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	ABSTRACT: 1. Near term field management 
a. Develop monitoring methods to time management actions
a.i. Phenology
Working with 6 commercial growers, were able to document the seasonal phenology of lebbeck mealybug, this information along with the chemical data presented later in this report have provided the basis for all lebbeck management currently in use.
 
Seasonal phenology: Phenology of Nipaecoccus viridis (Hemiptera: Pseudococcid...
 
a.ii. Development of attractant
Hibiscus (Lebbeck) mealybug (HM) crawlers typically cluster and feed near their maternal ovisacs. When suitable feeding sites near the ovisac are unavailable or when the food quality is poor, they disperse to other locations on citrus hosts. These include newly unfurled leaves (referred to as `flush'), developing fruits, flower buds, and terminal branch regions. Our observations revealed that HM often aggregate around areas of citrus trees with tissue injuries. Such injuries can occur due to mechanical pruning, strong winds, or frost.
Our initial objective was to test the hypothesis that HM preferentially cluster near mechanically injured areas of citrus trees compared to non-injured areas. The results showed significantly higher captures of HM in traps placed around injured tissues than in traps near undamaged tissues (see Results). Based on these findings, we hypothesized that volatile organic compounds (VOCs) released by mechanical injuries serve as attractants or arrestants for HM. To investigate further, our subsequent objectives were to: (2) collect, identify, and compare VOCs emitted from injured and non-injured citrus tissues; (3) examine the behavioral responses of HM to volatiles from injured and uninjured citrus tissues; and (4) evaluate whether VOCs associated with mechanical injury could be used as attractant lures for trapping HM in citrus groves.
Attraction of HM to Mechanical Injury in the Field
We found that significantly more HM were captured in traps wrapped around damaged citrus tissues compared to undamaged ones (χ² = 35.71, df = 1, P < 0.0001). This was true across all life stages except for pupal males (χ² = 14.20, df = 4, P < 0.01).
Identification and Comparison of Citrus Volatiles from Damaged and Undamaged Tissues
Chemical analysis revealed 15 volatile compounds (mostly monoterpenes) emitted from citrus tissues, but none in the control samples of ambient air. Damaged tissues released more volatiles than undamaged ones, including six compounds --γ-terpinene, citronellal, citronellyl acetate, β-E-farnesene, α-humulene, and α-E-E-farnesene --that were only detected in damaged tissues. For example, β-elemene was over 250 times more abundant in damaged samples than in undamaged ones.
Principal component analysis (PCA) showed a clear separation between the volatile profiles of damaged and undamaged tissues. Most volatiles, especially γ-terpinene, δ-3-carene, limonene, citronellyl acetate, α-humulene, and sabinene, contributed significantly to the variation. Damaged tissues had significantly higher levels of these compounds (t = 9.07, df = 4.9, P = 0.0003).
Behavioral Response to Volatiles
Initial tests using clean air showed no bias in the movement of HM. However, when exposed to synthetic volatiles, their behavior depended on the specific compound and its concentration (χ² = 48.18, df = 1, P < 0.0001).
Attractive volatiles included sabinene, β-ocimene, γ-terpinene, and farnesene, which drew significantly more HM at certain concentrations (e.g., 0.01 and 0.1 µg/µL). However, some compounds like citronellyl acetate, α-humulene, β-elemene, and β-caryophyllene reduced attraction at lower concentrations (0.01 µg/µL), but the effect was not consistent at higher levels. Limonene was repellent at 0.1 µg/µL.
Field Trapping with Synthetic Volatiles
In field tests, traps baited with a blend of farnesene, ocimene, and sabinene (in a 7:13:17 ratio at 10.0 µg/µL) captured significantly more HM compared to controls. Traps with individual farnesene or ocimene also showed increased captures, but sabinene alone did not enhance trap effectiveness in the field, despite its lab-tested attractiveness. The higher concentration (10.0 µg/µL) was essential for these effects, as lower concentrations (1.0 µg/µL) did not consistently attract HM.
Summary of Findings on Nipaecoccus viridis Attraction to Damaged Citrus
·         Field Observations:
HM congregated more on mechanically injured citrus branches than on uninjured ones. Traps on damaged branches captured more individuals, especially immatures, likely due to crawlers moving to injury sites and developing further there. The exception was pupal males, which prefer cryptic locations for pupation, such as the cardboard traps, regardless of volatiles.
·         Volatile Emissions:
Mechanical injury to citrus branches induced the release of specific volatiles not found in undamaged branches or increased their levels significantly (20- to 200-fold). Unique compounds from injured branches included γ-terpinene, citronellal, citronellyl acetate, β-E-farnesene, α-humulene, and α-E-E-farnesene. Common volatiles like limonene, β-ocimene, sabinene, and β-elemene were released in much higher quantities after injury.
·         Laboratory Bioassays:
HM were attracted to β-ocimene, γ-terpinene, sabinene, farnesene isomers, and citronellal at tested concentrations.
·         Field Trapping with Synthetic Volatiles:
A blend of farnesene, ocimene, and sabinene (7:13:17 ratio) significantly increased HM captures compared to controls. Farnesene or ocimene alone also attracted more mealybugs, but sabinene alone did not match lab results. The blend was slightly more effective than individual compounds, consistent with the idea that insects respond better to complex volatile mixtures. A higher dosage (10.0 µg/µL) was necessary for consistent effects.
·         Implications and Future Directions:
Effective traps using synthetic versions of plant volatiles could help monitor and manage HM, especially in Florida's specialty crops. Early detection could improve insecticide timing, reduce unnecessary treatments, and possibly enable thresholds for action. Optimizing blend ratios and dosage ranges could enhance the practicality of these lures. The potential for attract-and-kill strategies should also be explored further.
·         Significance:
Since HM can cause significant crop losses and spread via trade, efficient detection and control strategies are crucial for protecting citrus and other specialty crops in the U.S.
 
This research has been published: Response of hibiscus mealybug (Hemiptera: Pseudococcidae) to citrus volatiles induced by mechanical injury | Environmental Entomology | Oxford Academic
 
b. Expand laboratory insecticide and adjuvant screening (includes screening of biologicals such as entopathenogenic fungi (EPF))
 
All research has been published and presented (most are open access):
 
EPF screening: Laboratory Screening of Selected Entomopathogenic Fungi, Bioinsecticide, and Insect Growth Regulator Against Hibiscus Mealybug, Nipaecoccus viridis (Newstead) | Arthropod Management Tests | Oxford Academic
 
Lab screening of insecticides: Laboratory Screening of Conventional Insecticides for the Control of Nipaecoccus viridis, an Invasive Pest in Florida Citrus | Arthropod Management Tests | Oxford Academic
 
Adjuvant Screening: Toxicity of Selected Adjuvants Against Nipaecoccus viridis Instars, Adults, and Ovisacs, and Against Their Predator Cryptolaemus montrouzieri, 2021 -2022 | Arthropod Management Tests | Oxford Academic
 
c. Evaluate promising materials in open grove setting
 
EPFs + IPCs: Suitability of Formulated Entomopathogenic Fungi Against Hibiscus Mealybug, Nipaecoccus viridis (Hemiptera: Pseudococcidae), Deployed Within Mesh Covers Intended to Protect Citrus From Huanglongbing | Journal of Economic Entomology | Oxford Academic
 
Soil applied insecticide evaluation: Efficacy of Soil-Applied Systemic Insecticides Against Nipaecoccus viridis Instars, 2022 | Arthropod Management Tests | Oxford Academic
 
Foliar field evaluation: Semi-field screening of insecticides for the control of Nipaecoccus viridis, an invasive pest in Florida citrus, 2022 | Arthropod Management Tests | Oxford Academic
 
d. Evaluate ant management as part of grove management plans 
In this study we determined that red imported fire ants, Solenopsis invicta, are the most aggressive farmers of lebbeck mealybug. They maintain colonies of mealybugs in trees, grooming to remove fungi and fighting off potential predators. We evaluated several controls for fire ants to determine if we could get support natural enemy activity in groves by reducing the abundance of fire ants.
 
Published: Evaluating control methods for red imported fire ant and their effects on hibiscus mealybug in citrus - Middleton - 2023 - Journal of Applied Entomology - Wiley Online Library
 
e. Evaluate management options for IPCs (pretreatments, clean up treatments)
While not published, we did determine that 10% dish soap solution was sufficient to dissolve ovisacs on IPCs. This should be done between reuse of IPCs to protect newly covered trees. Unfortunately, not many insecticides were particularly efficacious in cleaning up trees that were heavily impacted by lebbeck mealybug due to reduced droplet deposition within IPCs (IPC mesh collects the water + adjuvant + insecticide such that it forms a film). The work around for this is to open IPCs to treat with speed sprayer and close up right after. This requires attention to detail and proper PPE use for worker safety. One chemistry we did have a lot of success with in this realm is malathion due to its ability to volatilize into the air. This allows the vapors to penetrate the ovisac and kill the adult female and her eggs. Nothing is perfect, and often some eggs and crawlers did survive.
 
2. Long term management 
a. Assessment of predator- what is currently in the system, can they be enhanced, how to implement use of predators alongside insecticide use for ACP and mealybugs
 
During the course of this project, we found several potential predators that could be exploited towards the management of lebbeck mealybug, however none exist sufficiently in Florida systems to be stand-alone options and many would be killed via current ACP management sprays.
Within this realm, we developed PCR primers to detect lebbeck mealybug DNA in the guts of potential predators, allowing for a widespread sampling effort early in our research: Detectability of Hibiscus Mealybug, Nipaecoccus viridis (Hemiptera: Pseudoccocidae), DNA in the Mealybug Destroyer, Cryptolaemus montrouzieri (Coleoptera: Coccinellidae), and Survey of Its Predators in Florida Citrus Groves | Journal of Economic Entomology | Oxford Academic
 
We evaluated field collected predators and purchased predators from biological control companies that we thought might be options to integrate into management programs: Evaluation of potential natural enemies of hibiscus mealy..., the best of which wound up being the mealybug destroyer and our naturally-occurring trashbugs.
 
Unexpectedly, we had a parasitoid arrive in the 3rd year of our initially planned work and we were able to obtain a 4th year of funding to continue exploring that option. The Quinn lab joined our efforts to secure the proper expertise for this work. Below is a summation of what they have learned to date from the parasitoids:
 
The Quinn lab has made significant progress in improving the rearing practices of lebbeck mealybug parasitoids. Temperature (°C) and relative humidity (%RH) conditions for rearing the parasitoid Anagyrus dactylopii from N. viridis were investigated under controlled environmental conditions. The results of these experiments are reported below.
Emergence time
Kaplan-Meier survival analysis
In each temperature group, the number of emerged parasitoids was 118, 82, and 113 individuals, respectively, in the 24°C, 28°C, and 32°C groups. The overall survival curves were significantly different among the groups (P < 0.0001). As the temperature increased, the time to emerge became shorter. The longest emergence time was observed in group 24°C /70%RH (25 days), whereas the shortest emergence time was observed in group 32°C /70%RH and 32°C/90%RH (12 days). 
GLMM  
The emergence time of A. dactylopii was significantly influenced by temperature (F = 1447.615, df = 2, P < 0.0001), sex (F = 61.167, df = 1, P < 0.0001), the interaction between temperature and sex (F = 77.897, df = 2, P = 0.0004), and the interaction between relative humidity (RH) and sex (F = 4.485, df = 8, P = 0.0113), but not by RH alone. There were significant differences among the three temperature levels, as emergence time decreased with increasing temperature . Females required significantly longer time to emerge than males. However, at 32℃, no significant difference was observed between sexes, whereas at the other two temperatures, females emerged significantly later than males.
Longevity
Kaplan-Meier survival analysis
The overall survival curves were significantly different among the groups (P < 0.0001). Generally, lower temperatures tended to have longer longevity. The longest-lived individual was observed in group 24℃/70%RH (80 days), while the shortest one was observed in group 32/70%RH (20 days). Among 24℃ groups, the survival patterns showed significant differences between 70% and both 50% and 90%, whereas at 28℃ and 32℃, there were no significant differences in survival patterns among the same temperature groups regardless of humidity levels. When considering the median value, the 24℃/50%RH group reached 50% mortality relatively quickly, even though the remaining individuals survived much longer beyond that point. 
GLMM
The longevity of A. dactylopii was significantly affected by temperature (F = 67.85, df = 2, P < 0.0001), relative humidity (RH) (F = 14.348, df = 2, P < 0.0001), sex (F = 8.101, df = 1, P = 0.0044), the interaction between temperature and RH (F = 5.873, df = 4, P = 0.0001), the interaction between RH and sex (F = 3.705, df = 2, P = 0.0246), and the interaction between temperature, RH, and sex (F = 2.815, df = 4, P = 0.0238). Longevity was significantly shorter at 32℃ compared to the other two temperature conditions (no significant difference between 24℃ and 28℃). A. dactylopii lived longer under the 70% condition than under 50% and 90%. Females lived significantly longer than males (Fig.8). As a result of the interaction between temperature and RH, the group 24℃/70%RH showed the longest mean longevity, while the group 32℃/90%RH showed the shortest longevity. The group (24℃/70%RH) was significantly different from the groups except for 24℃/90%RH, 28℃/70%RH, and 28℃/90%RH. Longevity of females didn't show any significant difference across the RH levels, but males had significant differences. The longevity of males was significantly longer at 70% than at 50%. 
 
b. Determine how to implement mealybug management concurrent with other pest management programs (e.g. ACP, Diaprepes)
 
We have used the information from our near-term chemical testing, phenological documentation, and knowledge of other pest phenology in citrus to develop management recommendations that support the management of multiple pests at the same time. These data have been reported on widely at extension events throughout Florida.
 
c. Determine what insecticide chemistries inhibit feeding
This subobjective was far more ambitious than anticipated. The first step to this was to document lebbeck feeding interactions using EPG. This tool enables us to know when and for how long piercing-sucking insects are “spitting” into a plant, and ingesting liquid from the xylem or phloem. Lebbeck mealybug was far more challenging to complete this documentation on than anticipated and as such, we were only able to document the feeding interactions. The next step here would be to evaluate differences in these interactions in the presence of systemic insecticides.
 
EPG based feeding interaction work is published: Comparison of electropenetrography waveform libraries for Nipaecoccus viridis (Hemiptera: Pseudococcidae) using different tethering materials and monitor settings | Journal of Insect Science | Oxford Academic
 
 
d. Develop tools to minimize spread
During the course of this research, we aimed to find ways to help reduce spread. In a previous section I discussed the use of dish soap to help clean IPCs. We also evaluated steam, hot water, and isopropanol sprays as options to reduce spread on people and equipment.
 
This has been widely presented and published: Sanitizing Equipment and Personnel to Prevent the Spread of Hibiscus Mealybug [Nipaecoccus viridis (Hemiptera: Pseudococcidae)] in Florida Citrus | Journal of Economic Entomology | Oxford Academic
 
Additional studies:
CUPS growers noted that many chemistries did not appear to be working similarly in CUPS to open groves and asked for information to determine what might be causing this. To support this growing clientele base, we worked with grower-cooperators to evaluate the chemistries they were using in their CUPS with how those materials work in open groves. We evaluated the residual efficacy (how long after a chemistry is sprayed) against lebbek mealybug in CUPS compared to open groves and then looked at chemical breakdown on leaves to determine why we might be seeing these differences. Not surprisingly, the chemistries that we evaluated showed differences in both their residual efficacy and product breakdown on leaves. This can be explained by difference in UV exposure, temperature, and moisture. This was not an exhaustive test of pesticides, but a useful move to support CUPS growers, who are increasing in number and acreage and are experiencing pest challenges in different ways than traditional production fields.
Paper: Degradation and residual efficacy of insecticides in Citrus Under Protective Screen (CUPS) differ from traditional citrus orchard | Journal of Economic Entomology | Oxford Academic
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