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Abstract

Asian citrus psyllid, Diaphorina citri (Kuwayama), preferentially orient toward citrus hosts infected with the 
phytopathogenic bacterium, Candidatus liberibacter asiaticus (CLas) the agent of citrus greening (Huanglongbing, 
HLB), compared to uninfected counterparts. We investigated whether this preference for the odors of infected plants 
could be useful for the development of an attract-and-kill (AK) device for D. citri. Twenty-nine blends of volatile 
organic compounds derived from the odor of citrus infected with CLas were tested in laboratory olfactometer tests, 
and two blends were also assessed under field conditions. A seven component blend of tricosane: geranial: methyl 
salicylate: geranyl acetone: linalool: phenylacetaldehyde: (E)-β-ocimene in a 0.40: 0.06: 0.08: 0.29: 0.08: 0.06: 0.03 
ratio released from a proprietary slow-release matrix attracted twice more D. citri to yellow sticky traps compared 
with blank control traps. The attractive blend was subsequently co-formulated with spinosad insecticide into a 
slow-release matrix to create a prototype AK formulation against D. citri. This formulation effectively reduced the 
population density of D. citri up to 84% as measured with tap counts when deployed at a density of eight 2.5 g 
dollops per tree as compared with untreated controls in small plot field trials conducted in citrus orchards. Psyllid 
populations were not statistically affected at a deployment rate of four dollops per tree. Our results indicate that an 
AK formulation incorporating spinosad and a volatile blend signature of citrus greening into a slow-release matrix 
may be useful to suppress D. citri populations.

Key words:  Citrus greening, ACP, semiochemical, SPLAT, attracticide

The Asian citrus psyllid, Diaphorina citri (Kuwayama (Hemiptera: 
Liviidae)), is the vector of the bacterial pathogen, Candidatus 
Liberibacter asiaticus (CLas) (Jagoueix et  al.) (Rhizobaliales: 
Rhizobiaceae). This bacterium is the probable causal agent of the 
disease huanglongbing (HLB) also called citrus greening (Grafton-
Cardwell et al. 2013). HLB is considered the most destructive disease 
of citrus crops worldwide (Bové 2006). Trees infected with CLas 
produce small, bitter-tasting fruit, suffer significant fruit drop, and 
may die 3–5 yr after infection (Wang and Trivedi 2013). Citrus pro-
duction on infected trees might be sustained by expensive nutritional 
programs that decrease the severity of the symptoms but do not 
cure the disease (Hall and Gottwald 2011, Farnsworth et al. 2014). 
Diaphorina citri was first detected in Florida in 1998 (Halbert 1998) 

and quickly became established throughout the state in all citrus 
production areas (Wang and Trivedi 2013).

Traditional D.  citri management demands frequent chemical 
insecticide treatments (Qureshi et al. 2014, Boina and Bloomquist 
2015) that eliminate beneficial arthropods in citrus agrosystems and 
increase crop production cost (Monzo et al. 2014, Chen et al. 2017). 
Additionally, there are numerous reports of resistance among D. citri 
populations to multiple classes of insecticides (Chen et  al. 2018). 
Consequently, it is critical to develop new tools to increase the sus-
tainability of insecticides to manage D. citri.

The identification of an effective attractant for D. citri could 
improve the effectiveness of insecticide treatments used against 
this pest. For example, improved psyllid attraction to traps could 
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allow for earlier and more reliable pest detection, and measure-
ment of population density to forecast the need of control actions 
in locations where D.  citri populations are not yet fully estab-
lished, such as California or north Florida (Martini et al. 2020b). 
Even in regions with endemic citrus greening, optimized moni-
toring of D. citri could be useful for employing injury thresholds 
(Monzo and Stansly 2017) to guide spray decisions. Finally, an 
effective attractant for D. citri is a prerequisite for the develop-
ment of an attract-and-kill (AK) system for the management of 
this pest.

AK systems (also called attracticides) typically combine a semio-
chemical attractant with a toxicant within a slow-release formula-
tion or device that concentrates the lethal agent into a small point 
source and thus reduces the rate of active ingredient deployed per 
area of crop (Gregg et al. 2018). Other advantages of AK tools are 
target specificity, reduced environmental contamination, and de-
creased doses of active ingredient. Use of an effective kairomone, 
such as leaf volatile blends, as an attractant for both males and fe-
males, should have a more pronounced effect on population reduc-
tion of the target pest than sex-specific attractants (Witzgall et al. 
2010, Faleiro et  al. 2016, Gregg et  al. 2018). An AK system that 
uses visual cues with either β-cyfluthrin or the entomopathogenic 
fungus, Isaria fumosorosea  (Wize) (Hypocreales: Cordycipitaceae), 
has been developed against D.  citri and has proven some efficacy 
under field conditions (Chow et al. 2018, 2019). Further progress on 
development of an odor cue could further improve upon existing AK 
systems under development for D. citri management.

Over the past decade, various blends of volatile organic com-
pounds (VOCs) have been shown to exhibit some attractiveness 
to D. citri; however, their effects have not been considered potent 
and reliable. Patt and Setamou (2010) identified an attractant blend 
for D. citri based on the VOCs released by leaf flush; other blends 
were identified based on VOCs from citrus varieties preferred by 
D.  citri (Amorós et  al. 2019). Gas chromatography coupled with 
electroantennography studies identified VOCs that also increased at-
traction of D.  citri to yellow traps (Coutinho-Abreu et  al. 2014). 
Recently, Zanardi et  al. (2018) identified an attractive blend that 
includes a putative sex pheromone related compound from D. citri. 
Attractants based on degradation products of citrus VOCs have also 
been developed for D. citri (e.g., George et al. 2016). However, all of 
these unique VOC blends only moderately increase D. citri capture 
on yellow sticky traps by 2- to 2.5-fold.

When presented with a choice, D.  citri preferentially orients 
to the volatiles of CLas-infected than to those of uninfected citrus 
(Mann et  al. 2012). A blend of VOCs attractive to D.  citri based 
on the volatile signature of CLas-infected citrus was identified using 
both gas chromatography–mass spectrometry and differential mo-
bility spectrometry (Aksenov et al. 2014a,b). Here we present the de-
velopment of a blend based on VOCs characteristic of CLas-infected 
citrus (Aksenov et al. 2014a) for practical use as an attractant for 
D. citri. Using a mixture design method, we determined the ratio of 
compounds that contributed most to attracting D. citri. Two blends 
eliciting highest responses from D. citri in the laboratory were evalu-
ated further under field conditions. Subsequently, the most effective 
attractant found under field conditions was incorporated into SPLAT 
(Specialized Pheromone and Lure Application Technology, ISCA 
Technologies, Riverside, CA), to formulate an AK matrix containing 
the insecticide spinosad. SPLAT was used as D. citri can probe and 
feed on it (Patt et al. 2014, Lapointe et al. 2016). SPLAT has been 
successfully developed for AK in other systems (Vargas et al. 2008, 
El-Shafie et al. 2011) and can be applied mechanically. Small plot 
field trials conducted in citrus demonstrated that deployment of 

this formulation could reduce populations of D. citri relative to un-
treated control plots.

Materials and Methods

Chemicals
All chemicals were obtained from Sigma–Aldrich (Saint-Louis, MO), 
except dichloromethane purchased from Fisher Scientific (Waltham, 
MA). Purities were as follows: tricosane (CAS# 638-67-5) 99%; ge-
ranial (CAS# 5932-40-5) 96%; methyl salicylate (CAS# 119-36-8) 
99%; geranyl acetone (CAS# 689-67-8) 97%; 1-tetradecene (CAS# 
1120-36-1) 97%; linalool (CAS# 78-70-6) 97%; phenylacetaldehyde 
(CAS# 122-78-1) 95%; (E)-beta-ocimene CAS# 13877-91-3 90%; 
dichloromethane (CAS# 75-09-2) 99.9%.

Insect Culture
Adult D. citri used in behavioral bioassays were obtained from a labora-
tory culture maintained at the University of Florida, Citrus Research 
and Education Center (Lake Alfred, FL). The culture was established 
in 2000 from field populations collected in Polk Co., FL (28.0′N, 
81.9′W) prior to the discovery of CLas in Florida. The culture was 
maintained without exposure to insecticides on curry leaves (Bergera 
koenigii L.) and ‘Valencia’ Citrus sinensis L.  (Osbeck)  (Sapindales: 
Rutaceae) in an air-conditioned greenhouse at 27–28°C, 60–65% 
RH, and 14:10 (L:D) h photoperiod. Illumination in the greenhouse 
was supplemented with linear fluorescent 54 W lights (F54W/T5/865/
ECO, GE lighting, Nela Park, OH). Monthly testing of randomly sam-
pled nymphs and adults by quantitative PCR assays was conducted 
to confirm that this culture was free of CLas (Martini et al. 2018). In 
order to decrease the number of behavioral tests on the 29 different 
blends, only females were used in behavioral assays. Female D. citri 
mate multiple times throughout their lifetime (Wenninger and Hall 
2007) and our objective was to target the main driver of population 
density increase. In addition, females are usually attracted to the same 
VOCs as males; however, females tend to be quantitatively more re-
sponsive to VOCs than males (Moghbeli et al. 2014).

T-Maze Olfactometer
A two-port divided T-maze olfactometer (Analytical Research 
Systems, Gainesville, FL) was used to evaluate the behavioral re-
sponse of D. citri females. The olfactometer consisted of a 30 cm 
long glass tube with 3.5 cm internal diameter that was bifurcated 
into two equal halves with a polytetrafluoroethylene (PTFE) strip 
forming a T-maze (Mann et al. 2011, Martini et al. 2014). Each 
half served as an arm of the olfactometer enabling the psyllids 
to choose between two potential odor fields. The olfactometer 
was positioned vertically under a fluorescent 23 W light source 
(FLE23HT3/3/SW, GE Lighting, Cleveland, OH) mounted within 
a 1.0 × 0.6 × 0.6 m fiberboard box for uniform light diffusion. The 
measured light intensity was approximately 600 lux above the 
T-maze. Females aged between 4 and 15 d were released individu-
ally at the base of the olfactometer and allowed 300 s to exhibit 
a behavioral response. A positive response was recorded when a 
psyllid moved from the base and entered 1 cm into either arm of 
the olfactometer. Those psyllids that did not enter 1 cm into either 
arm of the olfactometer were designated as nonresponders. The 
olfactometer was rotated every five psyllids to avoid positional 
bias, and the treatments were assigned randomly to each arm. 
The olfactometer arms were connected to glass volatile cham-
bers. Each chamber contained 2 cm of cotton wick. One hundred 
microliters of the test solution was deposited onto each cotton 
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wick, and solvent was allowed to evaporate for 2  min prior to 
initiating assays. Clean air was pushed into the volatile chamber 
to maintain airflow into the olfactometer at 0.1 liter/min. The ol-
factometer was positioned under a 150 W high-pressure sodium 
grow light (Hydrofarm, Petaluma, CA). All assays were conducted 
between 0900 and 1400 hours. Diaphorina citri were exposed to 
two treatments in the T-maze: 1) 100 µl of the experimental blend 
at 0.1 μg/µl in dichlormethane and 2) 100 µl of dichlormethane. 
For each blend, three different trials of 20 D. citri were conducted 
(60 total D. citri per experimental blend).

Blend Development
Our initial starting blend was derived from the Aksenov et  al. 
(2014a) study and was based on the volatiles differentially expressed 
by CLas-infected citrus relative to non-infected counterparts. We 
wanted to simplify this complex blend, which consists of 14 com-
pounds and develop a blend that could be formulated into a prac-
tical and highly effective AK attractant. The following steps were 
conducted:

- We excluded compounds that decreased following CLas infec-
tion. Indeed, multiple studies demonstrated that CLas-infected 
citrus are more attractive to D. citri than uninfected counter-
parts (Mann et al. 2012, Martini and Stelinski 2017, Martini 
et  al. 2018). Similarly, in Aksenov et  al. (2014a), the ‘HLB’ 
blend that mimicked the odor of an infected plant was more 
attractive to D.  citri than the ‘Healthy’ blend when tested in 
olfactometer assays.

- We excluded expensive compounds that were unlikely to be in-
cluded in a commercially viable blend.

Following these steps, we obtained an initial blend of eight com-
pounds (Blend 1, Supp Material S1 [online only]) that was used 
for subtraction assays. First, we verified that this blend attracted 
D. citri in the olfactometer similarly to the more complex 14 com-
ponent blend of Aksenov et al. (2014a). Thereafter, we conducted 
further subtraction assays using blend 1, by excluding one com-
pound at a time (Supp Material S1 [online only], Blends 2 to 11), 
while maintaining the same relative ratio of the other compounds. 
Following these subtraction assays, one compound, 1-tetradecene, 
was eliminated (see Results), creating a final 7-component blend 
(Blend 6).

Subsequently, we conducted a seven-component mixture design 
based on blend 6 to determine which compounds had greatest effect 
on psyllid attraction to Blend 6. In total, 17 blends were compared 
(Blends 12 through 28). For each blend, the seven remaining com-
pounds were varied to comprise between 4 and 76% of the total 
blend. In addition to those needed to satisfy model terms, several 
points were added to estimate lack of fit (LOF). In addition, five 
points were duplicated to attain sufficient degrees of freedom. The 
factors analyzed for each blend were: 1) the attraction index as cal-
culated by the following equation:

(B− C) ∗ 100
B+ C

where B indicates the number of psyllids that chose the arm with 
the odor blend, and C the number of psyllids that chose the control 
arm; and 2) the percentage of D. citri responding in the olfactometer. 
The mixture design yielded the composition(s) of the most attractive 
blends as determined by the percentage of D. citri choosing these 
blends and based on the highest desirability factor.

Field Evaluation of Selected Blends
The two most attractive blends to D. citri under laboratory condi-
tions were evaluated under field conditions: Blend 6 and Blend 20 
(see Results). The goal of this experiment was to increase the capture 
of D. citri by yellow sticky traps, which are the standard tools used 
to monitor D. citri populations. Despite indicating significant attrac-
tion in the olfactometer assays, blends 12, 17, 25, and 29 were not 
tested in the field due to logistical limitations. Specifically, blends 25 
and 29 were not included because field trials were completed before 
the completion of the laboratory assays for these blends.

The field experiment was conducted in a citrus orchard located 
in Ocala, FL described previously in Tiwari and Stelinski (2013). 
Briefly, citrus trees (v. Hamlin / r.s. Swingle) (ca. 1.5 m3 canopy 
volume) were planted using a 2.4 m in-row and 2.4 m between-
row spacing. The experimental design consisted of five replicate 
rows each separated by two buffer rows. Within each row, seven 
trees were selected for treatment placement. Treatments consisted 
of 2.5 g dollops of gray-colored SPLAT containing 0.1, 1, or 10% 
(by volume) of a test blend. Active ingredients are released from 
SPLAT at rates between 1 and 10 mg/d/g of SPLAT (depending on 
temperature and loading rate) under climatic conditions in central 
Florida (Martini et al. 2020a). SPLAT treatments were pre-loaded 
into green blister cups (Medi-Cup, Medi-Dose, Ivyland, PA), which 
were then attached to 22.9 × 27.9  cm yellow, sticky traps (ISCA 
Technologies, Riverside, CA) to serve as lure dispensers. Sticky 
traps and lures were deployed along each row of trees such that all 
treatments were installed in the same block of trees simultaneously. 
Sticky traps were placed in trees at 1.5 m height on a sun-exposed 
side of the canopy. Treatments were randomly assigned to trees 
within each block. To eliminate positional bias along each trap line 
(i.e., trap placement near psyllid cluster), treatments were rotated 
every 2 d such that each lure treatment was installed for the same 
amount of time at each position throughout the experiment. The 
traps were removed after 14 d, and the number of D. citri caught 
on each trap was tallied and annotated in the laboratory. The ex-
periment was conducted twice with newly prepared lures and sticky 
traps for each replicate, one beginning on 30 June and the other on 
27 August 2015.

Attract and Kill Tests
The objective of these experiments was to evaluate an AK formu-
lation incorporating the attractant developed here for population 
suppression of D. citri. The experiments were conducted in the fall 
of 2015, at the same field site described above and in Tiwari and 
Stelinski (2013). The precise CLas infection rate in this citrus grove 
was unknown but was likely above 80% as it is typical in central 
Florida (Singerman and Useche 2016). Plots were 5 × 5 tree squares, 
separated by at least one buffer row. Two AK formulations made 
with gray SPLAT were tested. Spinosad was used as the insecticide 
in the AK formulation as it showed high toxicity and residual ac-
tivity against D. citri (Stansly 2014, Tofangsazi et al. 2018) and is 
compatible with organic agriculture. Each formulation consisted of 
an attractive blend mixed with SPLAT SP 02 (SPLAT formulation 
containing 0.2% of Spinosad by weight):

- Attract-and-kill 1 (AK1): This formulation contained 1.66% 
myrcene + 1.66% ethyl butyrate + 1.66% p-cymene + SPLAT 
SP 02 and corresponded to the attractive blend published by 
Coutinho-Abreu et al. (2014).

- Attract-and-kill 2 (AK2): This formulation contained 1% total at-
tractant blend 6 (Supp Material S1 [online only]) + SPLAT SP 02.
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Two field experiments were conducted. For the first one, treatments 
were applied at a rate of four dollops of approximately 2.5 g per tree. 
Treatments were applied on 3 September 2015 and psyllid densities 
were measured for the two following weeks. Given the inconsistent 
effect of treatments on populations of D. citri (see results), the ex-
periment was repeated using a higher rate of eight dollops per tree. 
This trial was initiated on 7 October 2015 and psyllid densities were 
measured for 3 wk after treatment application. SPLAT dollops were 
applied directly to the branches of trees using caulking guns once at 
the start of each experiment. Psyllid densities were measured two 
ways. First, psyllids were monitored by stem tap sampling, where tree 
branches were vigorously struck three consecutive times with a stick. 
The number of D. citri falling onto a 21.6 × 30 cm white board placed 
below the branch was counted. Also, psyllid densities were monitored 
with four sticky traps described above positioned within each repli-
cate block on the corner trees of the 4 × 4 square within the center of 
each plot. Sticky traps were attached at 1.5 m height on a sun-exposed 
side of the experimental tree. Sticky traps were replaced every week 
and brought to the laboratory where D. citri were counted.

Statistical Analysis
Data were analyzed with the statistical software R 3.6.3 (R core 
Team, Vienna, Austria) and Minitab 19 (Minitab LLC, State College, 
PA). Data from olfactometer assays were analyzed with χ 2 tests. The 
analyses were conducted separately for each trial and on the pooled 
data from the three trials. The mixture design data were analyzed 
as a quadratic model with analysis of variance (ANOVA), with the 
seven remaining compounds and their two-term interactions con-
sidered as factors. Nonsignificant interactions were removed by the 
method of stepwise deletion (α to remove or enter = 0.15) (Crawley 
2007).

Data from the field trials were analyzed with generalized linear 
models (GLM) with Poisson distribution and a log link function. 
In the first experiment evaluating psyllid response to semiochemical 
lures, the factors considered were lure treatment and trial number. 
In the experiment evaluating the effect of the AK formulation, the 
factors were treatment and block. In this case, to avoid pseudo rep-
lication of data, we conducted separate GLM analyses per week of 
data collected. For counts collected using sticky traps, there was no 
overdispersion of data and Poisson distribution was deemed appro-
priate. Psyllid counts obtained using tap sampling resulted in data 
that were overdispersed. Therefore, we used a quasi-GLM model 
with Poisson distribution (function glm, family  =  quasipoisson) 
where the variance is given by φ × μ, where φ is the dispersion par-
ameter and μ the mean, and standard errors multiplied by the square 
root of φ (Zuur et al. 2009).

Results

Blend Development
The initial semiochemical blend tested (blend 1, Supp Material 
S1 [online only]) corresponded to the volatile signatures of CLas-
infected citrus (Aksenov et  al. 2014b), but without the most ex-
pensive compounds or compounds that decreased significantly 
following CLas infection. Response of D.  citri to this blend was 
significantly greater than to the blank control in one out of three 
replicate trials (χ 2 = 4.00, df = 1, n = 60, P < 0.046). However, when 
data were pooled across the three trials, there was no statistical 
difference in psyllid response to blend 1 versus the blank control 
(χ 2 = 2.17, df = 1, n = 60, P < 0.140). During the first phase of testing, 
we performed subtraction assays (Supp Material S2 [online only]). 

Single compounds were removed from the blend while keeping the 
ratios of the other compound the same. During this first phase, two 
blends significantly increased attraction of D.  citri as compared 
with a blank control: Blend 2 that excluded β-ocimene (χ 2 = 4.122, 
df = 1, n = 60, P < 0.042), and blend 6 that excluded 1-tetradecene 
(χ 2 = 6.15, df = 1, n = 60, P < 0.013). However, these were not signifi-
cant after correction with the Holm-Bonferroni method. Response to 
Blend 11, without both β-ocimene and 1-tetradecene, did not differ 
from the blank (χ 2 = 0.184, df = 1, n = 60, P < 0.668). Therefore, we 
decided to use blend 6 as a base for further improvement.

Out of the 18 blends devised from blend 6, 15 (χ 2 = 8, df = 1, 
P = 0.004) resulted in an attraction index > 0, indicating that more 
psyllids chose the treatment arm than to the control arm. Of these 
15 blends, five blends attracted significantly (α = 0.05) more psyllids 
than the control consistently over three trials: blend 12 (χ 2 = 4.67, 
df = 1, n = 60, P < 0.031), blend 17 (χ 2 = 12.25, df = 1, n = 60, 
P < 0.001), blend 20 (χ 2 = 11.65, df = 1, n = 60, P < 0.001), blend 
25 (χ 2 = 10.965, df = 1, n = 60, P < 0.001), blend 29 (χ 2 = 4.122, 
df  =  1, n  =  60, P  <  0.021). Blends 21 and 28 attracted signifi-
cantly more psyllids than the control at α = 0.10 (χ 2 = 3.38, df = 1, 
n = 60, P = 0.06; χ 2 = 3.38, df = 1, n = 60, P = 0.077, respectively) 
(supp Material S3 [online only]). After correction with the Holm-
Bonferroni method, only blends 17 (P < 0.01), 20 (P < 0.05), and 
25 (P < 0.05) attracted significantly more psyllids than the control.

A summary of the ANOVAs, lack-of-fit tests, the best fitting 
models, and the R statistics for the attraction index and the propor-
tion of responders are presented in Table 1. The model fits were im-
proved by stepwise deletion and are therefore designated as ‘reduced’. 
The data appeared normal and displayed a constant variance, with 
only one outlier for the attraction index data and two for the propor-
tion of responder data. The R2 statistics (R2, R2

adj) had a difference 
less than 0.25. Additionally, the lack-of-fit tests were not significant. 
The mixture design analysis demonstrated that the overall model was 
significant (P = 0.003) for the attraction response factor (Table 1). The 
ANOVA indicated a significant interaction between methyl salicylate 
and geranial (P = 0.035). The blends had a moderate effect on the pro-
portion of psyllids that responded to the blend with the linear regres-
sion only significant at α = 0.10 and a model significant at α = 0.05 
(Table 1). Overall, attraction of D. citri to the odor blend was influ-
enced most by linalool and methyl-salicylate (Fig. 1A and B).

Field Evaluation of Selected Blends
Field trials revealed a difference in the number of D. citri captured 
by the different attractive blends (χ 2  = 31.08, df = 6, P  < 0.001). 
Only traps baited with blend 6 at the 1% concentration captured 
more D. citri than unbaited control sticky traps (α = 0.05) (Fig. 2). 
Catch rate of psyllids per trap differed between the two experiments 
(χ 2 = 46.202, df = 6, P < 0.001).

Attract and Kill Tests
At the lower deployment rate (4 dollops per tree), the number of 
D. citri was significantly reduced during the second week after de-
ployment only in plots with the AK2 treatment, as compared with 
untreated control plots, as measured by stem tap sampling. Tap 
counts of D. citri did not differ between plots treated with AK1 con-
taining the attractant from Coutinho-Abreu et  al. (2014) and the 
control plots (Fig. 3A and C, Table 2). Similarly, at the low rate of 
four dollops per tree, only AK2 decreased the number of D.  citri 
captured on sticky traps during the first week after deployment 
(α = 0.05); whereas, captures of D. citri in plots treated with AK1 
were the same as those in control (Fig. 3B and D, Table 3).
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At the highest application rate (8 dollops per tree), both AK1 and 
AK2 significantly reduced the number of psyllids during the third 
week after deployment as measured by stem tap sampling (Fig. 4D 
and E, Table 4). The number of psyllids captured by sticky traps was 
lower than that in control plots or those treated with AK2 during the 
first, second, and third week after application; whereas, for the AK1 
treatment D. citri numbers were lower than in control only during 
third week after treatment (Fig. 4F, Table 5).

Discussion

AK combines a semiochemical attractant with a killing agent (often 
an insecticide), into common release device to attract a target pest 
to a point source where it is then intoxicated via direct surface 
contact (Gregg et  al. 2018) and/or via ingestion (Faleiro et  al. 
2016). Variation to this strategy would be the autodissemination 
technique, in which the attracted individual contaminates itself, 
and, through social interactions, disseminates the infective agent 

Table 1. P-values, regression coefficients, and response surface model fitting diagnostic statistics for Diaphorina citri attraction and pro-
portion of responders to seven-component volatile blends

Attraction Proportion of responders

P-value Regression coefficients P-value Regression coefficients

Model 0.003 - 0.023 -
Linear mixture 0.003 - 0.065 -
Tricosane - −18.2 - 0.7585
Geranial (Citral) - −15.3 - 0.7414
Methyl Salicylate - 23.6 - 0.6205
Geranyl Acetone - 4.0 - 0.7579
Linalool - 55.1 - 0.8802
Phenylacetaldehyde - −49.7 - 0.9146
(E)-Beta-Ocimene - −0.8 - 0.7413
Geranial (Citral) × Methyl salicylate 0.035 256 0.016 1.277
Phenylacetaldehyde × (E)-Beta-ocimene 0.082 206 - -
Methyl Salicylate × Linalool - - 1.304 0.017
Methyl salicylate × (E)-Beta-ocimene - - 0.698 0.140
Model type  Reduced quadratic  Reduced quadratic
Lack of fit  0.833  0.701
R2  77.93%  72.42%
R2

adj  64.35%  51.73%

Fig. 1. (A) Mixture contour plot for the attraction index of Diaphorina citri to blends with varying proportions of three major blend components. The four other 
compounds are at a proportion of 0.04. (B) Cox trace plots showing deviation from the reference blend (blend with all compounds at equal value) of seven 
components for the attraction index.

Fig. 2. Number of Diaphorina citri captured per sticky trap baited with 
different types of volatile organic compound blends during a 2-wk period. 
The percentages corresponded to the amount of individual compound within 
the blend and added into the wax matrix.
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throughout the population (Patt et  al. 2015, Chow et  al. 2018). 
We report data suggesting that an AK formulation incorporating 
the volatile signature of citrus infected with the putative causative 
agent of citrus greening and an insecticide can reduce the local 
density of D. citri even in small treated plots present within larger 
contiguous citrus orchards. While the most effective formulation 
tested reduced sticky trap captures for multiple weeks following 
deployment in AK plots compared to control treatment, psyllid 
densities as measured by tap sampling were lower only during the 
third week of the experiment. This difference illustrates the import-
ance of using multiple sampling methods when assessing popula-
tion suppression of D. citri in the field.

It is possible that the variability of lure effectiveness observed in 
our field trials was associated with variation in tree phenology; new 
leaf growth is particularly attractive to D. citri (Patt and Setamou 
2010). Under field conditions, there is likely competition between 
the synthetic volatiles emitted from a lure and those released from 
other plants present in the background. These volatiles in the field 
may compete or otherwise inhibit the attraction of the target in-
sect to the synthetic point sources. Behavioral responses obtained 
in olfactometer assays, therefore, may differ from those observed in 
the field (Gregg et al. 2018). In our case, only one (Blend 6) of the 
complex blends tested in the field, increased attraction of D.  citri 
to yellow sticky traps, whereas the other (Blend 20) did not, even 
though both blends yielded comparable behavioral results in the la-
boratory olfactometer tests.

Development of attractants for D.  citri has been the focus of 
numerous investigations and several unique blends of attractants 
have indicated increased catches of this insect when compared with 
unbaited yellow traps; for example, a blend based on the volatiles 
emanating from host plant leaf flush identified by Patt and Setamou 
(2010). Formic acid, acetic acid, and p-cymene are phagostimulatory 
to D. citri (Lapointe et al. 2016) and these volatiles have been ex-
plored for incorporation into a multi-modal AK device for this 
pest (George and Lapointe 2017). While often composed mainly of 

Fig. 3. Number of Diaphorina citri counted during tap sampling 1 (A) and 2 (C) wk following application of the attract-and-kill formulation at the lower rate of 
four dollops per tree (≈6.2 kg per ha). Number of D. citri captured on sticky traps per week, 1 (B) and 2 (D) wk following application of attract-and-kill formulation 
(AK). Different letters indicate significant difference at α = 0.05.

Table 2. Quasi-Poisson generalized linear model results for the 
number of Diaphorina citri counted by tap sampling during the 
attract-and-kill field experiment at the lower rate (4 dollops per 
tree)

Factor Χ df P-value

Week 1
 Block 45.05 3 <0.001
 Treatments 4.463 2 0.1074
Week 2
 Block 109.859 3 <0.001
 Treatments 12.122 2 0.002

Table 3. Generalized linear model with Poisson distribution results 
for the number of Diaphorina citri captured on sticky traps during 
the attract-and-kill field experiment at the lower rate (4 dollops per 
tree)

Factor Χ df P-value

Week 1
 Block 658.37 3 <0.001
 Treatments 66.84 2 0.049
Week 2
 Block 340.47 3 <0.001
 Treatments 42.51 2 0.067

Table 4. Quasi-Poisson generalized linear model results for the 
number of Diaphorina citri counted by tap sampling during the 
attract-and-kill field experiment at the higher rate (8 dollops per 
tree)

Factor χ df P-value

Week 1
 Block 18.675 3 P < 0.001
 Treatments 8.613 2 0.013
Week 2
 Block 22.543 3 P < 0.001
 Treatments 1.928 2 0.381
Week 3
 Block 33.280 3 P < 0.001
 Treatments 31.333 2 P < 0.001
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terpenes characteristic of citrus leaves, the various kairomone blends 
demonstrated to attract D. citri thus far have varied in their chemical 
composition and only cause a 2- to 2.5-fold catch increase on yellow 
traps as compared with unbaited controls (Patt and Setamou 2010, 
Patt et al. 2011, Coutinho-Abreu et al. 2014, Amorós et al. 2019). 
Collectively, these outcomes suggest that D.  citri may use several 
general volatiles associated with citrus during host finding rather 
than a specific olfactory cue, also relying on other sensory modal-
ities for host finding (e.g., vision; Paris et  al. 2017, Khadka et  al. 
2020). Alternatively, D. citri may exhibit phenotypic plasticity with 
respect to olfactory responses to hosts, allowing shifting preference 
for different volatile blends associated with different citrus varieties, 
which occurs following experience (Stockton et al. 2016). Finally, it 
is also possible that a more specific kairomone for D. citri remains 
to be identified.

Sex-related cues have been also been investigated for D. citri with 
repeated demonstrations that D. citri males are attracted to female 
odors (Wenninger et al. 2008, Martini et al. 2014, Moghbeli et al. 
2014). The possibility of a sex-specific attractant has been investi-
gated in more detail with the identification of a female-specific cu-
ticle hydrocarbon exhibiting short-range attraction of males (Mann 
et al. 2013). More recently, acetic acid has been proposed as a pos-
sible sex pheromone for male D. citri with attraction demonstrated 
under field conditions (Zanardi et al. 2018).

In the present evaluation of a possible AK formulation for D. citri, 
our experiment compared the attractive blend developed here with 
a different blend identified using electrophysiological recordings 
from D. citri in concert with field trapping tests that indicated in-
creased catch on baited sticky traps (Coutinho-Abreu et al. 2014). 
Our results indicated that both unique blends, when formulated into 
a slow-release matrix containing a toxicant, reduced populations of 
D. citri for several weeks after deployment in the field. This popu-
lation reduction could be measured, despite the small size of test 
plots in this initial proof-of-concept investigation. Further research 
is needed to optimize both the formulation and deployment strategy. 
For logistical reasons, some of the most effective blends eventually 
identified in our extensive laboratory olfactometer testing could not 
be tested in the field prior to the completion of this project. The small 
relative differences in attractiveness of the best blends identified in 
the laboratory tests, however, suggest that further improvements of 
the field-tested formulations might be marginal.

Our negative treatment control consisted of blank SPLAT 
without incorporated attracticide and our design did not allow 
space for including a treatment containing the attractive blend 
alone without toxicant. Therefore, we cannot exclude the pos-
sibility that the reduction in psyllid counts observed in our AK 

Fig. 4. Number of Diaphorina citri counted during tap sampling 1 (A), 2 (C), and 3 (E) wk following application of attract-and-kill formulation at the higher rate 
of eight dollops per tree (≈13.7 kg per ha). Number of D. citri captured on sticky traps during the (B) first, (D) second, and (F) third week following attract-and-kill 
application. Different letters indicate significant difference at α = 0.05. AK = attract-and-kill formulation.

Table 5. Generalized linear model with Poisson distribution results 
for the number of Diaphorina citri captured on sticky traps during 
the attract-and-kill field experiment at the higher rate (8 dollops 
per tree)

Factor Χ df P-value

Week 1
 Block 460.95 3 <0.001
 Treatments 80.30 2 0.038
Week 2
 Block 73.857 3 <0.001
 Treatments 34.197 2 0.023
Week 3
 Block 19.924 3 P < 0.001
 Treatments 25.877 2 P < 0.001
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treatment may have been affected by disruption of host volatile 
detection by D.  citri given the release of large quantities of syn-
thetic volatiles in these plots. Previous work under laboratory con-
ditions demonstrated that disruption of D.  citri host selection is 
technically possible by release of large quantities of methyl sali-
cylate (Martini et al. 2016).

Combining attractive plant volatiles with the putative sex phero-
mone and phagostimulant of D. citri should be pursued to further 
improve the efficacy of AK formulations for this species. Other pos-
sible improvements could be the addition of a visual cue to the slow 
release matrix (SPLAT), which was gray in color in the experiments 
conducted here. The addition of pigments to the SPLAT matrix does 
not represent a technical constraint. We envision that point sources 
of SPLAT could be rendered much more attractive to D.  citri by 
1)  incorporation of yellow pigment (Paris et  al. 2017), 2)  UV re-
flective particles such as magnesium oxide, which has been recently 
demonstrated to increase attraction of D. citri (George et al. 2020), 
3) and/or by the addition of phagostimulants (Lapointe et al. 2016). 
Analogously, a multi-modal device that combined an attractive 
kairomone, phagostimulant, and visual attractant resulted in highly 
effective AK of the apple maggot fly, Rhagoletis pomonella (Walsh) 
(Diptera: Tephritidae) (Wright et al. 2012). The same has been ac-
complished with a multi modal SPLAT matrix formulation to control 
spotted wing drosophila, Drosophila suzukii (Matsumura) (Diptera: 
Drosophilidae), that relies on semiochemical and visual attractants 
to lure and phagostimulant to incite the fly to manipulate and con-
sume the insecticide-laced bait (Klick et al. 2019). Finally, another 
possibility for improvement might be in the choice of insecticide in-
corporated into the AK. We chose spinosad because it is compatible 
with organic agriculture; however, for conventional citrus orchards 
other synthetic insecticides such as permethrin could improve AK 
efficacy (Chow et al. 2019).

The rate of application (13.7 kg per ha distributed as ca. 1,000-
point sources / ha), can be accomplished by mechanical application. 
For example, a rotating double-orifice distributor positioned directly 
above the tree canopy and mounted on a tractor allows SPLAT wax 
to be dispensed directly in the form of discrete particles (Stelinski 
et al. 2007). Newer technologies for applying SPLAT by airplanes 
(Onufrieva et al. 2014) or drones are also available.

Our proof of concept field experiments demonstrated repeatable 
reductions in populations of D. citri for up to 3 wk following appli-
cation in an orchard,. It is possible that further optimization of the 
technology may allow practical use as a supplement or replacement 
for broadcast sprays of insecticides in areas where HLB is present 
and where eradication of D. citri is not the objective. For example, 
suppressing populations of D. citri in orchards with high HLB in-
cidence, such as in Florida, is still desirable and it has been demon-
strated to increase in yield (Baldwin et al. 2017, Monzo and Stansly 
2017).

Recently, an investigation by Monzo and Stansly (2017) demon-
strated that the use of economic thresholds for D. citri management is 
possible even in areas where nearly 100% of citrus trees are infected 
with huanglongbing, and it can have an economic benefit. Specifically, 
by using a threshold of 0.2 psyllids per stem tap to trigger the need 
for a spray, the investigators recorded equivalent economic return be-
tween 10 annual insecticide sprays deployed on a calendar basis and 
only four sprays in the threshold-based treatment (Monso and Stansly 
2017). Interestingly, in our present investigation the use of AK at the 
highest rate reduced the number of psyllids below the 0.2 psyllids 
threshold per stem tap (Fig. 4A, 4C and 4E). The use of an AK for-
mulation could possibly help maintain populations of D. citri below 
this treatment threshold, reducing the need for broadcast insecticide 

sprays, and also possibly extend the residual activity per insecticide 
application compared with standard foliar sprays. Further research 
to improve AK against D. citri is warranted, including selection of 
color, insecticide, or even attractant. With further development, our 
data suggest that AK has potential for use against D. citri in citrus.

Supplementary Data

Supplementary data are available at Journal of Insect Science online.
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