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(The points below are to be used as a guideline when completing your final report.)
Background
1. Outline the background to the project.
Green mirids, Creontiades dilutus (Hemiptera, Miridae) are economically important in cotton because they feed on seedling and mid-stage plants. They thus delay harvest and reduce yield. These plant bugs are endemic to Australia and, though widely distributed, are predominately associated with the arid continental interior and the agricultural regions of the eastern states. Recent molecular evidence has demonstrated that mirids move long distances between the arid interior and eastern crops. 
This long-distance migration and establishment in substantially different environments is possible, in part, due to the ability of green mirids to feed from a broad diversity of host plant species. Green mirids can use, and presumably feed from, over 100 plant species. This host breadth includes a variety of distantly related native, weed, and crop food sources. 
It remains unclear, however, if cotton is an ecologically important host for these bugs, because mirid densities are relatively low compared to their densities on other host plants. Despite the relatively low production of mirid offspring on cotton hosts, mirids routinely move onto the crop from alternative hosts every summer. 
This study examined the use of crop and non-crop hosts by green mirids in relation to their invasion into cotton in eastern Australia. It is unknown whether the source of mirid invasions into cotton each season is directly from the remote arid interior, or if mirid numbers increase locally before moving into cotton? A series of crop consultant and field surveys identified spatial and temporal patterns of mirid influxes into cotton crops and across non-cotton hosts. 
The consultant surveys indicated that mirids routinely invade young cotton over broad regions, but the timing of initial mirid detections has moved later in the cropping season over the past 20 years. Field surveys found mirids to be widespread across Queensland, New South Wales, and South Australia, but they are concentrated on a few specific host species. At least in dry years, mirids were not found in the intermediate geographical area between arid winter sites and the summer cropping regions.
Molecular evidence indicates that mirids collected from pigeon pea (Cajanus cajan) crops (planted as refuges on cotton farms) will feed primarily on that crop, whereas mirids collected from cotton have often been feeding on non-cotton hosts, including pigeon pea. This suggests that mirids restrict their foraging to specific hosts, but will move across host types to feed in different environmental contexts. Detailed observations of mirids have shown that mirids are nocturnal and will remain near specific hosts in laboratory settings, but mid- and close-range attraction cues could not be detected, so interpreting host plant relationships of these insects remains a challenge. The behavioural data indicate they land on hosts randomly and assess them then, and either remain or leave shortly (and this period seems to vary with plant species).
Collectively, these findings indicate that mirids frequently move across different host species across vast landscapes, and that short-scale movements across host species occur even when the alternative hosts do not support high mirid numbers on their own. Foraging likely occurs at night. Mirids are focused on specific host species, but do not appear to be “drawn to” particular host species over moderate or long distances. This helps explain consistent host “choices” by foraging mirids within highly variable environments. From a pest management perspective, this study identifies specific hosts and environmental contexts that may restrict or promote the movement of mirids to nearby crops.



Objectives
2. List the project objectives and the extent to which these have been achieved, with reference to the Milestones and Performance indicators.
Milestone 1.1 – Host preference surveys of Cullen, lucerne, and cotton.

· Field sampling: The relative importance of several host species to mirids was assessed through field surveys and behavioural experiments in laboratory settings. Field surveys evaluated which hosts were used by mirids in natural settings and on farms. Behavioural experiments evaluated the response of individual mirids to specific hosts when confounding environmental influences were excluded. This milestone (1.1) specifically addresses mirid field surveys. See milestones 2.1, 2.2, 3.1, and 3.2 for additional behavioural responses. 

This study focused on mirid host-use for the following species; cotton (Gossypium hirsutum), lucerne (Medicago sativa), Cullen australasicum, and pigeon pea (Cajanus cajan). Other potential hosts were assessed when sufficient material was available. All field surveys, experiments, and analyses have been completed. 

· Published records: Field surveys essentially reflect the response of mirids to the current conditions. As the project progressed, we realized accounting for mirid movement between natural and agricultural regions over long periods was important. Published records of mirid invasions, severe infestations, and the opinions of crop consultants were evaluated to assess the environmental conditions associated with the movement of mirids into cotton crops from alternative hosts. All record assessments have been completed, and the associated manuscript has been submitted to the journal Agricultural Systems.


Milestone 1.2 – Completion of gut analysis of feeding on Cullen, lucerne, and cotton.
· Molecular assessment of gut contents: DNA has been extracted from mirids collected from the Simpson Desert, Channel Country, and all major cotton-growing regions in eastern Australia. This DNA has primarily been used for gut analysis, but also to confirm species identification, compare population similarities among geographic regions, and contributed towards an honours project (also, milestone 4.1).

Molecular analyses were used to detect differences in the gut contents of mirids collected from different plant species. When the contents of a single mirid contained chloroplasts from different host species, then that specific mirid must have moved across different host species while feeding.

It was originally proposed that gut assessments would focus on cotton, lucerne, and Cullen. As the project progressed, however, lucerne and Cullen were growing far from cotton. Lucerne was often planted on different farms, and Cullen was found in the remote arid continental interior. Plant DNA degrades rapidly when in insect guts. It was unlikely that available molecular techniques would have detected plant DNA in the mirid guts over the time required for mirids to move between cotton and these sites. We revised our plan to assess gut contents for mirids captured from cotton and closer hosts, namely pigeon pea and caltrop weeds (Tribulus spp.). 

All samples have been collected. Species identification, analyses of population similarities, and electrophoresis evaluations has been completed. The identity of a few hosts that mirids had fed upon was ambiguous, so we have sent those samples to a laboratory that specializes in gene sequencing. We are waiting for these sequences before publishing our final results.


Milestone 2.1 – Attraction trials to Cullen, lucerne, and cotton.
· Milestones 2.1, 3.1 and 3.2 all relate to experiments evaluating how mirids respond and orient to different host species. In this section, the objectives of each milestone are presented independently, which follows the initial proposal to CRDC. In the following sections, the methods and results of these milestones are presented together, because the findings of each experiment support those of the others.

· Mirid activity and attraction: Insects may move towards a specific host because it is attracted to that host (i.e. “attraction”). Alternatively, the movement of mirids may be restricted to the vicinity of hosts due to specific cues, but those cues may not provide the insect information about the specific location of the host (i.e. “arrestment”). Mirid attraction and arrestment may depend, in part, on the time of day or night during which they are normally active.

Mirids were introduced to cages containing a single cotton, lucerne, pigeon pea, or Cullen plant. These cages were large enough to allow mirid flight, a presumed common method for mirid arrival at new hosts. Mirids were observed throughout the afternoon and evening to determine if and when mirids would fly towards hosts. The activity and attraction experiments have been completed, and writing associated the manuscript is in progress. 


Milestone 2.2 – Survival and reproductive analysis of insects on Cullen, lucerne, and cotton.
· Corn/bean diet: Green mirids are difficult to rear in captivity using green beans, the standard food source. Furthermore, mirids experience high mortalities during transfer from field sites and the laboratory. A series of rearing experiments were conducted using green beans and/or sweet corn to determine if modifying the “traditional” rearing methods would improve rearing success. These experiments are completed.

· Live hosts: Additional experiments were conducted using live plants (Cullen, lucerne, cotton, and turnipweed (Rapistrum rugosum)) to compare mirid survival across host species commonly found in cotton-growing landscapes. These experiments have been completed, and will be included in a manuscript with the “corn/bean diet” findings (writing in progress).


Milestone 3.1 – Lab trials of volatiles in an olfactometer with Cullen, lucerne, and cotton.
· Adult responses to hosts: Olfactometer experiments evaluated whether adult mirids were attracted to hosts by plant-derived volatile chemical compounds (visual and tactile cues were excluded). Hosts tested were cotton, Cullen, lucerne, and pigeon pea. All experiments have been completed. Findings will be included in a manuscript with those of milestone 3.2.


Milestone 3.2 – Cage trials with Cullen, lucerne, and cotton.
· Adult responses to hosts: A series of experiments in which adult mirids or nymph were exposed to host plants was conducted to determine whether mirids; 1) were attracted to hosts, 2) had their movement arrested by hosts, or 3) chose a specific host rather than alternatives. These experiments, unlike milestone 3.1, presented mirids with volatile, visual, and tactile cues. All experiments have been completed.

· Nymph responses to hosts: An additional experiment was conducted to determine whether nymphs have attraction or arrestment responses to hosts. Mirid nymphs are likely restricted to the hosts in which their eggs were laid, but the capability of adults to respond to hosts may also be present in the nymphs. Like the experiment with the adults, increased activity in response to hosts may suggest that those hosts are associated with cues that are used in the host finding/selection process. All experiments have been completed, and the production of a manuscript including the findings from milestones 3.1 and 3.2 are in progress.


Milestones 4.1 – Gene expression analysis.
· Gene expression: Molecular analysis of gene expressions of mirids that fed on cotton, turnipweed, lucerne, and Cullen has been completed by an honours student supervised by Gimme Walter, James Hereward, and myself. This experiment examined whether mirids that fed on poor quality hosts exhibited different gene expression when compared against mirids that fed on high quality hosts. This experiment has been completed.

Thesis submission. 
· This PhD thesis will be submitted in February 2017. A panel of academics at the University of Queensland, including project supervisors, as well as entomologists that are not affiliated with this project, have reviewed my progress. This was my thesis review and this milestone has been signed off. A final version of the thesis will be provided to the CRDC once all final revisions suggested by the examiners have been incorporated. 

Methods
3. Detail the methodology and justify the methodology used. Include any discoveries in methods that may benefit other related research.
Milestone 1.1 – Host preference surveys of Cullen, lucerne, and cotton.
· Field sampling: Green mirids were collected from hosts using sweep net surveys across arid environments in northern South Australia and Western Queensland, as well as from agricultural environments across central Queensland and New South Wales. Vegetation was located by driving along highways, unpaved desert tracks, and rural roads. Each “sweep” consisted of moving the net across the foliage of conspecific plants at a specific sampling site, and the number of sweeps was used as a measure of sampling effort. A standard sample consisted of 100 sweeps in about 10 minutes.

Mirid numbers across different hosts were statistically evaluated in subgroups, with samples within each group sharing similar environmental conditions. Environmental groups included 1) drainages of the Simpson Desert, 2) dune slopes of the Simpson Desert, 3) the Channel Country in Queensland, 4) agricultural roadsides in Queensland and New South Wales, and 5) cotton farms. 

The total abundance of each host species was unknown, mirid numbers were assessed using generalized linear mixed models with negative binomial errors and corrected for zero inflation. The number of sweeps (sampling effort) was treated as a random effect, and the host species was the fixed effect.

· Published records: Records of mirid infestations were gathered from published reports in The Australian Cottongrower, PhD theses, and scientific papers. With assistance of the CRDC, crop consultants were asked about their perceptions on the invasion patterns of mirids as part of the Qualitative Crop Consultant survey for the 2013-14 season. Published reports were used descriptively to provide a historical context for mirid infestations. Consultant perspectives were statistically assessed with Pairwise Comparisons of Proportions with Holm-Bonferroni corrections for multiple comparisons.


Milestone 1.2 – Completion of gut analysis of feeding mirids on Cullen, lucerne, and cotton.
· Molecular assessment of gut contents: Molecular techniques were used to assess the gut contents of mirids collected from different host species. The intergenic spacer between trnL and trnF was amplified for the putative host plants as well as for the gut contents of mirids collected from these species. This intergenic region was used to confirm the identity of the plant species. Putative hosts were cotton, pigeon pea, and Tribulus spp. (caltrop weeds). These hosts were chosen for evaluation because they were within 100m from each other, allowing the potential for mirids to feed from multiple host species. If mirid gut contents included host-specific intergenic regions, then that insect must have been feeding on that host species.




Milestones 2.1, 3.1, and 3.2 – Mirid host response experiments
· Milestones 2.1, 3.1, and 3.2 will be discussed together, because they all address mirid behavioural responses involving movement in relation to host cues. 

· Mirid activity & attraction: Mirids were put alone into cages containing cotton, lucerne, or pigeon pea, or no hosts (the control treatment). Cages were checked hourly between 1500h and 2400h for mirid movement and location of mirids in relation to hosts. 

· Adult responses to hosts: Attraction and arrestment responses by adult mirids were evaluated in relation to the volatiles released by plant leaves or flowers in olfactometers, as well as whole plants in cage arenas.  

Olfactometers are branched glass tubes in the shape of a “Y”. Mirids were given the opportunity to walk along a main branch towards the alternative branches. Alternative branches contained green leaves, flowers, or did not contain host material (control treatments). Hosts used were cotton, lucerne, pigeon pea, and Cullen. Mirid responses were evaluated statistically with binomial tests to determine whether individuals walked into olfactometer branches containing specific host cues more often than the alternative branches.

A series of cage experiments was conducted in which individual mirids were introduced to cotton, lucerne, pigeon pea, both cotton and lucerne, or both cotton and pigeon pea hosts. Mirids were left in cages containing potted hosts for 20 minutes. The behavioural responses (e.g. antennal waving), the direction and path of travel, and time taken for successful contact with hosts were recorded. When multiple hosts were provided, the identity of the host with which mirids first came into contact was also recorded. Mirid responses were statistically evaluated by t-tests.

· Nymph responses to hosts: Nymphs were introduced into Petri dish arenas for 20 minutes. Each arena had an internal barrier that bisected the dish into two chambers. Nymphs could move across chambers by crawling through a narrow gap between the barrier and the top of the dish. One chamber had a “window” (i.e. a hole covered by mesh) between the interior of one of the observation chamber and the exterior of the Petri dish, whereas the other chamber did not have a window. A host leaf (either a cotton, pigeon pea, Cullen, lucerne, or turnip weed leaf) was placed outside the Petri dish, immediately adjacent to the window. The behavioural responses of nymphs in relation to its orientation to the host next to the window, or presence in the chamber lacking the window were recorded (similar to the adult experiment). Mirid responses were statistically evaluated by t-tests.


Milestone 2.2 – Survival and reproductive analysis of insects on Cullen, lucerne, and cotton.
· Corn/bean diet: Green bean diets were prepared following published protocols. This involved scrubbing and soaking the beans overnight to remove residual pesticides and other contaminants. Old beans were replaced with fresh beans every 2 days. Corn diets were prepared by removing the husk, then rinsing and cutting the ears into 1-inch thick disks. Corn was replaced every 3-4 days. Rearing containers were regularly cleaned to prevent mould build up. 

Mirids were introduced into rearing cages as 1st instar individuals. Their survival and rate of development was recorded daily. Survival was statistically evaluated using ANOVAS.

In addition to the bean/corn rearing trials, a subset of field-captured individuals was transferred directly from the net to cages containing green beans or corn before transport to rearing facilities. Survival rates from mirids on each diet type were evaluated using t-tests.

· Live hosts: Potted cotton, lucerne, Cullen, and turnipweed were used as food sources for mirids reared from 2nd instar to adults. While mirids were being reared, all plants were maintained in a temperature-controlled room with artificial lighting. Survival rates of mirids on each host species were evaluated using ANOVAS.


Milestones 4.1 – Gene expression analysis.
· Gene expression: This experiment was primarily conducted by an honours student, Tim Vance. First and 2nd instar nymphs were reared on cotton, lucerne, Cullen, and turnip weed. Plants and mirids were maintained in cages in a temperature-controlled room. Over a four-day period, mirids were monitored to confirm that they were feeding on the hosts. Immediately following the monitoring period, mirids were killed, and RNA was extracted. RNA was also extracted from host leaves. Differential gene expression was evaluated using the DESeq2 package in the R statistical software.


Results
4. Detail and discuss the results for each objective including the statistical analysis of results.
Milestone 1.1 – Host preference surveys of Cullen, lucerne, and cotton.
· Field sampling: In the Simpson Desert and Channel Country, green mirids were most abundant on Cullen australasicum and Goodenia species. During late winter and early spring, mirids were found in low numbers on native plants near Birdsville, Bedourie, and the Cooper Creek region in western Queensland, as well as in lucerne fields near Gatton, Emerald, and Biloela in eastern Queensland. 

Very few host plants or mirids were found between the eastern portion of the Channel Country and the central Queensland cotton-growing region. Mirids were absent from the few hosts that were found. During roadside surveys of agricultural areas in winter and early spring the highest densities of mirids were found on patches of lucerne that had established along motorways (i.e. not on farms). Mirids were also found in lower densities on turnipweed, burr medic, and patches of mixed plant species growing near waterways. It is likely that these unmanaged plant patches either allow low densities of mirids to overwinter locally near farms, or may be used as stop-over sites for mirids migrating long distances from the continental interior, but such low numbers do support the view that most mirids in cotton are from arid Australia.

On cotton farms, substantially more mirids were found on pigeon pea refuge crops relative to adjacent cotton fields (figure 1). Molecular analyses of mirid gut contents showed that mirids collected from pigeon pea had fed predominantly on pigeon pea. Mirids collected from nearby cotton, in contrast, had frequently fed on both cotton and alternative host plants. 




Figure 1. Green mirid densities (mirids per 100 sweeps) in pigeon pea refuge crops and cotton crops at different distances form the pigeon pea-cotton boundary. Different letters indicate a statistical difference for ANOVA with post hoc Tukey HSD multiple comparisons at p < 0.001.

· Published records: The consultant surveys, along with additional published records of mirids, spanning more than 20 years, indicated remarkable consistency of mirid arrivals during late September and early October. The perceived importance of non-cotton host plants by consultants has increased slightly. Alternative host plant species most commonly associated with mirid arrivals are legumes and native vegetation. Native vegetation on farms is typically associated with riparian zones. Mirids are often first observed moving in from the west, but a few reports from the Border Rivers district also had a few records of mirids moving in from the north and east. Northward and eastward movements were rare, and attributed to the presence of non-cotton crops by the consultants. The manuscript associated with this milestone has been submitted for publication.

Milestone 1.2 – Completion of gut analysis of mirids feeding on Cullen, lucerne, and cotton.
· Molecular assessment of gut contents: About 95% of mirids collected from pigeon pea had fed exclusively on pigeon pea plants during the previous 48 hours. In contrast, only 33% of mirids collected from cotton had fed exclusively on cotton plants. These findings, along with those summarised for milestone 1.1 (figure 3), indicate that mirids move between crop types to forage. 


Figure 2. Molecular analyses of gut contents of mirids collected from pigeon pea, cotton, and Tribulus micrococcus hosts. Polymerase chain reaction (PCR) of chloroplast DNA identified different band lengths of trnL exons across host species. Gut contents with multiple trnL exon bands that differed in size from the known band lengths of specific host species (the expected band length) indicate that mirids fed from alternative host species.


Milestones 2.1, 3.1, and 3.2 – Mirid host response experiments
· Mirid activity & attraction: Most mirids did not come into physical contact with hosts. Those that did contact hosts, flew to hosts, and landed on pigeon pea and lucerne more often than cotton. Once mirids arrived at hosts, they remained on the plants for up to 4 hours. The mirids that did not contact plants were on the upper portion of the cage directly above host plants more often than on the sides of the cages. In contrast, mirids were equally distributed across the upper and sides of the cage, and walking more frequently when hosts were absent, as compared to treatments with hosts.

Mirids remained nearly motionless during the afternoons and early evenings. Within 30 minutes after sunset, all mirids increased their activity (walking).

Taken collectively, these findings indicate that mirids forage nocturnally. They are more active in the presence of hosts (increased movement), but no evidence of an increased flight frequency or direct attraction to hosts. This is consistent with increased arrestment by mirids, presumably as a response to plant volatiles. Of the hosts evaluated, mirids had the weakest response to cotton.

· Adult responses to hosts: Analyses of experiments are still being finalized. Preliminary findings do not provide evidence of attraction to any host species that were evaluated. Mirids in olfactometer trials frequently did not walk towards odour sources, and those that moved from their starting position only chose olfactometer branches containing host material 50% of the time. 

In cage trials, mirids wandered around the cage, rarely flying, until they arrived within 1 cm from host leaves. Once on leaves they remained at that host for the duration of the observation period. While walking in the cage they dabbed the substrate on which they were standing with their mouthparts, excreted saliva, then re-ingested the saliva. This may be a method to test the chemical composition of the substrate. Other behaviours included tapping substrates with their antennae while quickly walking, or standing still except for rotating their antennae in circles rapidly. Together, these observations are consistent with evaluating hosts upon arrival at the plant using close-range or contact cues. There were no observed differences in contact rates across host species.

· Nymph responses to hosts: Final statistical evaluations are in progress. Nymphs varied in their activity rates across host species, but no direct attraction to hosts was observed (again suggesting arrestment based on close-contact cues). Nymphs that started observation periods in the same chamber as windows (i.e. the mesh covered holes in the dish adjacent to host leaves) tended to stay in that chamber (figure 2). Nymphs wandered randomly, until they came in contact with a window. When nymphs contacted windows associated with hosts, they remained at the window until the end of the observation period. Typically, these nymphs attempted to insert their mouthparts (stylets) through the mesh of the window into the host leaf. Nymphs in the chamber without windows, or in chambers with windows lacking hosts (control treatments) wandered randomly without stopping until the end of the observation period.



Figure 3. Retention of mirid nymphs to an odour source. The control treatment had no odour source. All plant odours came from intact leaves (n = 30 for each treatment).

Milestone 2.2 – Survival and reproductive analysis of insects on Cullen, lucerne, and cotton.
· The analyses for this milestone are still being evaluated.

· Corn/bean diet: There was a greater survivorship of mirids on corn (80-90%), relative to green beans (60-70%). This improved survivorship was observed for rearing efforts in the laboratory, as well as during transport from field sites.

· Live hosts: Mirid survivorship was highest on Cullen (45%) and turnipweed (45%), followed by lucerne (38%), then cotton (36%). It is notable that Cullen & lucerne are known to be highly productive hosts in field settings, whereas mirids are rarely found on turnipweed. Growing live hosts is not a cost-effective way to rear mirids. This experiment does, however, confirm that nymphs can develop on the hosts we examined in earlier milestones, and identifies that mirids have the ability to develop on turnip weed which is commonly found growing near cotton (although mirids are only ever present on this species at low densities).

 
Milestones 4.1 – Gene expression analysis.
· Gene expression: RNA gene expression differed across mirids reared on different host species. This indicates that mirids have host-specific responses at the molecular level, possibly linked to overcoming the defensive compounds of plants. This highly variable molecular response contributes to understanding the broader question of “how mirids can survive on such a vast variety of host species”.

Outcomes
5. Describe how the project’s outputs will contribute to the planned outcomes identified in the project application.  Describe the planned outcomes achieved to date.

1) Key research question: Which plants are most attractive to green mirids?
Outcomes / findings: None of the hosts (cotton, pigeon pea, lucerne, Cullen, turnipweed) evaluated were attractive to mirids. There were increased arrestment responses by mirids to pigeon pea and lucerne, and to a lesser extent Cullen (all legumes). In response to pigeon pea and lucerne, mirids increased their movement (e.g. walking) near hosts, stayed on these hosts longer relative to alternative species, and increased their host-assessment behaviours (e.g. antennal tapping, stylet dabbing). Mirids in cotton and turnipweed treatments did not display this combination of arrestment responses. 

The increased arrestment responses, and lack of attraction responses, to hosts by mirids indicates that mirid are unlikely to orientate to specific hosts when dispersing to new hosts. Once mirids have approached hosts, they detect cues associated with specific hosts to restrict their movements, and accept or reject individual plants only once they have made physical contact. This suggests mirid traps that rely on chemical attractants may not be an effective management technique. Instead, it may be more effective to intercept incoming mirids, such as by establishing a trap crop, then controlling their numbers in the trap crop. Potential trap crops for mirids include pigeon pea and lucerne. 

2) Key research question: Which plants support green mirid populations?
Outcomes / findings: In agricultural landscapes, mirids were found in high numbers on pigeon pea and lucerne. In particular, high mirid densities were found on pigeon pea, whereas mirids in nearby cotton were sparse. In remote arid regions, high mirid numbers were found on Cullen australasicum, along with a few other host species, but none of these hosts were found growing near cotton farms. Patches of low-density mirids were found on roadside vegetation near water (e.g. creeks, ponds). These roadside vegetation patches are unlikely to be the source of mirids that invade cotton, but at least in dry seasons, they may be intermediate “stop over” sites as mirids move in from remote locations.

3) Key research question: What volatiles attract green mirids?
Outcomes / findings: No attractive volatiles were identified (see above). Experiments that evaluated arrestment responses by mirids occurred in the dark, suggesting that mirid responses were due to chemical cues (in contrast with visual cues that require a light source). Specific host-derived chemicals associated with mirid arrestment have not been identified.

4) Key research question: Are there particular gene expressions in mirids that allow them to feed on cotton?
Outcomes / findings: Different genes are expressed when mirids feed on different hosts. A very small number of genes were shared across host species. No gene specific to cotton was associated with the increased vulnerability to mirids.




6. Please describe any:-
a) technical advances achieved (eg commercially significant developments, patents applied for or granted licenses, etc.);
· None.

b) other information developed from research (eg discoveries in methodology, equipment design, etc.); and
· Use of sweet corn (on cobs) as a rearing diet is effective in improving mirid survivorship, compared to the standard bean method. This approach can be useful for future rearing/research efforts. It is inexpensive, and does not require specialized skills.

c) required changes to the Intellectual Property register.
· None.


Conclusion
7. Provide an assessment of the likely impact of the results and conclusions of the research project for the cotton industry.  What are the take home messages? 
· Mirids are widely distributed across Australia, and found on many different host species. Often these hosts are legumes and, on cotton farms in particular, high numbers are found on pigeon pea. 

· Mirids are retained at pigeon pea crops, relative to nearby cotton. This indicates that if mirids were targeted for control on pigeon pea (i.e. used as a trap-and-kill crop), then high mirid concentrations near cotton may be removed.

· In general, mirids have the ability to disperse long distances (100’s of km), but long-distance attraction over 10’s of meters to hosts is unlikely. Attraction to hosts beyond even a few centimetres was not detected. Instead, mirids use host cues to restrict (arrest) their movement to locations at suitable food sources (i.e. pigeon pea, lucerne). The final acceptance or rejection of hosts is made once mirids physically contact hosts with their antennae and mouthparts. Taken together, this suggests that mirid traps that aim to attract individuals away from crops, using plant-derived cues, would be ineffective. Instead, if stimuli from hosts are to be incorporated in management efforts, then they would need to be used to intercept incoming mirids, so they are retained at non-cotton growing locations (possibly at trap crops).

· Mirids are nocturnal, meaning that if they are going to move between crops or across farms, then that is likely to occur at night.

· Researchers rearing mirids may consider using sweet corn to improve mirid survivorship during transport and general rearing efforts.


Extension Opportunities
8. Detail a plan for the activities or other steps that may be taken:
(a) to further develop or to exploit the project technology.
(b) for the future presentation and dissemination of the project outcomes.
(c) for future research.
· Evaluation of published literature and consultant perceptions of management issues was useful to identify general patterns in mirid infestations, but the inability to standardize responses/information made it challenging to make specific predictions about which paddocks mirids would invade initially. Setting up a broad-scale, multi-season mirid survey would be useful for conceptually linking environmental conditions, crop management, and mirid invasions. Fortunately, consultants/bug checkers in preparation for making spray decisions are already collecting mirid counts. What is now needed is someone to systematically collate these mirid numbers (and perhaps those of other sucking pests). This would allow researchers to evaluate quantitatively where mirids are building-up over vast cotton-growing regions. 

· Pigeon pea may be used as a trap-and-kill crop for mirids. For this to be feasible, a method needs to be developed that would allow control of mirids without disrupting the resistance management plan for Helicoverpa. 

· Dissemination of outcomes for this study may involve oral reports at cotton/pest conferences, articles in industry magazines, and publications in scientific journals. Findings from this study have previously been reported at: 

· Green mirids: Multiple host-use patterns and population connectivity in native and agricultural habitats. Second Australian Cotton Research Conference. September 2015. Toowoomba, QLD. 

· Green mirids: Multiple host-use patterns and population connectivity in native and agricultural habitats. Fifty-First Australian Entomological Society Conference. September 2015. Cairns, QLD. 

· Multiple host-use by the generalist cotton pest Creontiades dilutus (Hemiptera: Miridae) in natural and agricultural landscapes. XXV International Congress of Entomology (ICE 2016). September 2016. Orlando, Florida, USA.


9.	A.	List the publications arising from the research project and/or a publication plan. 
(NB:  Where possible, please provide a copy of any publication/s)
· Proposed publication plan. (Tentative title. Proposed journal)
· Invasions of green mirid (Creontiades dilutus) into cotton: perceptions of Australian crop consultants. Agricultural Systems. Submitted 29 September 2017.
· Host-use of green mirids across natural and agricultural landscapes. Landscape Ecology. Planned submission date: 20 October 2017.
· Molecular gut content analyses of green mirids in Australian cotton and pigeon pea crops. Environmental Entomology. Planned submission date: 10 November 2017.
· Improved methods for rearing green mirids using sweet corn. Austral Entomology. Planned submission date: 20 December 2017.
· Arrestment responses to multiple hosts by green mirids. Agriculture, Ecosystems & Environment. Planned submission date: 20 January 2017.

B.	Have you developed any online resources and what is the website address?
None.

Part 4 – Final Report Executive Summary 
Provide a one page Summary of your research that is not commercial in confidence, and that can be published on the World Wide Web. Explain the main outcomes of the research and provide contact details for more information. It is important that the Executive Summary highlights concisely the key outputs from the project and, when they are adopted, what this will mean to the cotton industry.

Green mirids (Creontiades dilutus) are native bugs (Hemiptera), found across Australia, that are significant pests of cotton. A major challenge in managing mirids is that they are highly mobile pests that feed on a multitude of host species. Previous research provided molecular evidence that mirids disperse from the arid continental interior into the agricultural regions of sub-coastal eastern Australia. Previously, not much was known about why mirids move from alternative hosts (crops, native plants, and weeds) onto cotton. This study assessed mirid distributions across eastern Australia, and evaluated the behavioural processes associated with how green mirids locate hosts upon which to feed and oviposit.
During winter, green mirids build up on a variety of ephemeral wildflowers, notably Cullen australasicum and Goodenia cycloptera. These hosts are extremely remote relative to the summer cotton-growing regions of Queensland and New South Wales, as they grow in Central Australian desert country (mainly in winter). A series of field studies has shown that mirids are also present on hosts along roadsides throughout eastern Australia in low numbers. In cotton-growing landscapes, high numbers of mirids are found in lucerne and pigeon pea crops. High densities of mirids in pigeon pea crops are of particular interest, because many farms use pigeon pea as refuge crops for Helicoverpa spp. 
Mirids arrive at pigeon pea by chance, so initial colonization of these hosts may be slow, but mirids breeding on these plants can lead to high mirid densities in pigeon pea. Field surveys, and the associated molecular assessments of their gut contents, confirm that mirids often restrict their feeding to pigeon pea. Individuals in pigeon pea typically fed solely on pigeon pea, but mirids in nearby cotton had mostly fed on both cotton and pigeon pea. Mirid densities in cotton paddocks far from pigeon pea were very low, suggesting that when mirids do move away from pigeon pea, they do so in low numbers. The high retention of foraging mirids on pigeon pea suggests that this plant would be an effective trap-and-kill crop, as long as such approaches are compatible with existing refuge management approaches.
Mirid activity (e.g. walking, flying) increased 30 minutes after sunset, suggesting that mirids forage at night. They became motionless when the lights in the laboratory were left on. If mirids are active primarily in darkness, then visual cues are unlikely to help mirids locate suitable host plants. There was no evidence that host-associated volatiles encourage mirids to move towards specific plants. Mirids are, however, more active when in the presence of specific hosts (pigeon pea, lucerne), even when it is too dark for visual cues to be effective. Therefore, it is proposed that mirids arrive in the vicinity of potential hosts by chance, most likely at night. Specific host species are associated with chemical cues that restrict host searching to a localized area (less than 1 sq. metre in laboratory environments), but do not indicate the exact location of the plant. Mirids will fly through this localized area until they physically contact a plant.
Once physical contact with plants is made, mirids slowly walk along leaf surfaces, tapping their antennae on the plant, as well as secreting and re-ingesting saliva. These behaviours are likely the mirids’ assessment of host suitability using touch and taste. In laboratory experiments, lucerne and pigeon pea were physically contacted more often than cotton. This is likely due to the increased search effort by mirids at these hosts. Once at lucerne and pigeon pea, mirids remained at that feeding site, with mouthparts extended into plant tissues for up to 4 hours. 
Conceptualizing mirid movement as being driven primarily by arrestment, rather than attraction, contributes to our understanding of the relatively unpredictable patterns of mirids across landscapes. Instead of asking, “which hosts are mirids drawn to?” pest managers can focus on the hosts (e.g. crops) that retain mirids. Effective mirid control efforts will target the locations in which mirids are most highly concentrated. For more information contact Justin Cappadonna at j.cappadonna@uq.edu.au.
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