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Abstract Huanglongbing (HLB) is the most destructive disease of citrus worldwide.
The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Psyllidae), is the vector
of the phloem-inhabiting bacterium, Candidatus Liberibacter asiaticus, which is presumed
to cause HLB in Florida citrus. Laboratory and field studies were conducted to examine the
behavioral responses of male and female D. citri to their cuticular extracts. In olfactometer
assays, more male D. citri were attracted to one, five, or 10 female cuticular extract
equivalent units than blank controls. The results were confirmed in field studies in which
clear or yellow traps baited with 10 female cuticular extract equivalent units attracted
proportionately more males than clear traps baited with male cuticular extract or unbaited
traps. Analyses of cuticular constituents of male and female D. citri revealed differences
between the sexes in chemical composition of their cuticular extracts. Laboratory bioassays
with synthetic chemicals identified from cuticular extracts indicated that dodecanoic acid
attracted more males than clean air. Traps baited with dodecanoic acid did not increase
total catch of D. citri as compared with blank traps at the dosages tested; however, the sex
ratio of psyllid catch was male biased on traps baited with the highest lure loading dosage
tested (10.0 mg).
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Introduction phloem, causing yellow shoots, mottling, chlorosis, and

twig die back that result in rapid tree decline and may

Huanglongbing (HLB) is the most economically im-
portant disease of citrus worldwide. HLB affects plant
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ultimately cause tree death. Fruit on diseased trees are
misshaped, reduced in size, and sour in taste (Bové, 2006;
Capoor, 1963; Dagulo et al., 2010; Halbert & Manjunath,
2004). The disease is associated with either of three
species of phloem-limited, noncultured, gram-negative
bacteria: Candidatus Liberibacter asiaticus (Las),
Candidatus Liberibacter africanus (Laf), or Candidatus
Liberibacter americanus (Lam) (Bové, 2006; Gottwald,
2010). The pathogen is primarily transmitted worldwide
by the Asian citrus psyllid, Diaphorina citri Kuwayama
(Hemiptera: Psyllidae), as well as, by the African citrus
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psyllid, Trioza erytreae (Del Guercio), in Africa. Both
psyllid species can transmit any of the three bacterial
species (Gotwald, 2010). In North America, the disease
is thought to be caused by Las and transmitted by D.
citri (Bové, 2006; Gottwald, 2010; Gottwald et al.,
2007).

Current management for D. citri relies on application
of broad-spectrum insecticides (Rogers, 2008) because
resistant cultivars do not exist (Halbert & Manjunath,
2004), biological control is insufficiently effective
(Qureshi & Stansly, 2009), and to date, cultural control
strategies have not prevented proliferation of the disease
(Childers & Rogers, 2005; Powell et al., 2007). However,
insecticide use has negatively affected populations of
natural enemies and has led to development of insecticide
resistance (Tiwari ef al., 2011). Therefore, identification
of attractants may allow development of useful alterna-
tive tools for monitoring and control of D. citri. Recent
investigations indicate that males of some psyllid species
use volatile chemicals for mate location (Guédot et al.,
2009; Soroker et al., 2004; Wenninger et al., 2008).
Behavioral evidence for a female-produced volatile sex
attractant was reported for pear psylla, Cacoppsylla
bidens (Sulc) (Soroker ef al., 2004). Post-diapausing fe-
male pear psylla, Cacopsylla pyricola (Forster), produce
a cuticular hydrocarbon (13-methylheptacosane) that
attracts opposite sex conspecifics (Guédot et al., 2009).
Also, there is behavioral evidence of a female-derived
volatile attractant for male D. citri (Wenninger et al.,
2008). Furthermore, ultrastructure of olfactory sensilla
on D. citri antennae suggests chemosensory functions
(Onagbola et al., 2008). The specific objectives of the
current investigation were to determine if cuticular
extracts from female D. citri attract conspecific male D.
citri and to identify potential attractants that may have
practical applications in the management of D. citri.

Materials and methods
Insect source

Adult D. citri used in behavioral bioassays were ob-
tained from a laboratory culture maintained at the Uni-
versity of Florida Citrus Research and Education Cen-
ter (Lake Alfred, FL, USA). The culture was established
in 2000 from field populations in Polk Company (FL,
USA) (28.00N, 81.90W) prior to the discovery of HLB
in FL. The culture is maintained without exposure to
insecticides on sour orange (Citrus aurantium L.) and
“Hamlin” orange (C. sinensis [L.] Osb.) seedlings at

27 £ 1°C, 63% = 2% relative humidity (RH), and under a
L14: D10 photoperiod.

Behavioral bioassays

A custom-designed, two port divided T-olfactometer
from Analytical Research Systems (ARS, Inc,
Gainesville, FL, USA) as described by Mann et al. (2011)
was used to evaluate the behavioral response of D. citri to
odors emanating from live adults or cuticular extracts. The
olfactometer consisted of a 30 cm glass tube that was bi-
furcated into two equal halves with a Teflon strip forming
a T-maze. Each half served as an arm of the olfactometer
enabling the psyllids to make a choice between two po-
tential odor fields. The olfactometer arms were connected
to odor sources placed in solid-phase microextraction
chambers (SPMECs) (ARS, Inc.) through Teflon glass
tube connectors. A SPMEC consisted of a straight glass
tube (17.5 cm long x 3.5 cm wide) supported with an inlet
and outlet valve for incoming and outgoing air streams,
respectively (Mann ef al., 2011). The test samples were
wrapped in laboratory tissue (Kimwipes, Kimberly-Clark,
Roswell, GA, USA) and placed into the SPMEC. Purified
and humidified air was pushed through the SPMEC via
two pumps connected to an air delivery system (ARS,
Inc.). A constant airflow of 0.1 L/min was maintained
through both arms of the olfactometer. The olfactometer
was housed within a temperature controlled room and
positioned vertically under a fluorescent 900 Ix light bulb
mounted within a 1.0 x 0.6 x 0.6m? fiber board box for
uniform light diffusion. This position took advantage of
the negative geotactic and positive phototactic response
of D. citri (Mann et al., 2011). The olfactometer inlet
adapter was covered with black cloth to facilitate insect
movement toward odor sources by exploiting the positive
phototactic response of D. citri (Mann et al., 2011).

Absence of positional bias on psyllid behavior was con-
firmed prior to assays with chemical treatments by expos-
ing D. citri adults to clean air versus clean air. An odor
source was then randomly assigned to one of the arms of
the olfactometer at the beginning of each bioassay and was
reversed after every 25 insects to further control for posi-
tional bias. D. citri adults were released individually into
the inlet adapter at the base of the olfactometer. Adults
were given 5 min to exhibit a behavioral response by en-
tering either olfactometer arm. The numbers of adults en-
tering the treatment arm, control arm, or remaining in the
release port or below the T-maze division were recorded.
A treatment or control arm choice was recorded when an
insect moved into either olfactometer arm by crossing the
division in the T-maze. A no response (release arm) choice
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was recorded when an insect remained in the release port
or below the T-maze division. The choice for treatment
arm, control arm, or release arm was scored as attraction,
repulsion, or not responding, respectively. All experiments
were conducted at 26 + 1°C and 60% =+ 2% RH. The ol-
factometer and connecting tubes were thoroughly cleaned
with 2% soap solution, rinsed with acetone, and baked at
60°C for 24 h between each treatment run. Bioassays were
performed using a minimum of 100 D. citri per treatment
and sex combination.

Behavioral response of D. citri to cuticular extract of
opposite or same sex conspecifics

Cuticular extractions were prepared according to the
procedures outlined by Guédot ef al. (2009). Briefly, for
each extraction, 500 male or female D. citri adults or
nymphs (3rd—5th instar) were transferred into separate
11 mL glass vials containing 500 uL pentane and the
vial was shaken by hand for 10 min. The solution was
subsequently transferred to a clean glass vial and defined
as the stock solution. The solution was partitioned into
defined equivalent units. For example, 1 uL of solution
obtained from 500 uL of female extract was defined as
one female equivalent unit, while 5 or 10 4L of solution
was defined as five or 10 female equivalent units, respec-
tively. Solutions of male cuticular extract were prepared
identically. Simultaneously with each extraction, a control
treatment of 500 uL of pentane only was prepared. A
new extract was prepared every 15 days throughout the
investigation. The extracts were stored in a freezer at
0°C. Odor sources for the olfactometer bioassasys were
prepared by dissolving the appropriate insect equivalent
dose in 100 uL of pentane. This was then pipetted onto a
2 cm Richmond cotton wick (Petty John Packaging, Inc.
Concord, NC, USA). The control treatment consisted of
a cotton wick impregnated with 100 uL of pentane only.
The solvent from both treatments was allowed to evapo-
rate in a fume hood for 30 min prior to assays. The treated
and control cotton wicks were wrapped in laboratory
tissue (Kimwipes, Kimberly-Clark) and placed randomly
into one of the SPMEC chambers. The response of male
and female D. citri to one, five, or 10 male or female
cuticular extract equivalent units was recorded. We tested
the response of (i) males to female cuticular extract versus
clean air, (ii) males to male cuticular extract versus clean
air, (iii) females to male cuticular extract versus clean
air, and (iv) females to female cuticular extract versus
clean air.

To determine if the compounds extracted from the cu-
ticular surface of the psyllids were the only source of
behaviorally active chemicals, the cadavers of the insects
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used for the extractions were used as a source in one of
the SPMEC chambers. The treatment combinations were
(i) response of males to 50 dead females versus clean air
or (ii) response of females to 50 dead males versus clean
air. Each assay was conducted in the T-maze olfactometer
according to the methods described above. Preliminary
tests confirmed previous data (Wenninger et al., 2009a)
that recently killed, but nonextracted female D. citri were
attractive to live males.

Field trials with male and female cuticular extract

A field-trapping test evaluating the attractiveness of
male and female D. citri cuticular extracts was conducted.
The experiment was deployed in a 10.2 ha commercial
orange (Citrus sinensis [L.] var. “Valencia”) orchard.
Trees were 12 years old, planted on 3 x 6m? spacing
and averaged 4 m in height. No insecticides were applied
at this site in the year of testing. The traps used were
yellow sticky cards (Pherocon AM; Trécé, Adair, OK,
USA) and clear panel traps made from clear Plexiglass
(23 x 14 x 0.625 cm?) that were coated with thin layer
of Tangle-Foot glue (Great Lakes IPM Inc., Vestaburg,
MI, USA). The coating on the clear traps was applied
to obtain a sticky surface area (18 x 23 cm?) identical to
the yellow traps. Clear traps were used since it is known
that D. citri adults are highly attracted to the yellow color
(Hall et al., 2007). Gray halo butyl rubber septa (West
Pharmaceutical Services, Lionville, PA, USA) were used
as dispensers. Septa were pre-extracted with pentane, and
then aired for 24 h at 24°C in a fume hood before use.
Septa were loaded with one, five, or 10 male or female D.
citri cuticular extract equivalent units dissolved in 100 L.
of pentane. Control lures were treated with 100 uL of
pentane only. Lures were aired at room temperature in
fume hoods for 0.5h prior to deployment. Lures were
attached to the center of traps using safety pins. Each trap
was hung near the exterior of a tree canopy approximately
1.5m above ground with 30 cm of wire. One trap was
deployed per tree and treatments were separated by
6m. The experiment was arranged as a randomized
complete block design with five replicates and with 12 m
spacing between blocks. Each replication consisted of 14
treatments in total: one, five, or 10 equivalents of male
or female cuticular extract units on either yellow or clear
sticky traps and one unbaited control treatment for each
trap type. The lures were removed from each trap and
placed on a new trap at 1, 2, and 4 days to determine
the longevity of the lure. The traps were removed after
7 days in the field. All D. citri captured on each trap
were counted in the laboratory with separate counts for
males and females. The field experiment was repeated
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identically in July and September 2011 with the same
number of replicates and treatments.

Cuticular extract analyses

The cuticular extracts of male and female psyl-
lids were analyzed with a Perkin/Elmer~ Clarus 500
quadrupole gas chromatograph—mass spectrometer (GC—
MS) equipped with Turbo Mass software (Perkin/Elmer,
Shelton, CT, USA) and a 60 m x 0.25 mm, inner diam-
eter. X 0.50 um film thickness, Restek (Stabilwax) cap-
illary column (Restek Inc., Bellefonte, PA, USA). Ten
microliter aliquots (10 male or female equivalents) were
concentrated down to 1 L aliquots under nitrogen gas
and then injected into the GC-MS in the splitless mode.
Helium was used as the carrier gas at a constant flow of
2 mL/min. The source was kept at 180°C, and the transfer
line and injector were maintained at 240°C. The oven was
programmed from 40 (2 min initial hold time) to 240°C
at 7°C/min with a 9.5min final hold. Observed mass
spectra from selected chromatographic peaks were identi-
fied using NIST 2005 version 2.0 standard spectra (NIST,
Gaithersburg, MD, USA). Only identifications with spec-
tral fit values equal to or greater than 800 were consid-
ered positive. Identifications were confirmed by match-
ing chromatographic retention time and spectra with those
from authentic standards.

The identified chemicals that were detected in female
cuticular extracts only were further analyzed for their
presence in male cuticular extract using the more
analytically selective extracted ion chromatogram mode.
Two unique and characteristic m/z ions (171 and 200)
were monitored to selectively detect dodecanoic acid and
other peaks of interest.

Behavioral response to synthetic chemicals

We also examined the responses of male D. citri adults
to authentic synthetic standards obtained from Sigma—
Aldrich (St. Louis, MO, USA) (Table 1) versus clean air
at 0.1, 1.0, 10.0, and 100.0 ug dosages. All chemicals
were >95% pure. The procedures for assaying synthetic
chemicals were identical to those described above for
cuticular extract treatments and employed clear Plexiglass
traps that were coated with thin layer of Tangle-Foot
glue as described above. The chemicals were dissolved
in pentane. Acetone and ethanol were used as solvents
for chemicals insoluble in pentane. Appropriate solvents
were used as controls for each chemical. No differences
were observed between nonresponses to each solvent and
therefore these were pooled for statistical analyses.

Field trials with dodecanoic acid

A field trial was conducted to evaluate the attractive-
ness of dodecanoic acid to D. citri. It was deployed in
the above-described commercial citrus orchard. Gray halo
butyl rubber septa loaded with 0.1, 1.0, and 10.0 mg of
dodecanoic acid dissolved in 100 L of pentane were used
as dispensers. Control lures were treated with 100 uL of
pentane only. Ten female D. citri cuticular extract equiv-
alent units dissolved in pentane were used as a positive
control. Lures were prepared and deployed as described
above. The experiment was arranged as a randomized
complete block design with five replicates. Treatments
were separated by 12m. The traps were removed 72h
after deployment and all D. citri captured per trap were
counted by sex in the laboratory. The entire experiment
was replicated five times.

Data analysis

The numbers of D. citri entering the treatment or control
arm in the T-maze olfactometer assays were compared by
x? square tests. For the field assays evaluating cuticular
extracts, the analysis was performed on the total number
of psyllids captured on each trap using a two factor (trap
type, treatment) repeated measures analysis of variance
(ANOVA). Given that the number of psyllids captured
per trap was low (<5 psyllids per trap) 1 day after deploy-
ment, the catch data from the initial 2 days were combined
for analysis. There was a significant interaction between
trap color and cuticular extract treatments. Therefore, the
cuticular extract data were analyzed separately for each
trap color (see results). For field assays involving dode-
canoic acid, data were analyzed using one-way ANOVA
to compare the total number of male psyllids captured
per trap. The analysis was performed on log n + 1 trans-
formed means to normalize the data. The means were
compared using Tukey’s HSD test. x* square tests were
used to determine the sex ratio of psyllids captured per
trap. x2 square test was performed on the total number of
psyllids captured from all replicates (o« = 0.05). All data
were analyzed in PROC GLM option of SAS Version 9.1
for Windows (SAS Institute, 2003).

Results

Behavioral response of D. citri to cuticular extract of
opposite or same sex conspecifics

Significantly (x?>=10.31, df=1, P=0.001) more
male D. citri adults chose the olfactometer arm containing

© 2012 The Authors
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Table 1 GC-MS identification of constituents from cuticular extract of male and female Diaphorina citri.

Observed column linear

Literature linear retention

Sex Chemical' CAS no. L. . Retention time
retention index index
Female Acetic acid 64-19-7 1470 1477 17.17
Ethyl undecanoate 627-90-7 1761 1737 22.34
Hexanoic acid 142-62-1 1868 1872 24.05
Geranyl acetone 141-12-8 1771 1838 24.38
1-Dodecanol 112-53-8 1988 1970 25.86
Decanoic acid 34-48-5 2297 2296 30.14
Isopropyl tetradecanoate 110-27-0 2049 2048 26.86
1-methylpropyl Dodecanoate 6937-42-4 2235 NA? 29.43
Pentadecanoic acid 112-80-1 2500 2821 39.10
Male
Hexadecane 1560-92-5 1605 1600 19.66
1-Dodecanol 112-53-8 1988 1970 25.86
Dodecanoic acid 143-07-7 2517 2517 33.19
Tetradecanoic acid 822-12-8 2500 2724 37.61
fIdentification was based on comparisons of retention times with authentic standard and spectral data from Nist05 Libraries.
Literature index unavailable.
® Female cuticular extract Clean air ®Male cuticular extract Clean air Dosage
*
| . !
] I 5 equ
[ i I 1 equ
80 60 40 20 O 20 40 60 60 40 20 O 20 40 60 80
Response (%) of male D. citri Response (%) of male D. citri
D
®Male cuticulr extract Clean air BFemale cuticulr extract Clean air Dosage
' 10 equ
[ I 5 equ
I I 1 equ
80 60 40 20 0 20 40 60 80 4o 40 20 O 20 40 60 80

Response (%) of female D. citri

Response (%) of female D. citri

Fig. 1 Behavioral response of (A) male to female, (B) male to male, (C) female to male, and (D) female to female Diaphorina citri to
one, five, or 10 female cuticular extract equivalent units (equ) compared with clean air in laboratory olfactometer.

© 2012 The Authors
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one, five, or 10 female equivalent units of cuticular ex-
tract than clean air (Fig. 1A). However, males did not
show a preference for male cuticular extract compared
with clean air (x>=0.25, df=1, P=0.61) (Fig. 1B).
Females were not attracted to male or female cuticular
extracts when they were given a choice between male
extract versus clean air (x2=231, df=1, P=0.12)
(Fig. 1C) or female extract versus clean air (x> =1.75,
df = 1, P=0.18) (Fig. 1D). Adult male and female D.
citri did not exhibit attraction to solvent-extracted ca-
davers of conspecific males (x>=2.48, df =1, P=0.11
and x>=0.41, df= 1, P=0.52, respectively) or fe-
males (x>=0.58,df=1,P=0.44 and x> =025, df=1,
P=0.61, respectively) directly after the cuticular ex-
tract procedure. It has been established that killed female
D. citri attract conspecific males (Wenninger et al., 2009b)
and preliminary tests here confirmed this result (data not
shown).

Field trials with male and female cuticular extract

Repeated measure analysis indicated significant effects
oftrap color (F =22.10; df = 1.56; P < 0.0001), cuticular
extract treatment (F =5.37; df=6.56; P=0.0002), and
their interaction (F =2.55; df =6.56; P =0.0298). Anal-
ysis of data performed separately for the two trap types
indicated that clear traps baited with 10 D. citri male or
female cuticular extract units captured significantly more
total psyllids than unbaited clear control traps 2 days af-
ter deployment (F =4.24; df = 6.28; P=0.0037). Clear
traps baited with one, five, or 10 female cuticular ex-
tract equivalent units attracted more males than females
(Table 2). Yellow traps baited with 10 female cuticular ex-
tract equivalent units captured more males than females
(Table 3). However, the total number of psyllids captured
on yellow traps baited with 10 female equivalents was not
different from the unbaited yellow control (Table 3). Yel-
low traps baited with 10 male cuticular extract equivalent
units captured more total psyllids than unbaited control
traps after 2 days of deployment (F =3.81; df=6.28;
P =0.0067) (Table 3). The total number of D. citri cap-
tured on traps baited with any of the cuticular extract
treatments was not different from the control beyond the
second day of field deployment (data not shown).

Cuticular extract analyses

Acetic acid, ethyl undecanoate, isopropyl tetrade-
canoate, 1-methylpropyl dodecanoate, hexanoic acid, ger-
anyl acetate, decanoic acid, and pentadecanoic acid were
constituents detected only in female extracts; hexade-

cane was detected only in male extracts; and 1-dodecanol,
dedecanoic acid, and tetradecanoic acid were detected in
both male and female extracts (Table 1 and Fig. 2). As
shown in Figure 2, the highly selective extracted ion mode
chromatograms (EIC), employing only the masses unique
to dodecanoic acid, revealed that dodecanoic acid and
tetradecanoic acid were present in male extract in very low
quantities, compared with females. Additionally, very low
levels of three esters, ethyl undecanoate, isopropyl tetrade-
canoate, and 1-methylpropyl dodecanoate were revealed
in female extracts using EIC mode. Shown in Figure 3 is
a demonstration of the selectiveness in using only those
ions characteristic of dodecanoic acid compared with the
normal total ion chromatogram (TIC). The mass at m/z
200 was chosen because it is the molecular ion for dode-
canoic acid. As seen from the MS fragmentation pattern
for standard dodecanoic acid, there is also an appreciable
peak at m/z 171, which corresponds to the loss of an ethy-
lene group. The relatively clean baseline shown in the EIC
chromatogram in Figure 3 compared with the erratic base-
line in the same sample shown in the normal TIC mode is
because both of the chosen masses are relatively unique
and there are few if any interferences in the EIC mode.

Behavioral response to synthetic chemicals

Behavioral bioassays with synthetic chemicals iden-
tified from the female cuticular extract indicated that
more male D. citri entered the arm receiving dodecanoic
acid (x?>=5.08; df =1; P=0.02) at the 100 ug dosage
than the arm receiving clean air (Table 4). No other test
dosage tested elicited D. citri response to dodecanoic acid.
None of the other chemicals tested elicited a positive re-
sponse as compared with the control (data not shown).

Field trials with dodecanoic acid

Clear traps baited with septa loaded with 10 mg of do-
decanoic acid attracted significantly more D. citri males
than females (x2 = 6.00; df = 1; P=0.01) (Table 5). The
sex ratio of captured psyllids was not affected by dode-
canoic acid at any of the other dosages tested (Table 5).
The total catch of all psyllids was not increased by any of
the treatments tested as compared with the blank control
(Table 5).

Discussion

Male D. citri were attracted to the cuticular extracts of
conspecific females. Furthermore, removal of cuticular

© 2012 The Authors
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Table 2 Capture of male and female Diaphorina citri on clear traps baited with 1, 5, or 10 D. citri cuticular extract equivalent units

after 2 days of deployment.

D. citri cuticular extract

Mean number of D. citri/

Percent of male D. citri

Sex dosage (equivalent units) trap captured’ captured 1 value P value!
Male 1 2.6+0.3bc 35.9 3.10 0.08
Male 5 4.0+0.4ab 54.0 0.40 0.53
Male 10 49+0.3ab 46.0 0.49 0.48
Female 3.3+04bc 65.2 6.39 0.01*
Female 5 4.6+0.3ab 61.2 4.59 0.03*
Female 10 6.4+0.6a 60.4 4.17 0.04*
Control 0 1.94+0.2c¢ 48.3 0.03 0.85

TMeans labeled with the same letters in rows are not significantly different (Tukey’s HSD Test, @ = 0.05).
'Values labeled with * indicate a significant difference (x? test, & = 0.05).

Table 3 Capture of male and female Diaphorina citri on yellow traps baited with 1, 5, or 10 D. citri cuticular extract equivalent units

after 2 days of deployment.

D. citri cuticular extract

Mean number of

Percent of male

Sex dosage (equivalent units) D. citri/trap captured' D. citri captured 1 value P value!
Male 1 5.9 £+ 0.3ab 57.6 241 0.12
Male 5 7.1 £ 2.8ab 41.6 0.14 0.70
Male 10 74+ 15a 51.7 0.10 0.75
Female 73+ 13a 56.2 2.72 0.10
Female 5 11.2 £ 1.3a 47.7 0.23 0.63
Female 10 5.6 +0.7ab 61.6 3.96 0.04*
Control 0 2.7+02b 42.5 0.90 0.34

TPooled mean of three trials.

{Means labeled with the same letters in rows are not significantly different (Tukey’s HSD Test, a < 0.05).
$Values labeled with * indicate a significant difference (x? test, o = 0.05).

Table 4 Responses of male Diaphorina citri when assayed to
dodecanoic acid versus clean air in an olfactometer.

Dodecanoic Percent of D.
acid citri responding x?2 value P value!
dosage (1g) to treatment arm
0.1 46.9 0.25 0.61
1.0 56.9 1.24 0.26
10.0 61.4 3.66 0.05
100.0 63.4 5.08 0.02*

Values labeled with * indicate a significant difference ()2 test,
o = 0.05).

hydrocarbons by solvent washing rendered females nonat-
tractive to males, while normally, recently killed females
are known to attract male psyllids (Wenninger et al.,
2009b). The primary role of insect cuticular hydrocarbons

© 2012 The Authors

is to provide a hydrophobic barrier to minimize transpira-
tion and desiccation (Howard & Blomquist, 1982; Lockey,
1988; Nelson, 1978). However, cuticular hydrocarbons are
also known to mediate chemical communication in many
insect species, including psyllids (Guédot et al., 2009;
Howard & Bloomquist, 2005; Yew et al., 2009).

The behavioral and chemical laboratory results
indicated a sex-specific function of female cuticular hy-
drocarbons, but our field results did not exclude a possi-
ble aggregative function. Sex pheromone-mediated mate
finding is known in several sternorrhynchan families
(Campbell et al., 2003; Doane, 1966; Yin & Maschwitz,
1983), including psyllid species in the genus Cacopsylla
(Guédot et al., 2009;Horton & Landolt, 2007; Horton
etal.,2007; Soroker et al., 2004). Male D. citri are known
to colonize citrus plants that are currently or had been
previously colonized by virgin or mated female D. citri
in greater numbers than control plants without females,
suggesting the presence of a sex attractant (Wenninger
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et al., 2008). Furthermore, aggregation of D. citri within
citrus trees was recently observed by Hall and Hentz
(2010) in trapping experiments.

In field trials, female cuticular extracts attracted more
male D. citri on clear traps; however, this difference did
not occur on yellow traps. Visual cues are known to

strongly influence the orientation of D. citri to olfac-
tory cues (Wenninger et al., 2009a). D. citri adults are
strongly attracted to yellow color (Hall, 2009; Hall &
Albrigo, 2007; Hall et al., 2007). Therefore, at the dosage
of cuticular extracts tested here, it is possible that re-
sponse to an olfactory cue was obscured by the visual

© 2012 The Authors
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Table 5 Capture of male and female Diaphorina citri on clear traps baited with dodecanoic acid loaded in gray halo butyl rubber

septa.
Synthetic chemical Dosage (mg) Number of male D. citri/trap Percent of male D. citri captured x? value P valuef
Dodecanoic acid 0.1 2.8+0.9 43.8 0.5 0.48
1.0 4.0+13 55.5 0.44 0.51
10.0 3.6£1.1 75.0 6.0 0.01*
Pentane (control) 0 52+ 1.7 57.5 1.04 0.30

"Values labeled with *indicate a significant difference (x? test, @ = 0.05).

stimulus of yellow traps. Host location and mate finding
in D. citri is likely mediated by several modalities, in-
cluding an integration of olfactory, visual, and vibrational
cues. Cuticular hydrocarbons may stimulate production
of shorter range vibrational signals that are used by males
to locate females once they are on the same plant or sub-
strate (Miklas et al., 2003). D. citri are known to pro-
duce substrate borne vibrational signals for mate finding
(Wenninger et al., 2009c).

Dodecanoic acid was one of the few components de-
tected in higher amounts from female than male extracts
that also elicited a behavioral response from males in lab-
oratory assays. Although dodecanoic acid alone did not
increase total catch of psyllids on traps as compared with
a blank control, it did skew the sex ratio of captured psyl-
lids toward male bias at the highest dosage tested. The
lack of attraction to dodecanoic acid in the field may
have been due to the design of our dispenser. Because
of the low volatility of this compound, the dosage range
tested may have been insufficient to elicit response in
the field. However, it is possible that other minor com-
ponents are needed for full behavioral activity (Innocenzi
et al., 2004). Several hemipterans are known to use sex
pheromone blends rather than single compounds for com-
munication and mating (McBrien et al., 2002; Millar et al.,
1997; Leal et al., 1998; Tillman et al., 2010). For ex-
ample, a blend of (E)- and (Z)-1,2-epoxides of (2)-a-
bisabolene (44% and 15%, respectively), (£)-nerolidol
(1.4%), and n-nonadecane (7.4%) is attractive to Nezara
viridula (L.) (Aldrich et al., 1987), while a blend of hexyl
butyrate and (E)-4-oxo-2-hexenal is more attractive to
Lygus rugulipennis Poppius than individual constituents
(Innocenzi et al., 2004; 2005). Furthermore, incongruence
between field trapping experiments and laboratory assays
is known to occur (Hedin et al., 1985; Ho & Millar, 2002;
Innocenzi et al., 2004; Silk ef al., 2011). Dodecanoic acid
is known to influence the behavior of at least 18 insect
species; however, by itself, it is not known to be a sex at-
tractant for any insect species (El-Sayed, 2011). It may be
interesting to test the effect of synthetic dodecanoic acid

© 2012 The Authors

on the response of D. citri to authentic cuticular extracts
to determine potential additive or synergistic effects.

Both clear and yellow traps baited with five or
10 equivalent units of either male or female cuticular ex-
tract captured more total D. citri than unbaited controls.
These results suggest a possible aggregative function of
the cuticular hydrocarbons. Typically, males produce ag-
gregation pheromones, but there are several exceptions
(Jiang et al., 2002; Judd & Borden, 1992; Wertheim et al.,
2005). Insect response to an aggregation pheromone is
known to be largely affected by physiological state (e.g.,
hunger, mating condition, age, and molting cycle) and
extrinsic factors (e.g., time of day, season, density of
conspecifics of same or opposite sex, and temperature)
(Aller & Cladwell, 1979; Bartelt & Jackson, 1984; Joosse,
1970; Lorenzo Figuerias et al., 1994; Mayhew & Phillips,
1994; Schaner ef al., 1989). Many species are known to
respond to aggregation pheromones when they are accom-
panied by odors of food or breeding substrates or other
coattractants (Phillips and Burkholder, 1981; Ramirez-
Lucas et al., 1996; Wertheim et al., 2005). Furthermore,
release of aggregation pheromones is also influenced by
presence of conspecific eggs, larvae, or pupae as well as
adult density at the release site (Wertheim et al., 2005).
Aggregation of D. citri adults within citrus trees or on
flush shoots has been previously reported (Dharajothi
et al., 1989; Hall & Hantz, 2010; Sétamou et al., 2008).
However, it is also possible that yellow traps may have at-
tracted females initially and subsequently attracted males
via an olfactory attractant from the captured females. At-
traction to same sex extracts was not observed in the lab-
oratory assays, suggesting a sex-specific function of the
attractant.

Collectively, our results from both the laboratory and
field suggest that one or more cuticular hydrocarbons
from female D. citri may be an attractant for conspe-
cific males. Investigations are in progress to identify fur-
ther attractive components and to determine if a specific
blend of cuticular hydrocarbons functions as a D. citri
pheromone.
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