0.466) or within samples grouped by location 

(p=0.371) or biotype (p=0.360). Post-hoc pairwise comparisons confirm no underlying 

differences (Wilcoxon rank sum test on Shannon indices, p>0.1).  

 

Microbiome diversity is low across much of the cohort, aside from one sample collected at 

Kin Kin, identified through morphology and host sequence data as the old H. summervillei 

biotype (Biosecurity Queensland, 2022; Dickson et al., 2023) (Figure 23). Correspondingly, 

beta diversity analyses indicate a statistically significant difference in microbiome diversity 

between samples from Kin Kin vs. other locations (PERMANOVA, p=0.017), and between 

the old and new H. summervillei biotype (PERMANOVA, p=0.015). Post-hoc pairwise 

comparisons reveal variation in microbiome diversity between the new and old H. 

summervillei biotypes found at Kin Kin (pairwise PERMANOVA, p=0.040), but no difference 

in the new biotypes at Kin Kin vs. other locations (pairwise PERMANOVA, p=0.681).  

 

 

 

Figure 23. Results of beta diversity analysis on 16S rRNA (V3-V4) extracted from adult female H. summervillei 

samples collected from dieback-affected sites across South East Queensland and northern New South Wales, 

Australia. Ordination has been performed using an MDS model and the weighted UniFrac distance method. The 

amount of variation captured by each axis (%) is noted. The spatial distance between sample points reflects the 

differences in beta diversity - the closer two points are in ordination space, the more similar the microbial diversity 

in those samples. Clustering patterns indicate clear differences in bacterial diversity between the new biotype 

(bottom left) and the old biotype (top left).  
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4.3.2 Non-Tremblaya Microbiome Diversity 

 

Ca. Tremblaya was again the dominant taxon across all samples (Figure 22) and microbial 

diversity is better visualised when it is removed from analysis, as demonstrated in Figure 24. 

Alpha diversity analyses indicate that within-group microbiome diversity is not significantly 

different within individual samples (Kruskal-Wallis test, p=0.453) or when samples are 

grouped by location (p=0.517) or biotype (p=0.479).  

 

 

 

Figure 24. Heat map of ASVs (16S V3-V4) of minor bacterial species observed in the microbiome of H. 

summervillei collected from dieback-affected sites across South East Queensland and northern New South 

Wales, Australia. ASVs of the primary endosymbiont, Ca. Tremblaya, were removed from analysis to better 

visualise low abundance species and overall microbiome diversity. Note that this graph shows a subset of the 

total samples; in the excluded samples, only Ca. Tremblaya was detected. There are no appreciable patterns in 

the presence or abundance of non-Tremblaya taxa across the cohort.  

 

Ordination reveals no identifiable patterns or grouping amongst samples when Ca. 

Tremblaya is removed from analysis (Figure 25). There is no significant difference in beta 

diversity when samples are grouped by location (PERMANOVA, p=0.274) or biotype 

(p=0.502). Post-hoc pairwise comparisons reveal no underlying differences within either 

grouping (pairwise PERMANOVA, p>0.05).  
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Figure 25. Ordination plot showing the results of beta diversity analysis on non-Tremblaya bacterial species, a 

subset of the 16S rRNA (V3-V4) data from H. summervillei samples collected from dieback-affected sites across 

South East Queensland and northern New South Wales, Australia. Ordination has been performed using an MDS 

model and the weighted UniFrac distance method. There are no appreciable differences in non-Tremblaya 

bacterial diversity between samples.  

 

4.3.3 Tremblaya-Specific Diversity 

 

27 unique Ca. Tremblaya ASVs were identified. Two (2) ASVs were found in high abundance 

across most samples, with the remaining 25 ASVs representing multiple minor variants 

(Figure 26). Alpha diversity analyses indicate no statistically significant variation in Ca. 

Tremblaya ASV diversity within individual samples (Kruskal-Wallis test, p=0.465), nor when 

samples are grouped by location (p=0.634) or biotype (p=0.686).  
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Figure 26. Heat map of Ca. Tremblaya ASVs (16S V3-V4) in H. summervillei samples collected from dieback-

affected sites across South East Queensland and northern New South Wales, Australia. Each row represents a 

unique ASV. Samples are partitioned by geographic location; outgroup samples have been placed together for 

ease of comparison with H. summervillei samples. Two (2) ASVs are in high abundance across most samples; 

the remaining ASVs appear to represent minor variants.  

 

Beta diversity analyses indicate significant variation in Ca. Tremblaya ASV diversity between 

samples from different locations (PERMANOVA, p=0.003), specifically between the ‘old’ and 

‘new’ H. summervillei biotypes collected at Kin Kin (p=0.001). The Ca. Tremblaya ASVs from 

two old biotype samples collected at Kin Kin are significantly different from those in the new 

biotype (PERMANOVA, p=0.003). However, the Ca. Tremblaya ASVs from new biotype 

samples also collected at Kin Kin are not significantly different from those in new biotype 

samples at all other locations (pairwise PERMANOVA, p=0.956). These findings are 

reflected in the results of ordination (Figure 27), which show Ca. Tremblaya ASVs from the 

old biotype clustered together within the larger spread of ASVs from the new biotype.  
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Figure 27. Ordination plot showing the results of beta diversity analysis on Tremblaya-specific ASVs, a subset of 

the 16S rRNA (V3-V4) data from H. summervillei samples collected from dieback-affected sites across South East 

Queensland and northern New South Wales, Australia. Ordination has been performed using an MDS model and 

the weighted UniFrac distance method. Ca. Tremblaya ASVs from the old H. summervillei biotype are clustered 

together within the larger spread of ASVs from the new biotype.  

 

Phylogenetic reconstruction shows Ca. Tremblaya ASVs grouped according to host biotype 

(Figure 28). Two (2) ASVs were present in all locations where H. summervillei was found, 

though not in all samples from each location (Figure 28, new biotype clade).  
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Figure 28. Cladogram of Ca. Tremblaya ASVs. Each tip on the tree represents a unique ASV. Clades are 

highlighted to distinguish Ca. Tremblaya ASVs from the new H. summervillei biotype (green), old H. summervillei 

biotype (blue) and outgroup species (red). Tip points are coloured by sample location. Ca. Tremblaya ASVs 

appear to group according to host biotype, with the old and new biotypes forming sister clades.  

 

Multiple sequence alignment shows that differences in the ASVs between H. summervillei 

biotypes are small (as little as one SNP) (Figure 29) but statistically significant 

(PERMANOVA, p=0.003). 

 

 

Figure 29. Multiple sequence alignment of Ca. Tremblaya ASVs. Each line represents a unique ASV. Sequence 

length has been scaled down to make nucleotide differences easier to identify; only nucleotide positions 125-225 

are shown here. ASVs appear to vary by only a few nucleotides at most.  
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4.4 Discussion  

 

4.4.1 Geographic distribution and pasture mealybug population diversity 

 

As in the analysis of mealybugs reared on different host plants in chapter 3, the microbiome 

of the geographic H. summervillei cohort is dominated by Ca. Tremblaya. The remaining taxa 

consist of bacteria commonly isolated from soil (e.g. Corynebacterium, Pseudonocardia, 

Rhizobium, Sphingomonas), plant roots (e.g. Massilia, Variovorax), natural water sources 

(e.g. Bradymondales, Chryseobacterium, Flavobacterium) and agricultural leachate (e.g. 

Paenibacillus, Pseudomonas), or microbiota associated with livestock (e.g. Gemella, 

Peptoniphilus, Porphyromonas) (Figure 22). As discussed in section 3.4.2, several of these 

bacteria are components of the plant microbiome: they may form part of a community of 

facultative symbionts in the mealybug, and their detection in this study may be attributed to 

increased abundance in the plant microbiome as a result of stress-induced dysbiosis.  

 

Despite differences in minor bacterial species, the biogeographic mealybug cohort has low 

overall diversity, similar to the baseline data from mealybugs on different host plants 

described in section 3.3.1. The results indicate that Rhizobium sp. and Sphingomonas sp. 

are potential facultative bacteria in the geographic H. summervillei samples, defined in this 

chapter as any taxon shared among mealybugs from two or more locations.  

 

Rhizobium is a genus of nitrogen-fixing soil bacteria that form endosymbioses with the roots 

of certain plants, primarily legumes (Yang et al., 2022). Its presence is reported to have a 

negative impact on feeding performance in leaf-chewing insects, but no clear effect is seen in 

phloemophagous insects (Gadhave & Gange, 2018). It is unclear whether Rhizobium sp. are 

truly associated with the mealybug microbiome in this study or constitute contamination from 

the field. Future work could involve microbial profiling of rhizospheric soil alongside the host 

insect to better understand the dynamics of insect-environment interactions and the 

acquisition of facultative bacterial associates.  

 

Escherichia coli, although present in samples from at least two locations (Figure 24), has 

been identified as a likely contaminant in this study. E. coli does not appear to be a typical 

member of the microbiome in mealybugs (Iasur-Kruh et al., 2015; Lin et al., 2019) or other 

hemipteran species (Lima et al., 2018; Welch et al., 2015; Yang et al., 2023), and its 
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presence in insects is associated with decreased growth and high mortality (Koga et al., 

2022). The potential role of Sphingomonas in mealybugs is outlined in section 3.4.2.  

 

The results of this research show no appreciable patterns in mealybug microbiome 

composition across spatial scale. This differs from the significant variation seen in other 

insects across distinct geographical locations (Correa et al., 2015; Daane et al., 2018; Landry 

et al., 2022; Nopriawansyah et al., 2019; Paddock et al., 2022; Thomas & Ramamurthy, 

2014; Welch et al., 2015; Yang et al., 2023). As discussed in section 3.4.3, this may be 

attributed to the low microbial load of phloem sap and/or potential similarities in transmissible 

microbiota between host grasses. Alternatively, mealybugs may maintain only small 

communities of mainly facultative bacteria alongside their primary endosymbionts, acquired 

from the plants on which they feed.  

 

Microbiome composition and diversity may also be influenced by the dominant presence of 

Ca. Tremblaya. The fruit fly parasitic wasp Asobara japonica (Belokobylskij, 1998) 

demonstrates a markedly different microbiome in the presence of the endosymbiont 

Wolbachia, a common invertebrate bacterium that alters reproductive biology (Landmann, 

2019). The bacterial composition of the fruit fly without Wolbachia appears to be primarily 

shaped by geography (i.e. genetic divergence between populations as a result of isolation by 

distance or environment), whereas Wolbachia carriers share highly similar bacterial 

compositions across all locations with no apparent geographic effect (Brinker et al., 2022). A 

similar pattern is seen in cinnabar caterpillars (Tyria jacobaeae), which demonstrate 

consistent microbiomes across geographically distinct habitats (>100km apart) that are 

dominated by Ralstonia, a possible symbiont, with other bacterial taxa reflecting those from 

local soil communities (Gomes et al., 2020).  

 

The bacterial communities associated with H. summervillei may be of similarly low diversity 

due to the dominating effect of the primary endosymbiont, rather than the effects of 

geographic population structure and/or host-plant switching. Further research on T. 

phenacola, particularly gene function and transcriptome analyses, is recommended to 

understand its influence on microbiome composition and diversity in H. summervillei.  

 

4.4.2 Population structure associated with pasture mealybug biotype 

 

The ongoing outbreak of pasture dieback in Australia appears to be associated exclusively 

with the new biotype of H. summervillei (Hauxwell et al., 2022d). The new biotype was 

collected at all locations in this study, while the old biotype was found only in a mixed 
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population with the new biotype at Kin Kin (see Figure 21 for a map of sample locations). 

This is an interesting finding, given its proximity to the site of the oldest known outbreak of 

pasture dieback in Australia. As summarised in section 1.2.1, H. summervillei was first 

observed in the Cooroy district in 1926 and described in a 1928 paper published by its 

namesake, Sir William Alan Thompson Summerville. Kin Kin and Cooroy form part of the 

Noosa Hinterlands and are located approximately 25km from one another. These findings 

suggest that the 1926 H. summervillei variant is still present around the original outbreak 

location. The results of this work support morphological and molecular taxonomy that 

indicate that the current outbreak of pasture dieback in Australia is associated with a new 

mealybug biotype (Dickson et al., 2023). Biosecurity Queensland have also identified a 

mixed population of old and new biotypes in H. summervillei samples collected in Atherton in 

2016 (Hauxwell et al., 2022a; Schutze et al., 2019), which corresponds with a historical 

outbreak of pasture dieback in the area in 1938 (Brookes, 1978).  

 

Phylogenetic reconstruction shows Ca. Tremblaya ASVs grouped according to H. 

summervillei biotype (Figure 28). Differences in microbiome diversity are not statistically 

significant when samples are partitioned by location (p=0.226), but they become significant 

when analysis is restructured by biotype (p=0.015) (Figure 23). Interestingly, there is a 

significant difference in diversity between the old and new biotypes at Kin Kin (p=0.040), but 

not between the new biotypes across all locations (p=0.681). The compositional homogeneity 

of the bacterial communities associated with new biotype mealybugs suggests that there is 

no geographic population structure across the current outbreak of pasture dieback. However, 

there does appear to be an infraspecific population structure across the total H. summervillei 

population based on biotype, in which the old biotype is localised to historical outbreak areas 

and the new biotype is spread across the current outbreak area.  

 

Recent phylogenetic work by Dickson et al. (2023) indicates clear geographic population 

structure at the level of the H. summervillei genome (as well as infraspecific population 

structure based on biotype), but the research here suggests that this geographic effect is not 

seen at the level of the H. summervillei microbiome. Further research is required to 

understand the absence of diversity in the bacterial associates of the new H. summervillei 

biotype. Concurrent sampling of soil and host plant (i.e. factors that likely influence the 

mealybug microbiome) alongside the mealybug may be a more holistic approach for future 

microbiome diversity analyses.  
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4.4.3 Differential dispersal and persistence between mealybug biotypes 

 

The absence of the old H. summervillei biotype across the current outbreak area (aside from 

their co-location in historical outbreak areas, Kin Kin and Atherton) suggests potential 

differences in virulence or persistence with the new biotype. Factors that could explain the 

discrepancy in dispersal include divergent host ranges and variable life histories. The new 

biotype was found on a range of host grasses – bristle grass (Setaria), creeping bluegrass, 

digit grass, green panic, paspalum, rhodes grass, signal grass and sugarcane – while the old 

biotype was limited to bristle grass (Table 1). Hypotheses about biotype-specific host ranges 

cannot be confirmed in this study due to a lack of available sampling data on the old biotype 

(i.e. our specimens on bristle grass at Kin Kin and the original specimens on paspalum at 

Cooroy), but it may be that the old biotype has a relatively narrow host range compared to 

the new biotype (see section 1.2.2 for more details on host range in the current outbreak).  

 

Alternative life histories may also explain the differential dispersal patterns. Time to maturity 

and first reproduction appears to be shortened in the new biotype, from 70 days 

(Summerville, 1928) down to about 40 days (Hauxwell et al., 2022d). Such change may have 

disrupted stable predator-prey oscillation between H. summervillei and key natural enemies 

like C. montrouzieri (Figure 3a), which were reported at Kin Kin alongside the old biotype. 

The existence of a long-term predator-prey cycle would also be consistent with the limited 

spread of pasture dieback in outbreaks prior to the current outbreak (see chapter 1 for further 

context on pasture dieback distribution in Australia). If C. montrouzieri was controlling H. 

summervillei and vice versa in historical outbreak areas, the evolution of a faster-maturing 

biotype could have triggered an increase in the H. summervillei population sharp enough to 

overwhelm the existing C. montrouzieri population – thus providing an opportunity for 

uncontrolled mealybug population growth and widespread dispersal of the new biotype.  

 

Broadly speaking, the evolution of microbial diversity is attributed to the long-term 

interactions between an organism and its environment, and continual adaptation to one 

another (Henry et al., 2021). Differential diversity between the H. summervillei biotypes – 

greater diversity in the old and absence of diversity in the new (section 4.3.1) – therefore 

suggests that the ‘new’ biotype is evolutionarily younger than the ‘old’ biotype. The 

emergence of the new biotype may have been the result of bottleneck or founder effects in 

the old biotype population, in which a marked decrease in the total mealybug population (e.g. 

due to environmental effects or human activities) led to the formation of remnant populations 

that were more susceptible to genetic drift (i.e. the acquisition of random mutations due to 

low genetic diversity within the population) (Szucs et al., 2017). By chance, these processes 



77 
 

may have produced the seemingly more virulent and persistent H. summervillei biotype that 

is found across the current pasture dieback outbreak area. Further omics-based sequencing 

and phylogenetics on H. summervillei is required to reconstruct and understand its 

evolutionary history.  
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Chapter 5: H. summervillei 

endosymbiont cophylogeny 

 

5.1 Aims 

 

This chapter reexamines endosymbiont sequence data from the previous chapter alongside 

host sequence data, with the aim of exploring host vs. symbiont diversity and evaluating 

patterns of evolution between H. summervillei and T. phenacola. These host and 

endosymbiont genomes are expected to demonstrate similar evolutionary trajectories given 

their long-term (ancient) association. Corresponding changes in the H. summervillei and T. 

phenacola genomes would further support the existence of two mealybug biotypes and 

highlight the need for revised biosecurity measures. If cophylogenetic patterns are present, 

this work would also substantiate the use of endosymbiont genes as additional molecular 

markers in population monitoring strategies for parthenogenetic species with low genetic 

diversity. The findings from this chapter are the first of their kind (at the time of submission of 

this thesis) to describe cophylogeny in the H. summervillei-T. phenacola symbiotic system 

and have the potential to enhance population monitoring of the pasture mealybug.  

 

Analyses are based on T. phenacola 16S short read sequences from the biogeography data 

in chapter 4 and H. summervillei 28S short read sequences generated by the QUT pasture 

dieback research group (Dickson et al., 2023). Unlike the destructive DNA extraction method 

used to obtain the T. phenacola sequence data (section 3.2.3), H. summervillei data were 

obtained using a non-destructive DNA extraction method described by Martoni et al. (2021) 

(‘method 8’). H. summervillei specimens were incubated overnight (~17 hours) in 

QuickExtract DNA Extraction Solution (Lucigen, USA), then the intact specimens were 

removed and stored for further investigation. This method was used to enable morphological 

characterisation of the mealybug biotypes by Biosecurity Queensland, whose processes 

involve destructive staining of intact specimens to visualise the necessary features (see 

Figure 20) and thus preclude DNA extraction after morphotyping.  
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5.2 Methods 

 

Microbiome analyses were performed on T. phenacola 16S sequences extracted from the 

biogeography data (chapter 4) and existing H. summervillei 28S sequences (Dickson et al., 

2023).  

 

Multiple sequence alignments were performed in the Clustal Omega program (Madeira et al., 

2022). Phylogenetic reconstruction was performed in the IQ-TREE web server (based on 

v1.6.12; Nguyen et al., 2014; Trifinopoulos et al., 2016). Phylogenies were inferred by 

maximum likelihood under K2P and TNe+G4 nucleotide substitution models (for host and 

symbiont phylogenies, respectively), as determined by ModelFinder (Kalyaanamoorthy et al., 

2017). 100 bootstrap replicates were generated for each analysis. Cophylogenetic 

reconstruction and tree annotation were performed with the R statistical software (v4.2.2; R 

Core Team, 2022) in RStudio (v2022.07.2; RStudio Team, 2020), using the ‘ggtree’ (Yu et 

al., 2017) and ‘phytools’ (Revell, 2012) packages.  

 

Nucleotide BLAST searches (Morgulis et al., 2008; Zhang et al., 2000) were performed 

against the NCBI GenBank nucleic acid sequence database (Sayers et al., 2022) using T. 

phenacola 16S sequences from both H. summervillei biotypes.  

 

5.3 Results 

 

Cophylogenetic reconstruction suggests divergence between the ‘old’ (1926) and ‘new’ 

(2015) mealybug biotypes in both 16S (T. phenacola) and 28S (H. summervillei) datasets, 

with the old biotype clustering outside of the new biotype (Figure 30, green). Grouping by 

location is somewhat apparent in the mealybug genome (Figure 30, left); this pattern does 

not appear to hold at the level of the endosymbiont genome (Figure 30, right). BLAST 

searches reveal no high identity (>95% percent identity) results for the T. phenacola query 

sequences from either mealybug biotype (Figure 31).   
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Figure 30. Cophylogenetic cladograms for H. summervillei (left) and T. phenacola (right). Tree tips denote 

sampling location. Old biotype samples (i.e. mealybugs whose morphology is consistent with the description 

provided by Summerville (1928)) are highlighted in green; sample ID is also provided. Corresponding H. 

summervillei and T. phenacola sequences from the same mealybug samples were used wherever possible; 

where this was not possible, replicates from the same sample groups were used as a proxy. A cophylogenetic 

pattern is apparent in the divergence between mealybug biotypes, seen in both the host and symbiont data.  

 

 

 

Figure 31. Results of BLAST searches for T. phenacola 16S sequences against the NCBI GenBank nucleic acid 

sequence database. Query sequences from both H. summervillei biotypes, old (top) and new (bottom), were 

used; the top ten (10) hits are presented here. The results show no high identity matches in the database.  
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5.4 Discussion 

 

5.4.1 T. phenacola appears to be a novel member of Ca. Tremblaya 

 

The T. phenacola associated with H. summervillei does not closely match T. phenacola from 

any Phenacoccidae mealybugs published to date (Figure 31). This suggests the emergence 

of a new strain of the endosymbiont. We propose the designation “Tremblaya phenacola 

HSUM” in line with the naming conventions of published strains - e.g. T. phenacola PPER 

from Phenacoccus peruvianus (Gil et al., 2018) and T. phenacola PAVE from Phenacoccus 

avenae (Husnik et al., 2013).  

 

5.4.2 Cophylogenetic pattern associated with H. summervillei biotype 

 

The concordant phylogenies of H. summervillei and T. phenacola (Figure 30) are consistent 

with the assumption that similar patterns of evolution arise in the participants of long-term 

symbioses (Baumann & Baumann, 2005; Gruwell et al., 2010; Lopez-Madrigal et al., 2015; 

Szabo et al., 2017). Cophylogeny between host and endosymbiont implies the significant 

biological role of the latter to the former (Lin et al., 2019). This is true for T. phenacola (and 

all other mealybug-associated members of Ca. Tremblaya), which performs critical amino 

acid and vitamin biosynthesis to satisfy the nutritional deficiencies of the phloem-based diet 

on which mealybugs subsist (McCutcheon & von Dohlen, 2011; Sudakaran et al., 2017). The 

persistence and overwhelmingly high abundance of T. phenacola compared to any other 

taxa in the H. summervillei microbiome, regardless of plant host (section 3.3.1) or geography 

(section 4.3.1), further substantiate its biological significance as a key nutritional symbiont. 

This agrees with the current understanding that the evolutionary history of Pseudococcidae is 

shaped more by their relationship with Ca. Tremblaya than by host usage or historical 

biogeography (Hardy et al., 2008).  

 

There is no distinct grouping by location aside from at the original 1926 outbreak area (Kin 

Kin/Cooroy), where the old biotype was exclusively identified in this study. The major 

cophylogenetic pattern appears to be associated with H. summervillei biotype. There is clear 

divergence between biotypes in both host and endosymbiont genomes (Figure 30, green). 

Further sequencing work is recommended to increase phylogenetic resolution and provide 

additional support for the genetic divergence between H. summervillei biotypes.  

 



82 
 

As discussed previously (section 1.2.3), standard population genetic analyses with 

polymorphic microsatellite markers generally have limited resolving power for 

parthenogenetic species due to their low levels of genetic diversity. This can hinder effective 

monitoring of pest species like H. summervillei, which appears to be capable of both sexual 

and asexual reproduction, as is common in mealybugs (Hauxwell et al., 2022a, 2022d; 

Summerville, 1928). Given the concordance between phylogenies, which suggests a high 

degree of coevolution and genetic interdependence, genetic markers based on the T. 

phenacola genome could potentially be used to enhance monitoring of H. summervillei. 

Targeting the naturally more rapidly evolving bacterial endosymbiont genome, rather than the 

slower evolving insect host genome, is advantageous as it would offer polymorphic genetic 

markers with greater resolution. This may be a promising strategy for monitoring H. 

summervillei populations in Australia, where the mealybug continues to expand its range 

along the eastern coast. More complete sequencing of the T. phenacola genome is required 

to identify suitable genetic markers.  

 

5.4.3 Implications of a new H. summervillei/T. phenacola variant 

 

The new H. summervillei biotype and its associated T. phenacola strain (hereafter 

collectively referred to as the ‘new’ variant) appears to be highly virulent. Pasture dieback 

associated with the new variant has the capacity to spread at least a hectare a week under 

ideal conditions (i.e. warm and wet) (MLA, 2021b). This is almost four times more rapid than 

dieback associated with the 1926 variant, which reportedly spread about 5 hectares (12 

acres) over the course of 10 months (Summerville, 1928). T. phenacola is the only taxon 

detected consistently across the microbiomes of the new and old variants, and there appears 

to be no other bacteria present in the new variant that could explain the change in virulence. 

If virulence is attributed to the microbiome, and the change in H. summervillei virulence is 

associated with the change in T. phenacola, this could explain the sudden hypervirulence of 

the new variant and the rapid spread of pasture dieback in the current outbreak. Further 

research is required to understand the relationship between T. phenacola and H. 

summervillei as well as the mechanisms underlying pathogenicity in this system.  

 

Given the marked increase in transmission rate and host range compared to historical 

outbreaks, it is recommended that the current outbreak of pasture dieback be considered a 

new incursion, attributed to the new H. summervillei/T. phenacola variant. This new incursion 

should also be considered a new biosecurity risk – it demonstrates an increased capacity for 

widespread, rapid pasture death and therefore poses a serious threat to global pasture 

productivity and food security. This risk escalates further with the effects of climate change: 
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the projected increase in hot weather and extreme rainfall events in Australia (CSIRO, 2020) 

typify the ideal conditions for mealybug activity and dispersal. More effective and proactive 

management strategies will be required to mitigate the growing impact of pasture dieback on 

the agricultural industry. Continued research on the biology of H. summervillei and the role of 

T. phenacola in plant immunity is recommended to better inform future pasture management.  
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Chapter 6: Conclusions 

 

6.1 Pasture variety screening for dieback susceptibility 

 

Field testing of pasture grasses is essential to determine the multiple effects of variety, 

environment and management on susceptibility to H. summervillei and pasture dieback. 

However, comprehensive field testing of the many varieties of pasture grass is not feasible, 

as the costs of establishing, maintaining and monitoring large-scale and long-term field trials 

would quickly become prohibitive. Glasshouse and screenhouse infestation assays may 

provide a more rapid assessment but still require several months, are labour intensive, and 

generate categorical data. A more rapid, statistically robust screen to prioritise of mealybug-

tolerant pasture varieties for long-term field trials is therefore necessary.  

 

The rapid bioassays in this study show statistically significant differences in mealybug 

survival time and predicted dieback susceptibility on different grass varieties (Figure 12). 

Survival time was highest on American buffel (Table 2), which suggests greater suitability as 

a host for H. summervillei and thus increased susceptibility to pasture dieback. Gatton panic 

and Mekong brizantha were less suitable hosts, with the latter demonstrating the lowest 

relative susceptibility.  

 

Further validation of this test is required, particularly since the mealybugs were all obtained 

from adults reared on American buffel grass. This could lead to a bias in results, since the 

second instar nymphs may be less well-adapted to the other varieties. Future research 

should focus on validating the rapid bioassay presented here, for example through reciprocal 

testing of mealybugs reared on a range of host varieties, or by testing pasture varieties with 

known equivalent or greater susceptibility as well as those with less susceptibility as a host.  

 

Nevertheless, overall confidence in this rapid bioassay method is high. The results support 

those of field and screenhouse trials (Hauxwell et al., 2022c-e), which report greater host 

suitability and severity of dieback symptoms in buffel varieties compared to panic and 

brachiaria varieties. Plants with thick stems, erect leaves and/or pubescence (Table 3) 

appeared to be less suited as hosts for H. summervillei and were associated with lower 

dieback susceptibility. Similar observations about plant phenotypic traits and host suitability 

were also made in screenhouse trials (Hauxwell et al., 2022e).  
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This research has demonstrated proof of concept of a rapid (2-3 week) laboratory-based 

bioassay that uses regression analysis of mealybug survival time on different pasture grass 

varieties (relative to a standard variety) to identify grasses that are less suitable hosts for H. 

summervillei (the primary causative factor in pasture dieback) and are therefore predicted to 

be less susceptible to dieback. These results may inform selection of varieties for long-term 

field trials to reduce the scale and associated costs of such research.  

 

6.2 H. summervillei baseline microbial profile 

 

This research has generated novel data on bacterial community composition and diversity in 

H. summervillei. It presents a baseline microbial profile for this insect pest, for which there is 

no equivalent in the current literature, and highlights the need for further work on T. 

phenacola and its interactions with the host plant and secondary bacterial symbionts.  

 

Very low diversity was detected in the H. summervillei bacterial microbiome based on 16S 

microbial profiling of mealybugs from a range of pasture varieties and geographic locations 

(Figures 13 and 14). The mealybug microbiome was dominated by ASVs from the primary 

endosymbiont Ca. Tremblaya (identified only to genus in this study) and this was consistent 

across all H. summervillei samples. Bacterial community composition and diversity may be 

influenced by the dominant presence of Ca. Tremblaya rather than the effects of geographic 

population structure or host adaptation. Further research on T. phenacola is recommended 

to understand its influence on microbiome composition and diversity in H. summervillei.  

 

Potential (non-Tremblaya) ‘core’ bacteria or secondary bacterial symbionts were detected 

across four genera: Sphingomonas, Flavobacterium, Pseudomonas and Lawsonella. 

Functional characterisation is required to understand the exact roles of these bacteria in H. 

summervillei and in plant-insect interactions. This study did not detect the specific taxa 

identified in the salivary bacteria of solenopsis mealybug that are involved in disrupting 

JA/SA signalling (Zhao et al., 2023); however, there were similarities with bacteria known to 

affect JA/SA pathways in other insects, and bacteria associated with dysbiosis in plants 

suffering biotic and abiotic stress.  

 

Future work that explores the whole microbiome, with emphasis on Enterobacteriaceae and 

related taxa, is important to determine the interactions of these bacteria in mealybug-

endosymbiont-plant interactions, in the disruption of the JA/SA pathways, and in the 

development of symptoms of pasture dieback. This could include full sequence analysis of 
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the T. phenacola genome with gene expression and transcriptome analysis, and network 

analysis to explore the full microbiome interactions with the host plant. The results of this 

work, specifically the low diversity across the entire mealybug cohort, could be verified more 

rigorously through whole-genome shotgun sequencing and haplotype network analysis, but 

were beyond the scope of this thesis.  

 

The sequences from T. phenacola associated with H. summervillei do not appear to match 

sequences from T. phenacola from any Phenacoccidae published to date. We propose the 

designation “Tremblaya phenacola HSUM” in line with the naming conventions of published 

strains.  

 

6.3 New variant of H. summervillei and T. phenacola 

 

An important finding of this work is the significant difference in the short-read sequences of 

T. phenacola and cophylogeny with two distinct biotypes of H. summervillei: the ‘old’ biotype 

first identified in 1926 (Summerville, 1928) and the ‘new’ biotype associated with the recent, 

widespread and economically damaging outbreak of pasture dieback. This result supports 

those of morphological and molecular differentiation of the two biotypes of H. summervillei.  

 

Although there is no discernible mealybug population structure based on whole-microbiome 

sequencing across the known H. summervillei geographic range, there is some infraspecific 

population structure based on biotype (Figure 23). This is attributed to sequence variation in 

the primary endosymbiont rather than the bacterial microbiome as a whole (Figure 27). 

Phylogenetic reconstruction shows that Ca. Tremblaya ASVs from new biotype mealybugs 

are significantly different from those in the old biotype (Figures 28 and 30).  

 

The ongoing occurrence of pasture dieback in Australia appears to be associated exclusively 

with the new biotype of H. summervillei (Hauxwell et al., 2022d; Dickson et al., 2023; 

Schutze et al., 2019). In this study, the old biotype (Brookes, 1978; Summerville, 1928) was 

found only once, in a mixed population of old and new biotypes at one location in Kin Kin, 

close to the site of the 1926 outbreak in Cooroy (Figure 21). The old biotype has also been 

identified by morphology in a mixed population with the new biotype, collected in 2016 from 

the Atherton Tablelands, close to a minor outbreak of H. summervillei in 1938 (Schutze et al., 

2019; Brooks, 1978), but no DNA sequence analysis has been conducted in these samples.  
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The new H. summervillei biotype and its T. phenacola strain may be collectively considered 

as a new variant of the H. summervillei-T. phenacola system. The cause of the rapid and 

extensive spread of the new H. summervillei variant in the current outbreak is difficult to 

prove conclusively, and could be due to changes in environmental conditions or 

management practices, rather than genetic change in the mealybug or endosymbiont. 

However, the limited spread of the old H. summervillei variant beyond the areas of the 1926 

and 1938 occurrences and the uniform association of the new variant with the current 

outbreak suggests a difference in virulence in the new variant. Further omics-based 

sequencing, phylogenetics and haplotype network analysis of H. summervillei and T. 

phenacola may help to construct and understand their evolutionary history and virulence.  

 

Mealybugs are recognised as a significant international biosecurity threat (DAWR, 2019) and 

the identification of a new hypervirulent pasture mealybug variant in Australia is a major 

concern for international tropical and subtropical pasture industries. This is especially 

pertinent as H. summervillei has now been identified in association with pasture dieback in 

Puerto Rico in 2019 (Hauxwell et al., 2022b) and Barbados in 2020 (Gibbs, 2020). The 

association of a new mealybug variant with a virulent outbreak of pasture dieback calls for 

revision of the current biosecurity status of the host insect, H. summervillei, and its proposed 

endosymbiont strain, T. phenacola HSUM.  

 

Further work on the molecular sequence of H. summervillei and T. phenacola across its 

global geographic rage will better inform future biosecurity diagnostics and enhance the 

speed of responses to these mealybug incursions. The method used here to differentiate 

between mealybug biotypes based on morphology, mealybug barcode sequences, and short 

sequence reads of the primary endosymbiont may improve the detection of emerging 

biotypes of mealybugs globally and better inform international biosecurity responses.  

 

  



88 
 

Reference List 

 

Acevedo, F. E., Peiffer, M., Tan, C.-W., Stanley, B. A., Stanley, A., Wang, J., Jones, A. G., 

Hoover, K., Rosa, C., Luthe, D., & Felton, G. (2017). Fall Armyworm-Associated Gut 

Bacteria Modulate Plant Defense Responses. Molecular Plant-Microbe Interactions, 

30(2), 127-137. https://doi.org/10.1094/mpmi-11-16-0240-r  

 

AgForce. (2021). AgForce launches a new webmap to help fight pasture dieback. 

Queensland Farmers Limited. Retrieved 5/1/2023 from 

https://www.agforceqld.org.au/knowledgebase/article/AGF-01476/ 

 

Alarcón, M. E., Polo, P. G., Akyüz, S. N., & Rafiqi, A. M. (2022). Evolution and ontogeny of 

bacteriocytes in insects [Review]. Frontiers in Physiology, 13. 

https://doi.org/10.3389/fphys.2022.1034066  

 

Alliaume, A., Reinbold, C., Uzest, M., Lemaire, O., & Herrbach, E. (2018). Mouthparts 

morphology of the mealybug Phenacoccus aceris. Bulletin of Insectology, 71(1), 1-9. 

https://hal.inrae.fr/hal-02621222  

 

Amarasekare, K. G., Chong, J. H., Epsky, N. D., & Mannion, C. M. (2008). Effect of 

temperature on the life history of the mealybug Paracoccus marginatus (Hemiptera: 

Pseudococcidae). Journal of Economic Entomology, 101(6), 1798-1804. 

https://doi.org/10.1603/0022-0493-101.6.1798  

 

Applied Horticultural Research (AHR). (2019). Pasture dieback in Queensland – a review of 

relevant literature. Retrieved from 

https://ahr.com.au/blog/7i5xsuz0t4i8exke4kly6sy3mgis6e 

 

Ashra, H., & Nair, S. (2022). Review: Trait plasticity during plant-insect interactions: From 

molecular mechanisms to impact on community dynamics. Plant Science, 317, 

111188. https://doi.org/10.1016/j.plantsci.2022.111188  

 

Bahder, B. W., Bollinger, M. L., Sudarshana, M. R., & Zalom, F. G. (2015). Preparation of 

Mealybugs (Hemiptera: Pseudococcidae) for Genetic Characterization and 

Morphological Examination. Journal of Insect Science, 15(1). 

https://doi.org/10.1093/jisesa/iev086  



89 
 

 

Bain, S. A., Marshall, H., de la Filia, A. G., Laetsch, D. R., Husnik, F., & Ross, L. (2021). Sex-

specific expression and DNA methylation in a species with extreme sexual 

dimorphism and paternal genome elimination. Molecular Ecology, 30(22), 5687-5703. 

https://doi.org/10.1111/mec.15842  

 

Baker, S., & Boschma, S. (2020). Pasture dieback. (Report No. 1699). New South Wales 

Government. Retrieved from 

https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/1148452/pasture-dieback.pdf 

 

Baker, S. J., Kidston, J., Jennings, N., & Boschma, S. P. (2020). Controlling pasture 

mealybug in grass pastures. New South Wales Government. Retrieved from 

https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0007/1267900/Controlling-pasture-

mealybug.pdf 

 

Baker, S. J., Buck, S. R., Jennings, N., & Boschma, S. P. (2021). Pasture Dieback 

Identification Guide. New South Wales Government, Queensland Government. 

Retrieved from 

https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0009/1333692/16876-

PastureDiebackGuide2021.pdf 

 

Barcoto, M. O., Carlos-Shanley, C., Fan, H., Ferro, M., Nagamoto, N. S., Bacci, M., Currie, 

C. R., & Rodrigues, A. (2020). Fungus-growing insects host a distinctive microbiota 

apparently adapted to the fungiculture environment. Scientific Reports, 10(1), 12384. 

https://doi.org/10.1038/s41598-020-68448-7  

 

Baumann, L., & Baumann, P. (2005). Cospeciation Between the Primary Endosymbionts of 

Mealybugs and Their Hosts. Current Microbiology, 50(2), 84-87. 

https://doi.org/10.1007/s00284-004-4437-x  

 

Bektaş, M. (2022). Gut Microbiota and Accumulation of Heavy Metals: A New Study of Water 

Scorpions (Hemiptera: Nepidae). Polish Journal of Environmental Studies, 31(5), 

4019-4028. https://doi.org/10.15244/pjoes/147590  

 

Belete, T. (2018). Defense Mechanisms of Plants to Insect Pests- From Morphological to 

Biochemical Approach. Trends in Technical & Scientific Research, 2(2), 30-38. 

https://doi.org/10.19080/TTSR.2018.02.555584  



90 
 

 

Bell, M. E., Bernard, K. A., Harrington, S. M., Patel, N. B., Tucker, T.-A., Metcalfe, M. G., & 

McQuiston, J. R. (2016). Lawsonella clevelandensis gen. nov., sp. nov., a new 

member of the suborder Corynebacterineae isolated from human abscesses. 

International Journal of Systematic and Evolutionary Microbiology, 66(8), 2929-2935. 

https://doi.org/10.1099/ijsem.0.001122  

 

Ben-Dov, Y. (1994). A systematic catalogue of the mealybugs of the world (Insecta: 

Homoptera: Coccoidea: Pseudococcidae and Putoidae) with data on geographical 

distribution, host plants, biology and economic importance. In (pp. 686): Intercept 

Limited Andover, UK 

 

Ben-Dov, Y. (2008). The rice mealybug, Brevennia rehi (Lindinger, 1943): new synonyms, 

and new distribution records (Hemiptera, Coccoidea, Pseudococcidae). Bulletin de la 

Societe Entomologique de France, 85-88. https://doi.org/10.3406/bsef.2008.16505  

 

Bendix, C., & Lewis, J. D. (2018). The enemy within: phloem-limited pathogens. Molecular 

Plant Pathology, 19(1), 238-254. https://doi.org/10.1111/mpp.12526  

 

Bennett, G. M., & Moran, N. A. (2013). Small, Smaller, Smallest: The Origins and Evolution 

of Ancient Dual Symbioses in a Phloem-Feeding Insect. Genome Biology and 

Evolution, 5(9), 1675-1688. https://doi.org/10.1093/gbe/evt118  

 

Bing, X.-L., Yang, J., Zchori-Fein, E., Wang, X.-W., & Liu, S.-S. (2013). Characterization of a 

Newly Discovered Symbiont of the Whitefly Bemisia tabaci (Hemiptera: Aleyrodidae). 

Applied and Environmental Microbiology, 79(2), 569-575. 

https://doi.org/10.1128/AEM.03030-12  

 

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 

Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, 

K., Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-Rodríguez, 

A. M., Chase, J., … Caporaso, J. G. (2019). Reproducible, interactive, scalable and 

extensible microbiome data science using QIIME 2 [Correspondence]. Nature 

Biotechnology, 37(8), 852-857. https://doi.org/10.1038/s41587-019-0209-9 (9/8/2019) 

 



91 
 

Brady, C. M., & White, J. A. (2013). Cowpea aphid (Aphis craccivora) associated with 

different host plants has different facultative endosymbionts. Ecological Entomology, 

38(4), 433-437. https://doi.org/10.1111/een.12020  

 

Biosecurity Queensland. (2022). Diagnostic Laboratory Reports [Laboratory Reports]. 

Schutze, M. (Job No. E22_00487-E22_00488). Plant Biosecurity Laboratory, 

Department of Agriculture and Fisheries, Queensland Government 

 

Bransgrove, K. (2017). Soil-Borne Turfgrass Diseases. Queensland Government. Retrieved 

from https://www.daf.qld.gov.au/__data/assets/pdf_file/0006/70476/Soil-disease.pdf 

 

Brinker, P., Chen, F., Chehida, Y. B., Beukeboom, L. W., Fontaine, M. C., & Salles, J. F. 

(2022). Microbiome composition is shaped by geography and population structure in 

the parasitic wasp Asobara japonica, but not in the presence of the endosymbiont 

Wolbachia. Molecular Ecology, 00, 1-15. https://doi.org/10.1111/mec.16699  

 

Brinon, L., Matile-Ferrero, D., & Chazeau, J. (2004). Extension et régression d'une cochenille 

nuisible aux Graminées, introduite en Nouvelle-Calédonia, Heliococcus summervillei 

Brookes (Hemiptera, Pseudococcidae) [Outbreak and regression of a grass infesting 

mealybug, introduced in New Caledonia, Heliococcus summervillei Brookes 

(Hemiptera, Pseudococcidae)]. Bulletin de la Societe Entomologique de France, 

109(4), 425-428. http://scalenet.info/references/BrinonMaCh2004/  

 

Brookes, H. M. (1978). A NEW SPECIES OF HELIOCOCCUSŠULC FROM AUSTRALIA 

AND PAKISTAN AND A REDESCRIPTION OF HELIOCOCCUS GLACIALIS 

(NEWSTEAD) COMB.N. (HOMOPTERA: PSEUDOCOCCIDAE). Australian Journal 

of Entomology, 17(3), 241-245. https://doi.org/10.1111/j.1440-6055.1978.tb00151.x  

 

Brożek, J., Mróz, E., Wylężek, D., Depa, Ł., & Węgierek, P. (2015). The structure of 

extremely long mouthparts in the aphid genus Stomaphis Walker (Hemiptera: 

Sternorrhyncha: Aphididae). Zoomorphology, 134(3), 431-445. 

https://doi.org/10.1007/s00435-015-0266-7  

 

Buchanan, K. (2018). Fears 'creeping cancer' pasture dieback is moving south and west, 

wiping out Queensland farms [News Article]. Retrieved 22/1/23 from 

https://www.abc.net.au/news/rural/2018-07-02/unexplained-dieback-qld-creeping-

pasture-killer-on-the-move/9898250  



92 
 

Buchner, P. (1965). Endosymbiosis of animals with plant microorganisms (n.d.). John Wiley 

& Sons: Interscience Publishers.  

 

Buck, S. (2017). Pasture dieback: Past activities and current situation across Queensland 

(2017).  Retrieved from https://era.daf.qld.gov.au/id/eprint/6521/ 

 

Buck, S. (2019, November 11-13). Understanding of dieback in grasspastures across 

Queensland. International Tropical Agriculture Conference - Shaping the Science of 

Tomorrow, Brisbane, Australia. https://era.daf.qld.gov.au/id/eprint/7186/ 

 

Buck, S. R., Brazier, N., & Reid, D. J. (2022, February 6-10). Management solutions for 

pasture dieback: Outcomes of field research. Proceedings of the 20th Agronomy 

Australia Conference Agronomy Australia Conference, Toowoomba, QLD 

 

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., & Holmes, S. P. 

(2016). DADA2: High-resolution sample inference from Illumina amplicon data. 

Nature Methods, 13(7), 581-583. https://doi.org/10.1038/nmeth.3869  

 

Callahan, B. J., McMurdie, P. J., & Holmes, S. P. (2017). Exact sequence variants should 

replace operational taxonomic units in marker-gene data analysis. The ISME Journal, 

11(12), 2639-2643. https://doi.org/10.1038/ismej.2017.119  

 

Chang, G., Xue, H., Ji, J., Wang, L., Zhu, X., Zhang, K., Li, D., Gao, X., Niu, L., Gao, M., Luo, 

J., & Cui, J. (2023). Risk assessment of predatory lady beetle Propylea japonica's 

multi-generational exposure to three non-insecticidal agrochemicals. Science of The 

Total Environment, 886, 163931. https://doi.org/10.1016/j.scitotenv.2023.163931  

 

Charles, J. G., Chhagan, A., Forgie, S. A., Slay, M. W. A., & Edwards, R. D. (2009). 

Observations on the biology of the pasture mealybug Balanococcus poae from 

Hawkes Bay pastures. New Zealand Plant Protection, 62(0), 197-204. 

https://doi.org/10.30843/nzpp.2009.62.4813  

 

Chen, H., Ma, K., Lu, C., Fu, Q., Qiu, Y., Zhao, J., Huang, Y., Yang, Y., Schadt, C. W., & 

Chen, H. (2022). Functional Redundancy in Soil Microbial Community Based on 

Metagenomics Across the Globe. Frontiers in Microbiology, 13. 

https://doi.org/10.3389/fmicb.2022.878978  

 



93 
 

Chiarello, M., McCauley, M., Villéger, S., & Jackson, C. R. (2022). Ranking the biases: The 

choice of OTUs vs. ASVs in 16S rRNA amplicon data analysis has stronger effects on 

diversity measures than rarefaction and OTU identity threshold. PLOS One, 17(2), 

e0264443. https://doi.org/10.1371/journal.pone.0264443  

 

Choi, J., & Lee, S. (2022). Higher classification of mealybugs (Hemiptera: Coccomorpha) 

inferred from molecular phylogeny and their endosymbionts. Systematic Entomology, 

47(2), 354-370. https://doi.org/10.1111/syen.12534  

 

Chong, J.-H., Oetting, R. D., & Van Iersel, M. W. (2003). Temperature Effects on the 

Development, Survival, and Reproduction of the Madeira Mealybug, Phenacoccus 

madeirensis Green (Hemiptera: Pseudococcidae), on Chrysanthemum. Annals of the 

Entomological Society of America, 96(4), 539-543. https://doi.org/10.1603/0013-

8746(2003)096[0539:Teotds]2.0.Co;2  

 

Chudy-Onwugaje, K., Vandermeer, F., & Quezada, S. (2019). Mimicking Abdominal 

Tuberculosis: Abdominal Abscess Caused by Lawsonella clevelandensis in 

Inflammatory Bowel Disease. Clinical Gastroenterology and Hepatology, 17(8), e92. 

https://doi.org/10.1016/j.cgh.2018.06.017  

 

Chung, S. H., Rosa, C., Scully, E. D., Peiffer, M., Tooker, J. F., Hoover, K., Luthe, D. S., & 

Felton, G. W. (2013). Herbivore exploits orally secreted bacteria to suppress plant 

defenses. Proceedings of the National Academy of Sciences, 110(39), 15728-15733. 

https://doi.org/10.1073/pnas.1308867110  

 

Cocco, A., Pacheco da Silva, V. C., Benelli, G., Botton, M., Lucchi, A., & Lentini, A. (2021). 

Sustainable management of the vine mealybug in organic vineyards. Journal of Pest 

Science, 94(2), 153-185. https://doi.org/10.1007/s10340-020-01305-8  

 

Commonwealth Scientific and Industrial Research Organisation (CSIRO). (1990). Register of 

Australian Herbage Plant Cultivars. In Australian Journal of Experimental Agriculture 

(1990 ed., Vol. 3rd ed): CSIRO 

 

Commonwealth Scientific and Industrial Research Organisation. (2020). Climate change in 

Australia. Commonwealth Scientific and Industrial Research Organisation. Retrieved 

8/6/23 from https://www.csiro.au/en/research/environmental-impacts/climate-

change/climate-change-information 



94 
 

 

Cook, B. G. (2007). Buffel grass [Lucid key fact sheet]. Pastures Australia. 

https://keys.lucidcentral.org/keys/v3/pastures/Html/Buffel_grass.htm  

 

Coolen, S., Magda, R.-van d.-M., & Welte, C. U. (2022). The secret life of insect-associated 

microbes and how they shape insect–plant interactions. FEMS Microbiology Ecology, 

98(9). https://doi.org/10.1093/femsec/fiac083  

 

Cornwallis, C., van't Padje, A., Ellers, J., Klein, M., Jackson, R., Kiers, T., West, S., & Henry, 

L. (2022). Symbiont-driven niche expansion shapes the adaptive radiation of insects 

[Advance online publication]. Nature Portfolio. https://doi.org/10.21203/rs.3.rs-

1804614/v1 

 

Correa, M. C. G., Lombaert, E., Malausa, T., Crochard, D., Alvear, A., Zaviezo, T., & Palero, 

F. (2015). Mealybug species from Chilean agricultural landscapes and main factors 

influencing the genetic structure of Pseudococcus viburni. Scientific Reports, 5(1), 

16483. https://doi.org/10.1038/srep16483  

 

Courtney, P. (2020, Jul 25). VIDEO: Grass Killer Mystery: Mysterious dieback of valuable 

grazing pasture. ABC News. Retrieved 23/9/22 from 

https://www.abc.net.au/news/rural/programs/landline/2020-07-25/grass-killer-

mystery:-mysterious-dieback-of/12492678 

 

Cox, K. (2008). Brachiaria hybrid [Lucid key fact sheet]. Pastures Australia. 

https://keys.lucidcentral.org/keys/v3/pastures/Html/Brachiaria_hybrid.htm  

 

da Silva-Torres, C. S. A., de Oliveira, M. D., & Torres, J. B. (2013). Host selection and 

establishment of striped mealybug, Ferrisia virgata, on cotton cultivars. 

Phytoparasitica, 41(1), 31-40. https://doi.org/10.1007/s12600-012-0261-1  

 

Daane, K. M., Middleton, M. C., Sforza, R. F. H., Kamps-Hughes, N., Watson, G. W., 

Almeida, R. P. P., Correa, M. C. G., Downie, D. A., & Walton, V. M. (2018). 

Determining the geographic origin of invasive populations of the mealybug 

Planococcus ficus based on molecular genetic analysis. PLOS One, 13(3), 

e0193852. https://doi.org/10.1371/journal.pone.0193852  

 



95 
 

Dahan, R. A., Duncan, R. P., Wilson, A. C. C., & Dávalos, L. M. (2015). Amino acid 

transporter expansions associated with the evolution of obligate endosymbiosis in 

sap-feeding insects (Hemiptera: sternorrhyncha). BMC Evolutionary Biology, 15(1), 

52. https://doi.org/10.1186/s12862-015-0315-3  

 

Davis, N. M., Proctor, D. M., Holmes, S. P., Relman, D. A., & Callahan, B. J. (2018). Simple 

statistical identification and removal of contaminant sequences in marker-gene and 

metagenomics data. Microbiome, 6(1), 226. https://doi.org/10.1186/s40168-018-

0605-2  

 

Department of Agriculture and Water Resources (DAWR). (2019). Final group pest risk 

analysis for mealybugs and the viruses they transmit on fresh fruit, vegetable, cut-

flower and foliage imports. Canberra, ACT: Department of Agriculture and Water 

Resources. Retrieved 22/6/23 from https://www.agriculture.gov.au/biosecurity-

trade/policy/risk-analysis/group-pest-risk-analyses/mealybugs/final-report#daff-page-

main 

 

Department of Agriculture and Fisheries (DAF). (2018). Queensland agriculture snapshot 

2018. (CS7939). Queensland Government. Retrieved from 

https://www.daf.qld.gov.au/__data/assets/pdf_file/0007/1383928/State-of-Agriculture-

Report.pdf 

 

Department of Agriculture, Fisheries and Forestry (DAFF). (2013). Solenopsis mealybug in 

Australia – an overview Queensland: Queensland Government. Retrieved from 

https://www.daf.qld.gov.au/__data/assets/pdf_file/0010/135397/SolenopsisOverview.

pdf 

 

Department of Agriculture, Fisheries and Forestry. (2020). Group pest risk analyses. 

Australian Government. Retrieved 22/6/23 from 

https://www.agriculture.gov.au/biosecurity-trade/policy/risk-analysis/group-pest-risk-

analyses 

 

Department of Primary Industries (DPI). (2021). Pasture dieback. New South Wales 

Government. Retrieved 1/6/22 from https://www.dpi.nsw.gov.au/agriculture/pastures-

and-rangelands/establishment-mgmt/pests-and-diseases/pasture-dieback 

 



96 
 

Department of Primary Industries and Regions (2023). A rare report: ryegrass mealybug. 

Government of South Australia. Retrieved 30/6/23 from 

https://pir.sa.gov.au/research/publications/pestfacts/past_issues/2020/pestfacts_july_

2020/a_rare_report_ryegrass_mealybug 

 

Dickson, G., Hernandez-Europa, Y., Tarlinton, B., Schutze, M., Oliver, L., Bryans, E., Patrick, 

D., Richards, S., & Hauxwell, C. (2023). Rise of Heliococcus summervillei: Examining 

distribution, genotypic and phenotypic variation of a new biotype of potential global 

economic importance [Manuscript in preparation]. School of Biology and 

Environmental Science, Faculty of Science, Queensland University of Technology 

 

Dinolfo, I. M., Castañares, E., & Stenglein, A. S. (2017). Fusarium-plant interaction: state of 

the art - a review. Plant Protection Science, 53(2), 61-70. 

https://doi.org/10.17221/182/2015-pps  

 

Douglas, A. E. (2006). Phloem-sap feeding by animals: problems and solutions. Journal of 

Experimental Botany, 57(4), 747-754. https://doi.org/10.1093/jxb/erj067  

 

Douglas, A. E. (2014). The Molecular Basis of Bacterial–Insect Symbiosis. Journal of 

Molecular Biology, 426(23), 3830-3837. https://doi.org/10.1016/j.jmb.2014.04.005  

 

Douglas, A. E. (2016). How multi-partner endosymbioses function. Nature Reviews 

Microbiology, 14(12), 731-743. https://doi.org/10.1038/nrmicro.2016.151  

 

Drew, G. C., Stevens, E. J., & King, K. C. (2021). Microbial evolution and transitions along 

the parasite–mutualist continuum. Nature Reviews Microbiology, 19(10), 623-638. 

https://doi.org/10.1038/s41579-021-00550-7  

 

Edwards, D. K. (1960). EFFECTS OF ARTIFICIALLY PRODUCED ATMOSPHERIC 

ELECTRICAL FIELDS UPON THE ACTIVITY OF SOME ADULT DIPTERA. 

Canadian Journal of Zoology, 38(5), 899-912. https://doi.org/10.1139/z60-096  

 

Eldridge, D. J., Maestre, F. T., Koen, T. B., & Delgado-Baquerizo, M. (2018). Australian 

dryland soils are acidic and nutrient-depleted, and have unique microbial 

communities compared with other drylands. Journal of Biogeography, 45(12), 2803-

2814. https://doi.org/10.1111/jbi.13456  

 



97 
 

Estaki, M., Jiang, L., Bokulich, N. A., McDonald, D., González, A., Kosciolek, T., Martino, C., 

Zhu, Q., Birmingham, A., Vázquez-Baeza, Y., Dillon, M. R., Bolyen, E., Caporaso, J. 

G., & Knight, R. (2020). QIIME 2 Enables Comprehensive End-to-End Analysis of 

Diverse Microbiome Data and Comparative Studies with Publicly Available Data. 

Current Protocols in Bioinformatics, 70(1), e100. https://doi.org/10.1002/cpbi.100  

 

Faraway, J. J. (2002). Practical Regression and Anova using R. Retrieved from 

https://julianfaraway.github.io/faraway/PRA/pra.pdf 

 

Favila Menezes, M., Sousa, M. J., Paixão, P., Atouguia, J., Negreiros, I., & Simões, M. J. 

(2018). Lawsonella clevelandensis as the causative agent of a breast abscess. 

IDCases, 12, 95-96. https://doi.org/10.1016/j.idcr.2018.03.014  

 

Ferrarini, M. G., Dell’Aglio, E., Vallier, A., Balmand, S., Vincent-Monégat, C., Hughes, S., 

Gillet, B., Parisot, N., Zaidman-Rémy, A., Vieira, C., Heddi, A., & Rebollo, R. (2022). 

Efficient compartmentalization in insect bacteriomes protects symbiotic bacteria from 

host immune system. Microbiome, 10(1), 156. https://doi.org/10.1186/s40168-022-

01334-8  

 

Ferraz Helene, L. C., Klepa, M. S., & Hungria, M. (2022). New Insights into the Taxonomy of 

Bacteria in the Genomic Era and a Case Study with Rhizobia. International Journal of 

Microbiology, 2022, 4623713. https://doi.org/10.1155/2022/4623713  

 

Finch, E. A., Beale, T., Chellappan, M., Goergen, G., Gadratagi, B. G., Khan, M. A. M., 

Rehman, A., Rwomushana, I., Sarma, A. K., Wyckhuys, K. A., & Kriticos, D. J. 

(2021). The potential global distribution of the papaya mealybug, Paracoccus 

marginatus, a polyphagous pest. Pest Management Science, 77(3), 1361-1370. 

https://doi.org/10.1002/ps.6151  

 

Frago, E., Zytynska, S. E., & Fatouros, N. E. (2020). Chapter Four - Microbial symbionts of 

herbivorous species across the insect tree. In K. M. Oliver & J. A. Russell (Eds.), 

Advances in Insect Physiology (Vol. 58, pp. 111-159). Academic Press. 

https://doi.org/10.1016/bs.aiip.2020.04.002  

 

  



98 
 

Futahashi, R., Tanaka, K., Tanahashi, M., Nikoh, N., Kikuchi, Y., Lee, B. L., & Fukatsu, T. 

(2013). Gene expression in gut symbiotic organ of stinkbug affected by extracellular 

bacterial symbiont. PLOS One, 8(5), e64557. 

https://doi.org/10.1371/journal.pone.0064557  

 

Gadhave, K. R., & Gange, A. C. (2018). Interactions Involving Rhizobacteria and Foliar-

Feeding Insects. In T. Ohgushi, S. Wurst, & S. N. Johnson (Eds.), Aboveground–

Belowground Community Ecology (pp. 117-133). Springer International Publishing. 

/https://doi.org/10.1007/978-3-319-91614-9_6  

 

Galis, F., & van Alphen, J. J. M. (2020). Parthenogenesis and developmental constraints. 

Evolution & Development, 22(1-2), 205-217. https://doi.org/10.1111/ede.12324  

 

Garber, A. I., Kupper, M., Laetsch, D. R., Weldon, S. R., Ladinsky, M. S., Bjorkman, P. J., & 

McCutcheon, J. P. (2021). The Evolution of Interdependence in a Four-Way 

Mealybug Symbiosis. Genome Biology and Evolution, 13(8). 

https://doi.org/10.1093/gbe/evab123  

 

García Morales, M., Denno, B. D., Miller, D. R., Miller, G. L., Ben-Dov, Y., & Hardy, N. B. 

(2016). ScaleNet: a literature-based model of scale insect biology and systematics. 

Database, 2016. https://doi.org/10.1093/database/bav118  

 

Gatehouse, L. N., Sutherland, P., Forgie, S. A., Kaji, R., & Christeller, J. T. (2012). Molecular 

and histological characterization of primary (betaproteobacteria) and secondary 

(gammaproteobacteria) endosymbionts of three mealybug species. Applied and 

Environmental Microbiology, 78(4), 1187-1197. https://doi.org/10.1128/AEM.06340-

11  

 

Gauthier, J.-P., Outreman, Y., Mieuzet, L., & Simon, J.-C. (2015). Bacterial Communities 

Associated with Host-Adapted Populations of Pea Aphids Revealed by Deep 

Sequencing of 16S Ribosomal DNA. PLOS One, 10(3), e0120664. 

https://doi.org/10.1371/journal.pone.0120664  

 

Ghosh, A. B., & Ghose, S. K. (1987). Novonilacoccus, a new genus (Pseudococcidae: 

Hemiptera), and a new species, Novonilacoccus oryzae with the descriptions of all 

the instars. Proceedings of the Zoological Society (Calcutta), 36, 37-51. 

http://scalenet.info/references/GhoshGh1987/  



99 
 

 

Gibbs, I. (2020). First Report of Heliococcus Summervillei. International Plant Protection 

Convention. https://www.ippc.int/en/countries/barbados/pestreports/2020/09/first-

report-of-heliococcus-summervillei/  

 

Gil, R., Vargas-Chavez, C., López-Madrigal, S., Santos-García, D., Latorre, A., & Moya, A. 

(2018). Tremblaya phenacola PPER: an evolutionary beta-gammaproteobacterium 

collage. The ISME Journal, 12(1), 124-135. https://doi.org/10.1038/ismej.2017.144  

 

Girard, M., Luis, P., Valiente Moro, C., & Minard, G. (2023). Crosstalk between the 

microbiota and insect postembryonic development. Trends in Microbiology, 31(2), 

181-196. https://doi.org/10.1016/j.tim.2022.08.013  

 

Glöckner, F. O., Yilmaz, P., Quast, C., Gerken, J., Beccati, A., Ciuprina, A., Bruns, G., Yarza, 

P., Peplies, J., Westram, R., & Ludwig, W. (2017). 25 years of serving the community 

with ribosomal RNA gene reference databases and tools. Journal of Biotechnology, 

261, 169-176. https://doi.org/10.1016/j.jbiotec.2017.06.1198  

 

Gomes, S. I. F., Kielak, A. M., Hannula, S. E., Heinen, R., Jongen, R., Keesmaat, I., De 

Long, J. R., & Bezemer, T. M. (2020). Microbiomes of a specialist caterpillar are 

consistent across different habitats but also resemble the local soil microbial 

communities. Animal Microbiome, 2(1), 37. https://doi.org/10.1186/s42523-020-

00055-3  

 

Gomez-Polo, P., Ballinger, M. J., Lalzar, M., Malik, A., Ben-Dov, Y., Mozes-Daube, N., 

Perlman, S. J., Iasur-Kruh, L., & Chiel, E. (2017). An exceptional family: 

Ophiocordyceps-allied fungus dominates the microbiome of soft scale insects 

(Hemiptera: Sternorrhyncha: Coccidae). Molecular Ecology, 26(20), 5855-5868. 

https://doi.org/10.1111/mec.14332  

 

Gorsane, F., Ben Halima, A., Ben Khalifa, M., Bel-Kadhi, M. S., & Fakhfakh, H. (2011). 

Molecular characterization of Bemisia tabaci populations in Tunisia: genetic structure 

and evidence for multiple acquisition of secondary symbionts. Environmental 

Entomology, 40(4), 809-817. https://doi.org/10.1603/EN10162  

 

Graham, T. W. G., & Conway, M. (1998). Some sick buffel. Tropical Grassland Society of 

Australia (TGS) News and Views, 14, 6 



100 
 

 

Grimshaw, J. F., & Donaldson, J. F. (2007). New records of mango shield scale Milviscutulus 

mangiferae (Green) (Hemiptera: Coccidae) and Brevennia rehi (Lindinger) 

(Hemiptera: Pseudococcidae) in north Queensland. Australian Journal of 

Entomology, 46(2), 96-98. https://doi.org/10.1111/j.1440-6055.2007.00567.x  

 

Gruwell, M. E., Hardy, N. B., Gullan, P. J., & Dittmar, K. (2010). Evolutionary Relationships 

among Primary Endosymbionts of the Mealybug Subfamily Phenacoccinae 

(Hemiptera: Coccoidea: Pseudococcidae). Applied and Environmental Microbiology, 

76(22), 7521-7525. https://doi.org/10.1128/AEM.01354-10  

 

Gunawardana, D. U. M., & Hemachandra, K. S. (2020). Mass Rearing of Mealybug Predator, 

Cryptolaemus montrouzieri Mulsant (Coleoptera Coccinellidae) on two Mealybug 

Species, Planococcus minor and Pseudococcus viburni. Tropical Agricultural 

Research, 31, 31-41. http://doi.org/10.4038/tar.v31i1.8342  

 

Gupta, A., & Nair, S. (2020). Dynamics of Insect–Microbiome Interaction Influence Host and 

Microbial Symbiont [Review]. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/fmicb.2020.01357  

 

Gurung, K., Wertheim, B., & Falcao Salles, J. (2019). The microbiome of pest insects: it is 

not just bacteria. Entomologia Experimentalis et Applicata, 167(3), 156-170. 

https://doi.org/10.1111/eea.12768  

 

Halter, A. (2023). Mealybugs identified as cause of mysterious pasture dieback costing 

graziers billions in Qld, NSW. ABC Rural. Retrieved 17/4/23 from 

https://www.abc.net.au/news/rural/2023-04-12/mealybugs-causing-pasture-dieback-

qld-nsw-management-trial/102213404 

 

Hardy, N. B., Gullan, P. J., & Hodgson, C. J. (2008). A subfamily-level classification of 

mealybugs (Hemiptera: Pseudococcidae) based on integrated molecular and 

morphological data. Systematic Entomology, 33(1), 51-71. 

https://doi.org/10.1111/j.1365-3113.2007.00408.x  

 

  



101 
 

Harish, E. R., & Aryalakshmi, M. (2022). Detection of specific endosymbionts of mealybugs 

infesting cassava (Manihot esculenta Crantz) using diagnostic PCR and Sanger 

sequencing. Journal of Tropical Agriculture, 60(2), 240-248. 

http://jtropag.kau.in/index.php/ojs2/article/view/1333  

 

Hauxwell, C. (2018). Mealybugs and pasture dieback. Institute for Future Environments, 

Queensland University of Technology with Meat & Livestock Australia. Retrieved from 

https://cms.qut.edu.au/__data/assets/pdf_file/0006/786066/pasture-mealybugs-

technical-note.pdf 

 

Hauxwell, C., Tarlinton, B., Dickson, G., Patrick, D., Hernandez-Europa, Y., Munro, M., 

Bryans, E., & Martin, S. (2022a, May 3-4). The Death of Grass: The biology and role 

of the mealybug. MLA Pasture Dieback Science Forum, Brisbane, Australia. 

https://eprints.qut.edu.au/233614/ 

 

Hauxwell, C., Dickson, G., Patrick, D., Bryans, E., Martin, S., Tarlinton, B., Hernandez-

Europa, Y., & Munro, M. (2022b, May 3-4). The Death of Grass: A New Hope. MLA 

Pasture Dieback Science Forum, Brisbane, Australia. 

https://eprints.qut.edu.au/233613/ 

 

Hauxwell, C., Patrick, D., Bryans, E., Dickson, G., Martin, S., Hernandez-Europa, Y., 

Tarlinton, B., Oliver, L., & Islam, S. M. N. (2022c). Final report B.PAS.0003: 

Glasshouse assays to determine the role of mealybug in pasture dieback 

[Unpublished]. Meat & Livestock Australia 

 

Hauxwell, C., Dickson, G., Bryans, E., Munro, M., Tarlinton, B., Patrick, D., Martin, S., 

Hernandez-Europa, Y., Schutz, M., Oliver, L., & Islam, S. M. N. (2022d). Final report 

B.PAS.0004: Biology of pasture mealybug and identification of natural enemies. Meat 

& Livestock Australia. https://eprints.qut.edu.au/233434/ 

 

Hauxwell, C., Tarlinton, B., Martin, S., Dickson, G., Hernandez-Europa, Y., Patrick, D., & 

Bryans, E. (2022e). Final report B.PAS.0006: Resistant grass varieties and 

endophytes. Meat & Livestock Australia. https://eprints.qut.edu.au/233433/ 

 

Henry, L. M., Peccoud, J., Simon, J. C., Hadfield, J. D., Maiden, M. J., Ferrari, J., & Godfray, 

H. C. (2013). Horizontally transmitted symbionts and host colonization of ecological 

niches. Current Biology, 23(17), 1713-1717. https://doi.org/10.1016/j.cub.2013.07.029  



102 
 

 

Henry, L. P., Bruijning, M., Forsberg, S. K. G., & Ayroles, J. F. (2021). The microbiome 

extends host evolutionary potential. Nature Communications, 12(1), 5141. 

https://doi.org/10.1038/s41467-021-25315-x  

 

Heuze, V., Tran, G., Sauvant, D., & Lebas, F. (2016a). Bread grass (Brachiaria brizantha) 

[Fact sheet]. INRAE, CIRAD, AFZ and FAO. https://www.feedipedia.org/node/490  

 

Heuze, V., Tran, G., Baumont, R., & Lebas, F. (2016b). Buffel grass (Cenchrus ciliaris) [Fact 

sheet]. INRAE, CIRAD, AFZ and FAO. https://www.feedipedia.org/node/482  

 

Heuze, V., & Tran, G. (2020). Guinea grass (Megathyrsus maximus) [Fact sheet]. INRAE, 

CIRAD, AFZ and FAO. https://www.feedipedia.org/node/416  

 

Hijaz, F., & Killiny, N. (2014). Collection and chemical composition of phloem sap from Citrus 

sinensis L. Osbeck (sweet orange). PLOS One, 9(7), e101830. 

https://doi.org/10.1371/journal.pone.0101830  

 

Hort Innovation, Applied Horticultural Research, & RM Consulting Group. (2019). Farm trial 

design [Fact Sheet]. In: Hort Innovation Vegetable Fund Project: A multi-faceted 

approach to soilborne disease management (VG15010). Retrieved from 

https://www.horticulture.com.au/globalassets/hort-innovation/resource-

assets/vg15010-farm-trial-design-fact-sheet.pdf 

 

Hou, S., & Tsuda, K. (2022). Salicylic acid and jasmonic acid crosstalk in plant immunity. 

Essays in Biochemistry, 66(5), 647-656. https://doi.org/10.1042/ebc20210090  

 

Huang, K., Wang, J., Huang, J., Zhang, S., Vogler, A. P., Liu, Q., Li, Y., Yang, M., Li, Y., & 

Zhou, X. (2021). Host Phylogeny and Diet Shape Gut Microbial Communities Within 

Bamboo-Feeding Insects. Frontiers in Microbiology, 12. 

https://doi.org/10.3389/fmicb.2021.633075  

 

Husnik, F., Nikoh, N., Koga, R., Ross, L., Duncan, Rebecca P., Fujie, M., Tanaka, M., Satoh, 

N., Bachtrog, D., Wilson, Alex C. C., von Dohlen, Carol D., Fukatsu, T., & 

McCutcheon, John P. (2013). Horizontal Gene Transfer from Diverse Bacteria to an 

Insect Genome Enables a Tripartite Nested Mealybug Symbiosis. Cell, 153(7), 1567-

1578. https://doi.org/10.1016/j.cell.2013.05.040  



103 
 

 

Husnik, F., & McCutcheon, J. P. (2016). Repeated replacement of an intrabacterial symbiont 

in the tripartite nested mealybug symbiosis. Proceedings of the National Academy of 

Sciences, 113(37), E5416-E5424. https://doi.org/10.1073/pnas.1603910113  

 

Iasur-Kruh, L., Taha-Salaime, L., Robinson, W. E., Sharon, R., Droby, S., Perlman, S. J., & 

Zchori-Fein, E. (2015). Microbial Associates of the Vine Mealybug Planococcus ficus 

(Hemiptera: Pseudococcidae) under Different Rearing Conditions. Microbial Ecology, 

69(1), 204-214. https://doi.org/10.1007/s00248-014-0478-2  

 

Ibrahim, S., Gupta, R. K., War, A. R., Hussain, B., Kumar, A., Sofi, T., Noureldeen, A., & 

Darwish, H. (2021). Degradation of chlorpyriphos and polyethylene by endosymbiotic 

bacteria from citrus mealybug. Saudi Journal of Biological Sciences, 28(6), 3214-

3224. https://doi.org/10.1016/j.sjbs.2021.03.058  

 

Indiragandhi, P., Yoon, C., Yang, J. O., Cho, S., Sa, T. M., & Kim, G. H. (2010). Microbial 

communities in the developmental stages of B and Q biotypes of sweetpotato 

whitefly, Bemisia tabaci (hemiptera: Aleyrodidae). Journal of the Korean Society for 

Applied Biological Chemistry, 53(5), 605-617. https://doi.org/10.3839/jksabc.2010.093  

 

Inspector-General of Biosecurity. (2022). Effectiveness of preventive biosecurity 

arrangements to mitigate the risk of entry into Australia of the serious plant pest 

Xylella fastidiosa. (2021). Canberra, ACT: Australian Government. Retrieved from 

https://www.igb.gov.au/sites/default/files/documents/IGB%20review%20-%20Xylella

%20-%20Final_0.pdf 

 

Jing, X., Wong, A. C.-N., Chaston, J. M., Colvin, J., McKenzie, C. L., & Douglas, A. E. 

(2014). The bacterial communities in plant phloem-sap-feeding insects. Molecular 

Ecology, 23(6), 1433-1444. https://doi.org/10.1111/mec.12637  

 

Jing, X., White, T. A., Luan, J., Jiao, C., Fei, Z., & Douglas, A. E. (2016). Evolutionary 

conservation of candidate osmoregulation genes in plant phloem sap-feeding insects. 

Insect Molecular Biology, 25(3), 251-258. https://doi.org/10.1111/imb.12215  

 

Jeske, J. T., & Gallert, C. (2022). Microbiome Analysis via OTU and ASV-Based Pipelines-A 

Comparative Interpretation of Ecological Data in WWTP Systems. Bioengineering 

(Basel), 9(4). https://doi.org/10.3390%2Fbioengineering9040146  



104 
 

 

Jockusch, E. L., & Fisher, C. R. (2021). Something old, something new, something borrowed, 

something red: the origin of ecologically relevant novelties in Hemiptera. Current 

Opinion in Genetics & Development, 69, 154-162. 

https://doi.org/10.1016/j.gde.2021.04.003  

 

Johnson, T., & Giliomee, J. H. (2013). Practical problems and their solutions in studying the 

biology of the mealybug Paracoccus burnerae (Brain) (Hemiptera: Pseudococcidae) 

[Review]. African Journal of Biotechnology, 12(23), 3609-3614. 

https://doi.org/10.5897/AJB2013.12311  

 

Johnson, B., & Lloyd, D. (2008). Panics [Fact sheet]. Pastures Australia. 

https://keys.lucidcentral.org/keys/v3/pastures/Html/Panics.htm  

 

Jones, A. G., Mason, C. J., Felton, G. W., & Hoover, K. (2019). Host plant and population 

source drive diversity of microbial gut communities in two polyphagous insects. 

Scientific Reports, 9(1), 2792. https://doi.org/10.1038/s41598-019-39163-9  

 

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., & Jermiin, L. S. (2017). 

ModelFinder: fast model selection for accurate phylogenetic estimates. Nature 

Methods, 14(6), 587-589. https://doi.org/10.1038/nmeth.4285  

 

Kaur, R., & Goyal, D. (2019). Toxicity and degradation of the insecticide monocrotophos. 

Environmental Chemistry Letters, 17(3), 1299-1324. https://doi.org/10.1007/s10311-

019-00884-y  

 

Kaur, R., & Singh, D. (2020). MOLECULAR MARKERS A VALUABLE TOOL FOR SPECIES 

IDENTIFICATION OF INSECTS: A REVIEW. Annals of Entomology, 38(01-02), 1-20. 

https://connectjournals.com/01462.2020.38.1   

 

Keeling, P. J., & McCutcheon, J. P. (2017). Endosymbiosis: The feeling is not mutual. 

Journal of Theoretical Biology, 434, 75-79. https://doi.org/10.1016/j.jtbi.2017.06.008  

 

Khalil, H., Raza, A. B. M., Afzal, M., Aqueel, M. A., Khalil, M. S., & Mansoor, M. M. (2017). 

Effects of plant morphology on the incidence of sucking insect pests complex in few 

genotypes of cotton. Journal of the Saudi Society of Agricultural Sciences, 16(4), 344-

349. https://doi.org/10.1016/j.jssas.2015.11.003  



105 
 

 

Kikuchi, Y., Hayatsu, M., Hosokawa, T., Nagayama, A., Tago, K., & Fukatsu, T. (2012). 

Symbiont-mediated insecticide resistance. Proceedings of the National Academy of 

Sciences, 109(22), 8618-8622. https://doi.org/10.1073/pnas.1200231109  

 

Kiljanek, T., Niewiadowska, A., Gaweł, M., Semeniuk, S., Borzęcka, M., Posyniak, A., & 

Pohorecka, K. (2017). Multiple pesticide residues in live and poisoned honeybees 

– Preliminary exposure assessment. Chemosphere, 175, 36-44. 

https://doi.org/10.1016/j.chemosphere.2017.02.028  

 

Kim, J. K., Won, Y. J., Nikoh, N., Nakayama, H., Han, S. H., Kikuchi, Y., Rhee, Y. H., Park, 

H. Y., Kwon, J. Y., Kurokawa, K., Dohmae, N., Fukatsu, T., & Lee, B. L. (2013). 

Polyester synthesis genes associated with stress resistance are involved in an insect-

bacterium symbiosis. Proceedings of the National Academy of Sciences, 110(26), 

E2381-2389. https://doi.org/10.1073/pnas.1303228110  

 

Kim, J. H., Hilleary, R., Seroka, A., & He, S. Y. (2021). Crops of the future: building a climate-

resilient plant immune system. Current Opinion in Plant Biology, 60, 101997. 

https://doi.org/10.1016/j.pbi.2020.101997  

 

Kinjo, Y., Lo, N., Martín, P. V., Tokuda, G., Pigolotti, S., & Bourguignon, T. (2021). Enhanced 

Mutation Rate, Relaxed Selection, and the "Domino Effect" are associated with Gene 

Loss in Blattabacterium, A Cockroach Endosymbiont. Molecular Biology and 

Evolution, 38(9), 3820-3831. https://doi.org/10.1093/molbev/msab159  

 

Koga, R., Nikoh, N., Matsuura, Y., Meng, X.-Y., & Fukatsu, T. (2013). Mealybugs with distinct 

endosymbiotic systems living on the same host plant. FEMS Microbiology Ecology, 

83(1), 93-100. https://doi.org/10.1111/j.1574-6941.2012.01450.x  

 

Koga, R., Moriyama, M., Onodera-Tanifuji, N., Ishii, Y., Takai, H., Mizutani, M., Oguchi, K., 

Okura, R., Suzuki, S., Gotoh, Y., Hayashi, T., Seki, M., Suzuki, Y., Nishide, Y., 

Hosokawa, T., Wakamoto, Y., Furusawa, C., & Fukatsu, T. (2022). Single mutation 

makes Escherichia coli an insect mutualist. Nature Microbiology, 7(8), 1141-1150. 

https://doi.org/10.1038/s41564-022-01179-9  

 

  



106 
 

Kono, M., Koga, R., Shimada, M., & Fukatsu, T. (2008). Infection Dynamics of Coexisting 

Beta- and Gammaproteobacteria in the Nested Endosymbiotic System of Mealybugs. 

Applied and Environmental Microbiology, 74(13), 4175-4184. 

https://doi.org/10.1128/AEM.00250-08  

 

Kooyman, R. M., Laffan, S. W., & Westoby, M. (2017). The incidence of low phosphorus soils 

in Australia. Plant and Soil, 412(1), 143-150. https://doi.org/10.1007/s11104-016-

3057-0  

 

Krishnamoorthy, R., Arul Jose, P., Janahiraman, V., Indira Gandhi, P., Gandhi Gracy, R., 

Jalali, S. K., Senthil Kumar, M., Malathi, V., & Anandham, R. (2020). Function and 

insecticidal activity of bacteria associated with papaya mealybug, Paracoccus 

marginatus Williams & Granara de Willink (Hemiptera: Pseudococcidae). Biocontrol 

Science and Technology, 30(8), 762-778. 

https://doi.org/10.1080/09583157.2020.1765983  

 

Kubiriba, J., Legg, J. P., Tushemereirwe, W., & Adipala, E. (2001). Vector transmission of 

Banana streak virus in the screenhouse in Uganda. Annals of Applied Biology, 

139(1), 37-43. https://doi.org/10.1111/j.1744-7348.2001.tb00128.x  

 

Landa, B. B., Saponari, M., Feitosa-Junior, O. R., Giampetruzzi, A., Vieira, F. J. D., Mor, E., 

& Robatzek, S. (2022). Xylella fastidiosa’s relationships: the bacterium, the host 

plants, and the plant microbiome. New Phytologist, 234(5), 1598-1605. 

https://doi.org/10.1111/nph.18089  

 

Landmann, F. (2019). The Wolbachia Endosymbionts. Microbiology Spectrum, 7(2), 7.2.25. 

https://doi.org/10.1128/microbiolspec.BAI-0018-2019  

 

Landry, M., James, P. M. A., Kneeshaw, D., & Kembel, S. W. (2022). Spruce budworm 

bacterial communities vary among sites and host tree species in a boreal landscape. 

Journal of Biogeography, 49(2), 299-309. https://doi.org/10.1111/jbi.14299  

 

Leclair, M., Pons, I., Mahéo, F., Morlière, S., Simon, J.-C., & Outreman, Y. (2016). Diversity 

in symbiont consortia in the pea aphid complex is associated with large phenotypic 

variation in the insect host. Evolutionary Ecology, 30(5), 925-941. 

https://doi.org/10.1007/s10682-016-9856-1  

 



107 
 

Lee, M.-L., & de Barro, P. J. (2000). Characterization of different biotypes of Bemisia tabaci 

(Gennadius) (Homoptera; Aleyrodidae) in South Korea based on 16S ribosomal RNA 

sequences. Korean Journal of Entomology, 30(2), 125-130. 

https://www.cabdirect.org/cabdirect/abstract/20003000028  

 

Lee, J. B., Byeon, J. H., Jang, H. A., Kim, J. K., Yoo, J. W., Kikuchi, Y., & Lee, B. L. (2015). 

Bacterial cell motility of Burkholderia gut symbiont is required to colonize the insect 

gut. FEBS Letters, 589(19, Part B), 2784-2790. 

https://doi.org/10.1016/j.febslet.2015.08.022  

 

Lee, B.-H., Nicolas, P., Saticioglu, I. B., Fradet, B., Bernardet, J.-F., Rigaudeau, D., Rochat, 

T., & Duchaud, E. (2023). Investigation of the Genus Flavobacterium as a Reservoir 

for Fish-Pathogenic Bacterial Species: the Case of Flavobacterium collinsii. Applied 

and Environmental Microbiology, 89(4). https://doi.org/10.1128/aem.02162-22  

 

Lei, S., Xu, X., Cheng, Z., Xiong, J., Ma, R., Zhang, L., Yang, X., Zhu, Y., Zhang, B., & Tian, 

B. (2019). Analysis of the community composition and bacterial diversity of the 

rhizosphere microbiome across different plant taxa. Microbiologyopen, 8(6), e00762. 

https://doi.org/10.1002/mbo3.762  

 

Leite-Mondin, M., DiLegge, M. J., Manter, D. K., Weir, T. L., Silva-Filho, M. C., & Vivanco, J. 

M. (2021). The gut microbiota composition of Trichoplusia ni is altered by diet and 

may influence its polyphagous behavior. Scientific Reports, 11(1), 5786. 

https://doi.org/10.1038/s41598-021-85057-0  

 

Lewis, J. D., Knoblauch, M., & Turgeon, R. (2022). The Phloem as an Arena for Plant 

Pathogens. Annual Review of Phytopathology, 60(1), 77-96. 

https://doi.org/10.1146/annurev-phyto-020620-100946  

 

Li, N., Han, X., Feng, D., Yuan, D., & Huang, L.-J. (2019). Signaling Crosstalk between 

Salicylic Acid and Ethylene/Jasmonate in Plant Defense: Do We Understand What 

They Are Whispering? International Journal of Molecular Sciences, 20(3), 671. 

https://www.mdpi.com/1422-0067/20/3/671  

 

  



108 
 

Lima, M. S., Laport, M. S., Lorosa, E. S., Jurberg, J., dos Santos, K. R. N., da Silva Neto, M. 

A. C., Rachid, C. T. C. d. C., & Atella, G. C. (2018). Bacterial community composition 

in the salivary glands of triatomines (Hemiptera: Reduviidae). PLOS Neglected 

Tropical Diseases, 12(9), e0006739. https://doi.org/10.1371/journal.pntd.0006739  

 

Lin, D., Zhang, L., Shao, W., Li, X., Liu, X., Wu, H., & Rao, Q. (2019). Phylogenetic analyses 

and characteristics of the microbiomes from five mealybugs (Hemiptera: 

Pseudococcidae). Ecology and Evolution, 9(4), 1972-1984. 

https://doi.org/10.1002/ece3.4889  

 

Liu, H., Liu, S., Jiao, J., Lu, T. J., & Xu, F. (2017). Trichomes as a natural biophysical barrier 

for plants and their bioinspired applications [10.1039/C7SM00622E]. Soft Matter, 

13(30), 5096-5106. https://doi.org/10.1039/C7SM00622E  

 

López-Madrigal, S., Beltrà, A., Resurrección, S., Soto, A., Latorre, A., Moya, A., & Gil, R. 

(2014). Molecular evidence for ongoing complementarity and horizontal gene transfer 

in endosymbiotic systems of mealybugs. Frontiers in Microbiology, 5, 449. 

https://doi.org/10.3389/fmicb.2014.00449  

 

López-Madrigal, S., Latorre, A., Moya, A., & Gil, R. (2015). The link between independent 

acquisition of intracellular gamma-endosymbionts and concerted evolution in 

Tremblaya princeps. Frontiers in Microbiology, 6, 642. 

https://doi.org/10.3389/fmicb.2015.00642  

 

López-Madrigal, S., & Gil, R. (2017). Et tu, Brute? Not Even Intracellular Mutualistic 

Symbionts Escape Horizontal Gene Transfer. Genes, 8(10), 247. 

https://doi.org/10.3390/genes8100247  

 

Lv, N., Li, R., Cheng, S., Zhang, L., Liang, P., & Gao, X. (2023). The gut symbiont 

Sphingomonas mediates imidacloprid resistance in the important agricultural insect 

pest Aphis gossypii Glover. BMC Biology, 21(1), 86. https://doi.org/10.1186/s12915-

023-01586-2  

 

  



109 
 

Ma, X., Shao, Y., Tian, L., Flasch, D. A., Mulder, H. L., Edmonson, M. N., Liu, Y., Chen, X., 

Newman, S., Nakitandwe, J., Li, Y., Li, B., Shen, S., Wang, Z., Shurtleff, S., Robison, 

L. L., Levy, S., Easton, J., & Zhang, J. (2019). Analysis of error profiles in deep next-

generation sequencing data. Genome Biology, 20(1), 50. 

https://doi.org/10.1186/s13059-019-1659-6  

 

Ma, L., Cao, L.-J., Hoffmann, A. A., Gong, Y.-J., Chen, J.-C., Chen, H.-S., Wang, X.-B., 

Zeng, A.-P., Wei, S.-J., & Zhou, Z.-S. (2020). Rapid and strong population genetic 

differentiation and genomic signatures of climatic adaptation in an invasive mealybug. 

Diversity and Distributions, 26(5), 610-622. https://doi.org/10.1111/ddi.13053  

 

Madeira, F., Pearce, M., Tivey, A. R. N., Basutkar, P., Lee, J., Edbali, O., Madhusoodanan, 

N., Kolesnikov, A., & Lopez, R. (2022). Search and sequence analysis tools services 

from EMBL-EBI in 2022. Nucleic Acids Research, 50(W1), W276-W279. 

https://doi.org/10.1093/nar/gkac240  

 

Makiela, S., & Harrower, K. M. (2008). Overview of the current status of buffel grass dieback. 

Australasian Plant Disease Notes, 3(1), 12-16. https://doi.org/10.1071/DN08006  

 

Malacrinò, A. (2022). Host species identity shapes the diversity and structure of insect 

microbiota. Molecular Ecology, 31(3), 723-735. https://doi.org/10.1111/mec.16285  

 

Malhotra, H., Vandana, Sharma, S., & Pandey, R. (2018). Phosphorus Nutrition: Plant 

Growth in Response to Deficiency and Excess. In M. Hasanuzzaman, M. Fujita, H. 

Oku, K. Nahar, & B. Hawrylak-Nowak (Eds.), Plant Nutrients and Abiotic Stress 

Tolerance (pp. 171-190). Springer Singapore. https://doi.org/10.1007/978-981-10-

9044-8_7  

 

Mani, M., & Shivaraju, C. (2016a). Morphology. In M. Mani & C. Shivaraju (Eds.), Mealybugs 

and their Management in Agricultural and Horticultural Crops (pp. 7-18). Springer 

India. https://doi.org/10.1007/978-81-322-2677-2  

 

Mani, M., & Shivaraju, C. (2016b). Damage. In M. Mani & C. Shivaraju (Eds.), Mealybugs 

and their Management in Agricultural and Horticultural crops (pp. 117-122). Springer 

India. https://doi.org/10.1007/978-81-322-2677-2  

 



110 
 

Manners, A., & Duff, J. (2015). Mealybugs, a pest of a different scale. Retrieved from 

https://www.horticulture.com.au/globalassets/hort-innovation/resource-

assets/ny11001-mealy-bugs.pdf 

 

Martinez-Porchas, M., Villalpando-Canchola, E., Ortiz Suarez, L. E., & Vargas-Albores, F. 

(2017). How conserved are the conserved 16S-rRNA regions? PeerJ, 5, e3036. 

https://doi.org/10.7717/peerj.3036  

 

Martoni, F., Nogarotto, E., Piper, A. M., Mann, R., Valenzuela, I., Eow, L., Rako, L., Rodoni, 

B. C., & Blacket, M. J. (2021). Propylene Glycol and Non-Destructive DNA 

Extractions Enable Preservation and Isolation of Insect and Hosted Bacterial DNA. 

Agriculture, 11(1), 77. https://doi.org/10.3390/agriculture11010077  

 

Mason, C. J. (2020). Complex Relationships at the Intersection of Insect Gut Microbiomes 

and Plant Defenses. Journal of Chemical Ecology, 46(8), 793-807. 

https://doi.org/10.1007/s10886-020-01187-1  

 

McCutcheon, J. P., & von Dohlen, C. D. (2011). An interdependent metabolic patchwork in 

the nested symbiosis of mealybugs. Current Biology, 21(16), 1366-1372. 

https://doi.org/10.1016%2Fj.cub.2011.06.051  

 

McCutcheon, J. P., & Moran, N. A. (2012). Extreme genome reduction in symbiotic bacteria. 

Nature Reviews Microbiology, 10(1), 13-26. https://doi.org/10.1038/nrmicro2670  

 

McCutcheon, J. P., Boyd, B. M., & Dale, C. (2019). The Life of an Insect Endosymbiont from 

the Cradle to the Grave. Current Biology, 29(11), R485-R495. 

https://doi.org/10.1016/j.cub.2019.03.032  

 

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R Package for Reproducible Interactive 

Analysis and Graphics of Microbiome Census Data. PLOS One, 8(4), e61217. 

https://doi.org/10.1371/journal.pone.0061217  

 

Meat & Livestock Australia. (2021a). Dieback: Management options and species evaluation 

to increase productivity in dieback affected pastures. Retrieved 23/9/22 from 

https://www.mla.com.au/research-and-development/reports/2022/dieback-

management-options-and-species-evaluation-to-increase-productivity-in-dieback-

affected-pastures/ 



111 
 

 

Meat & Livestock Australia. (2021b). Pasture dieback. Retrieved 23/9/22 from 

https://www.mla.com.au/research-and-development/Grazing-pasture-

management/pasture-dieback/ 

 

Meat & Livestock Australia. (2021c). Pasture Dieback: A Management Guide for Producers 

and Agronomists. Retrieved 1/7/22 from https://www.mla.com.au/globalassets/mla-

corporate/research-and-development/documents/mla-pasture-dieback-manual.pdf 

 

Meat & Livestock Australia. (2022). State of the Industry Report 2022: The Australian red 

meat and livestock industry [Industry Report]. Meat & Livestock Australia. Retrieved 

from https://www.mla.com.au/globalassets/mla-corporate/prices--

markets/documents/trends--analysis/soti-report/2879-mla-state-of-industry-report-

2022_d6_low-res_spreads.pdf 

 

Meat & Livestock Australia (2023). How do I... select grass varieties tolerant to pasture 

dieback? [Fact sheet]. Meat & Livestock Australia. Retrieved from 

https://www.mla.com.au/globalassets/mla-corporate/research-and-

development/documents/select-grass-varieties-factsheet-final-approved.pdf 

 

Megaladevi, P., Kennedy, J. S., Jeyarani, S., Nakkeeran, S., & Balachandar, D. (2020). 

Metagenomic exploration of the bacterial endosymbiotic microbiome diversity of 

papaya mealybug Paracoccus marginatus from different host plants. Journal of 

Entomology and Zoology Studies, 8(1), 429-439. 

https://www.entomoljournal.com/archives/2020/vol8issue1/PartH/7-6-260-406.pdf 

 

Mercer, C. F., Bell, N. L., & Yeates, G. W. (2008). Plant-parasitic nematodes on pasture in 

New Zealand. Australasian Plant Pathology, 37(3), 279-288. 

https://doi.org/10.1071/AP08025  

 

Miao, G.-p., Han, J., Zhang, K.-g., Wang, S.-c., & Wang, C.-r. (2019). Protection of melon 

against Fusarium wilt-root knot nematode complex by endophytic fungi Penicillium 

brefeldianum HS-1. Symbiosis, 77(1), 83-89. https://doi.org/10.1007/s13199-018-

0565-0  

 

  



112 
 

Michalik, A., Michalik, K., Grzywacz, B., Kalandyk-Kołodziejczyk, M., & Szklarzewicz, T. 

(2019a). Molecular characterization, ultrastructure, and transovarial transmission of 

Tremblaya phenacola in six mealybugs of the Phenacoccinae subfamily (Insecta, 

Hemiptera, Coccomorpha). Protoplasma, 256(6), 1597-1608. 

https://doi.org/10.1007/s00709-019-01405-y  

 

Michalik, K., Szklarzewicz, T., Kalandyk-Kołodziejczyk, M., & Michalik, A. (2019b). Bacterial 

associates of Orthezia urticae, Matsucoccus pini, and Steingelia gorodetskia - scale 

insects of archaeoccoid families Ortheziidae, Matsucoccidae, and Steingeliidae 

(Hemiptera, Coccomorpha). Protoplasma, 256(5), 1205-1215. 

https://doi.org/10.1007/s00709-019-01377-z  

 

Mille, C., Henderson, R. C., Cazeres, S., & Jourdan, H. (2016). Checklist of the scale insects 

(Hemitpera: Sternorryncha: Coccomorpha) of New Caledonia. Zoosystema, 38(2), 

129-176. http://dx.doi.org/10.5252/z2016n2a1  

 

Misof, B., Liu, S., Meusemann, K., Peters, R. S., Donath, A., Mayer, C., Frandsen, P. B., 

Ware, J., Flouri, T., Beutel, R. G., Niehuis, O., Petersen, M., Izquierdo-Carrasco, F., 

Wappler, T., Rust, J., Aberer, A. J., Aspöck, U., Aspöck, H., Bartel, D., … Zhou, X. 

(2014). Phylogenomics resolves the timing and pattern of insect evolution. Science, 

346(6210), 763-767. https://doi.org/10.1126/science.1257570  

 

Moore, G. (2018). Panic grass in southern Western Australia. Western Australia: Department 

of Primary Industries and Regional Development, Government of Western Australia. 

Retrieved 6/4/23 from https://www.agric.wa.gov.au/pasture-species/panic-grass-

southern-western-

australia?nopaging=1#:~:text='Green%20panic'%20(or%20',the%20leaf%20midrib%2

0is%20less 

 

Morgulis, A., Coulouris, G., Raytselis, Y., Madden, T. L., Agarwala, R., & Schäffer, A. A. 

(2008). Database indexing for production MegaBLAST searches. Bioinformatics, 

24(16), 1757-1764. https://doi.org/10.1093/bioinformatics/btn322  

 

Moriyama, M., & Fukatsu, T. (2022). Host's demand for essential amino acids is 

compensated by an extracellular bacterial symbiont in a hemipteran insect model. 

Frontiers in Physiology, 13, 1028409. https://doi.org/10.3389/fphys.2022.1028409  

 



113 
 

Munro, M., & Hauxwell, C. (2023). Transcriptome assembly of buffel grass and identification 

of genes responsive to mealybug feeding [Manuscript in preparation]. School of 

Biology and Environmental Science, Faculty of Science, Queensland University of 

Technology.  

 

Nag, P., Paul, S., Shriti, S., & Das, S. (2022). Defence response in plants and animals 

against a common fungal pathogen, Fusarium oxysporum. Current Research in 

Microbial Sciences, 3, 100135. https://doi.org/10.1016/j.crmicr.2022.100135  

 

Nason, J. (2018, Jun 25). Many theories, few answers in pasture dieback mystery. Beef 

Central. Retrieved 23/9/2022 from https://www.beefcentral.com/news/many-theories-

few-answers-in-pasture-dieback-mystery/ 

 

Nelson, S. (2008). Sooty Mold. (Report No. PD-52). College of Tropical Agriculture and 

Human Resources, University of Hawai'i. Retrieved 21/1/23 from 

https://scholarspace.manoa.hawaii.edu/server/api/core/bitstreams/962a2fda-7f9a-

427d-b957-c0c61716982c/content 

 

Neu, A. T., Allen, E. E., & Roy, K. (2021). Defining and quantifying the core microbiome: 

Challenges and prospects. Proceedings of the National Academy of Sciences, 

118(51), e2104429118. https://doi.org/10.1073/pnas.2104429118  

 

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., & Minh, B. Q. (2014). IQ-TREE: A Fast and 

Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. 

Molecular Biology and Evolution, 32(1), 268-274. 

https://doi.org/10.1093/molbev/msu300  

 

Nguyen, N.-P., Warnow, T., Pop, M., & White, B. (2016). A perspective on 16S rRNA 

operational taxonomic unit clustering using sequence similarity. npj Biofilms and 

Microbiomes, 2(1), 16004. https://doi.org/10.1038/npjbiofilms.2016.4  

 

Nopriawansyah, A. R., Kusumah, Y. M., Nurmansyah, A., & Koesmaryono, Y. (2019). 

Genetic variation among the geographic population of Cassava mealybug 

Phenacoccus manihoti (Hemiptera: Pseudococcidae) in Indonesia inferred from 

mitochondrial COI gene sequence. Biodiversitas, 20(9), 2685-2692. 

https://doi.org/10.13057/biodiv/d200933  

 



114 
 

O'Fallon, B. (2008). POPULATION STRUCTURE, LEVELS OF SELECTION, AND THE 

EVOLUTION OF INTRACELLULAR SYMBIONTS. Evolution, 62(2), 361-373. 

https://doi.org/10.1111/j.1558-5646.2007.00289.x  

 

O’Hearn, J. S., & Walsh, D. B. (2018). Pumpkin as an Alternate Host Plant for Laboratory 

Colonies of Grape Mealybug. Journal of Economic Entomology, 111(2), 993-995. 

https://doi.org/10.1093/jee/toy003  

 

Paddock, K. J., Finke, D. L., Kim, K. S., Sappington, T. W., & Hibbard, B. E. (2022). Patterns 

of Microbiome Composition Vary Across Spatial Scales in a Specialist Insect. 

Frontiers in  Microbiology, 13, 898744. https://doi.org/10.3389/fmicb.2022.898744  

 

Peck, G. A., Newman, L., Macor, J., Buck, S., & Taylor, B. (2022). Field tolerance to pasture 

dieback of 26 tropical grass varieties sown into an affected paddock [Conference 

paper]. Proceedings of the 20th Agronomy Australia Conference Agronomy Australia 

Conference, Toowoomba, QLD. 

 

Prasad, Y. G., Prabhakar, M., Sreedevi, G., Ramachandra Rao, G., & Venkateswarlu, B. 

(2012). Effect of temperature on development, survival and reproduction of the 

mealybug, Phenacoccus solenopsis Tinsley (Hemiptera: Pseudococcidae) on cotton. 

Crop Protection, 39, 81-88. 

https://doi.org/https://doi.org/10.1016/j.cropro.2012.03.027  

 

Rafiqi, A. M., Polo, P. G., Milat, N. S., Durmuş, Z. Ö., Çolak-Al, B., Alarcón, M. E., Çağıl, F. 

Z., & Rajakumar, A. (2022). Developmental Integration of Endosymbionts in Insects 

[Review]. Frontiers in Ecology and Evolution, 10. 

https://doi.org/10.3389/fevo.2022.846586  

 

Reid, G. (2005). How to conduct your own field trials. New South Wales Government: 

Department of Primary Industries. Retrieved from 

https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0020/41636/Field_trials.pdf 

 

Renoz, F., Pons, I., & Hance, T. (2019). Evolutionary responses of mutualistic insect–

bacterial symbioses in a world of fluctuating temperatures. Current Opinion in Insect 

Science, 35, 20-26. https://doi.org/10.1016/j.cois.2019.06.006  

 



115 
 

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology (and other 

things). Methods in Ecology and Evolution, 3(2), 217-223. 

https://doi.org/10.1111/j.2041-210X.2011.00169.x  

 

Robeson, M. S., O’Rourke, D. R., Kaehler, B. D., Ziemski, M., Dillon, M. R., Foster, J. T., & 

Bokulich, N. A. (2020). RESCRIPt: Reproducible sequence taxonomy reference 

database management for the masses. PLOS Computational Biology, 17(11), 

e1009581. https://doi.org/10.1101/2020.10.05.326504  

 

Rogers, G. (2017). Buffel grass dieback: preliminary findings. Applied Horticultural Research. 

Retrieved 1/7/22 from https://ahr.com.au/blog/pasture-dieback 

 

Rosas-Pérez, T., Rosenblueth, M., Rincón-Rosales, R., Mora, J., & Martínez-Romero, E. 

(2014). Genome Sequence of “Candidatus Walczuchella monophlebidarum” the 

Flavobacterial Endosymbiont of Llaveia axin axin (Hemiptera: Coccoidea: 

Monophlebidae). Genome Biology and Evolution, 6(3), 714-726. 

https://doi.org/10.1093/gbe/evu049  

 

Rosenblueth, M., Martínez-Romero, J., Ramírez-Puebla, S. T., León, A. V.-P. d., Rosas-

Pérez, T., Bustamante-Brito, R., Rincón-Rosales, R., & Martínez-Romero, E. (2017). 

Endosymbiotic microorganisms of scale insects. TIP Revista especializada en 

ciencias químico-biológicas, 21(1). https://doi.org/10.1016/j.recqb.2017.08.006  

 

Rosenblueth, M., Sayavedra, L., Sámano-Sánchez, H., Roth, A., & Martínez-Romero, E. 

(2012). Evolutionary relationships of flavobacterial and enterobacterial 

endosymbionts with their scale insect hosts (Hemiptera: Coccoidea). Journal of 

Evolutionary Biology, 25(11), 2357-2368. 

https://doi.org/https://doi.org/10.1111/j.1420-9101.2012.02611.x  

 

R Core Team. (2022). R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/ 

 

RStudio Team. (2020). RStudio: Integrated Development Environment for R. RStudio, PBC, 

Boston, MA. https://www.rstudio.com/ 

 

  



116 
 

Russell, J. A., Weldon, S., Smith, A. H., Kim, K. L., Hu, Y., Łukasik, P., Doll, S., 

Anastopoulos, I., Novin, M., & Oliver, K. M. (2013). Uncovering symbiont-driven 

genetic diversity across North American pea aphids. Molecular Ecology, 22(7), 2045-

2059. https://doi.org/10.1111/mec.12211  

 

Salem, H., Bauer, E., Strauss, A. S., Vogel, H., Marz, M., & Kaltenpoth, M. (2014). Vitamin 

supplementation by gut symbionts ensures metabolic homeostasis in an insect host. 

Proceedings of the Royal Society B: Biological Sciences, 281(1796), 20141838. 

https://doi.org/10.1098/rspb.2014.1838  

 

Samson, P., Sallam, N., & Chandler, K. (2019). Field Guide: Pests of Australian Sugarcane. 

In S. R. A. Limited (Ed.), (pp. 100). Brisbane, Australia: Sugar Research Australia 

Limited 

 

Santos, A., van Aerle, R., Barrientos, L., & Martinez-Urtaza, J. (2020). Computational 

methods for 16S metabarcoding studies using Nanopore sequencing data. 

Computational and Structural Biotechnology Journal, 18, 296-305. 

https://doi.org/10.1016/j.csbj.2020.01.005  

 

Santos-Garcia, D., Mestre-Rincon, N., Zchori-Fein, E., & Morin, S. (2020). Inside out: 

microbiota dynamics during host-plant adaptation of whiteflies. The ISME Journal, 

14(3), 847-856. https://doi.org/10.1038/s41396-019-0576-8  

 

Sayers, E. W., Bolton, E. E., Brister, J. R., Canese, K., Chan, J., Comeau, D. C., Connor, R., 

Funk, K., Kelly, C., Kim, S., Madej, T., Marchler-Bauer, A., Lanczycki, C., Lathrop, S., 

Lu, Z., Thibaud-Nissen, F., Murphy, T., Phan, L., Skripchenko, Y., Tse, T., Wang, J., 

Williams, R., Trawick, B. W., Pruitt, K. D., & Sherry, S. T. (2022). Database resources 

of the national center for biotechnology information. Nucleic acids research, 50(D1), 

D20-d26. https://doi.org/10.1093/nar/gkab1112  

 

Schmidt, K., & Engel, P. (2021). Mechanisms underlying gut microbiota–host interactions in 

insects. Journal of Experimental Biology, 224(2). https://doi.org/10.1242/jeb.207696  

 

Schober, P., & Vetter, T. R. (2018). Survival Analysis and Interpretation of Time-to-Event 

Data: The Tortoise and the Hare. Anesthesia and Analgesia, 127(3), 792-798. 

https://doi.org/10.1213%2FANE.0000000000003653  

 



117 
 

Schulze-Sylvester, M., Corronca, J. A., & Paris, C. I. (2021). Vine mealybugs disrupt biomass 

allocation in grapevine. OENO One, 55(1), 93-103. https://doi.org/10.20870/oeno-

one.2021.55.1.4458  

 

Schutze, M. K., Tree, D., Hauxwell, C., Dickson, G., & Gullan, P. (2019, December 1-4). The 

Mealybugs Strike Back: the return of Heliococcus summervillei and Queensland 

pasture dieback [Conference paper]. Australian Entomological Society AGM and 

Scientific Conference, Brisbane, Australia. https://eprints.qut.edu.au/232000/ 

 

Silcock, R. (2020). Bkl P13 WR Buffel Grasses (Cenchrus ciliaris L.) on Different Gidyea 

Soils, January 1963 to December 1970. Queensland: Queensland Government. 

Retrieved from 

https://era.daf.qld.gov.au/id/eprint/7858/1/Bkl%20P13%20WR%20Final%20report_FI

NAL.pdf 

 

Singh, S., Singh, A., Baweja, V., Roy, A., Chakraborty, A., & Singh, I. K. (2021). Molecular 

Rationale of Insect-Microbes Symbiosis-From Insect Behaviour to Mechanism. 

Microorganisms, 9(12). https://doi.org/10.3390/microorganisms9122422  

 

Sjoberg, D. D., & Fei, T. (2022). tidycmprsk: Competing Risks Estimation [R package]. The 

Comprehensive R Archive Network. https://cran.r-project.org/package=tidycmprsk 

 

Sjoberg, D. D., Baillie, M., Haesendonckx, S., & Treis, T. (2023). ggsurvfit: Flexible Time-to-

Event Figures [R package]. The Comprehensive R Archive Network. https://cran.r-

project.org/package=ggsurvfit 

 

Sompalaym, R., Lingarajaiah, K. A., Narayanappa, R. G., Jayaprakash, & Govindaiah, V. 

(2016). Cytogenetics. In M. Mani & C. Shivaraju (Eds.), Mealybugs and their 

Management in Agricultural and Horticultural Crops (pp. 19-54). Springer India. 

https://doi.org/10.1007/978-81-322-2677-2  

 

Sorouri, B., Rodriguez, C. I., Gaut, B. S., & Allison, S. D. (2023). Variation in Sphingomonas 

traits across habitats and phylogenetic clades. Frontiers in Microbiology, 14. 

https://doi.org/10.3389/fmicb.2023.1146165  

 

  



118 
 

Su, Q., Oliver, K. M., Xie, W., Wu, Q., Wang, S., & Zhang, Y. (2015). The whitefly-associated 

facultative symbiont Hamiltonella defensa suppresses induced plant defences in 

tomato. Functional Ecology, 29(8), 1007-1018. https://doi.org/10.1111/1365-

2435.12405  

 

Subramanian, S., Boopathi, T., Nebapure, S. M., Yele, Y., & Shankarganesh, K. (2021). 

Mealybugs. In Omkar (Ed.), Polyphagous Pests of Crops (pp. 231-272). Springer 

Singapore. https://doi.org/10.1007/978-981-15-8075-8_5  

 

Sudakaran, S., Kost, C., & Kaltenpoth, M. (2017). Symbiont Acquisition and Replacement as 

a Source of Ecological Innovation. Trends in Microbiology, 25(5), 375-390. 

https://doi.org/10.1016/j.tim.2017.02.014  

 

Sugio, A., Dubreuil, G., Giron, D., & Simon, J.-C. (2014). Plant–insect interactions under 

bacterial influence: ecological implications and underlying mechanisms. Journal of 

Experimental Botany, 66(2), 467-478. https://doi.org/10.1093/jxb/eru435  

 

Summerville, W. A. T. (1928). Mealy Bug Attacking Paspalum Grass in the Cooroy District. 

Queensland Agricultural Journal, 30, 201-208 

 

Szabó, G., Schulz, F., Toenshoff, E. R., Volland, J.-M., Finkel, O. M., Belkin, S., & Horn, M. 

(2017). Convergent patterns in the evolution of mealybug symbioses involving 

different intrabacterial symbionts. The ISME Journal, 11(3), 715-726. 

https://doi.org/10.1038/ismej.2016.148  

 

Szklarzewicz, T., Michalik, A., & Michalik, K. (2020). The Diversity of Symbiotic Systems in 

Scale Insects. In M. Kloc (Ed.), Symbiosis: Cellular, Molecular, Medical and 

Evolutionary Aspects (pp. 469-495). Springer International Publishing. 

https://doi.org/10.1007/978-3-030-51849-3_18  

 

Szűcs, M., Melbourne, B. A., Tuff, T., Weiss-Lehman, C., & Hufbauer, R. A. (2017). Genetic 

and demographic founder effects have long-term fitness consequences for colonising 

populations. Ecology Letters, 20(4), 436-444. https://doi.org/10.1111/ele.12743  

 

Tarlinton, B. (2021). Phylosymbiosis and the microbiome of the native Australian stingless 

bee Tetragonula carbonaria (QUT ePrints ID 212693). Queensland University of 

Technology. Brisbane, Queensland, Australia. https://eprints.qut.edu.au/212693/ 



119 
 

 

Thao, M. L., Gullan, P. J., & Baumann, P. (2002). Secondary (γ-Proteobacteria) 

Endosymbionts Infect the Primary (β-Proteobacteria) Endosymbionts of Mealybugs 

Multiple Times and Coevolve with Their Hosts. Applied and Environmental 

Microbiology, 68(7), 3190-3197. https://doi.org/10.1128/AEM.68.7.3190-3197.2002  

 

Therneau, T. M., Lumley, T., Atkinson, E., & Crowson, C. (2023). survival: Survival Analysis 

[R package]. The Comprehensive R Archive Network. https://cran.r-

project.org/package=survival 

 

Thomas, A., & Ramamurthy, V. V. (2014). Morphological and Molecular Studies on the 

Intraspecific Variations Between Populations of the Cotton Mealybug Phenacoccus 

solenopsis Tinsley (Hemiptera: Pseudococcidae). Entomological News, 123(5), 339-

347. https://doi.org/10.3157/021.123.0504  

 

Thomson, M. B., Campbell, S. D., & Young, A. J. (2021). Ground pearls (Hemiptera: 

Margarodidae) in crops and pastures: biology and options for management. Crop and 

Pasture Science, 72(9), 762-771. https://doi.org/10.1071/CP20235  

 

Tong, H.-J., Ao, Y., Li, Z.-H., Wang, Y., & Jiang, M.-X. (2019). Invasion biology of the cotton 

mealybug, Phenacoccus solenopsis Tinsley: Current knowledge and future directions. 

Journal of Integrative Agriculture, 18(4), 758-770. https://doi.org/10.1016/S2095-

3119(18)61972-0  

 

Tong, H., Wang, Y., Wang, S., Omar, M. A. A., Li, Z., Li, Z., Ding, S., Ao, Y., Wang, Y., Li, F., 

& Jiang, M. (2022). Fatty acyl-CoA reductase influences wax biosynthesis in the 

cotton mealybug, Phenacoccus solenopsis Tinsley. Communications Biology, 5(1), 

1108. https://doi.org/10.1038/s42003-022-03956-y  

 

Trifinopoulos, J., Nguyen, L.-T., von Haeseler, A., & Minh, B. Q. (2016). W-IQ-TREE: a fast 

online phylogenetic tool for maximum likelihood analysis. Nucleic acids research, 

44(W1), W232-W235. https://doi.org/10.1093/nar/gkw256  

 

Van Arnam, E. B., Currie, C. R., & Clardy, J. (2018). Defense contracts: molecular protection 

in insect-microbe symbioses. Chemical Society Reviews, 47, 1638-1651. 

https://doi.org/https://doi.org/10.1039/C7CS00340D  

 



120 
 

Van Moll, L., De Smet, J., Cos, P., & Van Campenhout, L. (2021). Microbial symbionts of 

insects as a source of new antimicrobials: a review. Critical Reviews in Microbiology, 

47(5), 562-579. https://doi.org/10.1080/1040841X.2021.1907302  

 

Varshney, R. K. (1992). A check list of the scale insects and mealy bugs of South Asia. Part-

1. In Records of the Zoological Survey of India (Vol. 139, pp. 1-152). 

 

Vea, I. M., Tanaka, S., Shiotsuki, T., Jouraku, A., Tanaka, T., & Minakuchi, C. (2016). 

Differential Juvenile Hormone Variations in Scale Insect Extreme Sexual Dimorphism. 

PLOS One, 11(2), e0149459. https://doi.org/10.1371/journal.pone.0149459  

 

von Dohlen, C. D., Kohler, S., Alsop, S. T., & McManus, W. R. (2001). Mealybug β-

proteobacterial endosymbionts contain γ-proteobacterial symbionts. Nature, 

412(6845), 433-436. https://doi.org/10.1038/35086563  

 

Wang, T., Pan, L., Zhang, Y., & Dai, W. (2015). Morphology of the mouthparts of the 

spittlebug Philagra albinotata Uhler (Hemiptera: Cercopoidea: Aphrophoridae). 

Arthropod Structure & Development, 44(2), 121-130. 

https://doi.org/10.1016/j.asd.2014.12.001  

 

Wang, Y. S., Dai, T. M., Tian, H., Wan, F. H., & Zhang, G. F. (2019). Comparative analysis of 

eight DNA extraction methods for molecular research in mealybugs. PLOS One, 

14(12), e0226818. https://doi.org/10.1371/journal.pone.0226818  

 

Wang, Y.-S., Dai, T.-M., Tian, H., Wan, F.-H., & Zhang, G.-F. (2020a). Range expansion of 

the invasive cotton mealybug, Phenacoccus solenopsis Tinsley: An increasing threat 

to agricultural and horticultural crops in China. Journal of Integrative Agriculture, 

19(3), 881-885. https://doi.org/10.1016/S2095-3119(19)62765-6  

 

Wang, Y.-B., Ren, F.-R., Yao, Y.-L., Sun, X., Walling, L. L., Li, N.-N., Bai, B., Bao, X.-Y., Xu, 

X.-R., & Luan, J.-B. (2020b). Intracellular symbionts drive sex ratio in the whitefly by 

facilitating fertilization and provisioning of B vitamins. The ISME Journal, 14(12), 

2923-2935. https://doi.org/10.1038/s41396-020-0717-0  

 

  



121 
 

Waterworth, R. A., Wright, I. M., & Millar, J. G. (2011). Reproductive Biology of Three 

Cosmopolitan Mealybug (Hemiptera: Pseudococcidae) Species, Pseudococcus 

longispinus, Pseudococcus viburni, and Planococcus ficus. Annals of the 

Entomological Society of America, 104(2), 249-260. https://doi.org/10.1603/AN10139  

 

Watson, M., May, G., & Bushley, K. E. (2022). Sources of Fungal Symbionts in the 

Microbiome of a Mobile Insect Host, Spodoptera frugiperda. Microbial Ecology. 

https://doi.org/10.1007/s00248-022-02140-3  

 

Wei, J., Li, X., Lu, Y., Zhao, L., Zhang, H., & Zhao, Q. (2019). Modeling the Potential Global 

Distribution of Phenacoccus madeirensis Green under Various Climate Change 

Scenarios. Forests, 10(9), 773. https://doi.org/10.3390/f10090773  

 

Welch, E. W., Macias, J., & Bextine, B. (2015). Geographic patterns in the bacterial 

microbiome of the glassy-winged sharpshooter, Homalodisca vitripennis (Hemiptera: 

Cicadellidae). Symbiosis, 66(1), 1-12. https://doi.org/10.1007/s13199-015-0332-4  

 

Wielkopolan, B., Krawczyk, K., Szabelska-Beręsewicz, A., & Obrępalska-Stęplowska, A. 

(2021). The structure of the cereal leaf beetle (Oulema melanopus) microbiome 

depends on the insect’s developmental stage, host plant, and origin. Scientific 

Reports, 11(1), 20496. https://doi.org/10.1038/s41598-021-99411-9  

 

Weiss, B. L., Maltz, M., & Aksoy, S. (2012). Obligate Symbionts Activate Immune System 

Development in the Tsetse Fly. The Journal of Immunology, 188(7), 3395-3403. 

https://doi.org/10.4049/jimmunol.1103691  

 

Whitton, M. M., Ren, X., Yu, S. J., Trotter, T., Stanley, D., & Bajagai, Y. S. (2022). 

Remediation of Pasture Dieback Using Plant Growth Promotant. Agronomy, 12(12), 

3153. https://doi.org/10.3390/agronomy12123153  

 

Williams, D. J. (1985). Australian mealybugs. British Museum, Natural History Museum, 

London. http://scalenet.info/references/Willia1985/  

 

Win, T. T., Bo, B., Malec, P., & Fu, P. (2021). The effect of a consortium of Penicillium sp. 

and Bacillus spp. in suppressing banana fungal diseases caused by Fusarium sp. 

and Alternaria sp. Journal of Applied Microbiology, 131(4), 1890-1908. 

https://doi.org/10.1111/jam.15067  



122 
 

 

Windbiel-Rojas, K., & Messenger-Sikes, B. (2020). Sooty Mold. (UC ANR Publication 

74108). University of California. Retrieved from 

https://ipm.ucanr.edu/legacy_assets/pdf/pestnotes/pnsootymold.pdf 

 

Wu, M., Sugimura, Y., Iwata, K., Takaya, N., Takamatsu, D., Kobayashi, M., Taylor, D., 

Kimura, K., & Yoshiyama, M. (2014). Inhibitory effect of gut bacteria from the 

Japanese honey bee, Apis cerana japonica, against Melissococcus plutonius, the 

causal agent of European foulbrood disease. Journal of Insect Science, 14(1). 

https://doi.org/10.1093/jis/14.1.129  

 

Wu, F. Z., Ma, J., Hu, X. N., & Zeng, L. (2015). Homology difference analysis of invasive 

mealybug species Phenacoccus solenopsis Tinsley in Southern China with COI gene 

sequence variability. Bulletin of Entomological Research, 105(1), 32-39. 

https://doi.org/10.1017/S0007485314000674  

 

Xu, D., Wang, K., Zhang, Y., Wang, H., Wu, Q., & Wang, S. (2019). The performance of 

Tetranychus urticae on five melon cultivars is correlated with leaf thickness. 

Systematic and Applied Acarology, 24(4), 645-658. 

https://doi.org/10.11158/saa.24.4.10  

 

Xu, S., Jiang, L., Qiao, G., & Chen, J. (2020). The Bacterial Flora Associated 

with the Polyphagous Aphid Aphis gossypii Glover (Hemiptera: Aphididae) Is Strongly 

Affected by Host Plants. Microbial Ecology, 79(4), 971-984. 

https://doi.org/10.1007/s00248-019-01435-2  

 

Yang, J., Lan, L., Jin, Y., Yu, N., Wang, D., & Wang, E. (2022). Mechanisms underlying 

legume–rhizobium symbioses. Journal of Integrative Plant Biology, 64(2), 244-267. 

https://doi.org/10.1111/jipb.13207  

 

Yang, Q., Umina, P. A., Wei, S., Bass, C., Yu, W., Robinson, K. L., Gill, A., Zhan, D., Ward, 

S. E., van Rooyen, A., & Hoffmann, A. A. (2023). Diversity and Regional Variation of 

Endosymbionts in the Green Peach Aphid, Myzus persicae (Sulzer). Diversity, 15(2), 

206. https://doi.org/10.3390/d15020206  

 

  



123 
 

Yu, G., Smith, D. K., Zhu, H., Guan, Y., & Lam, T. T.-Y. (2017). ggtree: an r package for 

visualization and annotation of phylogenetic trees with their covariates and other 

associated data. Methods in Ecology and Evolution, 8(1), 28-36. 

https://doi.org/10.1111/2041-210X.12628  

 

Yun, J.-H., Roh, S. W., Whon, T. W., Jung, M.-J., Kim, M.-S., Park, D.-S., Yoon, C., Nam, Y.-

D., Kim, Y.-J., Choi, J.-H., Kim, J.-Y., Shin, N.-R., Kim, S.-H., Lee, W.-J., & Bae, J.-W. 

(2014). Insect Gut Bacterial Diversity Determined by Environmental Habitat, Diet, 

Developmental Stage, and Phylogeny of Host. Applied and Environmental 

Microbiology, 80(17), 5254-5264. https://doi.org/10.1128/AEM.01226-14  

 

Zarkani, A., Apriyanto, D., Turanli, F., Ercan, C., & Kaydan, M. B. (2021). A checklist of 

Indonesian scale insects (Hemiptera: Coccomorpha). Zootaxa, 5016(2), 151-195. 

https://doi.org/10.11646/zootaxa.5016.2.1  

 

Zhang, Z., Schwartz, S., Wagner, L., & Miller, W. (2000). A greedy algorithm for aligning 

DNA sequences. Journal of Computational Biology, 7(1-2), 203-214. 

https://doi.org/10.1089/10665270050081478  

 

Zhang, P., Zhu, X., Huang, F., Liu, Y., Zhang, J., Lu, Y., & Ruan, Y. (2011). Suppression of 

Jasmonic Acid-Dependent Defense in Cotton Plant by the Mealybug Phenacoccus 

solenopsis. PLOS One, 6(7), e22378. https://doi.org/10.1371/journal.pone.0022378  

 

Zhang, B., Edwards, O., Kang, L., & Fuller, S. (2014). A multi-genome analysis approach 

enables tracking of the invasion of a single Russian wheat aphid (Diuraphis noxia) 

clone throughout the New World. Molecular Ecology, 23(8), 1940-1951. 

https://doi.org/10.1111/mec.12714  

 

Zhang, P.-J., Huang, F., Zhang, J.-M., Wei, J.-N., & Lu, Y.-B. (2015). The mealybug 

Phenacoccus solenopsis suppresses plant defense responses by manipulating JA-

SA crosstalk. Scientific Reports, 5(1), 9354. https://doi.org/10.1038/srep09354  

 

Zhao, J., Liu, Y., Xu, S., Wang, J., Zhang, Z., Wang, M.-Q., Turlings, T. C. J., Zhang, P., & 

Zhou, A. (2023). Mealybug salivary microbes inhibit induced plant defenses. Pest 

Management Science [Advance online publication]. https://doi.org/10.1002/ps.7600  

 



124 
 

Zhou, L., Feng, T., Xu, S., Gao, F., Lam, T. T., Wang, Q., Wu, T., Huang, H., Zhan, L., Li, L., 

Guan, Y., Dai, Z., & Yu, G. (2022). ggmsa: a visual exploration tool for multiple 

sequence alignment and associated data. Briefings in Bioinformatics, 23(4). 

https://doi.org/10.1093/bib/bbac222  

 

Zytynska, S. E., Tighiouart, K., & Frago, E. (2021). Benefits and costs of hosting facultative 

symbionts in plant-sucking insects: A meta-analysis. Molecular Ecology, 30(11), 

2483-2494. https://doi.org/10.1111/mec.15897  

 

 


