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Abstract

The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae) is the vector of Candidatus Liberibacter
asiaticus (CLas), the presumed cause of Huanglongbing (HLB) in citrus. Management strategies were developed
in Florida that used soil-applied neonicotinoids to protect young trees. Despite the implementation of intense
managementprograms, infection spread among the mostintensively managed groves.We used electopenetrography
to test five imidacloprid doses (0.55, 5.5, 55, 550, and 5,500 ppm) administered in artificial diet to approximate the
dosage required to reduce feeding activity and prevent salivation/ingestion activity. We failed to detect a significant
effect of 0.55 ppm imidacloprid on probing behavior, pathway, or salivation/ingestion activity when compared with
the untreated control. We observed a significant reduction in the number of probes and the number of pathway with
both 5.5 and 55 ppm imidacloprid. We detected a significant reduction in the number of salivation/ingestion events
at both 5.5 ppm and 55 ppm imidacloprid (57 and 54 percent, respectively) compared with the untreated control,
and a reduction in number of sustained (>600 s) salivation/ingestion at 55 ppm. While reductions in feeding activity
were apparent at dosages of at least 5.5 ppm, we were unable to prevent salivation/ingestion with dosages as high
as 5,500 ppm, which is greater than what is known to occur following application in the field. While soil-applied
imidacloprid may slow the spread of ClLas, our findings suggest that prevention of ClLas inoculation in the field is
unlikely. Management strategies must be refined to prevent the spread of HLB in Florida.
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The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera:
Liviidae), was first detected in Florida in 1998 (Halbert and
Manjunath 2004) and is known to transmit the phloem-limited
proteobacterium, Candidatus Liberibacter asiaticus (CLas), the pre-
sumed cause of citrus greening disease, or Huanglongbing (HLB)
(Halbert and Manjunath 2004, Bové 2006, Grafton-Cardwell et al.
2013). Huanglongbing was discovered in Florida in 2005 (Halbert
2005) and has since caused a significant decline in the state’s citrus
production (Hodges and Spreen 2015). Upon inoculation of CLas
into plant phloem, the bacteria move downward into the roots
where the root system is severely compromised (Trivedi et al. 2012).
Consequently, the canopy is starved of vital nutrients resulting in
dead limbs and leaf drop, reductions in fruit yield and quality, with
eventual tree death (Halbert and Manjunath 2004, Bové 2006,
Grafton-Cardwell et al. 2013). Following the discovery of HLB in
Florida citrus, management strategies were quickly developed and
focussed on tree health and vector management to aid in reducing

the spread of the disease (Rogers 2008). Despite the implementation
of intense management programs, virtually all D. citri are currently
infected with CLas, and tree infection continues to spread among the
most intensively managed groves (Rogers 2013, Coy and Stelinski
2015). We must evaluate current vector management practices to
elucidate why spread of the pathogen continues in order to develop
and deliver improved management tactics to growers.

Diaphorina citri are characterized as insects with high fecundity
and rapid development, undergoing completion of the egg to adult
life cycle in as little as 15 d during periods of optimal environmental
conditions (Liu and Tsai 2000, Grafton-Cardwell et al. 2013). Adult
D. citri are attracted to volatiles emitted by newly formed flush
shoots where they lay up to 800 eggs per female (Patt and Setamou
2010). If egg lay occurs on CLas-infected host tissue, newly hatched
nymphs feed on phloem sap and acquire CLas (Pelz-Stelinski et al.
2010). Acquisition efficiency is increased for nymphs developing on
infected host tissue compared with D. citri acquiring the pathogen
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in the adult stage (Pelz-Stelinski et al. 2010). The resultant dispersal
of infected adults causes a spread of the pathogen within and among
groves.

Much of CLas vector management has maintained focus on
young tree programs (Rogers 2008,2013). The key objective of the
young tree management program is to maintain HLB-free trees until
trees reach fruit-bearing age. Young trees flush asynchronously and
frequently relative to mature trees in Florida (Hall and Albrigo 2007,
Rogers 2012). Because adult D. citri seek young flush for egg lay or
feeding, young trees are presumably at greatest risk of acquiring CLas
(Stansly and Rogers 2006). Vector management programs in young
trees advise an approximate 3wk alternation between soil-applied
neonicotinoids and non-neonicotinoid foliar sprays aimed to main-
tain D. citri populations at low levels in young tree groves (Rogers
2012, Rogers et al. 2014). Neonicotinoids are a unique group of
systemic insecticides that when applied to the soil are absorbed by
the roots and transported through xylem vascular bundles to the
foliage (Elbert et al. 2008). According to the Insecticide Resistance
Action Committee (IRAC) neonicotinoids are within the insecticide
subgroup 4A, and bind to the insect nicotinic acetylcholine receptor
(nAChR) resulting in hyper-excitation, paralysis, and eventual death
(IRAC 2017). Three neonicotinoid insecticides are currently labeled
for use in nonbearing citrus in Florida: thiamethoxam (Platinum 75
SG—Syngenta Crop Protection, Inc., Greensboro, NC); imidacloprid
(Admire Pro 4.6F—Bayer CropScience, Research Triangle Park, NC);
and clothianidin (Belay 2.13 SC—Valent USA Corporation, Walnut
Creek, CA). A number of studies have investigated the residual activ-
ity of neonicotinoids applied to the soil and reported between 6 and
11 wk control (Qureshi and Stansly 2007,2009; Ichinose et al. 2010;
Setamou et al. 2010; Byrne et al. 2012; Rogers 2012). While factors
such as tree size and application rate affect acute neonicotinoid leaf
tissue residues (Langdon et al. 2018a), uneven insecticide distribu-
tion within a plant is likely to result in areas of sublethal concentra-
tions within leaf tissue at any time following application to the soil
(Boina et al. 2009, Rogers 2012).

Electropenetrography (EPG) is the only real-time method used
to study and quantify specific feeding behaviors of piercing-suck-
ing hemipterans (Janssen et al. 1989, Joost et al. 2006, Bonani
et al. 2010, Cid and Fereres 2010, Butler et al. 2012, Jacobson and
Kennedy 2014, Lucini et al. 2016) and rasping-sucking Thysanoptera
(Joost and Riley 2005). An EPG monitor is used to identify specific
waveforms associated with distinct feeding behaviors. Bonani et al.
(2010) correlated repetitive waveforms for D. citri with six feeding
behaviors including nonprobing (NP), pathway (C), xylem ingestion
(G), phloem contact (D), phloem salivation (E1), and phloem inges-
tion (E2). Occurrence, frequency, and duration of specific waveforms
can be used to study insect feeding behavior in response to vari-
ous stimuli. For example, D. citri phloem feeding activities E1 and
E2 have been significantly reduced through the use of soil-applied
imidacloprid in citrus; however, neither salivation nor ingestion has
been prevented to date, and the dosage of imidacloprid received was
unknown (Serikawa et al. 2012, Miranda et al. 2016). Understanding
the response of particular feeding behaviors, such as salivation or
ingestion, can have major implications in pathogen transmission.
Coy and Stelinski (2015) speculated that between 80 and 100% of
D. citri in Florida are infected with CLas. Because not all groves
are adequately managed for the vector, particularly mature groves
and abandoned groves, preventing the inoculation component of the
transmission cycle is key to averting the spread of the deadly disease.

Pathogen transmission is fundamentally a two component phe-
nomenon: 1) Acquisition and 2) Inoculation. A number of EPG stud-
ies reported a focus of feeding behaviors associated with phloem

ingestion (E2) activity as related to CLas acquisition (Bonani et al.
2010, Serikawa et al. 2012, Luo et al. 2015, Miranda et al. 2016).
Bonani et al. (2010) determined that D. citri were able to acquire
CLas when ingestion behavior (E2) was sustained for 1 h, albeit
acquisition success was low (ca. 6%). In contrast, Luo et al. (2015)
demonstrated nearly 96% successful CLas acquisition by adult
D. citri with a phloem ingestion (E2) period of as little as 2 min.
Moreover, Serikawa et al. (2012) found that D. citri were able to
perform phloem ingestion (E2) for more than 1 h on citrus tissue
containing assumed lethal levels of imidacloprid, yet Miranda et al.
(2016) determined that both thiamethoxam and imidacloprid dis-
rupted probing behaviors related to phloem ingestion. Each of the
aforementioned studies and resultant conclusions maintained focus
on the acquisition/ingestion component of the transmission cycle.
While a reduction in acquisition (and subsequent inoculation) of
CLas is likely to reduce the spread of HLB and could be helpful
to the industry, given that citrus is a perennial crop where cumu-
lative effects of disease spread are compounded annually, a simple
‘reduction’ in the spread of CLas may no longer be economically
viable. Moreover, many groves have become abandoned over recent
years throughout Florida, and that space serves as an unmanaged
source of inoculum to neighboring groves that remain in production.
Consequently, defining the neonicotinoid dose required to deter or
prevent salivation into the phloem as related to inoculation is more
critical today than the neonicotinoid dose required to reduce or deter
ingestion activity (bacterial acquisition) as studied in the past.

The two investigations discussed earlier used EPG to study feed-
ing behavior in response to imidacloprid exposure (Butler et al. 2012,
Serikawa et al. 2012, Miranda et al. 2016). These studies each have
a single key limitation: imidacloprid dosages to which D. citri were
exposed are unknown. In both Serikawa et al. (2012) and Miranda
et al. (2016), various rates of Admire Pro 4.6F ranging from 0.25 to
0.35 g per plant were applied to the soil of varying plant sizes up to
80 cm tall. While the amount of imidacloprid applied to the soil is
known, plant size and physiological activity can both have a signifi-
cant impact on uptake (Langdon et al. 2018a). Moreover, expres-
sion in leaf tissue can only be quantified after the EPG monitoring
period using analytical methods such as enzyme-linked immuno-
sorbent assay (ELISA) (Castle et al. 2005, Garlapati 2009, Setamou
et al. 2010) or liquid chromatography mass spectrometry (LC-MS)
(Langdon 2017). One must chemically analyze the leaf tissue fol-
lowing each EPG monitoring period to develop a mean imidacloprid
titer across the test leaf, which likely would not accurately emulate
the imidacloprid concentration within the phloem due to potential
in-leaf concentration gradients as proposed by Boina et al. (2009),
as well as potential changes in concentration during the EPG moni-
toring period. Because phloem feeding activity is of most interest to
researchers studying transmission of CLas, knowing the concentra-
tion of imidacloprid expressed specifically within the phloem sap is
paramount to behavioral studies regarding the CLas-D. citri trans-
mission matrix.

Despite demonstrations of changes in feeding behavior under the
influence of imidacloprid, the imidacloprid dosage required to elicit
a particular behavioral response remains unknown (Serikawa et al.
2012, Miranda et al. 2016). The ability to study feeding behavior
during ingestion of a range of known imidacloprid dosages would
allow us to develop an improved understanding of the effects of imi-
dacloprid exposure to D. citri feeding behavior. Unlike EPG studies
that used whole plants to study feeding behavior (Serikawa et al.
2012, Miranda et al. 2016), a number of EPG studies used artificial
media to evaluate feeding behavior of insects (Joost et al. 2006, Jin
et al. 2012, Trebicki et al. 2012). Herein, we describe the first formal
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study to use EPG to monitor the feeding behavior of D. citri during
exposure to a sucrose-based liquid diet spiked with five known con-
centrations of imidacloprid. The overarching goal of this research
was to determine the concentration of imidacloprid in citrus leaf
tissue required to reduce feeding activity and the concentration
required to prevent salivation/ingestion. Ascertaining the imidaclo-
prid concentration required to deter or prevent D. citri salivation/
ingestion in phloem will allow us to refine current vector manage-
ment programs which will help either maximize the reduction or
perhaps prevent the spread of CLas in Florida citrus.

Materials and Methods
EPG Assays

Three EPG experiments were conducted to determine the imidaclo-
prid dosage required to reduce feeding activity and prevent salivation/
ingestion feeding behaviors when exposed via ingestion. Five imida-
cloprid dosages were administered across three experiments using a
combination of Admire Pro 4.6F and a 30% sucrose-based artificial
diet described in detail within Langdon and Rogers (2017). Dosages
administered increased with each experiment in attempt to find a
dose that prevented salivation altogether, regardless of expected titer
in citrus tissue following application to the soil. The first experiment
tested 0.55 ppm imidacloprid against an untreated control (7 = 27,
28, respectively), the second experiment tested 5.5 ppm and 55 ppm
imidacloprid against an untreated control (7 = 27, 31, 26, respect-
ively), and the third experiment tested 550 ppm and 5500 ppm imi-
dacloprid against an untreated control (n = 22, 24, 28, respectively).
Insects were taken from a colony arbitrarily and could be of any age
or sex. No effect of sex on probing behavior has been observed with
sample sizes even twice those reported here (T. A. Ebert, personal
observations).

To monitor insect feeding behavior, the sucrose-based diet,
with or without insecticide, was used to fill a polystyrene petri dish
3.5 ¢cm in diameter by 1 cm deep (Corning Glass Works, Corning
NY 14831, part #25050-35) (Fig. 1). A 26 AWG copper wire was
inserted into the diet, with the tag end folded over the outer rim of
the petri dish. Parafilm M (Pechiney Plastic Packaging, Menasha W1
54952) was then stretched over the diet filled petri dish in a man-
ner that prevented air gaps between the undersurface of stretched
Parafilm M and top concave surface of liquid diet. The equipment
and its set-up were described in detail elsewhere (Ebert and Rogers
2016). In brief, two 4-channel AC-DC monitors (EPG Technologies,
Inc., Gainesville, FL) were used in DC mode with 150 mV sub-
strate voltage. Data was acquired through a DI710 AD converter
(Akron, OH) using Windaq software at a sampling rate of 100 Hz/
channel. Diaphorina citri adults were tethered using a 2-cm long
by 25.4 ym diameter gold wire (Sigma Cohn Corp., Vernon, NY)
attached to the thoracic tergites using silver glue (1:1:1 w:w:w, white
glue:water:silver flake [8-10 pm, Inframat Advanced Materials,
Manchester CT]). The opposite end of the gold wire was connected
to the unit head amp set to an impedance of 10° ), and the copper

T(? < Head Amp Gold wire
monitor :
r'e Psyllid Petri dish
= To
monitor

Fig. 1. A diagram of the set-up for monitoring D. citri on artificial diet.

wire from the petri dish was connected to the ‘soil probe’ electrode
from the monitor.

Test insects were subjected to a starvation period of 30 min from
the time the insects were removed from the colony until they were
placed on diet. All insects were wired during this period without
being chilled or anesthetized with CO,. Recording began before
D. citri were placed on the Parafilm M covered petri dish to ensure
that all recordings started in the NP behavior and recordings were
made over a 23 h period. Recording time must be matched to insect
biology, and in some cases a 23 h recording time is insufficient
(George et al. 2018). The insects, diet, and head amp were contained
in a Faraday cage to minimize electronic noise. Light was provided
by overhead fluorescent lights [24:0 (L:D) h] and room temperature
was maintained at 26.6°C. When exposed to plant tissue, D. citri are
known to exhibit at least six waveforms: nonprobing (NP), pathway
(C), phloem contact (D), phloem salivation (E1), phloem ingestion
(E2), and xylem ingestion (G) (Bonani et al. 2010). When exposed
to artificial diet in this study, three waveforms were identified: non-
probing (NP), pathway (C), and salivation/ingestion (E1E2) (Fig. 2).

With two 4-channel monitors, a three-treatment experiment does
not fit evenly. For each run of any given experiment, all treatments
occurred at least once. Multiple replicates of the same treatment
within a single run were evenly split between two monitors. The pos-
ition in the room for any one treatment was rotated between runs
to ensure that any potential room effects were evenly distributed
between all treatments.

Insect Culture

A continuous culture of laboratory susceptible (LS) D. citri was
reared at the University of Florida Citrus Research and Education
Center in Lake Alfred on Murraya koenigii (L.) Spreng. (Sapinales,
Rutaceae) maintained at 27°C with RH 65% with a photoperiod of
14:10 (L:D) h. Following establishment in 2005, the LS strain did
not receive any exposure to insecticides and routine quantitative real
time (qQPCR) testing as described in Pelz-Stelinski et al. (2010) was
used to confirm the colony was CLas-free.

Plant Uptake

To estimate the maximum level of imidacloprid in plant tissues, 25
citrus (v. Valencia/r.s. Kuharsky) trees were grown in 3.8-liter pots.
Each plant was treated with 1 ml of Admire Pro 4.6F in 100 ml water
twice per week until symptoms of phytotoxicity were apparent, but
plants had not yet started to abort leaves. Plant stems of all ages were
cut into 1 cm sections and the bark separated from the wood. The
pieces were placed in centrifuge tubes and the phloem and xylem
extracted (Hijaz and Killiny 2014). The resulting fluids were ana-
lyzed using Ultra-High Performance Liquid Chromatography with a
C-18 column coupled to a Thermo TSQ Quantum mass spectrom-
eter (UHPLC-MS) (Langdon et al. 2018a).

Statistical Analysis

Data analysis used an adaptation of Ebert 2.01 (Ebert and Rogers
2016) that was simplified to deal with a psyllid exhibiting only three
waveforms (nonprobing (NP), pathway (C), and salivation/ingestion
(E1E2)). There was no clear separation between salivation (E1) and
ingestion (E2), therefore, all salivation and ingestion behaviors were
pooled into one unit: salivation/ingestion (E1E2). Count data were
square root transformed, duration data were log, transformed, and
percentage data were logit transformed prior to analysis. Analyses
were performed using Proc Glimmix in SAS 9.4M4 running under
SAS Enterprise Guide 7.13 (SAS Institute 2013). From these three
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waveforms 20 variables were calculated for each insect (Table 1).
These variable names are used throughout but note that the reported
means are across insect. Technically, ‘number of probes’ by insect
becomes ‘mean number of probes per insect” after statistical analysis
and this value is no longer a count but an average of counts from

multiple insects.

A

minutes

B

NP: 153 i

Results and Discussion

As this is the first time that artificial diet was used for D. citri in
conjunction with EPG, we show an overview of the three wave-
forms (Fig. 2A). The nonprobing waveform in this view shows
background noise (Fig. 2B), though in some cases it also shows

Pathway (C): 3.68 minutes ‘ >

Non-probing (NP)

AP Il AR D B Aot sl i g

Pathway (C)

©

D

Salivation / Ingestion (E1E2)

Ingestion (E1E2): 70.6 minutes

30 seconds
o——+o | 1.9volts

0.95 volts
1 second

0.145 volts
3 seconds

1 second
0.075 volts

Fig. 2. A diagram of EPG waveforms of D. citri on artificial diet. (A) Overview of the three EPG waveforms by D. citri on artificial diet. (B) Detailed view of
nonprobing (NP). (C) Detailed view of pathway (C). (D) Detailed view of salivation/ingestion (E1E2).

Table 1. Description of adult D. citri feeding behavior by EPG model abbreviation

Behavior Abbreviation? Behavior description
Probing NumPrbs Total number of probing events
MnPrbs Mean duration (s) of probing events
DurFrstPrb Duration (s) of first probe
Nonprobing NumNP Total number of nonprobing events
(NP) TtlDurNP Sum of duration (s) of all nonprobing events
MnDurNP Mean duration (s) of all nonprobing events
DurNpFllwFrstSusE1E2  Duration (s) of nonprobing event before first sustained (>600 s) ingestion
Pathway NmbrC Number of pathway events
(C) TtlDurC Total duration (s) of pathway events
MnDurC Mean duration (s) of pathway events
PrentPrbC Percent of probe duration in C
Salivation/Ingestion®  NumE1E2 Number of salivation/ingestion events
(E1E2) NumLngE1E2 Number of long (>600 s) salivation/ingestion events
TtIDurE1E2 Total duration (s) of salivation/ingestion
MnDurE1E2 Mean duration (s) of salivation/ingestion
TmFrstSusE1E2StrtPrb Time (s) until first sustained (>600 s) salivation/ingestion from start of probe with the sustained
event
TmFrstE1E2FrmPrbStrt ~ Duration (s) of first salivation/ingestion event from start of probe
PrentPrbE1E2 Percent of probe duration in salivation/ingestion
PrentE1E2SusE1E2 Percent of salivation/ingestion duration spent in sustained (>600 s) salivation/ingestion
TmFrstSusE1E2 Time (s) to first sustained E1E2 from start of recording

aAll variables are by insect. When used in statistical analyses the resultant means are per insect.

"There is no clear separation between E1 and E2 in the artificial diet. The waveforms blend one into the other, and separating them would introduce consider-

able error into the measurements.
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behaviors like walking or resting (Youn et al. 2011). The pathway
waveform (Fig. 2C) shows the characteristic pattern found in plants
and was previously described (Bonani et al. 2010), while the wave-
form shown in Fig. 2D illustrates salivation/ingestion. We analyzed
the frequency of the waveforms (data not presented); however, like
observed in previous research, the overlap in frequency of the dif-
ferent waveforms for psyllids makes identification based solely on
signal frequency difficult (Bonani et al. 2010, Cid and Fereres 2010).

Characterization of salivation and/or ingestion waveforms under
exposure to artificial diet presents a challenge for hemipterous
insects when compared with when plant tissue is used. One poten-
tial explanation is that insects determine ingestion strategy based on
pressure. Phloem is under pressure (Turgeon 2010), while xylem is
under tension (Zimmermann 2002, Koch et al. 2004). In contrast,
the pressure and tension of artificial diet is near zero. There may
be some small change in pressure or tension over the 24 h assay
period, depending on changes in room temperature, barometric pres-
sure, or as the tap water used to make the diet warms to room tem-
perature. The insect may not receive enough diet if it uses a phloem
ingestion behavior, yet it may require little effort if xylem ingestion
muscles are used. In contrast, the artificial diet contains sugar levels
equal to or greater than citrus phloem (Killiny 2017). The insect will
detect this through precibarial chemosensilla (Backus and Mclean
1985). Therefore, the insect may relate artificial diet with phloem.
We observed a clear nonprobing waveform, followed by a waveform
that reflects pathway from probing on a plant. This may be followed
by a long-lasting waveform of variable shape (Fig. 3). The presence
of excrement and lack of mortality suggests that this long-lasting
waveform is ingestion. However, a more detailed investigation of
this waveform exceeds the scope of this research.

It is important to understand the level of insecticide that is typical
in the field and the maximum titer possible when investigating pesti-
cide activity using artificial diet. The observed titer is dependent on
where one measures within the plant; however, most psyllids prefer
the midrib area of an individual leaf where the level of imidacloprid
observed was between 295 and 528 ppb (Langdon et al. 2018b).
This was measured by grinding up the relevant portion of the leaf.
Converting this observed titer into what the insect experiences in
the phloem or xylem is problematic. While soil applied imidaclo-
prid is taken up in the xylem, the phloem has a higher concentration
(Table 2). As expected, the metabolites of imidacloprid were only
found in the phloem. This suggests that imidacloprid is taken up by
the xylem and transported to the leaves where transpiration con-
centrates the imidacloprid in the leaf, whereupon it is picked up by
the phloem. Both the level in the xylem and level in the phloem is
important because the psyllid is a phloem feeder on new flush but
ingests more xylem when on older tissue (Ebert et al. 2018).

In the present study, we tested a range of five imidacloprid doses
across three experiments to approximate the dosage required to:

1) Reduce feeding activity and 2) Prevent salivation/ingestion activ-
ity. In the first experiment, all insects had nonprobing and pathway
waveforms. The feeding waveform was found in 53.6% of control
insects and 55.6% of treated insects. During the first experiment, we
failed to detect a significant effect of 0.55 ppm (550 ppb) imidaclo-
prid on D. citri probing behavior, pathway, or salivation/ingestion
activity when compared with the untreated control (Table 3). These
results indicate that a concentration of 0.55 ppm may not deter
D. citri feeding activity or prevent E1E2, resulting in a failure to
interdict bacterial transmission. In the second experiment, all insects
had nonprobing and pathway waveforms. The feeding waveform was
found in 80.8% of control insects, 55.6% of the insects are 5.5 ppm,
and 64.5% of the insects at 55 ppm. Imidacloprid doses 5.5 (5500
ppb) and 55 ppm (55,000 ppb) generally influenced a majority of
probing and pathway parameters (Table 4). A significant reduction
in the number of probes (NumPrbs) and the number of pathway
events (NmbrC) was observed with both 5.5 and 55 ppm imida-
cloprid compared with the untreated control. Similarly, Miranda
et al. (2016) found that significantly fewer probing and pathway
events occurred on plants treated with imidacloprid compared with
untreated plants at 35 d following insecticide application to the soil,
although the precise dosage within the plant tissues or received by
the insect was unknown. However, we failed to detect a reduction
in the duration of the first (DurFrstPrb) probe event, a reduction in
the percentage of probe in pathway (PrentPrbC), or a reduction in
the percentage of probe time spent in E1E2 (PrentPrbE1E2), which
may indicate that D. citri adults were unable to detect imidacloprid
at concentrations up to 55 ppm. Miranda et al. (2016) hypothesized
that D. citri were able to detect imidacloprid treated plants only
following a short period of phloem sap ingestion (E2), and went
on to conclude that imidacloprid likely acts as a feeding deterrent
when applied to the soil. In addition, the total duration of nonprob-
ing (TtIDurNP) and mean duration of nonprobing (MnDurNP)
was significantly longer at 55 ppm imidacloprid compared with the
untreated control, and the total duration of pathway (TtIDurC) was
significantly reduced at 5.5 ppm, and further reduced at 55 ppm.
Similarly, Butler et al. (2012) reported extended periods of non-
probing activity for the potato psyllid, Bactericera cockerelli (Sulc)
(Hemiptera: Triozidae) on potato plants treated with imidacloprid.
We detected an effect of 5.5 and 55 ppm imidacloprid on two E1E2
parameters: 1) the number of E1E2 events (NumE1E2) and 2) the
number of sustained (>600 s) E1E2 events (NumLngE1E2) (Table 4).
A significant reduction in the number of E1E2 events was observed
at both 5.5 ppm and 55 ppm imidacloprid (57 and 54%, respec-
tively) compared with the untreated control. In addition, the num-
ber of sustained (>600 s) E1E2 events was significantly reduced (ca.
61%) at only 55 ppm imidacloprid relative to the untreated control.
However, we failed to detect a difference between treatments in the
total (TtIDurE1E2) or mean (MnDurE1E2) duration of E1E2. These

Table 2. Levels of imidacloprid, 5-OH, and olefin in xylem and phloem of plants treated with soil applied Admire Pro 4.6F

Metabolite Imidacloprid 5-OH Olefin

Source Xylem Phloem Xylem Phloem Xylem Phloem
Average 32.61 51.52 nd 1.07 <0.05 0.49
Standard deviation 12.08 27.04 nd 1.50 <0.05 0.63
Median 30.08 41.71 nd 0.62 <0.05 0.25
Min 17.19 19.67 nd 0.16 <0.05 0.06
Max 70.90 119.80 nd 7.09 <0.05 2.82

Twenty samples of phloem and xylem were collected, however, two samples of xylem were lost in developing the analytic method.
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Table 3. LSMeans + SEM for each behavioral parameter following exposure of adult D. citri to artificial diet with and without 0.55 ppm

imidacloprid
Behavior Parameter Control 0.55 ppm P-value
LSMeans = SE¢ LSMeans = SE*

Probing/nonprobing NumPrbs (sqrt) 7.10 = 0.48 6.22 = 0.49 0.2034
MnPrbs (log) 4.70 = 0.17 5.02+0.17 0.1843
DurFrstPrb (lgt) 3.94+0.17 3.95+0.18 0.9712
NumNP (sqrt) 7.19 = 0.47 6.29 = 0.48 0.1884
TtIDurNP (log) 11.25 = 0.06 11.15 = 0.06 0.2503
MnDurNP (log) 7.52£0.17 7.54 £0.18 0.9321
DurNpFllwFrstSusE1E2 (log) 6.92 = 7.87 8.85 £ 8.03 0.1563

Pathway NmbrC (sqrt) 7.22 £ 0.49 6.30 = 0.50 0.1901

(C) TtIDurC (log) 8.20 = 0.19 8.13 = 0.20 0.8112
MnDurC (log) 4.49 = 0.09 4.52 =+ 0.09 0.7777
PrentPrbC (lgt) 1.19 =+ 2.30 4.84+2.16 0.2567

Salivation/Ingestion” NumE1E2 (sqrt) 1.06 = 0.20 0.86 = 0.21 0.4883

(E1E2) NumLngE1E2 (sqrt) 0.53 =£0.14 0.48 = 0.14 0.8102
TtIDurE1E2 (log) 7.81 = 0.49 7.61 = 0.49 0.7735
MnDurE1E2 (log) 6.70 = 0.49 6.85 = 0.49 0.8294
TmFrstSusE1E2StrtPrb (log) 5.45 £0.32 4.88 = 0.34 0.2383
TmFrstE1E2FrmPrbStrt (log) 4.77 £ 0.24 4.71+0.24 0.8415
PrentPrbE1E2 (Igt) -1.19 = 0.45 -0.59 = 0.45 0.3547
PrentE2SusE1E2 (Igt) -1.07 = 0.42 -0.23 = 0.39 0.1780
TmFrstSusE1E2 (log) 11.07 = 0.11 10.93 = 0.12 0.3993

Units are either square root transformed (sqrt) for counts, logit transformed for percentages (lgt), or log base e (natural log) transformed for durations (log).

aAll variables are by insect. Means are counts, durations, or percentages per insect, where durations are expressed in seconds.

"There is no clear separation between E1 and E2 in the artificial diet. The waveforms blend one into the other, and separating them would introduce consider-
able error into the measurements.

Table 4. LS Means + SEM for each behavioral parameter following exposure of adult D. citri to artificial diet with 0, 5.5, or 55 ppm

imidacloprid
Behavior Parameter Control 5.5 ppm 55 ppm P-value
LSMeans = SE* LSMeans = SE* LSMeans = SE*

Probing/nonprobing NumPrbs 8.44 + 0.46 a 6.32 +0.45 b 5.31+0.42 b <0.0001
MnPrbs 4.93 £0.17 a 4.81+0.17 ab 4.28 £0.16 b 0.013
DurFrstPrb 3.61+0.16 3.83+£0.16 3.49 = 0.15 0.2901
NumNP 8.49 + 0.45 a 6.40 + 0.44 b 5.42 +0.42 b <0.0001
TtIDurNP 11.17 £ 0.04 b 11.23 £ 0.04 ab 11.33 £ 0.04 a 0.014
MnDurNP 6.97 £ 0.15 b 7.66 = 0.15 a 8.09 = 0.14 a <0.0001
DurNpFllwFrstSusE1E2 5.59 +0.40 b 9.11 +0.55 a 10.38 = 0.45 a <0.0001

Pathway NmbrC 8.64 + 0.46 a 6.37 £0.45 b 5.39+£0.42 b <0.0001

(C) TtlDurC 8.78 +0.16 a 7.81 +0.16 b 7.23 £ 0.15 c <0.0001
MnDurC 4.54 +0.09 a 4.26 £0.09 ab 4.01 = 0.09 b 0.0003
PrentPrbC 1.94 = 1.78 3.08 +2.04 4.44 +1.74 0.6061

Salivation/Ingestion” NumE1E2 1.72 £ 0.20 a 0.74 +0.19 b 0.79 £ 0.18 b 0.0006

(E1E2) NumLngE1E2 0.75 £0.14 a 0.39+0.14 ab 0.29 +0.13 b 0.0497
TtlDurE1E2 7.06 = 0.44 7.02 = 0.52 6.27 = 0.45 0.404
MnDurE1E2 5.85+0.38 6.58 £ 0.45 5.94 £ 0.39 0.4243
TmFrstSusE1E2StrtPrb 4.87 =£0.25 4.95+£0.32 4.46 = 0.31 0.4881
TmFrstE1E2FrmPrbStrt 4.68 £0.22 4.76 = 0.26 4.48 £ 0.22 0.6951
PrentPrbE1E2 -1.94 = 0.46 -0.83 = 0.54 -1.21 £ 0.47 0.2756
PrentE1E2SusE1E2 -1.01 = 0.37 0.22 =1.16 -0.80 = 0.82 0.6098
TmFrstSusE1E2 10.70 = 0.19 10.87 = 0.19 10.97 = 0.18 0.581

Units are either square root transformed (sqrt) for counts, logit transformed for percentages (Igt), or log base e (natural log) transformed for durations (log).
Bold-face variables where significant differences occurred.

“All variables are by insect. Means are counts, durations, or percentages per insect, where durations are expressed in seconds.

"There is no clear separation between E1 and E2 in the artificial diet. The waveforms blend one into the other, and separating them would introduce consider-
able error into the measurements.

results demonstrate a reduction in feeding activity (i.e., salivation/ of D. citri were able to successfully salivate or ingest imidacloprid-
ingestion), which presumably would equate to a reduction in bacterial spiked diet at our highest dose of 55 ppm for a period that exceeded
acquisition from CLas-infected leaf material in the field, yet a number 10 min. An inoculation access period of as little as 15 min is known
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Fig. 3. Three variants of the salivation/ingestion (E1E2) waveform from the same insect of D. citri feeding on artificial diet.

to result in inoculation of CLas into uninfected citrus tissues (Capoor
et al. 1974, Grafton-Cardwell et al. 2013), therefore, it remains pos-
sible that sustained salivation/ingestion activity exhibited in our study
may result in inoculation of CLas into uninfected tissue. We failed to
detect a difference between 0, 5.5, and 55 ppm imidacloprid in the
percent of E1E2 events that resulted in sustained (>600 s) E1E2, time
to first E1E2 from start of probe (TmFrstE1E2FrmPrbStrt), nor time
to first sustained E1E2 from start of probe (TmFrstSusE1E2StrtPrb),
indicating that D. citri adults that did undergo salivation/ingestion,
did not stop feeding due to imidacloprid detection.

When adult D. citri were exposed to 550 ppm imidacloprid,
only one insect successfully reached salivation/ingestion behavior
for 246 s. Likewise, only one insect successfully reached salivation/
ingestion when exposed to 5,500 ppm imidacloprid, which lasted
a total of 1,414 s. We were unable to analyze data within the 550
and 5,500 ppm imidacloprid treatments, given the limited number
of successful feeding events. Nevertheless, these results would indi-
cate that a few D. citri adults will be able to successfully salivate
at dosages up to 5,500 ppm imidacloprid when exposed through
ingestion. In two separate whole plant studies where small potted

citrus plants were drenched with some rate of imidacloprid, a reduc-
tion in the number of E1 events was observed (Serikawa et al. 2012,
Miranda et al. 2016), yet neither manuscript indicated that E1 was
prevented. While insecticide did influence feeding behavior in the
present study, our highest imidacloprid dose of 5,500 ppm did not
prevent all D. citri from undergoing E1E2, therefore, inoculation of
CLas into uninfected leaf material remains possible at imidacloprid
levels as high as 5,500 ppm.

Despite intensive D. citri management programs that utilize
frequent soil applications of neonicotinoid insecticides, groves
continue to succumb to CLas infection. We revealed a reduction in
a number of probing activities, an increase in nonprobing behav-
iors (NP), a reduction in pathway behaviors (C), and a reduction
in salivation/ingestion behaviors (E1E2) under oral exposure of
at least 5.5 ppm imidacloprid-spiked artificial diet using EPG.
Reductions in feeding activity observed in the present study con-
firm findings of previous studies (Butler et al. 2012, Serikawa
et al. 2012, Miranda et al. 2016), and are likely to cause a reduc-
tion in the spread of HLB within and among commercial citrus
groves, providing some level of value in the use of neonicotinoids
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applied to the soil. Langdon and Rogers (2017) found that the
LC,, of imidacloprid following ingestion ranged from 62.19 ppm
in the lab population to as much as 522.58 ppm in a potentially
resistant field collected population, indicating that orally admin-
istered imidaclopird residues as high as 55 ppm are sublethal. In
addition, they found increased activity when imidacloprid was
administered through contact (laboratory susceptible popula-
tion LC,, = 0.13 ppm imidacloprid) than by ingestion (labora-
tory susceptible population LC, = 62.19 ppm imidacloprid).
Nevertheless, while we were able to show significant changes in
behavior from orally administered doses of imidacloprid as low
as 5.5 ppm, doses up to 5500 ppm were insufficient to prevent
all psyllids from exhibiting salivation/ingestion feeding behavior.
This is especially problematic because imidacloprid titer follow-
ing soil-application of Admire Pro 4.6F in commercial groves is
not known to exceed 2 ppm (Langdon 2017) and, therefore, imi-
dacloprid applied to the soil at legal field rates is not capable of
completely preventing CLas inoculation, and thereby prevent the
spread of HLB in Florida citrus. Future work should investigate
imidacloprid residues following foliar application and resulting
D. citri feeding behaviors at those concentrations in the attempt
to find an application methodology for imidacloprid that is more
likely to prevent the spread of CLas into uninfected citrus trees.
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