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

Abstract

Pasture diebacls a complex catition likely involving a range of pidisposing biotic and abiotic
factors. The role and impact of these factors are poorly understood. This projeetl &onalarify the
range of pathogenic organisms associated with pasture dieback across multiple riegions
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 aatd soil
paired sites 2. Laboratory aalysis of these samples; Bathogenicity testing of specific pathogenic
organisms determined from the analysis of field collected samples.

The knowledge of multiple potential causal agents ofaxiors of pasture dieback has improved.
Limitedregional variation was detected in the suite of pathogens isolated from material collected in
Queensland surveysvlicrobiome research demonstrates yesimilarmicrobiomes acrossingle

point sampledsymptomatic and norsymptomatic plants and that thers noclear, bacterial or

fungal population strongly associated with symptomatic plaht indicatesa singlecausal

microbial pathogerfor dieback Virology research conducted during the project indicate a range of
viruses present in both symptomatic and neymptomatic plants. Some of these are novel i.e. have
not been recorded previouslthers represent new host or geographic records for knowrseisu
Grass velariviruses warrant further investigation dastossible these viruses play a role in pasture
dieback Research into the pasture mealybug providesdence of direct and persistent impact on
the productivity and survival of Bisset creepbige grassHowever, as the precise mechanism of
plant death was not investigatetiere is apossibility that the impagtand sulsequent plant death
could be the result of factors in addition to direct feeding by pasture mealybug e.g. a disease
vectored ly mealybug. Gaining an understanding of the mechanism is important in predicting the
mediumtlong term viability of the infected pasture and the selection of appropriate management
tactics.

The outcomes of this projetiaveimproved the knowledge of potentl causal agents including the
impact these can have on pasture productivity avitl guide future research into effective
management solutions to restore pasture productivity and business profitability.
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Executivesummary

Background

Pasture diebacls a complex condition likely involving a range ofgisposing biotic and abiotic
factors. The role and impact of these factors are poorly understood. This projeetl &onalarify 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 ylisposing biotic ad 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 causalfagents
pasture diebaclat onetime, in one project. Thisprojectaimed toidentify causal agents of pasture
dieback and the impact of these agents on pasture productivitypaodide guidance fofuture
research into effective management solutions to restore pasture productivitybasthess
profitability.

Objectives

The objectives of this project are:
1. Improved knowledge of the potential causal agents offaxtors of pasture dieback using
pathogenicity testing
2. Gain knowledge of pathogenic organisms present in the pastfieeted by dieback from
geographical areas where plant and soil samples have not been previously collected.

Knowledge of multiple potential causal agents offactors of pasture dieback has improved
through the analysis of plant and soil samples froneetE#d and unaffected areas, and the
pathogenicity testing of multiple fungiiruses and the pasture mealybug.

Multiple extensive field surveys across pasture dieback affected regions in Queensland were
undertaken. These field surveys provided samplestferpathogenicity testing of potential

pathogenic organism$esults to date show that there alienited differences in the suite of

pathogens (viruses, bacteria, fungi) found in association with pasture dieback in different regions of
QueenslandCbservdions during surveysndicate an associatioof pasture diebackvith the

presence of pasture mealybug.

All project objectives have been met.

Methodology
This project was conducted by undertaking three activities.

1. Field sampling to colleetdditional 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 projectisigytand 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 deiteed 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

1

The knowledge of multiple potential causal agents ofaxiors 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 andnorthern) and subsequent sample analyisidicateit is unlikelythat 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 grisep

Microbiome research demonstrates very simiaicrobiomes across single point sampled
symptomatic and norsymptomatic plants and that therwas 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 ad nonsymptomatic 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 arole 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, Fighsity 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 onsedyahptoms

resulted in recovery of pasture productivity. These results apply only to Bisset creeping blue
grass, it is unclear if tecan be reliably extrapolated to other species/varietibsie to he
precise mechanism of plant death nm¢inginvestigatel, 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 empitlieaidence of the role of pasture mealybug on one
variety of pasture and indicateo evidence of a single fungal, bacterial or viral pathogen associated
with pasture dieback. Current project outcomes will guide future research into effective
management saitions 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 ando answer new guestions that emerged during the projddiese include:

1. New fieldbased 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 settiona to determine changes in pathogenic
(and beneficial) organisms and the plant and soil microbiome over({lme years)

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

While thereis 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), icannot beconcludedthat mealybug alone are producing the effe observedA critical

need is to investigate the potential involvement of pathogens transmitted by the pasture mealybug,
including viruses and other miciarganisms. Also, further research is needed to fully explore the
range of pathogens present, espalty 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 specashrese
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 acipof 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 additionahnalysis of soil sample data

Additionalanalysis is @eded toincludepasture nealybugas afactor (as done with diversity
measures) imematode andhutrient analyses. While is unlikely there is an association or
correlation between mealybugs, nematodes and soil nutrient lewglalysis is required to caplete
the understanding of the relationship between these facténsrther nultivariate analysis
combining theground pearl, nematode soil rutrient, alpha diversity and eukaryottatais also
required
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1. Background

Pasture diebaclks a condition causing premature death of tropical and-sepical grass pastures
across Queensland and New South Wales. Sown grass pasture species are mainlytafieastare
diebackin southern, central and northern districts eAsten Queensland. Pasture productivity is
severely affectedby pasture diebacknd cattle do not graze tlseareas resulting itbeef production
lossesSurveys and discussions with graziers indicate pasture diglaachffectpropertiesfor
multiple years. Eonomic analysis undertakentine Meat and Livestock Australia (MLgpject
B.PAS.0511 (Buck et.,&l022)indicatedthat a shortterm pasture dieback scenario (stocking rate
reduction for 4 years) reducetie profitability of an average sized central€gnsland propertyy
$66,320,compared to a reduction in profitability of $181, 70laitongterm pasture dieback
scenario (stocking rate reduction for 8 yearBlue to the magnitude of theseconomic losses,
graziers are anxious to understand the cag$®f pasture dieback aridhplementmanagement
solutionsthat are costeffective to restore pasture productivity.

Pasture diebacls a complex condition likely involving a range of@igposing biotic and abiotic
factors and te role and impact ahese factors are poorly understood. This project aihto 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 projet expandedthe identifications already conducted on existing samples collected by the
Department of Agriculture and Fisheries (DA&)ng the first half 02020 and undexok additional
micro-eukaryotic diversity profiling of these samples. Likely caagahts or cefactors from this and

other analysisvere tested for pathogenicity in controlled (e.g. glasshouse) and field environments.
Experienced pasture agronomists and scientists in fungal plant pathology, entomology, virology and
bacteriology condued 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 yaieposing biotic and abiotic factors of this condition,
this projed investigated multiple potential causal agents including fungi, bacteria, viruses and
insects. To our knowledge no other project axsminecdthis range of potential causal agergsone
time in one project The outcomes of this project will improve thaowledge 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 pjectwere:
1. Improved knowledge of the potential causal agents offaxtors 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 saimples have not been previously collected.

All projectobjectives have been met.

Knowledge of multiple potential causal agents o+factors of pasture dieback hamproved
through the analysis of plant and soil samples from affected and unaffected areditie
pathogenicity testing of multiple fungi and viruses and the pasture mealybug.

Multiple extensive field surveys across pasture dieback affected regions in Queak(stathern,
central and Northerjwere undertaken.Despite plans to do so, no field surveys were undertaken in
New South Wales due to the impact of the Celfipandemic (staff travel restrictiong/ork from
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home ordersandclosed state boarder for exteled periods) during the project perioBield surveys
provided samples for the pathogenicity testing of potential pathogenic organisms. Results to date
indicate it is unlikelyhat there are different casual agents of pasture dieback in different regibns o
Queensland i.e. it is likely grasses exhibiting pasture dieback symptossQueensland are
impacted by the samgor similar)pathogenic organism(s).

3. Methodology

This project was conducteal undertaking liree activities.

1. Field sampling to colleeddtional plant and soil samples

2. The analysis gilant and soisamplescollected 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 Fieldsampling

DAF poject staffconductedfield sampling trigacrosscentraland northern Queenslandetween
February and July 202These were conductgdst prior to the projeccommencing with MLANd

were undertaken due to the presence of suitable pastoweditions and the availability of staff time.
The first trip was in March 2026 central QueenslandThis tripwas one of the larger trips
conducteddue to the number of properties affected by dieback at that time. Diagnostic scientific
staff gained expeence and aetter understanding of pasture dieback expression across a range of
pasture situations. Alsahe trip enabled thdine tuning ofsampling methodology for future trips.
Subsequent sampling trips were conductigting the projectincludingtrips to a small numbeof
individual sites. A summary of these tripiglinedin Table 1A collection of photos from these

trips are shownin Fig. 1 ¢ 5.

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

Region Nearest Town Number of Number Date
properties/locations| of sites
sampled sampled
Central QId 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 Feb2020
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 Number Date
properties/locations| of sites
sampled sampled
Southern Coulson 1 4 March 2020
Qld 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 Number Date
properties/locations| of sites
sampled sampled
Northern Mt Garnet 1 2 June 2020
Qld 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. Undertakingasturesurveying and sampling by mobile phone spotlight.
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Hgure 4. Inspectingand sampling gasture affected by dieback.
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To ensuraobustfield samplingnethodologiesprotocols were designed lyroject staffacross

multiple disciplines This included preit staff knowledge of field sampling procedures for
pathogenic organisms (i.©AFproject staff experience), inputs from DAF staff with knowledge of
pastures and sampling protocols (i.e. experience from obwFspecialists), and from a sampling
strategy document collaboratively compiled by project staff and other organisa(idesy South

Wales DPI) including thosended by MLAUniversity of Queensland, Applied Horticulture Research)
to undertake pasture dieback research.

To ensureeffective use othe time in thefield, all sites were visitegrior to ensure pasture dieback
was presen{as opposed to other stress facgsuch as moisture or nutrient strésplan which

locations on the property to samploa paired sampling strategy could becomplishegdandto
determinethe most time efficient property visit order. Depending on the situation a paired sampling
strategy was undertakewhichentailed:

1 Locating a pasture site with diebagdymptomatic)xlose to a pasture site without dieback
(non-symptomatic).e. paired site

Each site contasthe same pasture species, or mix of

Each site be on a similar thre 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

= =4 —a A -

If obvious pasture dieback symptoms were obsergadoadsides, these were also sampled
howeverthesemade upa low percentage of theotal number ofsites. Some of thaoad-side sites
were not paired, that is no sampl&®m an unaffected area was collected. At each sitdtiple
samples were collectedsoutlined 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 {FYLX Sa Fylfe
Plant Leaves Viruses; microbiomefungi
Stems Viruses; microbiomgungi
Roots Microbiome fungi
Rhizosphereoil Microbiome micro-eukaryote
Saoll 0-10cm Soil chemistry and nutrients
Nematodes
Ground pearls
10-30cm Soil chemistry andutrients
Nematodes
Ground pearls

The presence of insects, especially the pasture mealybadpove ground plant parts and leaf
litter/thatch, werealsorecorded at all sites visite@bservations 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 Location/nearest town Grazing and paddock
demographic information management

GPS location of each site When dieback was first noticed

Date ofsampling Soil type

Owne@ details Weather conditions

Predominat pasture type A record of samples collected
Individual site details Grass species Presence of insects including

pasture mealybug
Stage of dieback Leaf disease symptoms
Diebacksymptoms Sample types, reference number

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 inRbgults sectin 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 thé&esults section pertaining to the specifiathogen.

4. Results

4.1 Plant pathologyanalysis and pathogenicity testing

Plant pathology assessments of grasses affected by pasture dieback iemdptieensland

recordedthat two pathogenic fungabrganismsGaeumannomycesp. andColletotrichunsp.were
commonly present on two grasses, Digit and Rhodes grass. Asftimggare known to be

pathogenic on pasture grasses, pathogenicity testing under glasshouse conditions was undertaken to
determine if these can cause pasture dieback symptoms i.edisedlouration and plant death.

4.1.1 Fungal inoculatiormethodology

4.1.1.1Inoculum production
A range of field and glasshouse pathogenicity testing techniques have been successfully ised in t
production ofGaeumannomycesoculum (Singletoet al. 1992). Two methods were selected and
assessed against isolates of b@hgraminicolaand Colletotrichunsp. for glasshouse experiments
conducted at the Department of Agriculture and Fisheries (DAF), Mareeba Research Facility.

1. Steelcut organic oats (Red Titac Foods); 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 autoclawt 3 times at 123C to ensure sterility.
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2. Sandacornmeatwater medium. Dry sand (5009) and 15g of coarse polenta (Siena) was
mixed with 65mL of sterile distilled water. The same weight and process as with method 1
was followed.

Cultures ofG. graminicoland Colletotrichunsp. 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@ta2isl shakeon a

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

4.1.1.2Glasshouse experiment 1

Soil was collected from a local housing development and sieved to remove rocks and large clods
before being moistened with water contairg 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 alurmium foil forsevendays to allow the germination of weeds which were removed
before applying the inoculum and sowing with pasture seed. Inoculum (oats) of each isolate (59)
was spread evenly across the soil surface then covered with 1 cm of soil bpforkling seed of

Digit grassBigitaria erianthg cv. Premieand Rhodes gras€kloris gayanpcv Epica The seed was

again covered with 1 cm of soil then watered to allow germination. The experiment consisted of five
replicates plugwo control potsfor eachpasture species?4 pots in total.

Assessments were conducted visually, microscopically and through fungal isolations at two and four
months (post inoculation). Confirmation &f. graminicolavas determined by the presence of
hyphopodia and not th presence of fungal hyphae as other fungal organisms have similar
characteristics.

4.1.1.3Glasshouse experiment 2
Soil was again sourced from the same location as was used in Experiment 1. In addition, the soil was
autoclaved (123C) three times taninimise 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 ciliar)jv. Gayndah, as this is one of the mdsiminant species affected by pasture
dieback. The only isolate used in Experiment 2 @agraminicolasColletotrichurmsp. was not
recovered from any plants in Experiment 1. The number of inoculated pots was increased from five
to seven, whilst the nmnber 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 (polsttioochy

visual, microscopic inspection and fungal isolations (where appropriate). As with experiment one,
the presence o6. graminicolavas based on the presence of hyphopodia.

4.1.2 Sample assessment and fungal identificatiomethodology

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

and assessed at two separate laboratoriesqscienceBrecinct Dutton Park Brisbanend

Mareeba). This allowed for comparison of fungal organisms reedvesamples 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 12 minutes, then blotd dry. Small sections-@inm of discoloured root or stem
material) were placed onto malt extract agar (MEA), incubated € 2td assessed for evidence of
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fungal growth. Cultures were placed under bhigkt to induce the development of sporing
structures, then identified microscopically to genera level. Where appropriate, single spore cultures
were prepared and sent tecoscienceBrecinct for molecular identification to species level.

4.1.3 Fungal inoculatiorresults

4.1.3.1Inoculum production
After one week of incubation, the growth @&. graminicolaand Colletotrichunsp. established well
on both the oats and sandornmeal media. However, the weekly shaking of the flasks had a
negative impact and resulted in limited to no growth@f graminicolaand Colletotrichurnsp. after
five weeks on the sandornmeal media. The sarmbrnmeal 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 anddried on blotting paper for 3 days before being crushed
into small fragments (Bmm).

4.1.3.2Glasshouse experiment 1
Symptoms of blackening were observed (one month, post inoculation) at the crown level of Digit
grass plants inoculated wit@. graminiola, 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 symptomaic plants only and isolations were successful in the recovery of the organism. Isolates
were sent to ESP for verification a@d graminicoldBRIP 71996) was confirmed. Microscopic
assessments and isolations conducted from the control plants did novee& 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 asssbusing 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 w@blletotrichunsp., but similar symptoms were

not observed in the Rhodes grass inoculated pots. Isolations were not successful in the recovery of
Colletotrichurrsp., indicating the organism was not pathogenic.

Four of the five replicates of both Rhodes and Digit grass inoculated3agifaminicolahad

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 ofG. graminicola.The recovery of the organisms wa®re 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, prirbeing 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 oneeobiilgit 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 oG. gramintola 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 assessmenGfogramintcolawas backed up with a positive
recovery through isolations (Tab#. 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 organismit is hypothesised that this was due to the low incidence of the organism

in comparison to the inoculated pots.

Table4. Microscopy, isolation results and visual assessments conducted at the second assessment.

Digit grass G.graminicola Colletotrichumsp.
(cv. Premier)| Microscopy | Isolation Mealybugs Microscopy| Isolation | Mealybugs (Visual
(Visual)
Rep 1 \" \% U U U \%
Rep 2 Vv Vv U U U Vv
Rep 3 Sample not taken \% ) U \
Rep 4 Y | Vv Y U U Y
Rep 5 Sample not taken \' U U \%
Control 1 \' | U U U U U
Control 2 Sample not taken U U U U
Rhodes grass G. graminicola Colletotrichumsp.
(cv. Epica) | Microscopy | Isolation Mealybugs Microscopy| Isolation | Mealybugs (Visual
(Visual)
Rep 1 \' \' \' U U \Y
Rep 2 \% \% ) U U \%
Rep 3 Sample not taken U U ) \%
Rep 4 Sample not taken \% ) U U
Rep 5 \% \% \% U U \%
Control 1 U U \% U U \%
Control 2 U U \' U U \Y
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 confirmedHsliococcus samervillei,the paspalum

mealybug (Brooks, 1978)hichhas been associated with pasture dieback since the 422y13.

4.1.3.3Glasshouse experiment 2

The germination rate of the Digit and Rhodes grass seed was consistent, however the seed of the
Buffel grass (c\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 dhauveeks.

Whole plants were removed from the pots at two (June 2021) and sevenhm@ost inoculation
(November 2021), examined microscopically and fungal isolations conducted where necessary.

Based on the microscopic examinati@, graminicolavas observed in 5 of the 7 replicates of
Rhodes grass, and 1 of the 7 replicates of Qigiss. At this assessment, there was no evidence of
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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 Babieven 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 shadgessment, indicating the pre
sterilization process of the soil was successful.

Table5. Comparison of microscopic assessment and the recover@.afjraminicolafrom fungal
isolations at two months st inoculation.

Replicate Digit grass cv. Premier\ Rhodes grass cv. Epica\ Buffel grass cv. Gayndalh
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

The second assessment was extended to seven months-ifpmsilation) due to the cooler weather
conditions experienced, compared to the timing of Experimen®ily visual and microscopic
assessments were conducted. The number of replicates of all s gpeecies increased ouéne

(Table6), however, other than obvious death of leaf sheaths and some leaf chlorosis and necrosis,

plant death was not observed as with Experiment 1.

Table6. Visual observations fos. graminicolaat seven months post inoculation

Replicate Digit grass cv. Premie| Rhodes grass cv. Epi¢ Buffel grasgv. 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

4.1.4 Field sample assessment and identificatioasults

A total of 18 samples were received for fundegnostics from the Atherton Tablelands (9), in north
Queensland and Boonah (7) and Dalby (2) in Skast Queensland. Pasture species consisted of
Kikuyu Pennisetum clandestinurd), Setaria$etaria sphacelata4), Rhodes gras€( gayang; 4),
Buffel grass €. ciliaris 3), and individual samples of Digit graBitaria erianthg, Broadleaf carpet
grass Axonopus compressuaid a sample consisting of various specigse latter two samples
were received from residential properties.

A range oftingal organisms were identified and are listed in Tableowever not all were identified
by molecular sequencing due to time and money constraints. Those identified by molecular
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sequencing have a Queensland herbarium number associated with them (BRIE)l@res have
been lodged and stored with the herbarium. As a result, additional species of both
Gaeumannomyce&. californicusand FusariumF, caatingaengewere identified, however, there is
limited information available in the literature on the§angi. The only known report @&.
californicusis on buffalo turf tenotaphrum secundatunin California (HernandeRestrepo et al.
2016), wherea$. caatingaenséorms part of theFusarium incarnaturequisetispecies complex and
has been reported as an entomopathogen (Samtoal. 2019). Of the other identifications,
Pyricularia grisegCurvulariasp.,Nigrosporasp. andRhizoctoniap. are well known as common
grass or turf pathogens. Of the samples dpditween Mareeba and th&coscienceBrecinct
laboratories, a similar range of fungal organisms were recovered.

Table7. List of fungal organisms identified microscopically and by molecular sequencing.

Host Symptoms | Location Identification
Broadleaf carpt grass Axonopus Dieback Mareeba# | Curvulariasp.
compressus Rhizoctoniasp.
Buffel grassQ. ciliari¥ Dieback Dalby” Epicoccunsp.
Fusariunspp.
Buffel grassQ. ciliari¥ Dieback Dalby” Curvulariasp.
Fusariumspp.
Nigrosporasp.
Buffel grass@enchrus ciliarfjcv. Gayndah | Dieback Boonah” Fusariunsp.
Digit ©. erianthg Dieback Mareeba G. graminicolgdBRIP 71996) *
glasshouse
Kikuyu P. clandestinum Dieback Ravenshoe | G. graminicoldBRIP 71565a) *
G. californicu¢BRIP 71565b) *
Kikuyu P. clandestinum Healthy Ravenshoe | G. graminicolgdBRIP 71566a) *
G. californicu¢BRIP 71566b) *
Kikuyu P. clandestinum Dieback Evelyn Gaeumannomycesp.
Central* Pyricularia grisea
Kikuyu P. clandestinum Leaf spot | Ravenshoe? Pyricularia grisea
Rhodes gras<( gayana Dieback Boonah” Fusarium sp.
Rhodes gras<( gayana Dieback Boonah® Fusarium caatingaense
(BRIP 71992a) *
Gaeumannomycesp.
(BRIP 71993a) *
Rhodes gras<( gayanacv. Epica Dieback Boonah” Fusariunsp.
Setaria §. sphacelata Dieback Julatten G. graminicoldBRIP 71567) *
Setaria §. sphacelata Healthy Julatten Gaeumannomycesp.
Setaria §. sphacelata Dieback Boonah” Fusariunmsp.
Setaria §. sphacelata Dieback Boonah” Fusariumincarnatumequiseti
species complex (BRIP 71994)
Various species Dieback | Atherton# | Gaeumannomycesp.

*BRIPg represents identifications conducted by molecular sequencing
ASamples assessed at EEBogcienceRrecinct) and Mareeba

# Samples reeived from residential properties
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4.2 Microbiome diagnostic analysis including miceukaryotic testing
4.2.1 Diagnostic experimentmethodology

4.2.1.1Microbiome

4.2.1.11 Sample collection and receipt

A 2 4 A x

taidz2NBE RASoOoFO1 &l YLX Sa O2tt SOGSR 2y alk YLX Ay3 GN
(MEG) members had details recorded on field collection sheets including the site, sample site GPS
location, sample number, grass species, growth stage, planadiebymptoms, 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 Ve dieback symptoms such as reddening or yellowing of leaves and

taking a photo of selected affected leaves. The plant was thersanipled into 5 mL tubes as leaf

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

laboratory. Samples were stored frozen-a0 °C until processing.

From the biegeographical 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. &ua{®1) 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 diad 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 soihviseed 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 procdigeetthose 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-sampled into 5 mL tubes as leaf (L), root (R) and
soil (S) and stored at 2€until processing.

Each sample was logged into an Excel spreadsheet and given a unique identifier utilising the location
O2RS YR a4A0S ydzroSNE (GKS alyYLXsS GeLlsS AR GKS yd
LnmQ ARSYGATASAE &0 ENBLE ASS oFIN®Y LINES2 300G 65. 03 aAads
RFEGI AKSSO al YLX S vy dzsanfdsivéboihefstored & 20 °C untd BdcdssedR 4 dzo
A number of mealybug samples were collected from grasses, and ground pearls froat sainple

sites. These were either imnmediately frozen or placed into ethanol and stored froz2@°&at until

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

listing of the samples collected are contagthwithinsection9.1.1as a separately attached
spreadsheetMaster_Pasture_Dieback_Diagnostic_Sample_Data.

4.2.1.1.2 Cryogrinding

To obtain a representative sample of the collected leaf, root omsatkrial, each sample was
ground in a mortar and pestle under liquid nitrogen to ensure the sample remained frozen. Once
ground to a homogeneous fine powdérwas transferred, whilst still frozen, into a new 5 mL tube
labelled with its unique sample Ihe date, and a laboratory reference number for tracking
purposes. The ground samples were storee2&t °C until genomic DNA (gDNA) extraction was
undertaken. The full crygrinding procedure is detailed section9.1.2.
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4.2.1.1.3 Genomic DNA extraction
Genomic DNA (gDNA) extractions were undertaken from:

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

of the cryeground sample extracted following the manufacluN & Ay A G NHzOG A2y azx
T soil samples using the DNeasy PowerLyzer PowerSail kit (Qiagen, catalogue HIP855

usingupto 0.25gofcry8 NR dzy R &a2Af F2ff26Ay3 GKS YI ydzFIl Of
1 individual mealybugs or ground pearls using either@éamp DX 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 phgbdisruption using a Mini beadbeater 16

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

A5b! GAGKAY (KS alYLXS 2yiG2 GKS 1A0Qa aLAy O2f dzv
new tube aml frozen at-20 °C. The adaptation of the published method utilibeis buffer

containing sodium dodecyl sulphate (SDS) amdeBcaptoethanol and isopropanol precipitation of

the gDNA in the sampl&he quality and quantity of the extracted gDNA was mesas using a

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

the DNA extraction methods are detailedsection9.1.3.

4.2.1.1.4 PCR Amplicon preparation and sequencing

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

1 MEG laboratory, using primers targeting either the V3/V4 variable region of the 16S rRNA
gene (bacteria) ointernal transcribed spacelTS) region (fungi), and
1 laboratay of Dr Paul Dennis (School of Earth and Environmental Sciences, The University of
Queensland), using primers targeting the-V8 variable region of the 18S rRNA gene (micro
eukaryotes).
Details of primer sets used are listed in Tahland detailed mdiodologies of the PCR reaction
components and volumes, and the PCR running conditions, are detaiedtinn9.1.4.

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 differentigtoled and sequenced on

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

LINBLI NBR G 5NJtldzZ 5SyyAaQ f I o2 Nkhdudehbang SNB LIdzNA
lllumina MiSeq using a MiSeq Reagent Kit@d® (cycles; lllumina) using 8 pM libraries spiked with

0> t KA- [/ 2YyGNRf Qo oOoLfftdzYAyl 0 | OO2NRAYy3I (G2 GKS
used are contained withieection9.1.4.
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Table8. Details of the PCR Primer sets used in PCR reactions, with or without the addition dfiingna sequence tag required for further sample
indexing and library preparation.

Primer Target group t NAYSNJ &aSdjawSy 0SS o6pQ Reference

name

799F Bacteria p RACMGGATTAGATACCOKG Chelius and Triplett, 2001
1391R Bacteria p QACGGGCGGTGWGTRCA Walker & Pace, 2007
NXTF967F Bacteria p TLGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAGAACCTTAQC Sogin et al., 2006
NTX1391R | Bacteria p @CTCGTGGGCTCGGAGATGTGTATAAGABACAGCGGTGWGTROA Walker & Pace, 2007
ITS1Ftagged Fungi p DCGTCGGCAGCGTCAGATGTGTATAAGABGREAGBCATTTAGAGGAAGT @A | Gardes & Bruns, 1993
ITS2Rtagge( Fungi p QTCTCGTGGGCTCGGAGATGTGTATAAGAGREAGTTCTTCATCGATGC White et al., 1990

V8F Micro-eukaryotes p DCGTCGGCAGCGTCAGATGTGTATAAGAGRIANGGTCTGTGATGW@CAT Bradley et al., 2016
1510R Micro-eukaryotes p QTCTCGTGGGCTCGGAGATGTGTATAAGAGATAG CAGGTTCACGTAC AmaratZettler et al., 2009

lllumina sequence tags are underlined, and gepecific primeisequences are coloured with the first round bacterial PCR primbérs)( second round bacterial PCR primensér), fungal
ITS primersréd) and micreeukaryotic primersgurple).
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4.2.1.1.5 Sequence analysis

4.2.1.1.5.1Bacterial and fungal microbiomes
The sequence data were received from AGRF as 300 bp paired end reads, from four lllumina 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 readsniétiplexed, 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 QIIME 2) software pipeline package, either version 2019.10 or 2021.4 (Caporaso
et al., 2010, Caporaso et al., 2012) where the DADAZ2 software (Callahan et al., 2016) was used to
model and correct any remaining lllumina sequencing errors. In this way #us rgere 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 represdative 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 taxonoemtitjg

of each Feature was determined. For the bacterial 16S rRNA representative sequences, taxonomy
was assigned using a prained Naive Bayes classifier trained on the SILVA database December
2019 update, version 138 (Yilmaz et al., 2014). For thgdulTS 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@moved. 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 nontrial sites as the plants samplesifinahe 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 (Symmimatic or Norsymptomatic plant samples) and mealybugs (presence or absence
of mealybugs within plant samples).

4.2.1.1.5.2Micro-eukaryotic microbiomes
ThemicreSdz] F NE2GA O my{ NWwb! 3ISyS aSljdzSy0Sa 6SNBE LINE¢
modified UPARSE workflow (Edgar, 2013). Briefly, demultiplexing and primer removal were
performed, and the sequences were trimmed to (250 bp) forward reads anlityfitkered. 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 cawsjtion of microbial communities between samples was
investigated from a taxonomic and phylogenetic perspective.

The detailed bioinformatic methods and analyses undertaken are contairestimn9.1.5.

4.2.1.1.5.3Mlicrobiome 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. Copief micreeukaryote sequence data are stored on the University
of Queensland servers and high performance computers.

4.2.2 Diagnostic Experimentesults

4.2.2.1Microbiome
Plants possess complex miezoosystems harbouring abundant microbial populatidResearch 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 grpvaimoting
bacteria (PGPB) that have micronutrient (gpbate, 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 rangeof different species of pastures grasses that were either showing signs of pasture dieback
(symptomatic) or appeared healthy (n@ymptomatic). In total, 60 individual plants, encompassing
nine different pasture grass species and consisting of 48 sympito@rad 12 norsymptomatic
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 badtd 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 mgalg and ground pearls, and mieeokaryotic of

soil, were determined using a culturedependent, sequencbased approach using gDNA purified
from samples collected from producer properties and DAF trial sites in central andeasith
Queensland. Bioinfonatic 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, consistingl#3 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 ofguresealybug

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 homogsrrange 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/associatedsoil (root) samples to be sequenced for bacterial and fungal diversity sequencing
and soil sequenced for micieukaryote (Tabl®).

Extensive metadata were collected alongside the pasture dieback samples including soil nutrients,
nematode numbers and growl 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 parateter

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 cleathand consolidated sample dadse provided

within section9 andas 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 #gecditc amplification of

plant-based genetic material (chloroplast or mitochondrial DNA) whielviously 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 lllumina Ma§ platform. The amplicons for fungal and eukaryotic microbiomes

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

FYR 5NJtldzAf 5SyyAraaQ f1F02NF 02N NBaLSOGAGSted 58S
are summarised in Tabl&0.

Table9. Details of the plant species, number of samples and sites selected for microbiome
sequencing.

Common name | Species # of # of
samples | 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 mosambicensig 7 4
Angleton grass | Dichanthium aristatum | 4 3
Panic Panicum coloratum 4 3
Indian couch Bothriochloa pertusa 1 1
Massai Panic | Panicumeffusum 1 1

Tablel0. Summary of sequence datasets obtained for determining the bacterial microbiome and
fungal populations (ITS), of leaf and root si#amples from the same original plant sample, as well
as mealybug and ground pearl microbiome tesamples.

Sample Microbiome Number of | Number of sequence reads | Total Number of sequence
type target sample$ per sample (Meant STDEV)| 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
Leaf 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 Bacterial 4 317,997 #114,403 1,271,991; 0.77 Gb
Pearl
Soil Micro- 13¢¢ n/aP n/a

eukaroyote

ADataset received and preliminary description included in Milestone Report 2.
BIncludes negative control (blank) samples.
9ncluding soil samples associated with the 94 leaf and saotples.

Dn/a ¢ 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
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of plants e.g. plants which were showing signs of pastlieback (Symptomatic) and plants which
were not showing signs of pasture dieback (Mymptomatic), were also compared, in order to
determine whether there were any highly abundant, dominant types of bacteria associated with
pasture dieback symptoms. In@ition, 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 plassociated bacterial populations.

4.22.1.3 Diversity of plant associated bacterial populations
The extent of withirsample microbial diversitynased on four measures of alpha diversity (Faith PD,
Shannon entropy, Pielou evenness and Observed Featwas)letermined for leaf and root
bacteiial microbiomes, from plants that were either Symptomatic or gmptomatic 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 ngablodels included the
random effect ofSiteand the fixed effect oDieback symptom@Nonsymptomatic, Symptomatic).

No differences in the bacterial population diversity were evident between samples ef non
symptomatic and symptomatic leaf and root magdifor all four diversity measures (P>0.05; Table
11).

Tablell 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 Shannon Pielou Observed
index entropy evenness 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
Nonsymptomatic | 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 showsignificance 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 evériyitdid across
pasture dieback symptoms and presence/absence of mealybug (T2bla Chisquare analysis
however, determined a significant relationship between the occurrence of pasture dieback
symptoms and presence of mealybugs with 86% of symptoreatitples having mealybug
compared with 33% of neaymptomatic samples.
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Tablel2. Uneven distribution of available diversity records occurring between samples of plant
material (leaf and root) which were either Symptomatic or Nesymptomatic for pasture déback
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 chsquare value of 10.86 with 1 d.f.
Probability level (under nullypothesis) 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 withirsample microbial diersity (alpha diversity) measures. The models undertaken
included the random effect dbiteand the fixed effects dbieback symptom@onsymptomatic,
Symptomatic) and/ealybug(no, yes). Although the variance component $itewas not always

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

removing nonsignificant fixed effects but always retaining the main effect terms.

There was no significant interaction between pasture dieback symptoms and presence yhugeal
on the extent of leaf sample bacterial microbial diversity (P>0.05; Tlald-urther, 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 efects were observed for three of the four alpha diversity measures (Faith PD, Shannon
entropy and Observed Features) fomot 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 nesymptomatic 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; Tdpl@he Pielou evenness
YSF&adz2NE A& | YSFadz2NBYSyid 27F (imeRu, 1o06pndityeyeBriess¢ 02 Y LJ2
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 thesence 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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Tablel3. The effect of pasture dieback symptoms (Symptomatic, Neymptomatic) and the
presence of Mealybugs (yes, no) on microbial diversityasedon four measures of alpha diversity,
for bacterial populationsof leaf samples.

Treatment Faith PD Shannon Pielou evenness| Observed
entropy 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. 15 0.41 0.06 17.2
DxM P=0.862 P=0.576 P=0.611 P=0.602

The predicted means argtandard error of differences (s.e.d.) are shown and significance levels indicated by the P value,
with significance at the 5% threshold.

Tablel14. The effect of pasture dieback symptoms (Symptomatic, Nsymptomatic) and the
presence of Mealybugs (yes, hon microbial diversity based on four measures of alpha diversity,
for bacterial populationsof root samples.

Treatment Faith PD Shannon Pielou evenness Observed
entropy features
Dieback symptoms (D) | P=0.410 P=0.201 P=0.035 P=0.510
Nonsymptomatic 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 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
DxM P=0.602 P=0.063 P=0.03% 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% thresholdiSignificant effect, P < 0.05

The extent of betweersample microbial divsity (betadiversity) was also determined for leaf and

root bacterial microbiomes including those which were either symptomatic orsyonptomatic for
pasture dieback. Principal component analysis (BGlife and Cadima, 20} @/as used to explore
andidentify 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) methbtd://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 Radigbguares
Discriminant Analysit;e Cao et a(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 witiymoptomatic

leaf samples, as indicated by the relatively low percentage of variation obsexfeadt) and the
clustering of samples and overlapping ellipses depicted ir6Frurther analysis to reduce the
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dimensionality of the dataset also showed few differences inltheterial populations. Of the
differences observed to occur between symptomatic and-spmptomatic leaf material, the
bacterial genu®aenibacillusfamily Erwiniaceadamily Xanthobacteraceaand the genera
Kineosporiaand Sphingomonasvere found to ontribute to these differencesséction9.2.1; Fig.38,
Table46).

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
sympomatic 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 desuibhie two groups of samples,
overlapping (Fig?). Further analysis to reduce the dimensionality of the dataset also showed few
differences occurring between ro@tssociated bacterial populations. Of the differences observed to
occur between symptomaticral nonsymptomatic root material, the bacterial family
Kineosporiaceae, gen@ireptomycesfamily Comamonadaceae, order Solirubrobacterales, genus
Acinetobacteyfamily Enterobacteriaceae, genéisinetobactemvere found to contribute to these
differences(section9.2.1; Fig.39, Table47).

Figure6. 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 pasturalieback symptoms (Nosymptomatic leaf samplesd) and Symptomatic leaf
samples (1)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCAZpmp 1
and (B) Components 1 vs 3 (PCA cor3). 1

A PCAcomp1-2 B PCAcomp1-3
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Symptomatic st

2
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Page31of 125



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

Figure7. Principal componentganalysis (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 (Neymptomatic root samples®) and Symptomatic

root samples(;1)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCA comp
1-2); and (B) Components 1 vs 3 (PCA coip 1

A PCAcomp1-2 B PCAcomp1-3

/’f“\\ | / / f \‘\

\‘ | |
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4.2.2.1.3.1Taxonomy of plartassociated bacterial populations
The classification or taxonomy, of the dominant populationbasfteria associated with leaf samples
(phyllosphere) collected from netmial sites was determined (Fig). Because of the large number of
bacterial types identified within the leaf sample dataset (337 bacteria classified to genus level) only
the highlyabundant, 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, iSpmptomatic) are tabulate (Tablel5).

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
(JohnstonMonje et al 2021). Specific baci@ populations classified with the gendPantoea,

Ralstonia andPseudomonasg/ere found to dominate the leaves of both symptomatic and-non
symptomatic plants. Members of the genBantoeahave been associated with plants either as
epiphytes or endophyte with the generd&antoeaand Pseudomonagecently identified as part the

core shoot microbiome across 17 plant species (Johnstonje et al. 2021). The genus Pantoea
contains both beneficial and pathogenic species with isolates being identified irsreithar

beneficial plant growtkpromoting (Lu et al 2021) or causal agents in diseases such as stem necrosis
and leaf blight (Doni et al., 2021). The geRsgudomonaalso contains both pathogenic and

beneficial members with the plant pathogeseudompas syringaespecies 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 bacteriand fungal phytopathogens, nematodes and different insects (BimkS G | f ®
2022). Members of the genuwgalstoniaare known as major phytopathogens that cause bacterial

wilt in many crops (Genin and Denny, 202)wever, of note, the genuRalstoniawas aso 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 notnpiasal samples within the sequence
dataset, suggesting it was not necessarily a laboratierved contaminant. For this genus, further
guantitative PCR assays should be undertaken to validate the preseRadstdnian the
microbiomes of plant sampée

When all the bacterial populations classified to genus level in symptomatic andymoptomatic

leaf microbiomes were compared (F&j 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 taxoriohgpendent 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-egmptomatic plants.

The taxonomy of the dominant populations of bacteria associated with rhizesgheot/associated
soil) samples collected from neirial sites were also determined (Fi0). 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 expedt 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, Neymptomatic) were tabulated (Tabl&). Bacterial
populations classified within the phyla Actinobacteriota and Protetéria were highly abundant in
all plant root samples. The roots of both symptomatic and-sgmptomatic plant samples were
dominated by bacterial populations of the gerBigeptomycesOther bacteria found to be highly
abundant, core bacteria associatadth the roots of symptomatic plants included the genus
Amycolatopsisan unclassified genus from the order Solirubrobacterales, and the genus
ActinoplanesThe highly abundant, core bacteria associated with the roots ofsyomptomatic

plants also includeé an unclassified genus from the order Solirubrobacterales, the genus
Amycolatopsisis well as the genuBubrobacter

When all the rootassociated bacterial populations classified to genus level for symptomatic and
non-symptomatic plant groups were compt (Fig9; C,D), over half (53.4%) of the genlevel
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 findig also supports the taxonomindependent analysis (PCA) which indicated that there
were very similar, diverse bacterial populations associated with root samples from both
symptomatic and norsymptomatic plants.
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Figure 8. Highly abundant bacterial populations associated with Leaf samples, classified to order level taxoBamples are sorted within the stacked
bar graph according to the location from which they were collected (e.g. site A)hartthe leaf samples were Symptomatic or Neymptomatic for
pasture dieback, and the common name of the plant from which the leaf samples were obtained (e.g. Sabi ¢ra@4).SNA I dK2gy KI R
guartile threshold 87 sequences per featei). Taxonomic rank is indicated as d (domain); p (phylum); c (class); and o (order)
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Tablel5. Core bacterial populations found to be associated with leaf material from plants showing

signs of pasture dieback (Leaf, Symptomatic), and healthy plantsf(Lidan-symptomatic). The

bacterial taxonomy is shown at the lowest level of classification achieved, usually Family or Genus
RSaA3IylI GdSR
samples analysed (n). The relatalgundance for each core bacterial population is expressed as a

f S@St ALK

GKS O2NB

LJ2 Lddzt G A2y 4

percentage of the total number of sequences obtained for each leaf sample group.

Leaf, Symptomatic (n = 48

Leaf, Nonasymptomatic (n = 12)

Core bacteria

Relative
abundance (%)

Corebacteria

Relative
abundance (%)

Family Erwiniaceae; Genu
Pantoea

58.47

Family Erwiniaceae; Genu
Pantoea

53.71

Pseudonocardiaceae;
GenusAmycolatopsis

Family Burkholderiaceae; | 18.53 Family Burkholderiaceae; | 19.66
GenusRalstonia GenusRalstonia
Family 9.22 Family 9.95
Pseudomonadaceae; Pseudomonadaceae;
GenusPseudomonas GenusPseudomonas
Family Erwiniaceae; Genu| 4.65 Family Erwiniaceae; Genu| 3.40
Unclassified Unclassified
Family Microbacteriaceae;| 1.89 Family Microbacteriaceae;| 1.57
GenusCurtobacterium GenusCurtobacterium
Family kheosporiaceae; 0.11 Family Paenibacillaceae; | 0.92
GenusQuadrisphaera GenusPaenibacillus
Family Beijerinckiaceae; | 0.26
GenusMethylobacterium
Methylorubrum
Family Kineosporiaceae; | 0.19
GenusKineococcus
Order Enterobacterales; 551
FamilyUnclassified
Family 0.41
Sphingomonadaceae;
GenusSphingomonas
Family 0.27
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Figure9. 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 Norsymptomatic for pasture diebackBacterial populations we assigned to

genus level taxonomy and core populations were defined as those presg@0i¥h of samples

within each sample group (Symptomatic [n = 48], Mgmptomatic [n = 12]).

A Symptomatic Non-symptomatic B Symptomatic Non-symptomatic

Leaf Bacteria Core Leaf Bacteria
Symptomatic Non-symptomatic Symptomatic Non-symptomatic
Root Bacteria Core Root Bacteria
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Figurel0. Highly abundant bacterial populations aeciated with Root samples, classified to order level taxonor®amples 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 Syinprodonasymptomatic for

pasture dieback, and the common name of the plant from which the root samples were obtained (e.g. Sabi grass). Bactefid sRowh Y

I 6dzy RI y OS8

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

(order)
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Tablel6. Core bacterial populations found to be associated with root material from plants

showing signs of pasture dieback (Root, Symptomatic), and healthy plants (Réamt;

symptomatic). The bacterial taxonomy is shown at the lowest level of classification achieved, usually
CrYAf@&@ 2NJDSydza tS@St 6A0GK (GKS O2NB LRLJzZ I GA2ya
number of root samples analysed (n). The relativaradance 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, Norsymptomatic (n = 12)

Core bacteria Relative Corebacteria Relative
abundance (%) abundance (%)

Family Streptomycetaceae; | 9.84 Family Streptomycetaceae; 11.37

GenusStreptomyces GenusStreptomyces

Family Pseudonocardiaceae;| 7.75 Order Solirubrobacterales; Famil| 7.12

GenusAmycolatopsis 67-14

OrderSolirubrobacterales; 6.66 Family Pseudonocardiaceae; 6.99

Family 6714 GenusAmycolatopsis

Family Micromonosporaceae| 3.06 Family Rubrobacteriaceae; Geny 5.11

GenusActinoplanes Rubrobacter

Family Rhizobiaceae; Genus| 2.99 Family Micromonosporaceae; 4.02

AllorhizobiumNeorhizobium GenusActinoplanes

Pararhizéwium-Rhizobium

Family Solirubrobacteraceaej 2.71 Family Solirubrobacteraceae; 3.48

Genus Unclassified Genus Unclassified

Family Nocardioidaceae; 1.86 Family Bacillaceae; GenBacillus| 2.35

GenusNocardioides

Family Micromonosporaceae| 1.28 Order Gaiellales; Family 2.24

Genus Unclassified Unclassified

Family Mycobacteriaceae; 1.15 Family Solirubrobacteraceae; 1.86

GenusMycobacterium GenusSolirubrobacter

Family Sphingmonadaceae; | 0.70 Order Solirubrobacterales; Fami| 1.75

GenusSphingomonas Unclassified

Family Rubrobacteriaceae; | 2.89 Family Steroidobacteraceae; 1.71

GenusRubrobacter GenusSteroidobacter

Family Steroidobacteraceae;| 2.56 Family Pseudonocardiaceae; 1.67

GenusSteroidobacter Genus Unclassified

Family Solirubrobacteraceae; 1.96 Family Rhizobiaceae; Genus 1.64

GenusSolirubrobacter AllorhizobiumNeorhizobium

PararhizobiurrRhizobium

Family Bailaceae; Genus 1.92 Family Pseudonocardiaceae; 1.61

Bacillus GenusPseudonocardia

Family Xanthobacteraceae; | 0.85 Family Burkholderiaceae; Genug 1.34

GenusBradyrhizobium Ralstonia

Family Pseudonocardiaceae;| 2.30 Family Nocardioidaceae; Genus| 1.34

GenusPseudonocardia Nocardioides

Family Burkholderiaceae; 0.78 Family Micromonosporaceae; 1.28

GenusRalstonia Genus Unclassified

Family Gemmatimonadaceag 0.50 Family Sphingomonadaceae; 1.06

Genus Unclassified GenusSphingomonas

Order Géellales;Family 2.72 Family Mycobacteriaceae; Genu| 0.92

uncultured Mycobacterium

Order Gammaproteobacteria| 1.56 Family Frankiaceae; Genus 0.91

Incertae Sedis;Family Jatrophihabitans

Unknown_Family; Genus

Acidibacter
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FamilyPseudonocardiaceae; | 1.45 Order Gammaproteobacteria 0.85

Genus Unclassified Incertae Sedis; Family Unknown
Family; Genugécidibacter

Family Haliangiaceae; Genug 0.51 Family Xanthobacteraceae; 0.79

Haliangium GenusBradyrhizobium

FamilyComamonadaceae; 3.90 Phylum Chloroflexi; Class TK10| 0.72

Genus Unclassified

Family Pseudonocardiaceae;| 2.85 Family Gemmatimonadaceae; | 0.68

GenuslLechevalieria Genus Unclassified

Family Pseudonocardiaceae; 1.27 Family Haliangiaceae; Genus 0.52

GenusActinophytocola Haliangium

Order Solirubrobacterales; 1.54 Family Pseudonocardiaceae; 0.51

Family Unclassified GenusActinophytocola

Family Gaiellaceae; Genus | 0.69 Family Pseudonocardiaceae; 2.08

Gaiella GenuslLechevalieria

PhylumChloroflexi; Class 0.48 Family Comamonadaceae; Gen{ 2.07

TK10 Unclassified

Family Rhizobiaceae; Genus| 0.39 Family Oxalobacteraceae; Genu| 1.16

Unclassified Massilia

Family Frankiaceae; Genus | 0.57 Family Sphingomonadaceae; 0.44

Jatrophihabitans Genus Unclad#ed

Family Nocardioidaceae; 0.52 Family Geodermatophilaceae; | 0.42

GenusKribbella Genus Unclassified

Order Polyangiales; Family | 0.31 Family Longimicrobiaceae; Geny 0.41

Blrii4l YGZSS KJ147

Class Acidimicrobiia; Order | 0.16 Family Nocardioidaceae; Genus| 0.26

IMCC26256

Kribbella

Family Pseudomonadaceae; 1.88
GenusPseudomonas

Family Erwiniaceae; Genus 1.10
Pantoea

Family Geodermatophilaceae; | 0.69
GenusGeodermatophilus

Family Gaiellaceae; GenGsiella | 0.68
Family Solirubrobacteraceae; 0.46
GenusConexibacter

Actinobacteriota; Class MB2- 0.43

108

Order Polyangiales; Family Blrii4

0.26

Family Pseudonocardiaceae; 0.25
GenusKibdelosporangium
Family Rhizobiaceae; Genus 0.22

Unclassified

Family Caulobacteraceae; Genu
Caulobacter

0.18

Family Cryptosporangiaceae; 0.18
GenusCryptosporangium
Family Micromonosporaceae; 0.17

GenusDactylosporangium

Family Chitinophagaceae; Genu
Niastella

0.14

Family Thermomonosporaceae;

GenusActinomadura

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, akagahe 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 dieba@konsymptomatic) 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 plantassociated fungal populations
Within-sample microbial diveity, based on four measures of alpha diversity (Faith PD, Shannon
entropy, Pielou evenness and Observed Featumes$, determined for leaf and root fungal
microbiomes, from plants that were either Symptomatic or Miyimmptomatic for pasture dieback.
The 60samples 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 e8éet of
and the fixed effect oDieback symptom@onsymptomatic, Symptomatic).

Forleaffungal communities, the alpha diversity measures of Shannon entropy and Pielou evenness
were significantly higher in plants showing symptoms of pasture dieback than taymoptomatic

plants (P<0.05). There was also some evidence (P=0.06Thé¢hditversity measure of Observed
features was higher in plants showing symptoms than insymptomatic 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

Tablel7. The effect of pasture dieback symptoms on microbial diversity, based on four measures
of alpha diversity, for the fungal populations of leaf and root materidlhe predicted means and
standard error of differences (s.e.d.) are shown and diganite levels indicated by the P value, with
significance at the 5% threshold.

Treatment Faith PD Shannon Pielou evenness| Observed
entropy features
Leaf Fungi
Dieback symptoms | P=0.166 P=0.01% P=0.013 P=0.067
Nonsymptomatic | 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 withirsample funghdiversity (alpha diversity) measures. The models undertaken
included the random effect dbiteand the fixed effects dbieback symptom@onsymptomatic,
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Symptomatic) and/ealybug(no, yes). Although the variance component $itewas not always
significant it was retained in the model. A parsimonious model was achieved by sequentially
removing nonsignificant fixed effects but always retaining the main effect terms.

There was naignificant 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; Table8). Further, whether plants had pasture dieback symptomsai, 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. &:&iJe Faith PD was lower in n&gymptomatic

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 neffect of dieback symptoms or of mealybug on Faith PD in leaf fungal populations
(P>0.05; Tabl&8).

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

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

diversity measures of Faith PD and Observed features (P>0.05;1Babtéowever, there was a
significant interaction with both the Shannon entropy and Pielou evenness diversity measures, with
lowest measures in symptomatidgmts and highest measures in nregmptomatic 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 evanimeroot fungal populations

Tablel8. The effect of pasture dieback symptoms (Symptomatic, Neymptomatic) and the
presence of Mealybugs (yes, no) on microbial diversityased on four measures of alpha diversity,
for fungal populationsof 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 Pielou evenness| Observed
entropy features
Diebacksymptoms (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
DxM P=0.012 P=0.069 P=0.121 P=0.064

ASignificant effect, P < 0.05
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Tablel9. The effect of pasture dieback symptoms (Symptomatic, Neymptomatic) and the
presence of Mealybugs (yes, no) on microbial diversityased orfour measures of alpha diversity,
for fungal populationsof 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 Pielou evenness| Observed
entropy 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
DxM P=0.132 P=0.009 P=0.00% P=0.101

ASignificant effect, P < 0.05

The extent of betweersample fungal diversity (betdiversity) was also determined ftgaf and root
fungal microbiomes, including those which were either symptomatic orsyonptomatic for

pasture dieback. As performed for the bacterial dataset, PCA was used to explore and identify the
largest sources of variation occurring between eaclpeesive 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 betaen 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 withgsyanptomatic leaf samples.
In contrast to the bacterial PCA, the perceggzof variation observed{l5%) 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 (Rig.Further analysis to
reduce the dimensionality of the dataset (sSPLSDA) also showed few differences in the leaf fungal
populations. Of the differences observed between symptomatic andsyomptomatic leaf material,
the fungal generdNaganishia, Curvularia, Strelitzianad Pseudgeptoriawere found to contribute

to these differencessection9.2.1; Fig.40, Table48).

For the root microbiomes, as indicated by PCA, the majority of fungal populations associated with
root material collected from plants that were eitheymptomatic or norsymptomatic for pasture
dieback, were also very similar. The percentage of variation captured in the PCA of respective root
fungal populations, was again relatively |o#10%) with the majority of samples clustering together
and the elipses, describing the two groups of samples, overlappingXBigFurther analysis to

reduce the dimensionality of the dataset (SPLSDA) also showed few differences occurring between
root-associated fungal populations. Of the differences observed to dzetmreen symptomatic and
non-symptomatic root material, the fungal family Marasmiaceae, gerenaphialophoraand

Curvularia family Ceratobasidiaceae, gen@atryosphaeriand Erythrobasidiunand family
Teratosphaeriaceae were found to contribute to seedifferencesgection9.2.1; Figure40, Table

49).
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Figurell. 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 pastue dieback symptoms (Noesymptomatic leaf samples) and Symptomatic leaf
samples (1)). PCA shown on the basis of three components (A) Components 1 vs 2 (PCAZpmp 1

and (B) Components 1 vs 3 (PCA cor3. 1

PCAcomp 1-2 B PCAcomp1-3

DiebackSymptom
Non-symptomatic
Symptomatic
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PC3: 7% expl. var
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Figurel2. Principal componentanalysis (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 (Nsymptomatic root samples@) and Symptomatic

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

1-2); and (B) Components 1 vs 3 (PCA cofp 1
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4.2.2.1.5.1Taxonomy of fungal populations
The classification or taxonomy, of the dominant populations of fungi associated with leaf samples
(phyllosphere) collected from netmial sites was determined (Fi$j3). Because of the large number
of fungal types observed within each leaf sample dataké® 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 (LeafJon-symptomatic) are tabulated (Tabgg).

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 abled 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 couldenagdigned 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 géla@tasporium,
Alternaria, Aureobasidium, Didyetla and Nigrospora Highly abundant core fungal populations
which could be classified and were associated with-spmptomatic plants (core fungi present in >
80% samples) included the geneExserohilum, Aureobasidium, Cladosporium, Fusaaiun
Didymela (Table20). Several of these core genera (€2¢adosporium, Aureobasidiyrand

Didymellg were found to be highly abundant on the leaves of both symptomatic ane non
symptomatic plants.

When all the leahssociated fungal populations classified to gelewgl for symptomatic and nen
symptomatic plant groups were compared (Rig; 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 there fungi were shared or present, in both the symptomatic
and nonsymptomatic sample groups. This finding supports the taxonromgpendent 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-sgmptomatic 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 occurringy&gspor endophytes,

of a wide range of plant species. For example, species within the gdadesporiunare

widespread and commonly encountered on all types of plants, with some species known to be
common endophytes (Brown et al., 1998.Mdrsy, 2000)whilst other species of this genus are

plant pathogens, causing leaf spots and other lesions (Bensch et al., 2012). Thakgnmasiais a

widely distributed fungi containing 300 species, some of which are common saprophytes found in
soil and air, whilsother species are known as plant pathogens (Nowicki et al., 2012). The genus
Aureobasidiunhas a worldwide distribution, and some species are being investigated for potential
use in the biological control of plant diseases (Romeralo.e2@15; Wachows et al., 2020). The
genusDidymellacontains 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 gemligropsorais widespread, particuldy in the tropics and whilst

many species are saprotrophic, some are plant endophytes with some being phytopathogenic (Hao
et al., 2020). The gentisariumare widely distributed in soil and are often associated with plants.
Most are harmless saprophytdsyt some are plant pathogens, causing root and stem rot, vascular
gAf 0G0 2N FNHZAG NRBG ohQ52yyStf S FfdX wHanmpud 2 KA
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the genusPyricularia identified as causing blight of buffel gra€gfichrus cilias) in Queensland
(Perrott & Chakraborty, 1999) was present in 27% of the buffel grass leaf microbiome samples.

Table20. Core fungal populations found to be associated with leaf material from plants showing

signs of pasture dieback (Leaf, Symptomatic)damealthy plants (Leaf, Nosymptomatic).The

fungal taxonomy is shown at the lowest level of classification achieved, usually Family or Genus level
GAUK GKS O2NB LRLJzZ I tAz2ya RSaA3IylLIGSR a GKz2as
analysedn). 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, Noasymptomatic (n = 12)
Core fungi Relative Cor fungi Relative
abundance (%) abundance (%)
Family Cladosporiaceae;| 10.88 Family Pleosporaceae;
GenusCladosporium GenusExserohilum 1.53
Family Pleosporaceae; | 10.57 Kingdom Fungi; Phylum
GenusAlternaria Unclassified 1.40
Family Aureobasidiaceag 10.06 Family Aureobasidiaceag
GenusAureobasidium GenusAureobasidium 8.74
Family Didymellaceae; | 8.67 Family Cladosporiaceae;
GenudsDidymella GenusCladosporium 2.39
Family 6.51
Trichosphaeriaceae; Family Nectriaceae;
GenusNigrospora GenusFusarium 17.36
Kingdom Fungi; Phylum | 2.23 Family Didymellaceae;
Unclassified GenusDidymella 15.17
Family Pleosporaceae; | 0.91 Family Pleosporaceae;
GenusExserohilum GenusAlternaria 3.32
Family Nectriaceae; 5.01
GenusgFusarium
Order Pleosporales; 6.97
Family Unclassified
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Figurel3. Highly abundant fungal populations associated with leaf samples, classifiegrtter level taxonomy.Samples are sorted within the stacked bar graph
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Figureld. 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 Norsymptomatic for pasture dieback-ungal populatins were assigned to genus

f SPSt G(lFE2y2Yé | yR O2NB LRLMzA I GA2ya 6SNB RSTAYSFK
sample group (Symptomatic [n = 48], Neymptomatic [n = 12]).

A Symptomic Non-symptomatic B Symptomatic Non-symptomatic

Leaf Fungi Leaf core Fungi

C D

Symptomatic Non-symptomatic Symptomatic Non-symptomatic

Root Fungi Root core Fungi

The classification or taxonomy, of the dominant populations of fasgociated with rhizosphere
(root/associated soil) samples collected from Aoial sites were also determined (Fitp). Overall,

more genera of fungi were identified in the root sample dataset (367 fungi classified to genus level)
than in the leaf miabiomes and again this was expected as the rhizosphere is known to harbour
more diverse populations of fundtierer, 2017)Because of the large number of fungal types

observed within each root sample, only the highly abundant, core fungal populatiorg (fresent

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 (Leafs\ioptomatic) are tabulated
(Table2l).

Fungal populations classified withihe 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 gdnggariumandNigrospora

an unclassified genus from the class Sordariomycetes, and the ééteusaria Highly abundant

core fungal populations which could be classified and wese@ated with symptomatic plants (core
fungi present in > 80% samples) included two genEtasdriumand unclassified genus) from the

family Nectriaceae, the geneRoaceascoma, Curvuladad AcrophialophorgTable21). Several of
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these core fungfe.g.those classified within the family Nectriaceae), were found to be highly
abundant on the roots of both symptomatic and repmptomatic plants.

When all the rootassociated fungal populations classified to genus level for symptomatic ard non
symptomatic plant groups were compared (Figt; 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 presdmbth the

symptomatic and nossymptomatic sample groups. This finding supports the taxonrmdgpendent
analysis (e.g. PCA) which also showed that there was little variation occurring in the overall fungal
populations associated with the rhizosphere (rgpof symptomatic and neaymptomatic plants.

Table21. Core fungal populations found to be associated with root material from plants showing

signs of pasture dieback (Root, Symptomatic), and healthy plants (Root,-Blonptomatic).The

fungal taxonomy ishown at the lowest level of classification achieved, usually Family or Genus level
GAGK GKS O2NB LRLMzA FdAz2ya RSaAdayrGSR a GKz2as
analysed (n). The relative abundance for each core fungal populaticpriessed as a percentage of

the total number of sequences obtained for each root sample group.

Root, Symptomatic (n = 48) Root, Norsymptomatic (n = 12)
Core fungi Relative Core fungi Relative
abundance (%) abundance (%)
Family Nectriaceae; 5.72 Family Nectriaceae;
GenusUnclassified GenugFusarium 12.23
Kingdom Fungi; Phylum | 2.38 Family Nectriaceae;
Unclassified Genus Unclassified 9.07
Family Nectriaceae; 2.11 Family Lentitheciaceae;
Genug-usarium GenusPoaceascoma 7.67
Family 1.00 Kingdom Fungi; Phylum
Trichosphaeriaceae; Unclassified
GenusNigrospora 1.87
Class Sordariomycetes; | 0.74 Kingdom Fungi; Phylum
Order Unclassified Ascomycota 3.22
Family Pleosporaceae; | 0.24 Family Pleosporaceae;
GenusAlternaria GenusCurvularia 0.26
0.13 Family Ascomycota fam
Family Cladosporiaceae; Incertae sedis; Genus
GenusCladosporium Acrophialophora 4.31
Order Pleosporales; 1.22 Family Pleosporaceae;
Family Unclassified GenusExserohilum 1.49
PhylumAscomycota; 3.06 Family Periconiaceae;
Class Unclassified GenusPericonia 0.38
Family Pleosporaceae; | 1.90 Order Pleosporales;
GenusExserohilum Family Unclassified 0.35
Family Periconiaceae; 1.73 Family Didymellaceae;
GenusPericonia GenusDidymella 0.35
Family Cladosporiaceae;
GenusCladosporium 0.30
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Figurel5. Highly abundant fungal populations associated with root samples, classified to order level taxon&amyples 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 Symptddeetsymptomatic for
pasture dieback, and the common name of the plant from which thedobtY L)t Sa ¢ SNB 200G+ Ay SR 60S®3d {F6A 3INI
guartile threshold (287 sequences per feature). Taxonomic rank is indicated as k (kingdom); p (phylum); ¢ (class);emd o (ord
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4.2.2.1.6 Mealybug and gound pearl microbiome

MealybugqHeliococcusp.)and white ground pearléMargarodes australisare both pest insects

known to attack plants and have been implicated in pasture dieback. To allow comparison of the
microbiomes present within and on thesesitts 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 (E&ycollected 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 eidr in ethanol or frozen. However, the gDNA extracted using the published
gDNA extractiorf Phillips and Simon (1995%gsulted in gDNA containing PCR inhibitors affecting

the amplification of the bacterial amplicon needed for sequencing. The commetgabtacol

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 usedeanplate 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 angDNA extraction method used containedsiction9.1.3(Table43).

Figurel6. 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 analsis of the extent of withirsample 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 etlaawlaihen frozen

and had their gDNA extracted by one of two different methods. Four measures of alpha diversity
were calculated (Tablg2) and showed that both insect types, possessed diverse bacterial
populations. However, the microbiomes generated usiDiNA prepared by the commercial kit
contained higher microbial diversity compared to those generated using gDNA prepared by the
published method oPhillips and Simon (1995). Theeservation method used also had a slight
impact on the microbiome diversityith 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 methBtitips and Simon (199B)re
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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.

Table22. Microbial diversity observed within ground pearl (GB)d 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| DNA Extraction Preservation| Sample | Faith pd | Shannon | Pielou Observed
Type method method No. evenness| 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 methofi 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 methofi frozen 488 (3) | 2.48 0.24 0.06 20

ASD$Shased DNAxtraction method published by Phillips and Simon (1995).

The classification of the dominant populations of bacteria associated with three individual
mealybugs waslassifiedto genus level (Fid.7). The highly abundant, bacterial populations, i.e.
thosebacteria types preserdt xx0.05% relative abundance are tabulated (T8 Mealybugs are
plant sapsucking insects that rely on symbiotic mi@mganisms to help them with their nutritional
requirements with a study of six mealybugs belonging to ther@boccinae sufamily revealing
they host only one type of symbiotic bacterlagemblaya phenacol@Michalik et al., 2019). Of note,
all three of the mealybug microbiomes were dominated by a bacterial population previously
associated with a mealybug syrobt (LopezMadrigal, 2015C.Hauxwel] pers. comm. 2020
classified within the family Burkholderiaceae and the candidate gémesyblayawith 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
Tremblayawas present in the leaf microbiomes of 16 (33%) of the symptomatic plant samples and
only 1 (8%) of the nesymptomatic plants. While some bacteria found asatx with mealybug
samples were also found in soil samples, including root samples where mealybugs were not

detected (Figl8), the genuslremblayavas not detected within the sequence dataset describing

the root-associated microbiota. The second most dieamt 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 preseRedstdnian the

microbiomes of mealybugsither than a laboratornderived contaminant (Salter et al 2014). There

were more bacterial populations present in the frozen mealybugs and this may be due to the
NBadzZ GAYy3 Ay bokyS f

LINBASNDI GA2y Ay SGKIy2t

surface.
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Figurel?. Highly abundant bacterial populations associated with three individual mealybugs collected from a single site (AG) batywésither in
ethanol then stored frozen (sample 485) or immediately frozésample numbers 488) classified to genus le\Bdhcteria shown had an abundangghird
guartile threshold (24 sequences per featur&axonomic rank is indicated as d (domain); p (phylum); c (class); o (order); f (family) and g (genus).

100% =

B o_sacteriap_Proteobacteria:c__ Gammaproteobacteria;o__Burkhoideriales:f__Burkholderiaceae:g__Candidatus_Tremblaya
[ d_Bacteria;p_Proteobacteria;c_ Gammaproteobacteria;o__Burkholderiales:f_Burkholderiaceae;g__Ralstonia
d_Bacteria;_;__;_;_

d__Bacteria;p__Proteobacteria;__;__:_;__

. d__Bacteria;p__Proteobacteria,c__Gammaproteobacteria;o__Burkholderiales.f__Burkholderiaceae,g__Burkholderia-Caballeronia-Paraburkholderia

. d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales.f__Pseudomonadaceae.g__Pseudomonas

. d__Bacteria;p__Acidobacteriota.c__Acidobacteriae;o__Solibacterales;f__Solibacteraceae;g__Candidatus_Solibacter

. d__Bacteria;p__Actinobacteriota;c__Actinobacteria;o__Pseudonocardiales:f__Pseudonocardiaceae;g__Amycolatopsis

I o_sacteria;p_ Firmicutes:c_ Clostridia;o__Lachnospirales:f_Lachnospiraceae;_

. d__Bacteria;p__Acidobacteriota;c__Thermoanaerobaculia;o__Thermoanaerobaculales;f__Thermoanaerobaculaceae:g__Subgroup_10
d__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiaceae;g__Clostridium_sensu_stricto_12

d__Bacteria,p__Firmicutes:c__Clostridia;o__Lachnospirales;f__Lachnospiraceae;g__possible_genus_Sk018
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5‘60% il . d__Bacteria;p__Actinobacteriota,c__Thermoleophilia;o__Solirubrobacterales;f__67-14:g_ 67-14

§ . d__Bacteria;p__Firmicutes;c__Clostridia;o__Lachnospirales;f__Lachnospiraceae;g__Lachnospira

g - d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Enterobacterales;f__Erwiniaceae;g__Pantoea
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Mealy bug sample ID
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Table23. 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 wesighated as highly abundant, being presenkat

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 mealybg samples each bacterial population was found in, is also listed.

Mealybug, bacteria Relative No. of
abundance (%) | samples

Family Burkholderiaceae; Genus Candiddwesnblaya 73.21 3
Family Burkholderiaceae; GenRalstonia 24.72 3
DomainBacteria; Phyim Unclassified 0.46 3
Phylum Proteobacteria; Class Unclassified 0.24 3
Family Burkholderiaceae; GenBarkholderiaCaballeronia 0.17 2
Paraburkholderia

Family Pseudomonadaceae; GeRseudomonas 0.14 3
Family Solibacteraceae; Genus Candid&wishacter 0.12 2
Family Pseudonocardiaceae; Geumsycolatopsis 0.11 3
Family Lachnospiraceae; Genus Unclassified 0.10 3
Family Thermoanaerobaculaceae; Genus Subgroup 10 0.06 2
Family Bryobacteraceae; Gerig/obacter 0.05 2
Family Lachnospiraceae; Gerachnospira 0.05 3
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Figurel8. Venn diagrams showing the number and percentage of bacterial populations found to

be either unique or shared, between mealybug samples aidnt root samples either positive

(+ve) or negative (Neg) for mealybug#\) 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 bactedietected in mealybug samples and mealybug positive root

samples; (D) All bacteria detected in mealybug samples and mealybug negative root samples. Core

L2 Lddzt F GA2y&a 2F oF OGSNRIF 6SNB (K2a$S F2dzyR AY Xy /E:

Mealy bug core Root Mealy bug +ve core Mealy bug Root Mealy bug +ve

Mealy bug core Root Mealy bug Neg core Mealy bug Root Mealy bug Neg

Ground pearls are ins¢ 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, rootfeeding insects or their microbiomes. The classification of the domipapulations 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 prasgi 05%

relative abundance are tabulated (Tal24). 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
Ralstaia 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 rocimiomes (approx. 7%
relative abundance) was the gen@mycolatopsisvhich 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 cucumberigdur et al 2021). Two of the ground pearl microbiomes

were dominated by a bacteria identified as gemugkholderiaCaballeroniaParaburkholderiavith a
relative abundance of 39%embers of the genu€aballeroniaare found as symbionts in other

insects gch 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 undertatengenusBurkholderia
CaballeroniaParaburkholderiavas present at a low relative abundance in the microbiomes of 24
(50%) of the symptomatic plant samples and 8 (67%) of thesyamptomatic plants and was not
present in any of the leaf microbiomes. ThengsParaburkholderias commonly found in the
rhizosphere with plant growth promoting species isolated fieaspalunwith the capacity to

solubilise phosphate (Amaral et al 2022). As was seen in the mealybugs, there were more bacterial
populations presenin 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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Figurel9. Highly abundant bacteriapopulations associated with three individual ground pearl samples)lected from two different sites and preserved
either in ethanol then stored frozen (sample 522, site AJ) or immediately frozen (sample number 523, site AK), classif@titolevelBacteria shown

had an abundancethird quartile threshold (24 sequences per featurégxonomic rank is indicated as d (domain); p (phylum); ¢ (class); o (order); f (family)
and g (genus).

1003 - d__Bacteria;p__Proteobacteria;,c__Gammaproteobacteria;o__Burkholderiales.f__Burkholderiaceae.g__Burkholderia-Caballeronia-Paraburkholderia
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90% d__Bacteria;p__Acidobacteriota;c__ Acidobacteriae;o__ Solibacterales.f__Solibacteraceae;g__Candidatus_Solibacter
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- d__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales.f__Clostridiaceae;g__Clostridium_sensu_stricto_12
80% - d__Bacteria;p__Acidobacteriota;c__ Thermoanaerobaculia;o__ Thermoanaerobaculales:f__Thermoanaerobaculaceae;g__Subgroup_10
. d__Bacteria,p__Acidobacteriota;c__Acidobacteriae;o__ Acidobacteriales;f__Acidobacteriaceae_(Subgroup_1).__
- d__Bacteria;p__Actinobacteriota.c__ Thermoleophilia;o__ Solirubrobacterales.f__67-14,g__67-14
0% - d__Bacteria;p__Acidobacteriota;c__Acidobacteriae;o__Bryobacterales.f__Bryobacteraceae;g__Bryobacter
d__Bacteria;p__Actinobacteriota;c__Actinobacteria;o__Pseudonocardiales.f__Pseudonocardiaceae; __
d__Bacteria;p__ Actinobacteriota;c__ Actinobacteria;o__ Corynebacteriales;f__Mycobacteriaceae;g__Mycobacterium
5‘60% il - d__Bacteria,p__Proteobacteria;,c__Gammaproteobacteria,o__ Xanthomonadales.f__Rhodanobacteraceae.g__Dyella
= - d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales:f__Xanthobacteraceae;g__Bradyrhizobium
g’ - d__Bacteria;p__Actinobacteriota;c__Thermoleophilia;o__Solirubrobacterales:f__Solirubrobacteraceae;g__Conexibacter
':‘,50% a - d__Bacteria,p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Rhizobiaceae;g__Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
% - d__Bacteria:p__Proteobacteria;c__Gammaproteobacteria.o__ Gammaproteobacteria_incertae_Sedis;T__Unknown_Family;g__Acidibacter
& . d__Bacteria;p__Actinobacteriota,c__Actinobacteria;o__ Catenulisporales.f__Catenulisporaceae;g__Catenulispora
e d__Bacteria;p__Myxococcota;c__Myxococcia:o__Myxococcales:f__ Anaeromyxobacteraceae g__Anaeromyxobacter
d__Bacteria;p__Proteobacteria;,c__Gammaproteobacteria.o__Burkholderiales;T__Oxalobacteraceae; __
Bl o_sacteriap_ Firmicutesic__Bacili;o__Bacillales;f__Bacillaceae;g__Bacillus
S0 . d__Bacteria;p__Gemmatimonadota:c__Gemmatimonadetes;o__ Gemmatimonadales;f__Gemmatimonadaceae;g__Gemmatimonas
- d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria,o__Xanthomonadales.f__Rhodanobacteraceae,g__Rhodancbacter
- - d__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales:f__Clostridiaceae;g__Clostridium_sensu_stricto_1
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Table24. Bacterial populations found to bassociated with ground pearl sample$he bacterial

taxonomy is shown at the lowest level of classification achieved, usually Family or Genus level. The

oF OGSNAI tA4GSR 6SNBE RSaA3IyIFGSR +Fa KAIKEE& | odzyRlI
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 peatrl

samples each bacterial population was found in, is also listed.

Ground Rarl, bacteria Relative No. of
abundance (%) | samples

Family Burkholderiaceae; GenBarkholderiaCaballeronia 2
Paraburkholderia 39.60

Family Pseudomonadaceae; GeRseudomonas 10.46 1
Family Burkholderiaceae; GenRalstonia 10.08 3
Family Solibacteraceae; Genus Candid&wishacter 7.48 2
Family Pseudonocardiaceae; Geumsycolatopsis 5.69 3
Family Clostridiaceae; GenG#ostridiumsensu stricto 12 3.18 2
Family Thermoanaerobaculaceae; Genus Subgroup 10 3.02 2
Order Solirubrobaerales; Family 614 2.14 3
Family Bryobacteraceae; Gerig/obacter 1.94 2
Family Acidobacteriaceae (Subgroup 1); Genus Unclassified 1.84 2
Family Mycobacteriaceae; GenMycobacterium 1.55 2
Family Pseudonocardiaceae; Genus Unclassified 1.42 2
Family Xanthobacteraceae; Gerimdyrhizobium 1.20 3
Family Rhodanobacteraceae; Gemyglla 0.96 2
Family Solirubrobacteraceae; Gertisnexibacter 0.86 2
Order Gammaproteobacteria Incertae Sedis; Family Unclassil 2
GenusAcidibacter 0.69

Family Rhizobiaceae; GeniilborhizobiumNeorhizobium 2
PararhizobiurrRhizobium 0.62

Family Oxalobacteraceae; Genus Unclassified 0.58 1

Figure20. Venndiagrams showing the number and percentage of bacterial populations found to
be either unique or shared, between the three ground pearl samples and plant root samigs.

~ A L oA X 4 oA X

1tf oF OGSNAI RSGSOGSRT 6.0 O2NB LlLMAFGAz2ya 2F o

A B

Ground Pearl Root Ground Pearl Root

All bacterial populations Core bacterial populations
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4.2.2.1.7 Soil micreeukaryote 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 relativelpi. The micreeukaryote microbiome amplicon preparation, sequencing and
taxonomic assignment work was done by Dr Paulmded Q@ 3INR dzLJ 4 KA & v 1 062N
analysis of the taxonomically assigned mieukaryote dataset was undertaken by the DAF MEG

group at the Ecosciences Precinct.

4.2.2.1.7.1Diversity of soil eukaryote populations
The extent of betweersample micreeukaryote diversity (betaliversity) was determined for the
samples of soil collected from around plants which were eifyenptomatic or norsymptomatic 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. THRCA 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 vamiatiplained X<L0%)
and the clustering of samples and overlapping ellipses as depicted RilFighe withinsample
variation (alpha diversity) is yet to be determined for this dataset.

Figure2l. Principal components analysis (PCA) indicating similaretse 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 ) and Sympbmatic plants (1)). PCA shown on the basis of three components
(A) Components 1 vs 2 (PCA cor);land (B) Components 1 vs 3 (PCA cof@p 1

4.2.2.1.7.2ZTaxonomy of sothssociated eukaryote populations
The taxonomy of the dominant, highly abundant pigtions of eukaryotes associated with soil
samples collected from natrial sites were determined (Fig2). For each soil sample examined, a
highly diverse population of different eukaryote types were observed, as would be expected, as soil
is known to larbour 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) faubéd aissociated with soil
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