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Abstract 
Pasture dieback is a complex condition likely involving a range of pre-disposing biotic and abiotic 
factors. The role and impact of these factors are poorly understood. This project aimed to clarify the 
range of pathogenic organisms associated with pasture dieback across multiple regions in 
Queensland, as well as northern New South Wales (NSW), to assess for pathogenicity.  

The project was conducted through three concurrent activities; 1. Field sampling of plants and soil at 
paired sites; 2. Laboratory analysis of these samples; 3. Pathogenicity testing of specific pathogenic 
organisms determined from the analysis of field collected samples.  

The knowledge of multiple potential causal agents or co-factors of pasture dieback has improved. 

Limited regional variation was detected in the suite of pathogens isolated from material collected in 

Queensland surveys.  Microbiome research demonstrates very similar microbiomes across single 

point sampled symptomatic and non-symptomatic plants and that there is no clear, bacterial or 

fungal population strongly associated with symptomatic plants that indicates a single causal 

microbial pathogen for dieback. Virology research conducted during the project indicate a range of 

viruses present in both symptomatic and non-symptomatic plants. Some of these are novel i.e. have 

not been recorded previously. Others represent new host or geographic records for known viruses. 

Grass velariviruses warrant further investigation as it is possible these viruses play a role in pasture 

dieback. Research into the pasture mealybug provides evidence of direct and persistent impact on 

the productivity and survival of Bisset creeping blue grass. However, as the precise mechanism of 

plant death was not investigated there is a possibility that the impact, and subsequent plant death, 

could be the result of factors in addition to direct feeding by pasture mealybug e.g. a disease 

vectored by mealybug. Gaining an understanding of the mechanism is important in predicting the 

medium-long term viability of the infected pasture and the selection of appropriate management 

tactics. 

The outcomes of this project have improved the knowledge of potential causal agents including the 

impact these can have on pasture productivity and will guide future research into effective 

management solutions to restore pasture productivity and business profitability. 
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Executive summary 

Background 

Pasture dieback is a complex condition likely involving a range of pre-disposing biotic and abiotic 
factors. The role and impact of these factors are poorly understood. This project aimed to clarify the 
range of pathogenic organisms associated with pasture dieback across multiple regions in 
Queensland, as well as northern New South Wales (NSW), to assess for pathogenicity.  

Due to the complexities and likely range of pre-disposing biotic and abiotic factors of this condition, 
this project investigated multiple potential causal agents including fungi, bacteria, viruses and 
insects. To our knowledge no other project has examined this range of potential causal agents for 
pasture dieback at one time, in one project.  This project aimed to identify causal agents of pasture 
dieback and the impact of these agents on pasture productivity and provide guidance for future 
research into effective management solutions to restore pasture productivity and business 
profitability. 

Objectives 

The objectives of this project are: 
1. Improved knowledge of the potential causal agents or co-factors of pasture dieback using 

pathogenicity testing.  
2. Gain knowledge of pathogenic organisms present in the pasture affected by dieback from 

geographical areas where plant and soil samples have not been previously collected. 

Knowledge of multiple potential causal agents or co-factors of pasture dieback has improved 
through the analysis of plant and soil samples from affected and unaffected areas, and the 
pathogenicity testing of multiple fungi, viruses and the pasture mealybug.  

Multiple extensive field surveys across pasture dieback affected regions in Queensland were 
undertaken. These field surveys provided samples for the pathogenicity testing of potential 
pathogenic organisms. Results to date show that there are limited differences in the suite of 
pathogens (viruses, bacteria, fungi) found in association with pasture dieback in different regions of 
Queensland. Observations during surveys indicate an association of pasture dieback with the 
presence of pasture mealybug. 

All project objectives have been met.  

 
Methodology 

This project was conducted by undertaking three activities. 

1. Field sampling to collect additional plant and soil samples for analysis.  

a. Sampling occurred mainly in southern Queensland as the central and northern 

Queensland areas were sampled just prior to the project starting. 

2. The analysis of samples collected just prior to the project starting, and during the project. 

a. Plant and soil samples were analysed for multiple pathogen organisms including 

fungi, viruses and insects. The microbiome of plants and rhizosphere was also 

analysed. 

3. Pathogenicity testing of specific pathogenic organisms determined from the analysis of field 

collected samples. 

a. Pathogenicity testing of two fungi and the pasture mealybug were conducted during 

the project. 
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Results/key findings 

¶ The knowledge of multiple potential causal agents or co-factors of pasture dieback has 

improved through the analysis of plant and soil samples from affected and unaffected areas, 

and the pathogenicity testing of multiple fungi and the pasture mealybug.  

¶ Multiple field surveys across pasture dieback affected regions in Queensland (southern, 

central and northern) and subsequent sample analysis indicate it is unlikely that different 

casual agents of pasture dieback occur in different regions of Queensland  

¶ No evidence was found for a link between fungal pathogens and pasture dieback. However, 

some known fungal pathogens do occur in conjunction with pasture dieback e.g. buffel grass 

blight (Pyricularia grisea).  

¶ Microbiome research demonstrates very similar microbiomes across single point sampled 

symptomatic and non-symptomatic plants and that there was not a clear, bacterial or fungal 

population strongly associated with symptomatic plants to indicate a possible single causal 

agent for dieback.  

¶  Virology research conducted during the project indicate a range of viruses present in both 

symptomatic and non-symptomatic plants. Some of these are novel i.e. have not been 

recorded previously. Others represent new host or geographic records for known viruses. 

Grass velariviruses warrant further investigation as it remains possible that these viruses 

play a role in pasture dieback.  

¶ Analysis of soil chemistry and nutrient levels, and investigation of ground pearl and 

nematodes, do not provide clear evidence of a causal link with pasture dieback.   

¶ Replicated field research demonstrated that uncontrolled, high-density infestations of the 

pasture mealybug can cause the rapid onset of dieback symptoms, decline in plant growth 

and plant death.  Control of pasture mealybug infestations at early onset of symptoms 

resulted in recovery of pasture productivity. These results apply only to Bisset creeping blue 

grass, it is unclear if these can be reliably extrapolated to other species/varieties. Due to the 

precise mechanism of plant death not being investigated, there is a possibility that the 

impact, and subsequent plant death, could be the result of factors in addition to direct 

feeding by pasture mealybug e.g. a disease vectored by mealybug.  

Benefits to industry 

The outcomes of this project provide empirical evidence of the role of pasture mealybug on one 

variety of pasture and indicate no evidence of a single fungal, bacterial or viral pathogen associated 

with pasture dieback. Current project outcomes will guide future research into effective 

management solutions to restore pasture productivity and business profitability.  
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Future research and recommendations 

Despite the significant research effort and improvement in knowledge of pathogenic organisms 

associated with pasture dieback, further research is required to overcome the limitations 

encountered and to answer new questions that emerged during the project. These include: 

1. New field-based sampling experiments to track impacts of pasture dieback over time.  

Building on knowledge already generated from selected sites, new experiments are needed where 

repeated plant and soil samples are collected from set locations to determine changes in pathogenic 

(and beneficial) organisms and the plant and soil microbiome over time (1 ς 2 years). 

2. Investigation of the mechanism/s of pasture dieback, with focus on pasture mealybug as the 

primary causal agent.  

While there is evidence of direct and persistent impact of pasture mealybug infestations on the 

productivity and survival of Bisset creeping bluegrass (i.e. pasture mealybugs can cause pasture 

dieback), it cannot be concluded that mealybug alone are producing the effects observed. A critical 

need is to investigate the potential involvement of pathogens transmitted by the pasture mealybug, 

including viruses and other micro-organisms. Also, further research is needed to fully explore the 

range of pathogens present, especially viruses, and continue through to pathogenicity testing. 

3. Undertake wider screening of sown/improved and natives grass species to the pasture mealybug.   

Due to the association of pasture mealybugs and pasture dieback on multiple grass species, research 

is needed to screen a broad range of introduced (and potentially native) pasture species. Attention 

to the suitability of the different grasses for pasture mealybug population establishment, build up 

and persistence is as important as the relative impact of mealybug. Understanding the likely 

population dynamics of pasture mealybugs in the different pasture grasses will make a valuable 

contribution to management of mealybug.  

4. Undertake additional analysis of soil sample data. 

Additional analysis is needed to include pasture mealybug as a factor (as done with diversity 

measures) in nematode and nutrient analyses. While it is unlikely there is an association or 

correlation between mealybugs, nematodes and soil nutrient levels, analysis is required to complete 

the understanding of the relationship between these factors. Further multivariate analysis 

combining the ground pearl, nematode, soil nutrient, alpha diversity and eukaryote data is also 

required. 
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1. Background 

Pasture dieback is a condition causing premature death of tropical and sub-tropical grass pastures 
across Queensland and New South Wales. Sown grass pasture species are mainly affected by pasture 
dieback in southern, central and northern districts of eastern Queensland.  Pasture productivity is 
severely affected by pasture dieback and cattle do not graze these areas resulting in beef production 
losses. Surveys and discussions with graziers indicate pasture dieback can affect properties for 
multiple years. Economic analysis undertaken in the Meat and Livestock Australia (MLA) project 
B.PAS.0511 (Buck et. al., 2022) indicated that a short-term pasture dieback scenario (stocking rate 
reduction for 4 years) reduced the profitability of an average sized central Queensland property by 
$66,320, compared to a reduction in profitability of $181, 701 in a long-term pasture dieback 
scenario (stocking rate reduction for 8 years).  Due to the magnitude of these economic losses, 
graziers are anxious to understand the cause(s) of pasture dieback and implement management 
solutions that are cost-effective to restore pasture productivity.   

Pasture dieback is a complex condition likely involving a range of pre-disposing biotic and abiotic 
factors, and the role and impact of these factors are poorly understood. This project aimed to clarify 
the range of pathogenic organisms associated with pasture dieback across multiple regions in 
Queensland, as well as northern New South Wales (NSW), to assess for pathogenicity.  

This project expanded the identifications already conducted on existing samples collected by the 
Department of Agriculture and Fisheries (DAF) during the first half of 2020 and undertook additional 
micro-eukaryotic diversity profiling of these samples. Likely causal agents or co-factors from this and 
other analysis were tested for pathogenicity in controlled (e.g. glasshouse) and field environments. 
Experienced pasture agronomists and scientists in fungal plant pathology, entomology, virology and 
bacteriology conducted further field inspections comprising surveys and sample collection in 
geographical areas where samples have not previously been collected. 

Due to the complexities and likely range of pre-disposing biotic and abiotic factors of this condition, 
this project investigated multiple potential causal agents including fungi, bacteria, viruses and 
insects. To our knowledge no other project has examined this range of potential causal agents at one 
time in one project.  The outcomes of this project will improve the knowledge of potential causal 
agents including the impact these can have on pasture productivity, and guide future research into 
effective management solutions to restore pasture productivity and business profitability. 

2. Objectives 

The objectives of this project were: 
1. Improved knowledge of the potential causal agents or co-factors of pasture dieback using 

pathogenicity testing.  
2. Gain knowledge of pathogenic organisms present in the pasture affected by dieback from 

geographical areas where plant and soil samples have not been previously collected. 
 
All project objectives have been met.  
 
Knowledge of multiple potential causal agents or co-factors of pasture dieback has improved 

through the analysis of plant and soil samples from affected and unaffected areas, and the 

pathogenicity testing of multiple fungi and viruses and the pasture mealybug.  

Multiple extensive field surveys across pasture dieback affected regions in Queensland (southern, 

central and Northern) were undertaken. Despite plans to do so, no field surveys were undertaken in 

New South Wales due to the impact of the Covid-19 pandemic (staff travel restrictions, work from 
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home orders, and closed state boarder for extended periods) during the project period. Field surveys 

provided samples for the pathogenicity testing of potential pathogenic organisms. Results to date 

indicate it is unlikely that there are different casual agents of pasture dieback in different regions of 

Queensland i.e. it is likely grasses exhibiting pasture dieback symptoms across Queensland are 

impacted by the same (or similar) pathogenic organism(s). 

3. Methodology 
This project was conducted by undertaking three activities. 

1. Field sampling to collect additional plant and soil samples 

2. The analysis of plant and soil samples collected just prior to the project starting, and during 

the project 

3. Pathogenicity testing of specific pathogenic organisms determined from the analysis of field 

collected samples 

3.1 Field sampling 

DAF project staff conducted field sampling trips across central and northern Queensland between 

February and July 2020. These were conducted just prior to the project commencing with MLA and 

were undertaken due to the presence of suitable pasture conditions and the availability of staff time. 

The first trip was in March 2020 in central Queensland. This trip was one of the larger trips 

conducted due to the number of properties affected by dieback at that time. Diagnostic scientific 

staff gained experience and a better understanding of pasture dieback expression across a range of 

pasture situations. Also, the trip enabled the fine tuning of sampling methodology for future trips. 

Subsequent sampling trips were conducted during the project including trips to a small number of 

individual sites. A summary of these trips is outlined in Table 1. A collection of photos from these 

trips are shown in Figs. 1 ς 5. 

Table 1. Summary details of field sampling trips before and during the project. 

Region Nearest Town Number of 
properties/locations 

sampled 

Number 
of sites 

sampled 

Date 

Central Qld Bajool 2 3 March 2020 

Thangool 2 3 March 2020 

Biloela 1 5 March 2020 

Banana 3 9 March 2020 

Rannes 1 1 Feb 2020 
Dululu 1 1 Feb 2020 

Moura 2 6 March 2020 

Rolleston 1 2 March 2020 
Anakie 1 4 March 2020 

Emerald 1 1 October 2020 

Comet 2 4 March-April 2020 

Moranbah 1 1 June 2020 
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Region Nearest Town Number of 
properties/locations 

sampled 

Number 
of sites 

sampled 

Date 

Southern 
Qld 

Coulson 1 4 March 2020 

Gayndah 1 4 April 2020 
Kalbar 3 6 May 2020 

Amamoor 1 1 April 2021 

Mooloo 1 2 April 2021 
Calico creek 1 1 April 2021 

Kaimkillenbun 1 2 March 2021 

Glastonbury 1 2 April 2021 

Owanyilla 1 1 April 2021 
Region Nearest Town Number of 

properties/locations 
sampled 

Number 
of sites 

sampled 

Date 

Northern 
Qld 

Mt Garnet 1 2 June 2020 

Ingham 1 2 June 2020 

Ravenshoe 1 2 July 2020 

Jaggan 1 2 July 2020 
Julatten 1 2 August 2020 

Malanda 1 2 August 2020 

Total  35 75  

 

Figure 1. Using hand lens to inspect leaves for pathogenic organisms. 
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Figure 2. Surveying a pasture affected by pasture dieback. 

 

Figure 3. Undertaking pasture surveying and sampling by mobile phone spotlight. 
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Figure 4. Inspecting and sampling a pasture affected by dieback. 

 

Figure 5. Discussions, surveying and sampling in the paddock. 
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To ensure robust field sampling methodologies, protocols were designed by project staff across 

multiple disciplines. This included project staff knowledge of field sampling procedures for 

pathogenic organisms (i.e. DAF project staff experience), inputs from DAF staff with knowledge of 

pastures and sampling protocols (i.e. experience from other DAF specialists), and from a sampling 

strategy document collaboratively compiled by project staff and other organisations (New South 

Wales DPI) including those funded by MLA (University of Queensland, Applied Horticulture Research) 

to undertake pasture dieback research.  

To ensure effective use of the time in the field, all sites were visited prior to ensure pasture dieback 

was present (as opposed to other stress factors such as moisture or nutrient stress), plan which 

locations on the property to sample so a paired sampling strategy could be accomplished, and to 

determine the most time efficient property visit order. Depending on the situation a paired sampling 

strategy was undertaken which entailed: 

¶ Locating a pasture site with dieback (symptomatic) close to a pasture site without dieback 

(non-symptomatic) i.e. paired site 

¶ Each site contains the same pasture species, or mix of 

¶ Each site be on a similar or the same soil type 

¶ Each site be sampled at the same time 

¶ The recording of site demographic data including grazing and paddock management 

¶ Taking photos at each recording site. 

If obvious pasture dieback symptoms were observed on road-sides, these were also sampled 

however these made up a low percentage of the total number of sites. Some of the road-side sites 

were not paired, that is no samples from an unaffected area was collected. At each site multiple 

samples were collected as outlined in Table 2. 

Table 2. Details of plant and soil samples collected at field sampling sites 

Type of sample Plant parts; depth of soil sample {ŀƳǇƭŜǎ ŀƴŀƭȅǎŜŘ ŦƻǊΧ. 
Plant Leaves Viruses; microbiome; fungi 

Stems Viruses; microbiome; fungi 

Roots Microbiome; fungi 
Rhizosphere soil Microbiome; micro-eukaryote 

Soil 0-10cm Soil chemistry and nutrients 

Nematodes 

Ground pearls 

10-30cm Soil chemistry and nutrients 

Nematodes 

Ground pearls 

 

The presence of insects, especially the pasture mealybug in above ground plant parts and leaf 

litter/thatch, were also recorded at all sites visited. Observations that were recorded at each site are 

outlined in Table 3. 
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Table 3. Details of recordings at each site sampled. 

Property and pasture 
demographic information 

Location/nearest town Grazing and paddock 
management 

GPS location of each site When dieback was first noticed 

Date of sampling Soil type 

OwnerΩs details Weather conditions 
Predominant pasture type A record of samples collected 

Individual site details Grass species Presence of insects including 
pasture mealybug 

Stage of dieback Leaf disease symptoms 

Dieback symptoms Sample types, reference numbers 

 

3.2 Analysis of field collected samples 

All samples collected were prepared and analysed according to standard scientific protocols for the 

sample type. Details of these methodologies are outlined in the Results section pertaining to the 

type of pathogen or soil analysis undertaken.  

3.3 Pathogenicity testing of specific pathogenic organisms 

Pathogenicity testing of specific organisms occurred throughout the project as these were 

discovered. Pathogenicity testing occurred with fungi, viruses and pasture mealybug, results of 

which are outlined in the Results section pertaining to the specific pathogen. 

4. Results 

4.1 Plant pathology analysis and pathogenicity testing 

Plant pathology assessments of grasses affected by pasture dieback in northern Queensland 

recorded that two pathogenic fungal organisms, Gaeumannomyces sp. and Colletotrichum sp. were 

commonly present on two grasses, Digit and Rhodes grass. As these fungi are known to be 

pathogenic on pasture grasses, pathogenicity testing under glasshouse conditions was undertaken to 

determine if these can cause pasture dieback symptoms i.e. leaf discolouration and plant death. 

4.1.1 Fungal inoculation methodology 

4.1.1.1 Inoculum production 

A range of field and glasshouse pathogenicity testing techniques have been successfully used in the 

production of Gaeumannomyces inoculum (Singleton et al. 1992). Two methods were selected and 

assessed against isolates of both G. graminicola and Colletotrichum sp. for glasshouse experiments 

conducted at the Department of Agriculture and Fisheries (DAF), Mareeba Research Facility. 

1. Steel-cut organic oats (Red Tractor Foods) ς 500g were soaked overnight in sterile distilled 

water, and excess water decanted the following day.  The oats (100g) were placed into 

500ml volumetric flasks and sealed with cottonwool bungs covered with aluminium alfoil 

before being autoclaved 3 times at 121°C to ensure sterility. 
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2. Sandςcornmeal-water medium.  Dry sand (500g) and 15g of coarse polenta (Siena) was 

mixed with 65 mL of sterile distilled water.  The same weight and process as with method 1 

was followed. 

Cultures of G. graminicola and Colletotrichum sp. grown on malt extract agar (MEA) were used to 

inoculate the two different media.  Four (5mm) plugs were cut from the actively growing margin of 

both cultures and placed on the surface of the media.  Flasks were kept at 25°C and shaken on a 

weekly basis for five weeks to evenly distribute the fungus throughout the flask. 

4.1.1.2 Glasshouse experiment 1 

Soil was collected from a local housing development and sieved to remove rocks and large clods 

before being moistened with water containing water crystals to allow water absorption.  

Moistened paper towel was placed over the drainage holes before adding 2 cm of coarse sand at the 

bottom of 200mm diameter pots, then filled with soil to within 5 cm of the top.  Each pot was 

covered with aluminium foil for seven days to allow the germination of weeds which were removed 

before applying the inoculum and sowing with pasture seed.  Inoculum (oats) of each isolate (5g) 

was spread evenly across the soil surface then covered with 1 cm of soil before sprinkling seed of 

Digit grass (Digitaria eriantha) cv. Premier and Rhodes grass (Chloris gayana) cv Epica.  The seed was 

again covered with 1 cm of soil then watered to allow germination.  The experiment consisted of five 

replicates plus two control pots for each pasture species, 24 pots in total. 

Assessments were conducted visually, microscopically and through fungal isolations at two and four 

months (post inoculation). Confirmation of G. graminicola was determined by the presence of 

hyphopodia and not the presence of fungal hyphae as other fungal organisms have similar 

characteristics. 

4.1.1.3 Glasshouse experiment 2 

Soil was again sourced from the same location as was used in Experiment 1. In addition, the soil was 

autoclaved (121°C) three times to minimise any naturally occurring fungal organisms or insects that 

may affect the experiment. 

The setup for Experiment 2 was identical to that of Experiment 1, but with the addition of Buffel 

grass (Cenchris ciliaris) cv. Gayndah, as this is one of the most dominant species affected by pasture 

dieback.  The only isolate used in Experiment 2 was G. graminicola as Colletotrichum sp. was not 

recovered from any plants in Experiment 1.  The number of inoculated pots was increased from five 

to seven, whilst the number of control pots remained at two, resulting in a total of 27 pots. The 

experiment was initiated in April 2021 and situated in the pathology glasshouse at the Mareeba DAF 

Research Facility.  Assessments were conducted at two and seven months (post inoculation) by 

visual, microscopic inspection and fungal isolations (where appropriate). As with experiment one, 

the presence of G. graminicola was based on the presence of hyphopodia. 

4.1.2 Sample assessment and fungal identification methodology   

Samples collected during surveillance activities, in most instances, were divided into two portions 

and assessed at two separate laboratories (Ecosciences Precinct, Dutton Park Brisbane and 

Mareeba).  This allowed for comparison of fungal organisms recovered.  Samples were assessed 

using a dissecting microscope and observations noted on the presence of fungal organisms.  Material 

was subsequently washed to remove soil particles before surface sterilizing in 1% sodium 

hypochlorite for 1-2 minutes, then blotted dry.  Small sections (1-2mm of discoloured root or stem 

material) were placed onto malt extract agar (MEA), incubated at 25°C and assessed for evidence of 
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fungal growth.  Cultures were placed under black-light to induce the development of sporing 

structures, then identified microscopically to genera level. Where appropriate, single spore cultures 

were prepared and sent to Ecosciences Precinct for molecular identification to species level. 

4.1.3 Fungal inoculation results 

4.1.3.1 Inoculum production 

After one week of incubation, the growth of G. graminicola and Colletotrichum sp. established well 

on both the oats and sand-cornmeal media.  However, the weekly shaking of the flasks had a 

negative impact and resulted in limited to no growth of G. graminicola and Colletotrichum sp. after 

five weeks on the sand-cornmeal media.  The sand-cornmeal media was discarded as a result, 

leaving the oats as the only source of inoculum used for both glasshouse experiments.  Inoculated 

oats were removed from the flasks and airdried on blotting paper for 3 days before being crushed 

into small fragments (1-3mm). 

4.1.3.2 Glasshouse experiment 1 

Symptoms of blackening were observed (one month, post inoculation) at the crown level of Digit 

grass plants inoculated with G. graminicola, but symptoms were not observed on the Rhodes grass.  

Symptomatic plants were removed together with asymptomatic control plants and assessed 

microscopically.  Hyphopodia (plant attachment structures of the fungus) were observed at the base 

of symptomatic plants only and isolations were successful in the recovery of the organism.  Isolates 

were sent to ESP for verification and G. graminicola (BRIP 71996) was confirmed.  Microscopic 

assessments and isolations conducted from the control plants did not recover G. graminicola. 

Two months post inoculation and all pots were visually inspected, prior to the plants being cut back.  

Symptomatic plants were removed from the pots and assessed microscopically, and isolations 

conducted.  Control plants were also assessed using the same method.  All treatments exhibited 

some evidence of leaf chlorosis and death of old leaves.  Basal stem browning was observed in three 

of the five replicates of Digit grass inoculated with Colletotrichum sp., but similar symptoms were 

not observed in the Rhodes grass inoculated pots.  Isolations were not successful in the recovery of 

Colletotrichum sp., indicating the organism was not pathogenic. 

Four of the five replicates of both Rhodes and Digit grass inoculated with G graminicola, had 

evidence of stem browning.  Lobed hyphopodia were consistently observed (microscopically) at the 

base of plants and isolations conducted from this region as well as roots were successful in the 

recovery of G. graminicola.  The recovery of the organisms was more consistent from the stem 

portions than the roots. No fungal organisms were recovered from any of the control plants. 

The second assessment was conducted at four months post inoculation (January 2021), and all pots 

were again visually inspected, prior to being cut back.  Symptomatic plants were removed, then 

washed to remove soil, prior to microscopic examination and fungal isolations.  Plants from the 

control pots were also assessed using the same method.  Regardless of the inoculation treatment or 

the host species, most plants exhibited varying levels of leaf chlorosis, and death of old leaves.  In 

addition, basal stem browning and complete death of plants and tillers (where present) was also 

observed.  Similar symptoms were also observed in one of the Digit grass control pots after the 

experiment was moved to an area in the glasshouse with automatic irrigation.  On microscopic 

examination, it was evident that plants in some of the inoculated pots had produced perithecia, the 

sexual state of G. graminicola.  In this phase, spores are ejected from the mature perithecia 
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(triggered by rain), but in this instance initiated by the overhead irrigation.  The ejection of these 

spores has been responsible for the unfortunate infection of one of the control pots. 

Samples were taken from each of the inoculation treatments and the pasture species.  Visual 

assessments were also conducted, noting the presence or absence of mealybugs in individual pots.  

In all but one instance, the microscopy assessment for G. graminicola was backed up with a positive 

recovery through isolations (Table 4).  The anomaly was that of control pot 1 of Digit grass, whereby 

typical symptoms were observed microscopically, however isolations were not successful in the 

recovery of the organism.  It is hypothesised that this was due to the low incidence of the organism 

in comparison to the inoculated pots.  

Table 4. Microscopy, isolation results and visual assessments conducted at the second assessment. 

V  Positive assessment   U   Negative assessment 

Low levels of mealybugs were evident in most pots and numbers increased prior to the experiment 

being terminated at the end of February 2021.  Samples were collected and sent to Biosecurity 

Queensland for identification and were confirmed as Heliococcus summervillei, the paspalum 

mealybug (Brooks, 1978) which has been associated with pasture dieback since the early 1920Ωs. 

4.1.3.3 Glasshouse experiment 2 

The germination rate of the Digit and Rhodes grass seed was consistent, however the seed of the 

Buffel grass (cv. Gayndah) had to be resown twice due to the low germination rate.  Therefore, the 

growth of the Buffel grass was behind that of the other grasses by about two weeks.   

Whole plants were removed from the pots at two (June 2021) and seven months post inoculation 

(November 2021), examined microscopically and fungal isolations conducted where necessary. 

Based on the microscopic examination, G. graminicola was observed in 5 of the 7 replicates of 

Rhodes grass, and 1 of the 7 replicates of Digit grass.  At this assessment, there was no evidence of 

Digit grass 
(cv. Premier) 

G. graminicola Colletotrichum sp. 
Microscopy Isolation Mealybugs 

(Visual) 
Microscopy Isolation Mealybugs (Visual) 

 

Rep 1 V V U U U V 

Rep 2 V V U U U V 

Rep 3 Sample not taken V U U V 

Rep 4 V V V U U V 

Rep 5 Sample not taken V U U V 

Control 1 V U U U U U 

Control 2 Sample not taken U U U U 

   
Rhodes grass 

(cv. Epica) 
G. graminicola Colletotrichum sp. 

Microscopy Isolation Mealybugs 
(Visual) 

Microscopy Isolation Mealybugs (Visual) 
 

Rep 1 V V V U U V 

Rep 2 V V U U U V 

Rep 3 Sample not taken U U U V 

Rep 4 Sample not taken V U U U 

Rep 5 V V V U U V 

Control 1 U U V U U V 

Control 2 U U V U U V 
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the fungus on any of the Buffel grass replicates.  Isolation results were similar to the microscopic 

observations in the Rhodes grass, with only one replicate (6) not confirmed.  However, there was a 

higher recovery in both the Digit and Buffel grass as shown in Table 5.  Even though hyphopodia 

were not seen, similar fungal hyphae were observed in 6 of the 7 replicates of both the Digit and 

Buffel grass pots.  There was no evidence of mealybugs at the first assessment, indicating the pre-

sterilization process of the soil was successful.   

Table 5.  Comparison of microscopic assessment and the recovery of G. graminicola from fungal 

isolations at two months post inoculation. 

 

The second assessment was extended to seven months (post-inoculation) due to the cooler weather 

conditions experienced, compared to the timing of Experiment 1.  Only visual and microscopic 

assessments were conducted.  The number of replicates of all of grass species increased over time 

(Table 6), however, other than obvious death of leaf sheaths and some leaf chlorosis and necrosis, 

plant death was not observed as with Experiment 1. 

Table 6.  Visual observations for G. graminicola at seven months post inoculation 

4.1.4 Field sample assessment and identification results 

A total of 18 samples were received for fungal diagnostics from the Atherton Tablelands (9), in north 
Queensland and Boonah (7) and Dalby (2) in South-East Queensland.  Pasture species consisted of 
Kikuyu (Pennisetum clandestinum - 4), Setaria (Setaria sphacelata - 4), Rhodes grass (C. gayana ς 4), 
Buffel grass (C. ciliaris - 3), and individual samples of Digit grass (Digitaria eriantha), Broadleaf carpet 
grass (Axonopus compressus) and a sample consisting of various species. The latter two samples 
were received from residential properties. 

A range of fungal organisms were identified and are listed in Table 7, however not all were identified 
by molecular sequencing due to time and money constraints.  Those identified by molecular 

Replicate Digit grass cv. Premier Rhodes grass cv. Epica Buffel grass cv. Gayndah 

 Microscopy Isolations Microscopy Isolations Microscopy Isolations 

1 Negative Positive Negative Negative Negative Negative 

2 Negative  Positive Positive Positive Negative Negative 

3 Positive Positive Positive Positive Negative Positive 

4 Negative Positive Positive Positive Negative Negative 

5 Negative Positive Negative Negative Negative Positive 

6 Negative Negative Positive Negative Negative Negative 

7 Negative Negative Positive Positive Negative Positive 

Control 1 Negative Negative Negative Negative Negative Negative 

Control 2 Negative Negative Negative Negative Negative Negative 

Replicate Digit grass cv. Premier Rhodes grass cv. Epica Buffel grass cv. Gayndah 

1 Negative Positive Positive 
2 Positive Positive Positive 

3 Positive Positive Positive 

4 Negative Positive Positive 

5 Positive Positive Positive 

6 Positive Positive Positive 

7 Positive Positive Positive 

Control 1 Negative Negative Negative 
Control 2 Negative Negative Negative 
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sequencing have a Queensland herbarium number associated with them (BRIP) and cultures have 
been lodged and stored with the herbarium.  As a result, additional species of both 
Gaeumannomyces (G. californicus) and Fusarium (F. caatingaense) were identified, however, there is 
limited information available in the literature on these fungi.  The only known report of G. 
californicus is on buffalo turf (Stenotaphrum secundatum) in California (Hernández-Restrepo et al. 
2016), whereas F. caatingaense forms part of the Fusarium incarnatum-equiseti species complex and 
has been reported as an entomopathogen (Santos et al. 2019).  Of the other identifications, 
Pyricularia grisea, Curvularia sp., Nigrospora sp. and Rhizoctonia sp. are well known as common 
grass or turf pathogens.  Of the samples split between Mareeba and the Ecosciences Precinct 
laboratories, a similar range of fungal organisms were recovered.  

Table 7.  List of fungal organisms identified microscopically and by molecular sequencing. 

Host Symptoms Location Identification 

Broadleaf carpet grass (Axonopus 
compressus) 

Dieback Mareeba# Curvularia sp. 
Rhizoctonia sp. 

Buffel grass (C. ciliaris) Dieback Dalby  ̂ Epicoccum sp. 
Fusarium spp. 

Buffel grass (C. ciliaris) Dieback Dalby  ̂ Curvularia sp. 
Fusarium spp. 
Nigrospora sp. 

Buffel grass (Cenchrus ciliaris) cv. Gayndah Dieback Boonah  ̂ Fusarium sp. 

Digit (D. eriantha) Dieback Mareeba 

glasshouse 

G. graminicola (BRIP 71996) * 

Kikuyu (P. clandestinum) Dieback Ravenshoe G. graminicola (BRIP 71565a) * 

G. californicus (BRIP 71565b) * 

Kikuyu (P. clandestinum) Healthy Ravenshoe G. graminicola (BRIP 71566a) * 

G. californicus (BRIP 71566b) * 

Kikuyu (P. clandestinum) Dieback Evelyn 
Central* 

Gaeumannomyces sp. 
Pyricularia grisea 

Kikuyu (P. clandestinum) Leaf spot Ravenshoe* Pyricularia grisea 
 

Rhodes grass (C. gayana) Dieback Boonah  ̂ Fusarium sp. 

Rhodes grass (C. gayana) Dieback Boonah  ̂ Fusarium caatingaense  

(BRIP 71992a) * 

Gaeumannomyces sp.  

(BRIP 71993a) * 

Rhodes grass (C. gayana) cv. Epica Dieback Boonah  ̂ Fusarium sp. 

Setaria (S. sphacelata) Dieback Julatten G. graminicola (BRIP 71567) * 

Setaria (S. sphacelata) Healthy Julatten Gaeumannomyces sp. 

Setaria (S. sphacelata) Dieback Boonah  ̂ Fusarium sp. 

Setaria (S. sphacelata) Dieback Boonah  ̂ Fusarium incarnatum-equiseti 

species complex (BRIP 71994) * 

Various species Dieback Atherton# Gaeumannomyces sp. 
*BRIP ς represents identifications conducted by molecular sequencing 

^Samples assessed at ESP (Ecosciences Precinct) and Mareeba 

# Samples received from residential properties 
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4.2 Microbiome diagnostic analysis including micro-eukaryotic testing 

4.2.1 Diagnostic experiment methodology  

4.2.1.1 Microbiome 

4.2.1.1.1 Sample collection and receipt 

tŀǎǘǳǊŜ ŘƛŜōŀŎƪ ǎŀƳǇƭŜǎ ŎƻƭƭŜŎǘŜŘ ƻƴ ǎŀƳǇƭƛƴƎ ǘǊƛǇǎ ŀǘǘŜƴŘŜŘ ōȅ 5!CΩǎ aƛŎǊƻōƛŀƭ 9ŎƻƭƻƎȅ DǊƻǳǇ 

(MEG) members had details recorded on field collection sheets including the site, sample site GPS 

location, sample number, grass species, growth stage, plant dieback symptoms, property dieback 

history and where possible, mealybug and ground pearl status. The samples were placed on ice and 

either processed in the field or returned to the laboratory. Processing involved examining the 

collected plant and recording visible dieback symptoms such as reddening or yellowing of leaves and 

taking a photo of selected affected leaves. The plant was then sub-sampled into 5 mL tubes as leaf 

(L), root (R) and soil (S) and if processed in the field, frozen on dry ice for transport back to the 

laboratory. Samples were stored frozen at -20 °C until processing.  

From the bio-geographical transect established on site AJ sample site 1, three 30 x 30 cm quadrats 

were sampled along the transect, which contained dead and live pasture. Quadrat 1 (Q1) was within 

the dead patch; Quadrat 2 (Q2) spanned the edge of the dead patch and live pasture; and Quadrat 3 

(Q3) was within the live pasture. In each quadrat, two categories of samples were collected; i) all 

aerial plant material which was divided into pasture grass (Grass) or forb (Plant); and living (Aerial) 

or dead material (Dead Aerial); or ii) all plant roots with associated soil (Root & Soil) for pasture grass 

and the soil to a depth of 10 cm (Soil). At the time of collection, the soil was mixed well and sub-

sampled for microbiome (Soil), nutrient, ground pearl and nematode analyses.  

Additional pasture dieback samples, collected by other DAF staff in the field and sent to the MEG 

laboratory, Ecosciences Precinct, were examined and processed like those collected on sampling 

trips. Any visible symptoms such as reddening or yellowing of leaves were noted and a photo of 

affected leaves taken. The plant material was sub-sampled into 5 mL tubes as leaf (L), root (R) and 

soil (S) and stored at 20 °C until processing. 

Each sample was logged into an Excel spreadsheet and given a unique identifier utilising the location 

ŎƻŘŜ ŀƴŘ ǎƛǘŜ ƴǳƳōŜǊΣ ǘƘŜ ǎŀƳǇƭŜ ǘȅǇŜ ŀƴŘ ǘƘŜ ƴǳƳōŜǊ ŀƭƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ŦƛŜƭŘΦ  CƻǊ ŜȄŀƳǇƭŜΣ Ψ5.-A1-

L-лмΩ ƛŘŜƴǘƛŦƛŜǎ ŀ ǎŀƳǇƭŜ ŦǊƻƳ ǘƘŜ tŀǎǘǳǊŜ 5ƛŜōŀŎƪ ǇǊƻƧŜŎǘ ό5.ύΣ ǎƛǘŜ Ψ!ΩΣ ǎŀƳǇƭŜ ǎƛǘŜ ΨмΩΣ Ψ[Ω ƭŜŀŦΣ ŦƛŜƭŘ 

Řŀǘŀ ǎƘŜŜǘ ǎŀƳǇƭŜ ƴǳƳōŜǊ ΨлмΩΦ ¢ƘŜ ƭŀōŜƭƭŜŘ ǎǳō-samples were then stored at 20 °C until processed. 

A number of mealybug samples were collected from grasses, and ground pearls from soils at sample 

sites. These were either immediately frozen or placed into ethanol and stored frozen at -20°C until 

processing. Scanned copies of the field collection sheets were stored on the DAF server. A complete 

listing of the samples collected are contained within section 9.1.1 as a separately attached 

spreadsheet, Master_Pasture_Dieback_Diagnostic_Sample_Data.  

4.2.1.1.2 Cryo-grinding 

To obtain a representative sample of the collected leaf, root or soil material, each sample was 

ground in a mortar and pestle under liquid nitrogen to ensure the sample remained frozen. Once 

ground to a homogeneous fine powder, it was transferred, whilst still frozen, into a new 5 mL tube 

labelled with its unique sample ID, the date, and a laboratory reference number for tracking 

purposes. The ground samples were stored at -20 °C until genomic DNA (gDNA) extraction was 

undertaken. The full cryo-grinding procedure is detailed in section 9.1.2.  
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4.2.1.1.3 Genomic DNA extraction  

Genomic DNA (gDNA) extractions were undertaken from: 

¶ leaf and root samples using the DNeasy Plant Pro kit (Qiagen, catalogue # 69206) with 0.1 g 

of the cryo-ground sample extracted following the manufacturŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ  

¶ soil samples using the DNeasy PowerLyzer PowerSoil kit (Qiagen, catalogue #12855-100) 

using up to 0.25 g of cryo-ƎǊƻǳƴŘ ǎƻƛƭ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ŀƴŘ 

¶ individual mealybugs or ground pearls using either the QIAamp DNA Mini Kit (Qiagen, 

catalogue # 51306) or an adaptation of the method of Phillips and Simon (1995). 

Briefly, all DNA extraction methods utilised the addition of beads (zirconia or ballcone) to the sample 

in a bead beating tube along with a buffer and physical disruption using a Mini beadbeater 16 

(Biospec products) for 3 min. The methods utilising a commercial kit involved the binding of the total 

Ǝ5b! ǿƛǘƘƛƴ ǘƘŜ ǎŀƳǇƭŜ ƻƴǘƻ ǘƘŜ ƪƛǘΩǎ ǎǇƛƴ ŎƻƭǳƳƴ ǿƘŜǊŜ ƛǘ ǿŀǎ ǿŀǎƘŜŘ ŀƴŘ Ŧƛƴŀƭƭȅ ŜƭǳǘŜŘ ƻŦŦ ƛƴǘƻ ŀ 

new tube and frozen at -20 °C. The adaptation of the published method utilised lysis buffer 

containing sodium dodecyl sulphate (SDS) and ß-mercaptoethanol and isopropanol precipitation of 

the gDNA in the sample. The quality and quantity of the extracted gDNA was measured using a 

Nanodrop Microvolume Spectrophotometer (Thermo Fisher Scientific, USA). The full protocols for 

the DNA extraction methods are detailed in section 9.1.3. 

4.2.1.1.4 PCR Amplicon preparation and sequencing  

The extracted gDNA from the samples were used as template in PCR reactions within the: 

¶ MEG laboratory, using primers targeting either the V3/V4 variable region of the 16S rRNA 

gene (bacteria) or internal transcribed spacer (ITS) region (fungi), and 

¶ laboratory of Dr Paul Dennis (School of Earth and Environmental Sciences, The University of 

Queensland), using primers targeting the V8-V9 variable region of the 18S rRNA gene (micro-

eukaryotes).  

Details of primer sets used are listed in Table 8. and detailed methodologies of the PCR reaction 

components and volumes, and the PCR running conditions, are detailed in section 9.1.4.  

The bacterial and fungal PCR amplicons prepared at the MEG laboratory were loaded onto 96 well 

plates and sent to the external sequencing provider, the Australian Genomic Research Facility 

(AGRF). The amplicons were barcoded to enable sample differentiation, pooled and sequenced on 

an Illumina MiSeq Platform to obtain 300 bp paired end reads. The eukaryotic PCR amplicons, 

ǇǊŜǇŀǊŜŘ ŀǘ 5Ǌ tŀǳƭ 5ŜƴƴƛǎΩ ƭŀōƻǊŀǘƻǊȅ ǿŜǊŜ ǇǳǊƛŦƛŜŘΣ ōŀǊŎƻŘŜŘ ŀƴŘ ǎŜǉǳŜƴŎŜŘ ƛƴ-house on an 

Illumina MiSeq using a MiSeq Reagent Kit v3 (600 cycles; Illumina) using 8 pM libraries spiked with 

ол҈ tƘƛ· /ƻƴǘǊƻƭ Ǿо όLƭƭǳƳƛƴŀύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ ŘŜǘŀƛƭŜŘ ǇǊƻǘƻŎƻƭǎ 

used are contained within section 9.1.4. 
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Table 8. Details of the PCR Primer sets used in PCR reactions, with or without the addition of the Illumina sequence tag required for further sample 
indexing and library preparation.  
 

Primer 

name  

Target group tǊƛƳŜǊ ǎŜǉǳŜƴŎŜ όрΩ-оΩύ Reference 

799F Bacteria рΩ AACMGGATTAGATACCCKG оΩ Chelius and Triplett, 2001 

1391R Bacteria рΩ GACGGGCGGTGWGTRCA о Walker & Pace, 2007 

NXT-967F Bacteria рΩTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAACGCGAAGAACCTTACC оΩ Sogin et al., 2006 

NTX-1391R Bacteria рΩGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACGGGCGGTGWGTRCAΩо Walker & Pace, 2007 

ITS1Ftagged Fungi рΩ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGGAAGTAA оΩ Gardes & Bruns, 1993 

ITS2Rtagged Fungi рΩ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGATGC оΩ White et al., 1990 

V8F Micro-eukaryotes рΩ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATAACAGGTCTGTGATGCCCT оΩ Bradley et al., 2016 

1510R Micro-eukaryotes рΩ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCTTCYGCAGGTTCACCTAC оΩ Amaral-Zettler et al., 2009 

Illumina sequence tags are underlined, and gene-specific primer sequences are coloured with the first round bacterial PCR primers (blue), second round bacterial PCR primers (green), fungal 
ITS primers (red) and micro-eukaryotic primers (purple). 
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4.2.1.1.5 Sequence analysis 

4.2.1.1.5.1 Bacterial and fungal microbiomes 

The sequence data were received from AGRF as 300 bp paired end reads, from four Illumina MiSeq 

lanes, for both the bacterial 16S rRNA gene (for samples from leaf and root material) and the fungal 

ITS region (also for samples from leaf and root material). These data sets were initially analysed 

using the same approach with the sequence reads de-multiplexed, quality filtered, paired and size 

trimmed (>200 bp in length remaining) to remove primer/barcode sequences using Trimmomatic 

version 0.36 (Bolger et al., 2014). The paired reads were imported into the Quantitative Insights Into 

Microbial Ecology 2 (QIIME 2) software pipeline package, either version 2019.10 or 2021.4 (Caporaso 

et al., 2010, Caporaso et al., 2012) where the DADA2 software (Callahan et al., 2016) was used to 

model and correct any remaining Illumina sequencing errors. In this way the reads were further 

quality filtered, the forward and reverse reads merged, unique sequences (sequence variants) 

grouped, and chimeras removed. 

Unique sequences were identified, and the numbers of each unique sequence in samples was 

determined with a representative sequence (Feature or sequence variant, similar to the Operational 

Taxonomic Unit determined by previous versions of QIIME) for each of these were selected. A 

phylogenetic tree was created to relate the Features to one another before the taxonomy (identity) 

of each Feature was determined. For the bacterial 16S rRNA representative sequences, taxonomy 

was assigned using a pre-trained Naïve Bayes classifier trained on the SILVA database December 

2019 update, version 138 (Yilmaz et al., 2014). For the fungal ITS representative sequences, 

taxonomy was assigned using the UNITE database version 7, 10.10.2017 update (Nilsson et al., 

2019). Following taxonomic classification of bacterial microbial Features classified as plant 

chloroplasts or mitochondria were removed. Similarly, any fungal microbial Features sequences 

classified within the kingdom Plantae, were removed.  

Analysis focused on microbiome data relating to plant samples (leaf and root material) collected 

from non-trial sites as the plants samples from the DAF agronomy trials (collection sites R and O) 

were found to show growth retardation, atypical of pasture dieback. Statistical analysis of 

microbiome data was also undertaken, on the basis of biological factors such as pasture dieback 

symptoms (Symptomatic or Non-symptomatic plant samples) and mealybugs (presence or absence 

of mealybugs within plant samples).  

4.2.1.1.5.2 Micro-eukaryotic microbiomes 

The micro-ŜǳƪŀǊȅƻǘƛŎ му{ Ǌwb! ƎŜƴŜ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ǇǊƻŎŜǎǎŜŘ ōȅ 5Ǌ tŀǳƭ 5ŜƴƴƛǎΩ ƎǊƻǳǇ ǳǎƛƴƎ ŀ 

modified UPARSE workflow (Edgar, 2013). Briefly, demultiplexing and primer removal were 

performed, and the sequences were trimmed to (250 bp) forward reads and quality filtered. These 

sequences were mapped against representative sequences to create an operational taxonomic unit 

(OTU) table. The OTUs were assigned SILVA 138 (Quast et al., 2012) and PR2 taxonomy (Guillou et 

al., 2013) in QIIME 2. Variation in the composition of microbial communities between samples was 

investigated from a taxonomic and phylogenetic perspective.  

The detailed bioinformatic methods and analyses undertaken are contained in section 9.1.5. 

4.2.1.1.5.3 Microbiome data storage 

Copies of the electronic microbiome sequence data have been archived on the DAF server, which is 

backed up daily and the Department of Environment and Science high performance computing 
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clusters, Athena and Apollo. Copies of micro-eukaryote sequence data are stored on the University 

of Queensland servers and high performance computers. 

4.2.2 Diagnostic Experiment results  

4.2.2.1 Microbiome 

Plants possess complex micro-ecosystems harbouring abundant microbial populations. Research into 

the diversity and structure of the microbiota of plants and soils has dramatically increased in recent 

years with the identification of some bacteria and fungi as beneficial plant growth-promoting 

bacteria (PGPB) that have micronutrient (phosphate, zinc) solubilising capabilities and pathogen 

antagonists. In this project we investigated the epiphytic (surface) and endophytic (internal) 

microbiomes associated with the phyllosphere (leaves) and rhizosphere (roots and associated soil) of 

a range of different species of pastures grasses that were either showing signs of pasture dieback 

(symptomatic) or appeared healthy (non-symptomatic). In total, 60 individual plants, encompassing 

nine different pasture grass species and consisting of 48 symptomatic and 12 non-symptomatic 

plants, had their microbiomes sequenced. A trial of extracting gDNA from individual mealybug and 

ground pearl specimens, preserved by either immediately freezing or placing in ethanol and storing 

frozen, was undertaken. The bacterial microbiomes associated with three individual mealybugs and 

three ground pearl samples were analysed.  

The microbiomes, specifically the bacterial and fungal populations of plant material (from both leaf 

and root samples), bacterial populations of mealybug and ground pearls, and micro-eukaryotic of 

soil, were determined using a culture-independent, sequence-based approach using gDNA purified 

from samples collected from producer properties and DAF trial sites in central and south-east 

Queensland. Bioinformatic analyses of the resulting sequence data determined the distinct microbial 

populations associated with each of the samples and their role, if any, with pasture dieback. 

4.2.2.1.1 Sample collection and processing 

A total of 405 samples, consisting of 133 sets of three (plant leaf, root and soil) and three sets of two 

(plant leaf and root), were collected from central, southeast and north Queensland for microbiome 

analysis. To date a further 36 (sets of three) samples as well as eight samples of preserved mealybug 

and seven samples of preserved ground pearl have been collected for future microbiome analysis 

within this project. A total of 133 of the 136 collected plant leaf and root samples and 132 soil 

samples, have been cryoground to ensure a homogenous range of representative samples for gDNA 

extraction. One soil sample was lost during the cryogrinding process. For the microbiomes, 94 

sample sets were selected as an initial set of phyllosphere (leaf) and rhizosphere consisting of plant 

root/associated soil (root) samples to be sequenced for bacterial and fungal diversity sequencing 

and soil sequenced for micro-eukaryote (Table 9).  

Extensive metadata were collected alongside the pasture dieback samples including soil nutrients, 

nematode numbers and ground pearl numbers. Several workshops were held with key project staff 

including pasture agronomists, the project statistician and bioinformatics experts to define the 

research questions considered to be the most important and refine which metadata parameters to 

use for the interrogation of the microbiome datasets. An extensive data cleansing and consolidation 

of all the sample data was undertaken to enable statistical analysis of the data set to be undertaken 

and metadata parameters to be refined. The cleansed and consolidated sample data are provided 

within section 9 and as a separately attached spreadsheet, named 

Master_Pasture_Dieback_Diagnostic_Sample_Data.  
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To generate the bacterial and archaeal microbial amplicons for the bacterial microbiome 

sequencing, nested PCR assays were used for all samples to avoid the non-specific amplification of 

plant-based genetic material (chloroplast or mitochondrial DNA) which previously contaminated the 

original plant leaf microbial sequence dataset (reported in B.PAS.0509 Milestone Report 2). This 

approach successfully generated amplicons of the correct size and in sufficient quantity, to enable 

sequencing on the Illumina MiSeq platform. The amplicons for fungal and eukaryotic microbiomes 

were generated using a single PCR assay and sequenced on the Illumina MiSeq platform by AGRF 

ŀƴŘ 5Ǌ tŀǳƭ 5ŜƴƴƛǎΩ ƭŀōƻǊŀǘƻǊȅ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 5Ŝǘŀƛƭǎ ƻŦ ǘƘŜ ǾŀǊƛƻǳǎ ƳƛŎǊƻōƛƻƳŜ ǎŜǉǳŜƴŎŜ ŘŀǘŀǎŜǘǎ 

are summarised in Table 10. 

Table 9. Details of the plant species, number of samples and sites selected for microbiome 

sequencing. 

Common name Species # of 
samples 

# of 
sites 

Buffel grass Cenchrus cilaris 37 20 

Rhodes Grass Chloris gayana 18 5 

Bluegrass Bothriochloa insculpta 12 3 

Green Panic Megathyrsus maximus 10 8 

Sabi grass Urochloa mosambicensis 7 4 
Angleton grass Dichanthium aristatum 4 3 

Panic Panicum coloratum 4 3 

Indian couch Bothriochloa pertusa 1 1 
Massai Panic Panicum effusum 1 1 

 

Table 10. Summary of sequence datasets obtained for determining the bacterial microbiome and 

fungal populations (ITS), of leaf and root sub-samples from the same original plant sample, as well 

as mealybug and ground pearl microbiome test samples. 

Sample 
type 

Microbiome 
target 

Number of 
samplesB 

Number of sequence reads 
per sample (Mean ± STDEV) 

Total Number of sequence 
reads and dataset size 

Leaf Bacterial  95 106,176 ± 49,202 10,086,752 reads; 6.07Gb 

Root Bacterial  96 129,547 ± 49,799 12,436,514 reads; 7.49Gb 

LeafA Fungal  95 80,150 ± 18,058 7,614,204 reads; 4.58Gb 
Root Fungal  97 118,646 ± 26,489 11,508,626 reads; 6.93Gb 

Mealybug Bacterial 4 566,005 ± 266,477 2,264,022 reads; 1.36 Gb 

Ground 
Pearl 

Bacterial 4 317,997 ± 114,403 1,271,991; 0.77 Gb 

Soil Micro-
eukaroyote 

130C n/aD n/a 

 ADataset received and preliminary description included in Milestone Report 2.  
BIncludes negative control (blank) samples. 
CIncluding soil samples associated with the 94 leaf and root samples. 
Dn/a ς not available 

4.2.2.1.2 Bacterial microbiome 

The bacterial microbiomes of plant samples (leaf and root) were determined from the amplicon 

sequence data generated throughout the project. Bioinformatics analysis focused on determining 

the classification (taxonomy) of the bacterial populations present as well as the diversity of microbial 

populations occurring on individual plant samples. The bacterial populations associated with groups 



B.PAS.0509 Comprehensive diagnostic analysis of pastures affected by dieback 

 

Page 28 of 125 

of plants e.g. plants which were showing signs of pasture dieback (Symptomatic) and plants which 

were not showing signs of pasture dieback (Non-symptomatic), were also compared, in order to 

determine whether there were any highly abundant, dominant types of bacteria associated with 

pasture dieback symptoms. In addition, samples were grouped according to whether mealybugs 

were present or absent from the plant material collected, to determine whether this insect 

contributed to any differences occurring in the diversity of plant-associated bacterial populations. 

4.2.2.1.3 Diversity of plant associated bacterial populations 

The extent of within-sample microbial diversity, based on four measures of alpha diversity (Faith PD, 

Shannon entropy, Pielou evenness and Observed Features), was determined for leaf and root 

bacterial microbiomes, from plants that were either Symptomatic or Non-symptomatic for pasture 

dieback. The 60 samples of each plant sample type were analysed by Residual Maximum Likelihood 

(REML) to assess the impact of dieback symptoms on each of these measures.  Models included the 

random effect of Site and the fixed effect of Dieback symptoms (Non-symptomatic, Symptomatic).  

No differences in the bacterial population diversity were evident between samples of non-

symptomatic and symptomatic leaf and root material for all four diversity measures (P>0.05; Table 

11).  

Table 11. The effect of pasture dieback symptoms on microbial diversity, based on four measures 

of alpha diversity, for bacterial populations of leaf and root material.   

Treatment Faith's PD 
index 

Shannon 
entropy 

Pielou 
evenness 

Observed 
features 

  Leaf Bacteria  

Dieback symptoms  P=0.791 P=0.101 P=0.192 P=0.982 

  Non-symptomatic 10.2 3.07 0.48 85.91 

  Symptomatic 9.9 2.58 0.42 85.54 

  s.e.d. 1.2 0.29 0.04 16.53 

  Root Bacteria 

Dieback symptoms  P=0.081 P=0.868 P=0.674 P=0.272 

  Non-symptomatic 20.5 7.14 0.86 325.70 

  Symptomatic 18.4 7.10 0.87 296.10 

  s.e.d. 1.2 0.22 0.02 26.70 
The predicted means and standard error of differences (s.e.d.) are shown and significance levels indicated by the P value, 

with significance at the 5% threshold. 

The bacterial populations of the 45 plant (leaf and root) samples where mealybug data were 

available, i.e. presence (yes) or absence (no) of mealybugs, were not evenly distributed across 

pasture dieback symptoms and presence/absence of mealybug (Table 12). A Chi-square analysis 

however, determined a significant relationship between the occurrence of pasture dieback 

symptoms and presence of mealybugs with 86% of symptomatic samples having mealybug 

compared with 33% of non-symptomatic samples. 
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Table 12. Uneven distribution of available diversity records occurring between samples of plant 

material (leaf and root) which were either Symptomatic or Non-symptomatic for pasture dieback 

and the presence (yes) or absence (no) of mealybugs. 
 

Dieback Symptom 

Mealybug Non-symptomatic Symptomatic 

no 6 (67%) 5 (14%) 

yes 3 (33%) 31 (86%) 

Total No. (n) 9 36 
Pearson chi-square value of 10.86 with 1 d.f. 
Probability level (under null hypothesis) P < 0.001 

The 45 plant samples (leaf and root) which had mealybug data available were analysed by REML to 

assess the impact of the presence or absence of dieback symptoms and the occurrence of mealybugs 

on each of the within-sample microbial diversity (alpha diversity) measures. The models undertaken 

included the random effect of Site and the fixed effects of Dieback symptoms (Non-symptomatic, 

Symptomatic) and Mealybug (no, yes). Although the variance component for Site was not always 

significant it was retained in the model. A parsimonious model was achieved by sequentially 

removing non-significant fixed effects but always retaining the main effect terms.  

There was no significant interaction between pasture dieback symptoms and presence of mealybug 

on the extent of leaf sample bacterial microbial diversity (P>0.05; Table 13). Further, whether plants 

had pasture dieback symptoms or not, or if mealybugs were present or not, did not have a 

significant effect on leaf microbial diversity.  

Similar effects were observed for three of the four alpha diversity measures (Faith PD, Shannon 

entropy and Observed Features) for root sample bacterial microbial diversity with no interaction or 

differences due to dieback symptoms or mealybug. In contrast, the Pielou evenness measure was 

less in the roots of plants non-symptomatic to pasture dieback in the presence of mealybug than in 

the roots of symptomatic plants when mealybugs were present, and in both symptomatic and non-

symptomatic plants without mealybug (0.754 vs 0.876; P=0.035; Table 14). The Pielou evenness 

ƳŜŀǎǳǊŜ ƛǎ ŀ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ǘƘŜ άŜǾŜƴƴŜǎǎέ ŎƻƳǇƻƴŜƴǘ ƻŦ ŘƛǾŜǊǎƛǘȅ όPielou, 1966), with evenness 

described as the ratio of the observed diversity to the maximum possible in a collection having the 

same number of species. In the current study, the ratio was higher in root samples without 

mealybug and symptomatic samples in the presence of mealybug, suggesting an increased relative 

abundance, or dominance, of a few bacterial populations within the total bacterial community. 

While this effect was significant (P < 0.05), it did not occur consistently across all of the microbial 

alpha diversity measures determined, therefore these effects can only be considered to be relatively 

minor. 
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Table 13. The effect of pasture dieback symptoms (Symptomatic, Non-symptomatic) and the 

presence of Mealybugs (yes, no) on microbial diversity, based on four measures of alpha diversity, 

for bacterial populations of leaf samples.  

Treatment Faith PD Shannon 
entropy 

Pielou evenness Observed 
features 

Dieback symptoms (D) P=0.464 P=0.194 P=0.470 P=0.603 

  Non-symptomatic 10.1 2.89 0.45 80.1 

  Symptomatic 8.9 2.38 0.41 70.4 

  s.e.d. 1.6 0.39 0.06 18.4 

Mealybug (M) P=0.835 P=0.630 P=0.594 P=0.953 

  no 9.4 2.73 0.45 74.7 

  yes 9.7 2.54 0.41 75.8 

  s.e.d. 1.5 0.41 0.06 17.2 

D x M P=0.862 P=0.576 P=0.611 P=0.602 
The predicted means and standard error of differences (s.e.d.) are shown and significance levels indicated by the P value, 

with significance at the 5% threshold. 

Table 14. The effect of pasture dieback symptoms (Symptomatic, Non-symptomatic) and the 

presence of Mealybugs (yes, no) on microbial diversity, based on four measures of alpha diversity, 

for bacterial populations of root samples.  

Treatment Faith PD Shannon 
entropy 

Pielou evenness Observed 
features 

Dieback symptoms (D) P=0.410 P=0.201 P=0.035A P=0.510 

  Non-symptomatic 20.0 6.81 0.83 322 

  Symptomatic 18.5 7.21 0.89 296 

  s.e.d. 1.7 0.31 0.03 39 

Mealybug (M) P= 0.540 P=0.101 P= 0.030 A P=0.782 

  no 19.8 7.25 0.88 314 

  yes 18.7 6.77 0.83 303 

  s.e.d. 1.7 0.29 0.02 39 

D x M P= 0.602 P=0.063 P=0.035 A P=0.221 
The predicted means and standard error of differences (s.e.d.) are shown and significance levels indicated by the P value, 

with significance at the 5% threshold. A Significant effect, P < 0.05. 

The extent of between-sample microbial diversity (beta-diversity) was also determined for leaf and 

root bacterial microbiomes including those which were either symptomatic or non-symptomatic for 

pasture dieback. Principal component analysis (PCA; Joliffe and Cadima, 2016) was used to explore 

and identify the largest sources of variation occurring between each respective group of bacterial 

microbiome samples. The dimensionality of the dataset was then reduced using the Sparse Principal 

Component Analysis (sPCA) method (http://mixomics.org/methods/spca/; Shen and Huang, 2008) 

and a differential abundance analysis undertaken to determine which microbes were driving, or 

contributing, to the differences occurring between samples (sPLSDA; sparse Partial Least Squares 

Discriminant Analysis; Le Cao et al. (2011). 

The PCA results indicated that the majority of the observed bacterial populations associated with 

samples of symptomatic leaf material were very similar to those associated with non-symptomatic 

leaf samples, as indicated by the relatively low percentage of variation observed (Җ 10%) and the 

clustering of samples and overlapping ellipses depicted in Fig. 6. Further analysis to reduce the 

http://mixomics.org/methods/spca/
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dimensionality of the dataset also showed few differences in the bacterial populations. Of the 

differences observed to occur between symptomatic and non-symptomatic leaf material, the 

bacterial genus Paenibacillus, family Erwiniaceae, family Xanthobacteraceae, and the genera 

Kineosporia and Sphingomonas were found to contribute to these differences (section 9.2.1; Fig. 38, 

Table 46). 

For the root microbiomes, as indicated by PCA, the majority of the observed bacterial populations 

associated with root samples collected from plants that were either symptomatic or non-

symptomatic for pasture dieback, were also very similar. The percentage of variation captured in the 

PCA of respective root sample bacterial microbiomes, was again relatively low (< 8%) with the 

majority of samples clustering together and the ellipses describing the two groups of samples, 

overlapping (Fig. 7). Further analysis to reduce the dimensionality of the dataset also showed few 

differences occurring between root-associated bacterial populations. Of the differences observed to 

occur between symptomatic and non-symptomatic root material, the bacterial family 

Kineosporiaceae, genus Streptomyces, family Comamonadaceae, order Solirubrobacterales, genus 

Acinetobacter, family Enterobacteriaceae, genus Acinetobacter were found to contribute to these 

differences (section 9.2.1; Fig. 39, Table 47). 

Figure 6. Principal components analysis (PCA) indicating similar, diverse bacterial populations 

associated with leaf samples, where samples are represented by a single point and grouped 

according to pasture dieback symptoms (Non-symptomatic leaf samples (O) and Symptomatic leaf 

samples (ɲ)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCA comp 1-2); 

and (B) Components 1 vs 3 (PCA comp 1-3). 
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Figure 7. Principal components analysis (PCA) indicating similar, diverse bacterial populations 

associated with root samples, where samples are represented by a single point and grouped 

according to pasture dieback symptoms (Non-symptomatic root samples (O) and Symptomatic 

root samples (ɲ)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCA comp 

1-2); and (B) Components 1 vs 3 (PCA comp 1-3). 

 

4.2.2.1.3.1 Taxonomy of plant-associated bacterial populations 

The classification or taxonomy, of the dominant populations of bacteria associated with leaf samples 

(phyllosphere) collected from non-trial sites was determined (Fig. 8). Because of the large number of 

bacterial types identified within the leaf sample dataset (337 bacteria classified to genus level) only 

the highly abundant, core bacterial populations, i.e. those bacteria types present in > 80% of 

samples, found to be associated with leaf material from plants showing signs of pasture dieback 

(Leaf, Symptomatic), and healthy plants (Leaf, Non-symptomatic) are tabulated (Table 15).  

Bacterial populations classified within the phyla Proteobacteria and Actinobacteriota were highly 

abundant in all plant samples and the presence of these are usually reported in plant phyllospheres 

(Johnston-Monje et al 2021). Specific bacterial populations classified with the genera Pantoea, 

Ralstonia, and Pseudomonas were found to dominate the leaves of both symptomatic and non-

symptomatic plants. Members of the genus Pantoea have been associated with plants either as 

epiphytes or endophytes with the genera Pantoea and Pseudomonas recently identified as part the 

core shoot microbiome across 17 plant species (Johnston-Monje et al. 2021). The genus Pantoea 

contains both beneficial and pathogenic species with isolates being identified in rice as either 

beneficial plant growth-promoting (Lu et al 2021) or causal agents in diseases such as stem necrosis 

and leaf blight (Doni et al., 2021). The genus Pseudomonas also contains both pathogenic and 

beneficial members with the plant pathogenic Pseudomonas syringae species complex identified as 

the causal agent of diseases across hundreds of species of monocots, herbaceous dicots and woody 

dicots worldwide (Lamichhane et al. 2015). Other Pseudomonas are known as biocontrol agents 

active against bacterial and fungal phytopathogens, nematodes and different insects (Dimkiŏ Ŝǘ ŀƭΦ 

2022). Members of the genus Ralstonia are known as major phytopathogens that cause bacterial 

wilt in many crops (Genin and Denny, 2012). However, of note, the genus Ralstonia was also found 

to be present in the sequencing negative control samples and it is also known as a common 
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contaminant of DNA extraction kit or PCR reagents, which may lead to it appearing in amplicon 

sequence datasets (Salter et al 2014). This genus was not present in all samples within the sequence 

dataset, suggesting it was not necessarily a laboratory-derived contaminant. For this genus, further 

quantitative PCR assays should be undertaken to validate the presence of Ralstonia in the 

microbiomes of plant samples. 

When all the bacterial populations classified to genus level in symptomatic and non-symptomatic 

leaf microbiomes were compared (Fig. 9; A, B), approximately 43% of bacteria were found to be 

present in both groups and similarly, there was a high percentage of highly abundant, core bacteria 

present in both groups (41.7%). This finding supports the taxonomy-independent analysis (e.g. PCA) 

which also showed that there was little variation occurring in the overall bacterial populations 

associated with the phyllosphere (leaf) of symptomatic and non-symptomatic plants. 

The taxonomy of the dominant populations of bacteria associated with rhizosphere (root/associated 

soil) samples collected from non-trial sites were also determined (Fig. 10). Overall, more genera of 

bacteria were identified in the root sample dataset (451 bacteria classified to genus level), than for 

leaf samples, as would be expected, as soil is known to harbour diverse populations of bacteria 

(Luchibia et al. 2020). Because of the large number of bacterial types observed within each root 

sample, the highly abundant, core bacterial populations (bacteria present in > 80% of samples) 

found to be associated with root material from plants showing signs of pasture dieback (Root, 

Symptomatic), and healthy plants (Root, Non-symptomatic) were tabulated (Table 16). Bacterial 

populations classified within the phyla Actinobacteriota and Proteobacteria were highly abundant in 

all plant root samples. The roots of both symptomatic and non-symptomatic plant samples were 

dominated by bacterial populations of the genus Streptomyces. Other bacteria found to be highly 

abundant, core bacteria associated with the roots of symptomatic plants included the genus 

Amycolatopsis, an unclassified genus from the order Solirubrobacterales, and the genus 

Actinoplanes. The highly abundant, core bacteria associated with the roots of non-symptomatic 

plants also included an unclassified genus from the order Solirubrobacterales, the genus 

Amycolatopsis as well as the genus Rubrobacter.  

When all the root-associated bacterial populations classified to genus level for symptomatic and 

non-symptomatic plant groups were compared (Fig. 9; C, D), over half (53.4%) of the genus-level 

classified bacteria were found to be present in both groups and similarly, there was a high 

percentage of highly abundant, core bacterial genera present in both root sample groups (66.7%). 

This finding also supports the taxonomic-independent analysis (PCA) which indicated that there 

were very similar, diverse bacterial populations associated with root samples from both 

symptomatic and non-symptomatic plants. 
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Figure 8. Highly abundant bacterial populations associated with Leaf samples, classified to order level taxonomy. Samples are sorted within the stacked 

bar graph according to the location from which they were collected (e.g. site A), whether the leaf samples were Symptomatic or Non-symptomatic for 

pasture dieback, and the common name of the plant from which the leaf samples were obtained (e.g. Sabi grass). .ŀŎǘŜǊƛŀ ǎƘƻǿƴ ƘŀŘ ŀƴ ŀōǳƴŘŀƴŎŜ җ ǘƘƛǊŘ 

quartile threshold (37 sequences per feature). Taxonomic rank is indicated as d (domain); p (phylum); c (class); and o (order). 

.
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Table 15. Core bacterial populations found to be associated with leaf material from plants showing 
signs of pasture dieback (Leaf, Symptomatic), and healthy plants (Leaf, Non-symptomatic). The 
bacterial taxonomy is shown at the lowest level of classification achieved, usually Family or Genus 
ƭŜǾŜƭ ǿƛǘƘ ǘƘŜ ŎƻǊŜ ǇƻǇǳƭŀǘƛƻƴǎ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ǘƘƻǎŜ ǇǊŜǎŜƴǘ ƛƴ җ ул҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ ƭŜŀŦ 
samples analysed (n). The relative abundance for each core bacterial population is expressed as a 
percentage of the total number of sequences obtained for each leaf sample group. 

Leaf, Symptomatic (n = 48) Leaf, Non-symptomatic (n = 12) 

Core bacteria Relative 
abundance (%) 

Core bacteria Relative 
abundance (%) 

Family Erwiniaceae; Genus 
Pantoea 

58.47 Family Erwiniaceae; Genus 
Pantoea 

53.71 

Family Burkholderiaceae; 
Genus Ralstonia 

18.53 Family Burkholderiaceae; 
Genus Ralstonia 

19.66 

Family 
Pseudomonadaceae; 
Genus Pseudomonas 

9.22 Family 
Pseudomonadaceae; 
Genus Pseudomonas 

9.95 

Family Erwiniaceae; Genus 
Unclassified 

4.65 Family Erwiniaceae; Genus 
Unclassified 

3.40 

Family Microbacteriaceae; 
Genus Curtobacterium 

1.89 Family Microbacteriaceae; 
Genus Curtobacterium 

1.57 

Family Kineosporiaceae; 
Genus Quadrisphaera 

0.11 Family Paenibacillaceae; 
Genus Paenibacillus 

0.92 

  Family Beijerinckiaceae; 
Genus Methylobacterium-
Methylorubrum 

0.26 

  Family Kineosporiaceae; 
Genus Kineococcus 

0.19 

  Order Enterobacterales; 
Family Unclassified 

5.51 

  Family 
Sphingomonadaceae; 
Genus Sphingomonas 

0.41 

  Family 
Pseudonocardiaceae; 
Genus Amycolatopsis 

0.27 
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Figure 9. Venn diagrams indicating the numbers of bacterial populations associated with either 

Leaf material (A and B) or Root material (C and D) that were unique or shared between samples 

Symptomatic or Non-symptomatic for pasture dieback. Bacterial populations were assigned to 

genus level taxonomy and core populations were defined as those present in җ 80% of samples 

within each sample group (Symptomatic [n = 48], Non-symptomatic [n = 12]). 
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Figure 10. Highly abundant bacterial populations associated with Root samples, classified to order level taxonomy. Samples are sorted within the stacked 

bar graph according to the location from which they were collected (e.g. site A), whether the plant root samples were Symptomatic or Non-symptomatic for 

pasture dieback, and the common name of the plant from which the root samples were obtained (e.g. Sabi grass). Bacteria shown ƘŀŘ ŀƴ ŀōǳƴŘŀƴŎŜ җ ǘƘƛǊŘ 

quartile threshold (49 sequences per feature) and the top 24 bacteria are shown. Taxonomic rank is indicated as d (domain); p (phylum); c (class); and o 

(order) 

. 
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Table 16. Core bacterial populations found to be associated with root material from plants 
showing signs of pasture dieback (Root, Symptomatic), and healthy plants (Root, Non-
symptomatic). The bacterial taxonomy is shown at the lowest level of classification achieved, usually 
CŀƳƛƭȅ ƻǊ DŜƴǳǎ ƭŜǾŜƭ ǿƛǘƘ ǘƘŜ ŎƻǊŜ ǇƻǇǳƭŀǘƛƻƴǎ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ǘƘƻǎŜ ǇǊŜǎŜƴǘ ƛƴ җ ул҈ ƻŦ ǘƘŜ ǘƻǘŀƭ 
number of root samples analysed (n). The relative abundance for each core bacterial population is 
expressed as a percentage of the total number of sequences obtained for each root sample group. 

Root, Symptomatic (n = 48) Root, Non-symptomatic (n = 12) 

Core bacteria Relative 
abundance (%) 

Core bacteria Relative 
abundance (%) 

Family Streptomycetaceae; 
Genus Streptomyces 

9.84 Family Streptomycetaceae; 
Genus Streptomyces 

11.37 

Family Pseudonocardiaceae; 
Genus Amycolatopsis 

7.75 Order Solirubrobacterales; Family 
67-14 

7.12 

Order Solirubrobacterales; 
Family 67-14 

6.66 Family Pseudonocardiaceae; 
Genus Amycolatopsis 

6.99 

Family Micromonosporaceae; 
Genus Actinoplanes 

3.06 Family Rubrobacteriaceae; Genus 
Rubrobacter 

5.11 

Family Rhizobiaceae; Genus 
Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium 

2.99 Family Micromonosporaceae; 
Genus Actinoplanes 

4.02 

Family Solirubrobacteraceae; 
Genus Unclassified 

2.71 Family Solirubrobacteraceae; 
Genus Unclassified 

3.48 

Family Nocardioidaceae; 
Genus Nocardioides 

1.86 Family Bacillaceae; Genus Bacillus 2.35 

Family Micromonosporaceae; 
Genus Unclassified 

1.28 Order Gaiellales; Family 
Unclassified 

2.24 

Family Mycobacteriaceae; 
Genus Mycobacterium 

1.15 Family Solirubrobacteraceae; 
Genus Solirubrobacter 

1.86 

Family Sphingomonadaceae; 
Genus Sphingomonas 

0.70 Order Solirubrobacterales; Family 
Unclassified 

1.75 

Family Rubrobacteriaceae; 
Genus Rubrobacter 

2.89 Family Steroidobacteraceae; 
Genus Steroidobacter 

1.71 

Family Steroidobacteraceae; 
Genus Steroidobacter 

2.56 Family Pseudonocardiaceae; 
Genus Unclassified 

1.67 

Family Solirubrobacteraceae; 
Genus Solirubrobacter 

1.96 Family Rhizobiaceae; Genus 
Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium 

1.64 

Family Bacillaceae; Genus 
Bacillus 

1.92 Family Pseudonocardiaceae; 
Genus Pseudonocardia 

1.61 

Family Xanthobacteraceae; 
Genus Bradyrhizobium 

0.85 Family Burkholderiaceae; Genus 
Ralstonia 

1.34 

Family Pseudonocardiaceae; 
Genus Pseudonocardia 

2.30 Family Nocardioidaceae; Genus 
Nocardioides 

1.34 

Family Burkholderiaceae; 
Genus Ralstonia 

0.78 Family Micromonosporaceae; 
Genus Unclassified 

1.28 

Family Gemmatimonadaceae; 
Genus Unclassified 

0.50 Family Sphingomonadaceae; 
Genus Sphingomonas 

1.06 

Order Gaiellales;Family 
uncultured 

2.72 Family Mycobacteriaceae; Genus 
Mycobacterium 

0.92 

Order Gammaproteobacteria 
Incertae Sedis;Family 
Unknown_Family; Genus 
Acidibacter 

1.56 Family Frankiaceae; Genus 
Jatrophihabitans 

0.91 
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Family Pseudonocardiaceae; 
Genus Unclassified 

1.45 Order Gammaproteobacteria 
Incertae Sedis; Family Unknown 
Family; Genus Acidibacter 

0.85 

Family Haliangiaceae; Genus 
Haliangium 

0.51 Family Xanthobacteraceae; 
Genus Bradyrhizobium 

0.79 

Family Comamonadaceae; 
Genus Unclassified 

3.90 Phylum Chloroflexi; Class TK10 0.72 

Family Pseudonocardiaceae; 
Genus Lechevalieria 

2.85 Family Gemmatimonadaceae; 
Genus Unclassified 

0.68 

Family Pseudonocardiaceae; 
Genus Actinophytocola 

1.27 Family Haliangiaceae; Genus 
Haliangium 

0.52 

Order Solirubrobacterales; 
Family Unclassified 

1.54 Family Pseudonocardiaceae; 
Genus Actinophytocola 

0.51 

Family Gaiellaceae; Genus 
Gaiella 

0.69 Family Pseudonocardiaceae; 
Genus Lechevalieria 

2.08 

Phylum Chloroflexi; Class 
TK10 

0.48 Family Comamonadaceae; Genus 
Unclassified 

2.07 

Family Rhizobiaceae; Genus 
Unclassified 

0.39 Family Oxalobacteraceae; Genus 
Massilia 

1.16 

Family Frankiaceae; Genus 
Jatrophihabitans 

0.57 Family Sphingomonadaceae; 
Genus Unclassified 

0.44 

Family Nocardioidaceae; 
Genus Kribbella 

0.52 Family Geodermatophilaceae; 
Genus Unclassified 

0.42 

Order Polyangiales; Family 
BIrii41 

0.31 Family Longimicrobiaceae; Genus 
YC-ZSS-LKJ147 

0.41 

Class Acidimicrobiia; Order 
IMCC26256 

0.16 Family Nocardioidaceae; Genus 
Kribbella 

0.26 

  Family Pseudomonadaceae; 
Genus Pseudomonas 

1.88 

  Family Erwiniaceae; Genus 
Pantoea 

1.10 

  Family Geodermatophilaceae; 
Genus Geodermatophilus 

0.69 

  Family Gaiellaceae; Genus Gaiella 0.68 

  Family Solirubrobacteraceae; 
Genus Conexibacter 

0.46 

  Actinobacteriota; Class MB-A2-
108 

0.43 

  Order Polyangiales; Family BIrii41 0.26 

  Family Pseudonocardiaceae; 
Genus Kibdelosporangium 

0.25 

  Family Rhizobiaceae; Genus 
Unclassified 

0.22 

  Family Caulobacteraceae; Genus 
Caulobacter 

0.18 

  Family Cryptosporangiaceae; 
Genus Cryptosporangium 

0.18 

  Family Micromonosporaceae; 
Genus Dactylosporangium 

0.17 

  Family Chitinophagaceae; Genus 
Niastella 

0.14 

  Family Thermomonosporaceae; 
Genus Actinomadura 

0.13 
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4.2.2.1.4 Fungal microbiome 

The fungal populations of plant samples (leaf and root) were determined from the amplicon 

sequence data generated throughout the project. Bioinformatics analysis focused on determining 

the classification (taxonomy) of the fungal populations present, as well as the diversity of the fungal 

populations occurring on individual plant samples. The fungi associated with groups of plants e.g. 

plants which were showing signs of pasture dieback (Symptomatic) and plants which were not 

showing signs of pasture dieback (Non-symptomatic) were also compared, in order to determine 

whether there were any highly abundant, dominant types of fungi associated with pasture dieback 

symptoms.  

4.2.2.1.5 Diversity of plant-associated fungal populations 

Within-sample microbial diversity, based on four measures of alpha diversity (Faith PD, Shannon 

entropy, Pielou evenness and Observed Features), was determined for leaf and root fungal 

microbiomes, from plants that were either Symptomatic or Non-symptomatic for pasture dieback. 

The 60 samples of each plant sample type (leaf and root) were analysed by REML to assess the 

impact of dieback symptoms on each of these measures.  Models included the random effect of Site 

and the fixed effect of Dieback symptoms (Non-symptomatic, Symptomatic).  

For leaf fungal communities, the alpha diversity measures of Shannon entropy and Pielou evenness 

were significantly higher in plants showing symptoms of pasture dieback than in non-symptomatic 

plants (P<0.05).  There was also some evidence (P=0.067) that the diversity measure of Observed 

features was higher in plants showing symptoms than in non-symptomatic plants. In contrast, for 

root fungal communities, all four diversity measures tended to be higher in plants which were non-

symptomatic for pasture dieback than in plants symptomatic for pasture dieback, although these 

differences were not statistically significant (P > 0.05; Table 17).  

Table 17. The effect of pasture dieback symptoms on microbial diversity, based on four measures 

of alpha diversity, for the fungal populations of leaf and root material. The predicted means and 

standard error of differences (s.e.d.) are shown and significance levels indicated by the P value, with 

significance at the 5% threshold. 

Treatment Faith PD Shannon 
entropy 

Pielou evenness Observed 
features 

  Leaf Fungi 

Dieback symptoms  P=0.166 P=0.015 A P=0.013A P=0.067 

  Non-symptomatic 5.7 2.52 0.53 28.9 

  Symptomatic 6.3 2.94 0.59 34.1 

  s.e.d. 0.4 0.17 0.03 2.8 

  Root Fungi 

Dieback symptoms  P=0.065 P=0.060 P=0.055 P=0.078 

  Non-symptomatic 12.8 3.22 0.57 52.5 

  Symptomatic 10.2 2.56 0.47 41.7 

  s.e.d. 1.4 0.35 0.05 6.1 
ASignificant effect, P < 0.05 

The 45 plant samples (leaf and root) which had mealybug data available were analysed by REML to 

assess the impact of the presence or absence of dieback symptoms and the occurrence of mealybugs 

on each of the within-sample fungal diversity (alpha diversity) measures. The models undertaken 

included the random effect of Site and the fixed effects of Dieback symptoms (Non-symptomatic, 
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Symptomatic) and Mealybug (no, yes). Although the variance component for Site was not always 

significant it was retained in the model. A parsimonious model was achieved by sequentially 

removing non-significant fixed effects but always retaining the main effect terms.  

There was no significant interaction between pasture dieback symptoms and presence of mealybug 

on leaf sample fungal diversity measures of Shannon entropy, Pielou evenness and Observed 

features (P>0.05; Table 18). Further, whether plants had pasture dieback symptoms or not, or if 

mealybugs were present or not, did not have a significant effect on these diversity measures. 

However, there was a significant interaction for Faith PD (P=0.012) with no difference due to dieback 

symptoms in the absence of mealybug (ave. 6.2) while Faith PD was lower in non-symptomatic 

plants than symptomatic plants when mealybug were present (4.7 vs 6.4). No logical explanation for 

this effect was evident, so the interaction was removed from the model and just main effects fitted. 

There was no effect of dieback symptoms or of mealybug on Faith PD in leaf fungal populations 

(P>0.05; Table 18).      

For root fungal communities there was no significant interaction between pasture dieback 

symptoms and presence of mealybug, and no effect of dieback symptoms or of mealybug on the 

diversity measures of Faith PD and Observed features (P>0.05; Table 19). However, there was a 

significant interaction with both the Shannon entropy and Pielou evenness diversity measures, with 

lowest measures in symptomatic plants and highest measures in non-symptomatic plants in the 

absence of mealybug, while dieback symptoms did not affect the diversity measures when mealybug 

were present (P<0.05; 1.6, 3.6, 2.8, and 2.3 for Faith PD ; 0.31, 0.61, 0.51 and 0.44 for Pielou 

evenness, respectively). Again, no logical explanation for these effects was evident, so the 

interaction was removed from the model and just main effects fitted. There was no effect of dieback 

symptoms or of mealybug on either Shannon entropy or Pielou evenness in root fungal populations 

Table 18. The effect of pasture dieback symptoms (Symptomatic, Non-symptomatic) and the 

presence of Mealybugs (yes, no) on microbial diversity, based on four measures of alpha diversity, 

for fungal populations of leaf samples. The predicted means and standard error of differences 

(s.e.d.) are shown and significance levels indicated by the P value, with significance at the 5% 

threshold. 

Treatment Faith PD Shannon 
entropy 

Pielou evenness Observed 
features 

Dieback symptoms (D) P=0.337 P=0.166 P=0.163 P=0.215 

  Non-symptomatic 5.9 2.61 0.54 29.8 

  Symptomatic 6.4 2.98 0.59 34.6 

  s.e.d. 0.5 0.26 0.04 3.9 

Mealybug (M) P=0.721 P=0.860 P=0.727 P=0.992 

  no 6.2 2.82 0.56 32.2 

  yes 6.0 2.77 0.57 32.2 

  s.e.d. 0.5 0.27 0.04 3.8 

D x M P=0.012A P=0.069 P=0.121 P=0.064 
ASignificant effect, P < 0.05 
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Table 19. The effect of pasture dieback symptoms (Symptomatic, Non-symptomatic) and the 

presence of Mealybugs (yes, no) on microbial diversity, based on four measures of alpha diversity, 

for fungal populations of root samples. The predicted means and standard error of differences 

(s.e.d.) are shown and significance levels indicated by the P value, with significance at the 5% 

threshold. 

Treatment Faith PD Shannon 
entropy 

Pielou evenness Observed 
features 

Dieback symptoms (D) P=0.369 P=0.161 P=0.091 P=0.328 

  Non-symptomatic 12.3 3.21 0.58 50.5 

  Symptomatic 10.6 2.51 0.46 42.3 

  s.e.d. 1.9 0.49 0.07 8.2 

Mealybug (M) P=0.600 P=0.409 P=0.256 P=0.566 

  no 11.9 2.67 0.48 48.6 

  yes 11.0 3.05 0.55 44.2 

  s.e.d. 1.8 0.45 0.07 7.7 

D x M P=0.132 P=0.009 A P=0.005 A P=0.101 
ASignificant effect, P < 0.05 

The extent of between-sample fungal diversity (beta-diversity) was also determined for leaf and root 

fungal microbiomes, including those which were either symptomatic or non-symptomatic for 

pasture dieback. As performed for the bacterial dataset, PCA was used to explore and identify the 

largest sources of variation occurring between each respective group of fungal microbiome samples. 

The dimensionality of the dataset was then reduced using the sPCA method and a differential 

abundance method undertaken to determine which microbes were driving, or contributing, to the 

differences occurring between samples (sPLSDA). 

The PCA indicated that the majority of the fungal populations associated with samples of 

symptomatic leaf material were very similar to those associated with non-symptomatic leaf samples. 

In contrast to the bacterial PCA, the percentage of variation observed (Җ 15%) was higher indicating 

a more statistically robust effect, with the clustering of each sample type and the overlapping 

ellipses indicating that the fungal populations showed little variation (Fig. 11). Further analysis to 

reduce the dimensionality of the dataset (sPLSDA) also showed few differences in the leaf fungal 

populations. Of the differences observed between symptomatic and non-symptomatic leaf material, 

the fungal genera Naganishia, Curvularia, Strelitziana and Pseudoseptoria were found to contribute 

to these differences (section 9.2.1; Fig. 40, Table 48). 

For the root microbiomes, as indicated by PCA, the majority of fungal populations associated with 

root material collected from plants that were either symptomatic or non-symptomatic for pasture 

dieback, were also very similar. The percentage of variation captured in the PCA of respective root 

fungal populations, was again relatively low (Җ 10%) with the majority of samples clustering together 

and the ellipses, describing the two groups of samples, overlapping (Fig. 12). Further analysis to 

reduce the dimensionality of the dataset (sPLSDA) also showed few differences occurring between 

root-associated fungal populations. Of the differences observed to occur between symptomatic and 

non-symptomatic root material, the fungal family Marasmiaceae, genera Acrophialophora and 

Curvularia, family Ceratobasidiaceae, genera Botryosphaeria and Erythrobasidium and family 

Teratosphaeriaceae were found to contribute to these differences (section 9.2.1; Figure 40, Table 

49). 
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Figure 11. Principal components analysis (PCA) indicating similar, diverse fungal populations 

associated with leaf samples, where samples are represented by a single point and grouped 

according to pasture dieback symptoms (Non-symptomatic leaf samples (O) and Symptomatic leaf 

samples (ɲ)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCA comp 1-2); 

and (B) Components 1 vs 3 (PCA comp 1-3). 

 

Figure 12. Principal components analysis (PCA) indicating similar, diverse fungal populations 

associated with root samples, where samples are represented by a single point and grouped 

according to pasture dieback symptoms (Non-symptomatic root samples (O) and Symptomatic 

root samples (ɲ)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCA comp 

1-2); and (B) Components 1 vs 3 (PCA comp 1-3). 
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4.2.2.1.5.1 Taxonomy of fungal populations 

The classification or taxonomy, of the dominant populations of fungi associated with leaf samples 

(phyllosphere) collected from non-trial sites was determined (Fig. 13). Because of the large number 

of fungal types observed within each leaf sample dataset (142 fungi classified to genus level) only 

the highly abundant, core fungal populations (fungi present in > 80% of samples) found to be 

associated with leaf material from plants showing signs of pasture dieback (Leaf, Symptomatic), and 

healthy plants (Leaf, Non-symptomatic) are tabulated (Table 20). 

Fungal populations classified within phylum Ascomycota and phylum Basidiomycota were highly 

abundant in all plant samples. Within the dataset, there were a number of sequence Features that 

were either only able to be assigned to the kingdom Fungi or were unassigned. There are still many 

unknown fungi, with a recent study of fungal communities in grassland plant species (Francioli et al., 

2020) reporting nearly 4.5% of the fungal sequences in their data could not be assigned to a fungal 

phylum. 

Specific, highly abundant core fungal populations which could be classified, and were associated 

with symptomatic plants (core fungi present in > 80% samples) included the genera Cladosporium, 

Alternaria, Aureobasidium, Didymella and Nigrospora. Highly abundant core fungal populations 

which could be classified and were associated with non-symptomatic plants (core fungi present in > 

80% samples) included the genera, Exserohilum, Aureobasidium, Cladosporium, Fusarium and 

Didymella (Table 20). Several of these core genera (e.g. Cladosporium, Aureobasidium, and 

Didymella) were found to be highly abundant on the leaves of both symptomatic and non-

symptomatic plants. 

When all the leaf-associated fungal populations classified to genus level for symptomatic and non-

symptomatic plant groups were compared (Fig. 14; A,B), approximately half (51%) of the fungi 

identified to genus level were found to be present in both groups. When the classified, core 

populations were compared, 77% of the core fungi were shared or present, in both the symptomatic 

and non-symptomatic sample groups. This finding supports the taxonomy-independent analysis (e.g. 

PCA) which also showed that there was little variation occurring in the overall fungal populations 

associated with the phyllosphere (leaves) of symptomatic and non-symptomatic plants. 

The leaf fungal microbiome dataset included many fungal genera, known to contain members which 

are plant pathogens, as well as members well known as naturally occurring epiphytes or endophytes, 

of a wide range of plant species. For example, species within the genus Cladosporium are 

widespread and commonly encountered on all types of plants, with some species known to be 

common endophytes (Brown et al., 1998, El-Morsy, 2000), whilst other species of this genus are 

plant pathogens, causing leaf spots and other lesions (Bensch et al., 2012). The genus Alternaria is a 

widely distributed fungi containing 300 species, some of which are common saprophytes found in 

soil and air, whilst other species are known as plant pathogens (Nowicki et al., 2012). The genus 

Aureobasidium has a worldwide distribution, and some species are being investigated for potential 

use in the biological control of plant diseases (Romeralo et al., 2015; Wachowska et al., 2020). The 

genus Didymella contains species that are known to be plant pathogens causing foliar diseases in 

commercially important crops such as chickpea (Pande et al., 2005) and field pea (Tran et al., 2014), 

resulting in yield losses. The genus Nigropsora is widespread, particularly in the tropics and whilst 

many species are saprotrophic, some are plant endophytes with some being phytopathogenic (Hao 

et al., 2020). The genus Fusarium are widely distributed in soil and are often associated with plants. 

Most are harmless saprophytes, but some are plant pathogens, causing root and stem rot, vascular 

ǿƛƭǘ ƻǊ ŦǊǳƛǘ Ǌƻǘ όhΩ5ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ нлмрύΦ ²Ƙƛƭǎǘ ƴƻǘ ŀ ŎƻǊŜ ŦǳƴƎŀƭ ƎǊƻǳǇ ǿƛǘƘƛƴ ǘƘŜ ƭŜŀŦ ƳƛŎǊƻōƛƻƳŜǎΣ 
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the genus Pyricularia, identified as causing blight of buffel grass (Cenchrus ciliaris) in Queensland 

(Perrott & Chakraborty, 1999) was present in 27% of the buffel grass leaf microbiome samples.  

Table 20. Core fungal populations found to be associated with leaf material from plants showing 
signs of pasture dieback (Leaf, Symptomatic), and healthy plants (Leaf, Non-symptomatic). The 
fungal taxonomy is shown at the lowest level of classification achieved, usually Family or Genus level 
ǿƛǘƘ ǘƘŜ ŎƻǊŜ ǇƻǇǳƭŀǘƛƻƴǎ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ǘƘƻǎŜ ǇǊŜǎŜƴǘ ƛƴ җ ул҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ ƭŜŀŦ ǎŀƳǇƭŜǎ 
analysed (n). The relative abundance for each core fungal population is expressed as a percentage of 
the total number of sequences obtained for each leaf sample group. 

Leaf, Symptomatic (n = 48) Leaf, Non-symptomatic (n = 12) 

Core fungi Relative 
abundance (%) 

Core fungi Relative 
abundance (%) 

Family Cladosporiaceae; 
Genus Cladosporium 

10.88 Family Pleosporaceae; 
Genus Exserohilum 1.53 

Family Pleosporaceae; 
Genus Alternaria 

10.57 Kingdom Fungi; Phylum 
Unclassified 1.40 

Family Aureobasidiaceae; 
Genus Aureobasidium 

10.06 Family Aureobasidiaceae; 
Genus Aureobasidium 8.74 

Family Didymellaceae; 
Genus Didymella 

8.67 Family Cladosporiaceae; 
Genus Cladosporium 2.39 

Family 
Trichosphaeriaceae; 
Genus Nigrospora 

6.51 
Family Nectriaceae; 
Genus Fusarium 17.36 

Kingdom Fungi; Phylum 
Unclassified 

2.23 Family Didymellaceae; 
Genus Didymella 15.17 

Family Pleosporaceae; 
Genus Exserohilum 

0.91 Family Pleosporaceae; 
Genus Alternaria 3.32 

Family Nectriaceae; 
Genus Fusarium 

5.01 
 

 

Order Pleosporales; 
Family Unclassified 

6.97 
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Figure 13. Highly abundant fungal populations associated with leaf samples, classified to order level taxonomy. Samples are sorted within the stacked bar graph 
according to the location from which they were collected (e.g. site A), whether the plant leaf samples were Symptomatic or Non-symptomatic for pasture dieback, and the 
common name of the Ǉƭŀƴǘ ŦǊƻƳ ǿƘƛŎƘ ǘƘŜ ƭŜŀŦ ǎŀƳǇƭŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ όŜΦƎΦ {ŀōƛ ƎǊŀǎǎύΦ CǳƴƎƛ ǎƘƻǿƴ ƘŀŘ ŀƴ ŀōǳƴŘŀƴŎŜ җ ǘƘƛǊŘ ǉǳŀǊǘƛƭŜ ǘƘǊŜǎƘƻƭŘ όп55 sequences per 
feature). Taxonomic rank is indicated as k (kingdom); p (phylum); c (class); and o (order). 
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Figure 14. Venn diagrams indicating the numbers of fungal populations associated with either Leaf 

material (A and B) or Root material (C and D) that were unique or shared between samples 

Symptomatic or Non-symptomatic for pasture dieback. Fungal populations were assigned to genus 

ƭŜǾŜƭ ǘŀȄƻƴƻƳȅ ŀƴŘ ŎƻǊŜ ǇƻǇǳƭŀǘƛƻƴǎ ǿŜǊŜ ŘŜŦƛƴŜŘ ŀǎ ǘƘƻǎŜ ǇǊŜǎŜƴǘ ƛƴ җ ул҈ ƻŦ ǎŀƳǇƭŜǎ ǿƛǘƘƛƴ ŜŀŎƘ 

sample group (Symptomatic [n = 48], Non-symptomatic [n = 12]). 

 

The classification or taxonomy, of the dominant populations of fungi associated with rhizosphere 

(root/associated soil) samples collected from non-trial sites were also determined (Fig. 15). Overall, 

more genera of fungi were identified in the root sample dataset (367 fungi classified to genus level) 

than in the leaf microbiomes and again this was expected as the rhizosphere is known to harbour 

more diverse populations of fungi (Fierer, 2017). Because of the large number of fungal types 

observed within each root sample, only the highly abundant, core fungal populations (fungi present 

in > 80% of samples) found to be associated with root and associated soil from plants showing signs 

of pasture dieback (Leaf, Symptomatic), and healthy plants (Leaf, Non-symptomatic) are tabulated 

(Table 21). 

Fungal populations classified within the phylum Basidiomycota and phylum Ascomycota were highly 

abundant in all plant root samples. Specific, highly abundant core fungal populations which could be 

classified, and were associated with symptomatic plants (core fungi present in > 80% samples), 

included the unclassified genera from the family Nectriaceae, the genera Fusarium and Nigrospora, 

an unclassified genus from the class Sordariomycetes, and the genus Alternaria. Highly abundant 

core fungal populations which could be classified and were associated with symptomatic plants (core 

fungi present in > 80% samples) included two genera (Fusarium and unclassified genus) from the 

family Nectriaceae, the genera Poaceascoma, Curvularia and Acrophialophora (Table 21). Several of 
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these core fungi (e.g. those classified within the family Nectriaceae), were found to be highly 

abundant on the roots of both symptomatic and non-symptomatic plants. 

When all the root-associated fungal populations classified to genus level for symptomatic and non-

symptomatic plant groups were compared (Fig. 14; C, D), approximately half (51.6%) of the fungi 

identified to genus level were found to be present in both groups. When the classified, core 

populations were compared, 53.3% of the core fungi were shared or present, in both the 

symptomatic and non-symptomatic sample groups. This finding supports the taxonomy-independent 

analysis (e.g. PCA) which also showed that there was little variation occurring in the overall fungal 

populations associated with the rhizosphere (roots) of symptomatic and non-symptomatic plants. 

 
Table 21. Core fungal populations found to be associated with root material from plants showing 
signs of pasture dieback (Root, Symptomatic), and healthy plants (Root, Non-symptomatic). The 
fungal taxonomy is shown at the lowest level of classification achieved, usually Family or Genus level 
ǿƛǘƘ ǘƘŜ ŎƻǊŜ ǇƻǇǳƭŀǘƛƻƴǎ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ǘƘƻǎŜ ǇǊŜǎŜƴǘ ƛƴ җ ул҈ ƻŦ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ Ǌƻƻǘ ǎŀƳǇƭŜǎ 
analysed (n). The relative abundance for each core fungal population is expressed as a percentage of 
the total number of sequences obtained for each root sample group. 
 

Root, Symptomatic (n = 48) Root, Non-symptomatic (n = 12) 

Core fungi Relative 
abundance (%) 

Core fungi Relative 
abundance (%) 

Family Nectriaceae; 
Genus Unclassified 

5.72 Family Nectriaceae; 
Genus Fusarium 12.23 

Kingdom Fungi; Phylum 
Unclassified 

2.38 Family Nectriaceae; 
Genus Unclassified 9.07 

Family Nectriaceae; 
Genus Fusarium 

2.11 Family Lentitheciaceae; 
Genus Poaceascoma 7.67 

Family 
Trichosphaeriaceae; 
Genus Nigrospora 

1.00 Kingdom Fungi; Phylum 
Unclassified 

1.87 

Class Sordariomycetes; 
Order Unclassified 

0.74 Kingdom Fungi; Phylum 
Ascomycota 3.22 

Family Pleosporaceae; 
Genus Alternaria 

0.24 Family Pleosporaceae; 
Genus Curvularia 0.26 

Family Cladosporiaceae; 
Genus Cladosporium 

0.13 Family Ascomycota fam 
Incertae sedis; Genus 
Acrophialophora 4.31 

Order Pleosporales; 
Family Unclassified 

1.22 Family Pleosporaceae; 
Genus Exserohilum 1.49 

Phylum Ascomycota; 
Class Unclassified 

3.06 Family Periconiaceae; 
Genus Periconia 0.38 

Family Pleosporaceae; 
Genus Exserohilum 

1.90 Order Pleosporales; 
Family Unclassified 0.35 

Family Periconiaceae; 
Genus Periconia 

1.73 Family Didymellaceae; 
Genus Didymella 0.35 

 
 Family Cladosporiaceae; 

Genus Cladosporium 0.30 
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Figure 15. Highly abundant fungal populations associated with root samples, classified to order level taxonomy. Samples are sorted within the stacked 

bar graph according to the location from which they were collected (e.g. site A), whether the plant samples were Symptomatic or Non-symptomatic for 

pasture dieback, and the common name of the plant from which the root ǎŀƳǇƭŜǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ όŜΦƎΦ {ŀōƛ ƎǊŀǎǎύΦ CǳƴƎƛ ǎƘƻǿƴ ƘŀŘ ŀƴ ŀōǳƴŘŀƴŎŜ җ ǘƘƛǊŘ 

quartile threshold (287 sequences per feature). Taxonomic rank is indicated as k (kingdom); p (phylum); c (class); and o (order). 
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4.2.2.1.6 Mealybug and ground pearl microbiome 

Mealybugs (Heliococcus sp.) and white ground pearls (Margarodes australis) are both pest insects 

known to attack plants and have been implicated in pasture dieback. To allow comparison of the 

microbiomes present within and on these insects to the microbiomes of plant leaf, root and soil 

samples in this project, methodologies were developed for the preservation of the insect, extraction, 

and purification of gDNA from individual specimens (Fig. 16) collected in this project and preserved 

either in ethanol or immediately frozen. Two different methods for the extraction and purification of 

gDNA were evaluated and both techniques successfully extracted gDNA from a single insect 

specimen preserved either in ethanol or frozen. However, the gDNA extracted using the published 

gDNA extraction of Phillips and Simon (1995), resulted in gDNA containing PCR inhibitors affecting 

the amplification of the bacterial amplicon needed for sequencing. The commercial kit protocol 

produced gDNA which amplified well in the PCR assays and may therefore be preferred for future 

DNA extractions from ground pearl and mealybug specimens. The extracted gDNA from mealybugs 

and ground pearls from both extraction methods were used as template in the fungal ITS PCR assay 

but no amplification occurred. Three mealybug and ground pearl bacterial gDNA samples were 

selected, along with two blank samples, and prepared for bacterial microbiome sequencing with the 

details on preservation and gDNA extraction method used contained in section 9.1.3 (Table 43).  

Figure 16. Frozen (A) mealybug specimen (B) ground pearl specimens used for gDNA extraction 

method testing, both with a 1 cm scale bar to indicate the size of specimens. 

 

The initial analysis of the extent of within-sample microbial diversity (alpha diversity) was 

determined for mealybug and ground pearl bacterial microbiomes, generated from individual insect 

specimens that were preserved either by immediately freezing or stored in ethanol and then frozen 

and had their gDNA extracted by one of two different methods. Four measures of alpha diversity 

were calculated (Table 22) and showed that both insect types, possessed diverse bacterial 

populations. However, the microbiomes generated using gDNA prepared by the commercial kit 

contained higher microbial diversity compared to those generated using gDNA prepared by the 

published method of Phillips and Simon (1995). The preservation method used also had a slight 

impact on the microbiome diversity with immediately freezing resulting in higher levels of within-

sample microbial diversity compared to the ethanol preserved samples. The bacterial microbiome 

data generated using gDNA extracted using the published method of Phillips and Simon (1995) were 
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removed from further analysis of the datasets. Despite the very limited number of samples 

examined, distinct microbial populations were found to be associated with each of these insect 

types. 

Table 22. Microbial diversity observed within ground pearl (GP) and mealybug (MB) samples 

obtained during method development experiments, described using four measures of microbial 

alpha diversity (Faith pd, Shannon, Pielou evenness and Observed Features). 

Sample 
Type 

DNA Extraction 
method 

Preservation 
method 

Sample 
No. 

Faith pd Shannon Pielou 
evenness 

Observed 
features 

GP Commercial kit ethanol 522 3.04 2.08 0.44 27 

GP Commercial kit frozen 523 (1) 8.11 4.14 0.64 88 

GP Commercial kit frozen 523 (2) 8.37 4.15 0.62 100 

GP Published methodA frozen 523 (3) 4.87 0.58 0.10 52 

MB Commercial kit ethanol 485 2.73 1.29 0.27 26 

MB Commercial kit frozen 488 (1) 4.95 1.13 0.20 48 

MB Commercial kit frozen 488 (2) 4.12 1.01 0.19 38 

MB Published methodA frozen 488 (3) 2.48 0.24 0.06 20 
ASDS-based DNA extraction method published by Phillips and Simon (1995). 

The classification of the dominant populations of bacteria associated with three individual 

mealybugs was classified to genus level (Fig. 17). The highly abundant, bacterial populations, i.e. 

those bacteria types present at җ 0.05% relative abundance are tabulated (Table 23). Mealybugs are 

plant sap-sucking insects that rely on symbiotic micro-organisms to help them with their nutritional 

requirements with a study of six mealybugs belonging to the Phenacoccinae sub-family revealing 

they host only one type of symbiotic bacteria, Tremblaya phenacola (Michalik et al., 2019). Of note, 

all three of the mealybug microbiomes were dominated by a bacterial population previously 

associated with a mealybug symbiont (Lopez-Madrigal, 2015; C. Hauxwell, pers. comm. 2020), 

classified within the family Burkholderiaceae and the candidate genus, Tremblaya with a relative 

abundance of 73%. Whilst the plant (leaf, root/associated soil, soil) samples from the site that the 

mealybugs were obtained from have not had microbiome sequencing undertaken, the genus 

Tremblaya was present in the leaf microbiomes of 16 (33%) of the symptomatic plant samples and 

only 1 (8%) of the non-symptomatic plants. While some bacteria found associated with mealybug 

samples were also found in soil samples, including root samples where mealybugs were not 

detected (Fig. 18), the genus Tremblaya was not detected within the sequence dataset describing 

the root-associated microbiota. The second most dominant bacterial population was the genus 

Ralstonia which contains members known as plant pathogens, however, as discussed previously, 

further quantitative PCR assays should be undertaken to validate the presence of Ralstonia in the 

microbiomes of mealybugs rather than a laboratory-derived contaminant (Salter et al 2014). There 

were more bacterial populations present in the frozen mealybugs and this may be due to the 

ǇǊŜǎŜǊǾŀǘƛƻƴ ƛƴ ŜǘƘŀƴƻƭ ǊŜǎǳƭǘƛƴƎ ƛƴ ǘƘŜ ƭƻǎǎ ƻŦ ōŀŎǘŜǊƛŀ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ƳŜŀƭȅōǳƎΩǎ ŜȄǘŜǊƴŀƭ body 

surface.  
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Figure 17. Highly abundant bacterial populations associated with three individual mealybugs collected from a single site (AG) but preserved either in 
ethanol then stored frozen (sample 485) or immediately frozen (sample numbers 488) classified to genus level. Bacteria shown had an abundance җ third 
quartile threshold (24 sequences per feature). Taxonomic rank is indicated as d (domain); p (phylum); c (class); o (order); f (family) and g (genus). 
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Table 23. Bacterial populations found to be associated with the three individual mealybug 
samples. The bacterial taxonomy is shown at the lowest level of classification achieved, usually 
Family or Genus level, The bacteria listed were designated as highly abundant, being present at җ 
0.05% relative abundance, where the relative abundance for each bacterial population is expressed 
as a percentage of the total number of sequences obtained for all the mealybug samples. The 
number of mealybug samples each bacterial population was found in, is also listed. 

Mealybug, bacteria Relative 
abundance (%) 

No. of 
samples  

Family Burkholderiaceae; Genus Candidatus Tremblaya 73.21 3 

Family Burkholderiaceae; Genus Ralstonia 24.72 3 

Domain Bacteria; Phylum Unclassified 0.46 3 

Phylum Proteobacteria; Class Unclassified 0.24 3 
Family Burkholderiaceae; Genus Burkholderia-Caballeronia-
Paraburkholderia 

0.17 2 

Family Pseudomonadaceae; Genus Pseudomonas 0.14 3 
Family Solibacteraceae; Genus Candidatus Solibacter 0.12 2 

Family Pseudonocardiaceae; Genus Amycolatopsis 0.11 3 

Family Lachnospiraceae; Genus Unclassified 0.10 3 

Family Thermoanaerobaculaceae; Genus Subgroup 10 0.06 2 
Family Bryobacteraceae; Genus Bryobacter 0.05 2 

Family Lachnospiraceae; Genus Lachnospira 0.05 3 
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Figure 18. Venn diagrams showing the number and percentage of bacterial populations found to 

be either unique or shared, between mealybug samples and plant root samples either positive 

(+ve) or negative (Neg) for mealybugs. (A) Core bacteria detected in mealybug samples and 

mealybug positive root samples; (B) Core bacteria detected in mealybug samples and mealybug 

negative root samples; (C) All bacteria detected in mealybug samples and mealybug positive root 

samples; (D) All bacteria detected in mealybug samples and mealybug negative root samples. Core 

ǇƻǇǳƭŀǘƛƻƴǎ ƻŦ ōŀŎǘŜǊƛŀ ǿŜǊŜ ǘƘƻǎŜ ŦƻǳƴŘ ƛƴ җул҈ ƻŦ ǎŀƳǇƭŜǎΦ 

 

Ground pearls are insect pests which can form a shiny cyst stage of the second instar, from which 

they get their name (Thompson et al 2021). There is little information on the biology of these 

cryptic, root-feeding insects or their microbiomes. The classification of the dominant populations of 

bacteria associated with three individual ground pearls were determined classified to genus level 

(Fig. 19). The highly abundant, bacterial populations, i.e. those bacteria types present at җ 0.05% 

relative abundance are tabulated (Table 24). The bacterial populations found associated with the 

ground pearl samples were also often found in the rhizosphere (root/associated soil) samples (Fig. 

20). The most abundant bacteria population in all three ground pearl microbiomes was the genus 

Ralstonia and as mentioned previously further quantitative PCR assay will need to be used to 

validate it as real member of the microbiome. The second most abundant bacteria present in all 

three ground pearl microbiomes which was also present in all of the root microbiomes (approx. 7% 

relative abundance) was the genus Amycolatopsis which has been identified as a beneficial 

rhizobacterial species associated with positive effects on plant growth in other plant species such as 

stylo (Zhou et al 2017) and cucumber (Alipour et al 2021). Two of the ground pearl microbiomes 

were dominated by a bacteria identified as genus Burkholderia-Caballeronia-Paraburkholderia with a 

relative abundance of 39%. Members of the genus Caballeronia are found as symbionts in other 

insects such as squash bugs but are thought to be environmentally acquired (Acevedo et al 2021; 

Mendiola et al 2022). Whilst the plant (leaf, root/associated soil, soil) sample that the ground pearls 
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were obtained from has not had microbiome sequencing undertaken, the genus Burkholderia-

Caballeronia-Paraburkholderia was present at a low relative abundance in the microbiomes of 24 

(50%) of the symptomatic plant samples and 8 (67%) of the non-symptomatic plants and was not 

present in any of the leaf microbiomes. The genus Paraburkholderia is commonly found in the 

rhizosphere with plant growth promoting species isolated from Paspalum with the capacity to 

solubilise phosphate (Amaral et al 2022). As was seen in the mealybugs, there were more bacterial 

populations present in the microbiomes generated from frozen ground pearl samples and this may 

be due to the preservation in ethanol resulting in the loss of bacteria located on the external surface 

of the ground pearl cyst. 
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Figure 19. Highly abundant bacterial populations associated with three individual ground pearl samples, collected from two different sites and preserved 
either in ethanol then stored frozen (sample 522, site AJ) or immediately frozen (sample number 523, site AK), classified to genus level. Bacteria shown 
had an abundance җ third quartile threshold (24 sequences per feature). Taxonomic rank is indicated as d (domain); p (phylum); c (class); o (order); f (family) 
and g (genus). 
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Table 24. Bacterial populations found to be associated with ground pearl samples. The bacterial 

taxonomy is shown at the lowest level of classification achieved, usually Family or Genus level. The 

ōŀŎǘŜǊƛŀ ƭƛǎǘŜŘ ǿŜǊŜ ŘŜǎƛƎƴŀǘŜŘ ŀǎ ƘƛƎƘƭȅ ŀōǳƴŘŀƴǘΣ ōŜƛƴƎ ǇǊŜǎŜƴǘ ŀǘ җ лΦр҈ ǊŜƭŀǘƛǾŜ ŀōǳƴŘŀƴŎŜΣ 

where the relative abundance for each bacterial population is expressed as a percentage of the total 

number of sequences obtained for all the ground pearl samples. The number of ground pearl 

samples each bacterial population was found in, is also listed. 

Ground Pearl, bacteria Relative 
abundance (%) 

No. of 
samples  

Family Burkholderiaceae; Genus Burkholderia-Caballeronia-
Paraburkholderia 39.60 

2 

Family Pseudomonadaceae; Genus Pseudomonas 10.46 1 

Family Burkholderiaceae; Genus Ralstonia 10.08 3 

Family Solibacteraceae; Genus Candidatus Solibacter 7.48 2 
Family Pseudonocardiaceae; Genus Amycolatopsis 5.69 3 

Family Clostridiaceae; Genus Clostridium sensu stricto 12 3.18 2 

Family Thermoanaerobaculaceae; Genus Subgroup 10 3.02 2 

Order Solirubrobacterales; Family 67-14 2.14 3 

Family Bryobacteraceae; Genus Bryobacter 1.94 2 

Family Acidobacteriaceae (Subgroup 1); Genus Unclassified 1.84 2 

Family Mycobacteriaceae; Genus Mycobacterium 1.55 2 
Family Pseudonocardiaceae; Genus Unclassified 1.42 2 

Family Xanthobacteraceae; Genus Bradyrhizobium 1.20 3 

Family Rhodanobacteraceae; Genus Dyella 0.96 2 

Family Solirubrobacteraceae; Genus Conexibacter 0.86 2 
Order Gammaproteobacteria Incertae Sedis; Family Unclassified; 
Genus Acidibacter 0.69 

2 

Family Rhizobiaceae; Genus Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium 0.62 

2 

Family Oxalobacteraceae; Genus Unclassified 0.58 1 

 

Figure 20. Venn diagrams showing the number and percentage of bacterial populations found to 

be either unique or shared, between the three ground pearl samples and plant root samples. (A) 

!ƭƭ ōŀŎǘŜǊƛŀ ŘŜǘŜŎǘŜŘΤ ό.ύ ŎƻǊŜ ǇƻǇǳƭŀǘƛƻƴǎ ƻŦ ōŀŎǘŜǊƛŀ ŦƻǳƴŘ ƛƴ җул҈ ƻŦ ǎŀƳǇƭŜǎΦ 
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4.2.2.1.7 Soil micro-eukaryote microbiome 

The soil samples were the only sample type to have the eukaryotic microbiome sequencing 

undertaken, as the leaf and root samples amplified mostly plant host genes and the amount of plant 

DNA in soil is relatively low. The micro-eukaryote microbiome amplicon preparation, sequencing and 

taxonomic assignment work was done by Dr Paul DennƛǎΩ ƎǊƻǳǇ ŀǘ Ƙƛǎ ¦v ƭŀōƻǊŀǘƻǊȅΦ CǳǊǘƘŜǊ 

analysis of the taxonomically assigned micro-eukaryote dataset was undertaken by the DAF MEG 

group at the Ecosciences Precinct. 

4.2.2.1.7.1 Diversity of soil eukaryote populations 

The extent of between-sample micro-eukaryote diversity (beta-diversity) was determined for the 

samples of soil collected from around plants which were either symptomatic or non-symptomatic for 

pasture dieback. Principal component analysis (PCA; Joliffe and Cadima, 2016) was used to explore 

and identify the largest sources of variation occurring between each respective group of bacterial 

microbiome samples. The PCA results indicated that the majority of the eukaryote populations found 

associated with the soil samples from symptomatic plants were very similar to those associated with 

non-symptomatic plants, as indicated by the relatively low percentage of variation explained (Җ 10%) 

and the clustering of samples and overlapping ellipses as depicted in Fig. 21. The within-sample 

variation (alpha diversity) is yet to be determined for this dataset. 

Figure 21. Principal components analysis (PCA) indicating similar, diverse eukaryote populations in 

soil associated with plants, where the soil samples are represented by a single point and grouped 

according to the pasture dieback symptoms of the plants from which the soil was collected (Non-

symptomatic plants (O) and Symptomatic plants (ɲ)). PCA shown on the basis of three components 

(A) Components 1 vs 2 (PCA comp 1-2); and (B) Components 1 vs 3 (PCA comp 1-3). 

 

4.2.2.1.7.2 Taxonomy of soil-associated eukaryote populations 

The taxonomy of the dominant, highly abundant populations of eukaryotes associated with soil 

samples collected from non-trial sites were determined (Fig. 22). For each soil sample examined, a 

highly diverse population of different eukaryote types were observed, as would be expected, as soil 

is known to harbour diverse populations of eukaryotes (Fierer, 2017; Dopheide et al., 2021). Because 

of the large number of eukaryote types observed within each soil sample, the highly abundant, core 

eukaryote populations (eukaryotes present in 100% of samples) found to be associated with soil 






































































































































