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Abstract

Diaphorina citri is a vector of ‘Candidatus Liberibacter asiaticus,’ (CLas), associated with

Huanglongbing, (HLB, or citrus greening) disease in citrus. D. citri exhibits three different

color morph variants, blue, gray and yellow. Blue morphs have a greater capacity for long-

distance flight as compared to non-blue morphs, but little else is known about how color mor-

phology influences vector characteristics. In this study, we show that the color morphology

of the insect is derived from pigmented cells of the fat body. Blue morphs acquire a lower

level of CLas in their bodies from infected trees as compared to their gray and yellow con-

specifics, referred to in this paper collectively as non-blue morphs. Accordingly, CLas titer in

citrus leaves inoculated by non-blue insects was 6-fold higher than in leaves inoculated by

blue insects. Blue color morphs harbored lower titers of Wolbachia and ‘Candidatus Proff-

tella armatura,’ two of the D. citri bacterial endosymbionts. Expression of hemocyanin, a

copper-binding oxygen transport protein responsible for the blue coloration of hemolymph of

other arthropods and mollusks, was previously correlated with blue color morphology and is

highly up-regulated in insects continuously reared on CLas infected citrus trees. Based on

our results, we hypothesized that a reduction of hemocyanin expression would reduce the

D. citri immune response and an increase in the titer of CLas would be observed. Surpris-

ingly, a specific 3-fold reduction of hemocyanin-1 transcript levels using RNA silencing in

blue adult D. citri morphs had an approximately 2-fold reduction on the titer of CLas. These

results suggest that hemocyanin signaling from the fat body may have multiple functions in

the regulation of bacterial titers in D. citri, and that hemocyanin is one of multiple psyllid

genes involved in regulating CLas titer.
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Introduction

The Asian citrus psyllid, Diaphorina citri Kuwayama, is an economically important pest of cit-

rus primarily because it is a vector of ‘Candidatus Liberibacter asiaticus’ (CLas). CLas is a

phloem-limited, gram-negative, fastidious bacterium that is associated with the most serious

disease of citrus, huanglongbing (HLB), also known as citrus greening disease. D. citri and

HLB have spread to most citrus growing regions worldwide. In the USA, HLB was first

detected in 2005 in Florida. Today, every citrus growing county in the state of Florida harbors

infected trees. The disease jeopardizes the future of the state’s annual, nine-billion-dollar

industry. CLas and D. citri have been detected in California and in Texas’ Rio Grande Valley.

Detection of HLB in California rose a startling 160% in 2018 [1]. The need for novel and effec-

tive HLB management strategies is urgent.

There is no cure for HLB, which renders citrus trees unproductive and ultimately kills the

trees. HLB disease management options are currently limited to strategies that reduce inocu-

lum loads in a grove (vector control, identifying and removing infected trees, and replanting

with disease-free trees) and accurate and sensitive early detection methods to expedite removal

of infected trees [2]. Current management strategies are ineffective for several reasons. Urban

cultivation of citrus and other hosts of D. citri near commercial groves in affected areas is a pri-

mary cause of concern. Cultural control measures such as crop-rotation, using pest resistant

varieties and intercropping with pest–repellent plants are not feasible options for controlling

D. citri [3]. Long-term management of HLB using insecticides is not effective at stopping the

spread of HLB because insect transmission of the pathogen occurs even under insecticide pres-

sure. Blocking the spread of CLas by disrupting transmission of the bacteria by the insect vec-

tor could be a new approach in the fight against HLB and other insect vector-borne plant

diseases [4].

Like other hemipteran insects, D. citri has established cooperative associations with obligate

bacterial endosymbionts including ‘Candidatus Carsonella ruddii’, ‘Candidatus Profftella

armatura’[5] and Wolbachia pipientis wDi [6] during its life history. Obligate symbionts have

been shown to be important for insect reproduction, behavior and pigmentation [7–9]. A large

proportion, 15%, of the reduced genome of Profftella is devoted to polyketide synthase (PKS)

biosynthetic gene clusters which produce a polyketide, diaphorin, with unknown function in

the biology of D. citri [5]. Notably, 17.6% of open reading frames of Carsonella are devoted to

amino acid metabolism, and it is expected that this endosymbiont performs a similar function

as Buchnera aphidicola, the symbiont of aphids, namely to supply essential amino acids lacking

in the phloem sap diet for its insect host [10]. Additionally, Wolbachia has been considered

unique in its ability to alter reproduction of its hosts through induction of feminization, par-

thenogenesis, male killing, and cytoplasmic incompatibility [11], but little is known about the

function of Wolbachia in D. citri. Recently, a small DNA-binding protein encoded by Wolba-
chia was identified as the repressor of the CLas phage holin promoter, indicating potential

involvement of this bacterium in suppression of the lytic cycle of SC1 prophage in D. citri [12].

CLas transmission by D. citri has been defined as circulative and propagative [13], and is

comprised of four main steps: acquisition, replication, translocation and transmission. CLas

must be acquired from an infected tree during feeding, after which it must cross the gut bar-

rier. Once acquired through the gut tissue, CLas moves through the hemolymph until passing

the salivary gland membranes, where it is inoculated into a new host plant together with the

insect’s salivary secretions. During this circulative journey, CLas must evade the insect’s

immune response [13–19]. Gut and hemolymph proteomic analysis shows distinct interac-

tions between CLas and these tissues in the insect during circulative transmission [14, 19].

Transmission refers to the process of inoculation of a new host tree by a psyllid that has
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acquired the bacterium. Transmission of CLas by adults is more efficient when bacteria are

acquired by nymphs [13, 18].

Whole insect proteomic studies have enabled the identification of proteins differentially

expressed when adult and nymph D. citri are reared on CLas -infected trees [20, 21]. However,

since CLas is unculturable, it is impossible to disentangle the indirect effects of the CLas-infected

tree on the D. citri proteome from direct effects of CLas in the vector’s body in those studies. Con-

sequently, although we have an in-depth understanding of how D. citri responds to CLas infec-

tion in the tree, the D. citri genes and proteins performing a direct function in regulating CLas

acquisition and transmission remain elusive. The difficulty in pinpointing which proteins are

involved in CLas transmission and how they may be functioning (to either promote or inhibit

transmission) is confounded by the fact that a relatively low percentage of adult D. citri actually

transmit the pathogen although a much greater proportion of D. citri can be infected with CLas

as evidenced by qPCR assays [13]. Additionally, not all populations of D. citri acquire and trans-

mit the bacterium with the same efficiency [22]. Acquisition and transmission efficiencies are

heritable traits in D. citri, proving a genetic basis for the regulation of these phenotypes [22].

From the proteome studies [20], one of the most highly expressed proteins in CLas-exposed

nymph and adult D. citri is a hemocyanin, an oxygen transport protein with functions in

immunity and defense reported in other arthropods [23]. The C-terminus of D. citri hemocya-

nin-1 was shown to physically interact with the CLas coenzyme A (CoA) biosynthesis enzyme

phosphopantothenoylcysteine synthetase/decarboxylase [20]. Hemocyanins are respiratory

proteins with conserved histidine residues forming a coordination complex with copper ions

to bind oxygen for transport in the hemolymph [24]. The expression of hemocyanin is corre-

lated to color morphology in D. citri [20]. There are at least three D. citri color morphs: blue,

gray and yellow. Our lab has previously shown that hemocyanin transcript expression in blue

morphs is>3 fold greater than in gray and yellow D. citri [20]. Based on expression differences

of hemocyanin in these color morphs, we grouped them as blue or non-blue color (comprised

of gray or yellow) morphs for the follow-up research presented in this paper. Blue D. citri have

enhanced flight capabilities, and coupled to our hemocyanin expression data, we hypothesize

that these data suggest the greater levels of hemocyanin in the blue color morphs provide the

insect with an enhanced metabolic capacity that could benefit vector performance and trans-

mission. Hemocyanin may also play a role in D. citri immunity against CLas. The role of

hemocyanin in arthropod innate immunity has been previously documented, including the

conversion of hemocyanin into phenoloxidase [25]. An antimicrobial peptide derived from

the C-terminus of crayfish, hemocyanin was shown to inhibit the growth of both gram-nega-

tive and gram-positive bacteria [23].

Because not all insects within a population of D. citri acquire or transmit CLas, and because

the proteomic analysis was conducted on pools of CLas-exposed insects collected from HLB

positive trees, the role of hemocyanin in acquisition and transmission is unknown. The excel-

lent correlation of hemocyanin expression level to color morphology in our psyllid population

and the use of RNA silencing tools paved the way for studies examining differences in CLas-

vector relations among the different D. citri color morphs and hemocyanin expression levels.

Results from these studies show an interplay between color morphology, hemocyanin and

molecular interactions among D. citri, its endosymbionts and CLas.

Materials and methods

Insect rearing

D. citri colonies were maintained on both CLas-infected and uninfected sweet orange (Citrus
sinensis “Madam Vinous”) and citron (Citrus medica). Plants and insects were maintained in
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growth chambers set at 26˚C and 70% relative humidity with photoperiods of 14:10 h (light:

dark). Adults were age-synchronized to 5–7 days and collected using a vacuum pump in 50 ml

Corning falcon tubes. Harvested insects were kept on ice and inspected under a stereomicro-

scope to determine their abdominal color within one week of molting to the adult stage. For

gene expression analysis, quantitative PCR (qPCR), and western blotting, insects were sorted

into four groups according to their abdominal color: blue, yellow, gray, and intermediate (with

the intermediate group comprising the approximately 10–20% of adult insects which could

not be clearly grouped by color). For acquisition and transmission assays, yellow and gray

insects were grouped together as non-blue insects. Insects reared on healthy citrus trees

(which also tested negative for CLas by qPCR) are called non-exposed insects. Insects which

are reared on infected trees and test positive by qPCR are referred to as CLas–exposed.

Imaging of blue and non-blue adults

Five each, mixed-sex, blue and non-blue adult D. citri raised on non-infected citron were

chilled on ice before being dissected in 1xPBS under an epifluorescence microscope (Leica

DM5500, Wetzlar, Hesse, Germany). Dissections were performed live, non-fixed, and chilled.

Images were taken using a color CCD camera Retiga-2000R connected to the Qcapture Pro 6.0

acquisition software.

Size and body mass among different color morphs

Age-synchronized insects reared on CLas-infected sweet orange plants were collected by a vac-

uum pump in 50 ml falcon tubes and were kept on ice to differentiate their sex and color

morph using a stereomicroscope. Twenty male and female adults of each color morph (blue,

yellow, gray) were weighed individually using an analytical microbalance with a sensitivity of

0.0001 mg (Sartorius SE2, Sartorius AG, Göttingen, Germany).

D. citri endosymbiont copy number quantification by qPCR

Non-exposed D. citri were collected from sweet orange plants, and a stereomicroscope

(AmScope, SM-1BZ-FRL) was used to classify the abdominal color of each insect as blue or

non-blue within one week of molting to the adult stage. D. citri samples were frozen and sub-

jected to cryogenic lysis. Total DNA was isolated using the DNeasy blood and tissue kit (Qia-

gen, Hilden, Germany). DNA concentration was determined using a Nanodrop (Thermo

Fisher Scientific, Waltham, MA, USA), and 100 ng of DNA was used per PCR reaction. The

Applied Biosystems QuantStudio 6 Flex Real-Time instrument was used for qPCR analysis.

Endosymbiont qPCR was performed using the Fast SYBR Green Master Mix (Life Technolo-

gies, Carlsbad, CA, USA) and primer sequences from [26]. All qPCR reactions were performed

in triplicate and following thermal cycling programs: [20 seconds at 95˚C; 40 cycles of (3 sec-

onds at 95˚C; 30 seconds at 60˚C)]. Approximation of microbial copy number was enabled by

comparing Ct values from biological samples to Ct values from standard curves made using

serial dilutions of synthetic plasmids containing qPCR target region.

Acquisition and detached leaf transmission assays

All leaves used in the experiment were harvested from one-year-old sweet orange or citron

seedlings grown in a greenhouse maintained at 21˚C with a photoperiod of 12 hours. The exper-

iments were conducted as described by Ammar et al. [27] with the following modifications.

Fully expanded young dark green leaves (5–6 cm x 2.5–3.5 cm) were cut by razor blade so that

about 2 cm of the stem remained attached to the leaves [28]. Leaves attached to a stem fragment
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were placed in a 2 ml sterile tube containing 2 ml sterile water and were contained within 50 ml

centrifuge tubes. Ten blue or non-blue sweet orange or citron-reared adult D. citri less than one

week after molting were placed on each leaf, and all tubes were maintained in the same growth

chambers used for insect colony maintenance. After two weeks, experimental insects were

removed from leaves and were flash frozen. These insects were processed for the analysis of

CLas acquisition by qPCR for CLas detection. Leaf midribs were dissected and frozen in liquid

nitrogen for CLas titer determination by qPCR for transmission assays. Each experiment was

repeated twice each time with 15 biological replicate transmission assays for each color morph.

Citrus leaf midrib and insect DNA extraction and qPCR

Flash frozen citrus leaf midribs were ground to a fine powder in a chilled mortar and pestle and

transferred into a 2 ml tube. Total DNA extraction from plant tissue was performed using the

DNeasy Plant Mini Kit (Qiagen, Hilden, Germany). For evaluation of CLas titer in insects, flash

frozen insects were cryoground using a mixer mill (Retsch Mixer Mill 400, Haan, Germany),

and total DNA was extracted by the DNeasy blood and tissue kit (Qiagen, Hilden, Germany)

and quantified by Nanodrop. CLas qPCR was performed using the Taqman Universal qPCR

Master Mix (Life Technologies, Carlsbad, CA, USA) and primer and probe sequences from

Ramsey et al. [21]. The Applied Biosystems QuantStudio 6 Flex Real-Time instrument was used

for qPCR analysis, with samples analyzed in triplicate using the following thermal cycling pro-

grams: [10 minutes at 95˚C; 40 cycles of (15 seconds at 95˚C, 60 seconds at 60˚C)]. For leaf mid-

rib samples, 50 ng of DNA were used for each reaction; for insect samples, 200 ng of DNA were

used for each reaction. Each biological sample was run in technical triplicate. Standard curves

were generated from the mean Ct values of serial dilutions of a synthetic plasmid containing the

qPCR target region and this standard curve was used to estimate the CLas copy number by put-

ting the observed Ct value for the samples into the formula: (observed Ct − y intercept)/slope.

D. citri hemocyanin antibody production

We used western blot analysis to measure hemocyanin protein in D. citri. An affinity purified

anti-hemocyanin polyclonal antibody was produced by Genscript in rabbit using a peptide

immunogen from the hemocyanin C domain of the D. citri hemocyanin-1 protein (Genebank

ID XP_008477906.1). The XP_008477906.1 sequence has now been replaced with

XP_017301848.1 by Genbank as part of standard genome annotation processing. The peptide

antigen spanned amino acids 855–868 of the protein, with a cysteine residue added at the N-

terminus to facilitate conjugation of the peptide to the carrier protein (CR855NSHEFTEAS-

DEAP868). Specificity of the antibody was validated by western blot analysis.

SDS-PAGE and western blot analysis

Fifty adult insects per sample were used for protein extractions for western blot analysis of

hemocyanin expression in blue and non-blue D. citri. Insects were flash frozen and cryoground

(Retsch Mixer Mill 400, Haan, Germany) in 2 ml microcentrifuge tubes containing three small

3.2 mm stainless steel beads (Next Advance, Averill Park, NY, USA). The insect powder was

suspended in 100 μl lysis buffer [70 mM Tris (pH 6.8), 12% glycerol, 1.2x HALT protease inhibi-

tor)], and the samples were mixed and centrifuged briefly. The lysate was transferred into a new

1.5 ml microcentrifuge tube and disrupted for 30 seconds at 15% amplitude using a probe soni-

cator (Branson 450 Digital Sonifier, Danbury, CT, USA) on ice to yield a yellow-brown lysate.

The resulting insect lysate was centrifuged at 13,000 rpm for 15 sec and the clear yellow super-

natant was transferred into new tubes. Protein concentration was estimated in samples by

Quick Start Bradford protein assay (Bio-Rad, Hercules, CA, USA). The amount of lysate
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containing 20 μg of protein was transferred into a new tube and suspended with running buffer

to a final concentration of 2% SDS, 0.02% bromophenol blue, and 2.5% β-mercaptoethanol.

Sample volume was adjusted to 40 μl with 1x PBS which contained 20 μg of protein. Samples

were boiled for 5 min at 95˚C and analyzed on Mini-Protean TGX pre-cast protein gels (10%)

(Bio-Rad, Hercules, CA, USA). Separated proteins were transferred to a 0.45 μm Nitrobind

Pure Nitrocellulose membrane (GE Water and Process Technologies, Trevose, PA, USA). Non-

specific antibody binding sites on the membranes were blocked by overnight incubation with

gentle agitation in 5% instant nonfat dry milk (Best Yet, Bethpage, NY) in 1X Tris-buffered

saline with 0.5% Tween-20 (TBST). Membranes were first incubated with the anti-hemocyanin

polyclonal antibody (1:1,000 dilution in TBST with 0.1% bovine serum albumin) for one hour,

followed by three washes with TBST for 10 minutes each. Membranes were then incubated with

the horseradish peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibody (Promega,

1:5000 dilution in TBST with 0.1% bovine serum albumin). Following three washes with TBST

(10 minutes each), and one wash with TBS (five minutes), the antigen–antibody complexes

were visualized by chemiluminescence using the ECL Detection Reagent (Amersham Life Sci-

ence, Piscataway, NJ, USA). Western blot analysis of hemocyanin expression in healthy com-

pared to CLas-exposed D. citri was performed using frozen protein samples prepared for mass

spectrometry analysis by trichloroacetic acid/acetone precipitation as described [21, 29].

Elemental copper analysis

Non-exposed adult D. citri were collected from healthy sweet orange plants, sorted according to

their abdominal color on ice using a stereomicroscope, and flash frozen. Insect abdominal color

was classified as either blue, gray, or yellow as previously described above. For each of the three

color morphs, five samples of 50 pooled adult D. citri were collected and dried for elemental cop-

per analysis. Insects were placed in glass test tubes and dried in a laboratory oven at 60˚C for

seven days, and the dry weights of the insects were recorded. The samples were treated with 3.0

ml of 60:40 HNO3 and HClO4 mixture in a Pyrex glass tube and left overnight at room tempera-

ture to destroy organic matter. The mixture was then heated to 120˚C for two hours. The temper-

ature of the heating block was then raised to 145˚C for two hours. An additional 2 ml of nitric

acid was added to eliminate the brownish color of organic matter. The temperature of the heating

block was then raised to 190˚C for 10 minutes and turned off. The cooled samples in the tubes

were then vortexed and transferred into auto sampler tubes to run in Inductively Coupled Plasma

Atomic Emission Spectrometer (ICP-AES; Thermo iCAP 6500 series) as described in [30].

Double stranded (ds) RNA design and synthesis

Three different dsRNA constructs were designed and synthesized (AgroRNA, Seul Korea) to

target D. citri hemocyanin-1 (XM_017446359.1; annotated in Genbank as “allergen Cr-PI-

like”) (S1 Table). Based on preliminary experiments to test the efficacy of these three con-

structs for silencing the hemocyanin-1 gene (not shown), only DC-Hm2R was used in the sub-

sequent experiments. Chinese sacbrood virus (CSBV) dsRNA (240 bp) was used as a negative

control based on its use in previous RNA silencing experiments in D. citri [31]. DsRNA was

diluted in RT-PCR Grade Water (Ambion, Austin, TX, USA), purified using the MEGAclear

kit (Ambion, Austin, TX, USA), quantified by Nanodrop, and diluted in water to a concentra-

tion of 1 μg/μl for use in RNA silencing experiments.

dsRNA microinjection

Adult insects were collected from CLas-infected sweet orange plants and blue color morphs

were selected by stereomicroscope for microinjection (AmScope, SM-1BZ-FRL, Irvine, CA,
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USA). The insects were placed in a weighing dish chilled on ice packs for immobilization prior

to microinjection. Injection glass pipettes were pulled from Kwik-Fill borosilicate glass

capillaries, 1.0 mm × 6@ (World Precision Instruments, Sarasota, FL) with a pipette puller (Sut-

ter Instruments, P-87, Novado, CA, USA).

Approximately 100 ng of dsRNA (100 ng/μl in water) was injected at the side of the thorax,

leading to visible swelling of the insect body. The insects were transferred onto healthy sweet

orange leaves immediately after microinjection (10 replicate leaves with 10 insects per leaf).

Ten days after injection, the insects were collected for analysis of RNA (to evaluate hemocya-

nin expression level) and DNA (to evaluate CLas titer). Insects were cryoground, and the

resulting powder was divided into two parts for DNA and RNA extraction. Viability of insects

after injection was assessed after 24 hours and was greater than 95% in all experiments.

Hemocyanin expression in microinjected insects

Total RNA was isolated from cryoground insects using the RNeasy kit (Qiagen, Hilden, Ger-

many). DNA was removed by treatment of samples with RNase-free DNase I (Thermo Fisher

Scientific, Waltman, MA, USA), and RNA was quantified by NanoDrop. RNA (1μg) was used

for cDNA synthesis by iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). The cDNA

was diluted three-fold in water and 1 μl of the diluted cDNA was used as template for qPCR.

Using qPCR the relative gene expression quantification was performed on the Applied Biosys-

tem QuantStudio 6 using the Fast SYBR Green Master Mix (Life Technologies, Carlsbad, CA,

USA). ACP alpha-tubulin was used as a housekeeping control gene for Ct value normalization.

Primer sequences used in this study are: hemocyanin (Forward: 50 CTCCCCAAGGGATCCAGA
GA 30; Reverse: 50 AAGGACGGTCGAATGGGAAC 30); tubulin (Forward: 50 GCGTCTCTTCG
GTTTGACGG 30; Reverse: 50 CACTTCACCATCTGGTTGGC 30). The obtained Ct values were

converted into normalized relative quantities (NRQs) [32] and the resulting NRQ values were

used for statistical analysis.

Statistical analysis

Data were checked for normality and then the Student’s t-test was used for statistical analysis of

the following: insect mass; copper concentration and CLas and endosymbiont titer in blue or

non-blue D. citri; CLas titer in D. citri after hemocyanin silencing via microinjection of control

dsRNA or hemocyanin dsRNA; CLas titer in citrus leaves inoculated with blue or non-blue D.

citri. For all analyses, differences among conditions were considered significant when P<0.05.

Results

D. citri abdominal color morphology is derived from pigmented cells of the

fat body

D. citri has at least three different color morphs, blue, gray and yellow, and each color is

observed in the abdomen of the insect. Additionally, the color varies in intensity. Dissection of

abdomens from blue adult D. citri reared on healthy sweet orange reveals that the fat body con-

tains cells varying in size from 20–40 μm in diameter that contain blue pigments–pigments

that are absent from the fat body of non-blue adult insects (Fig 1). The cells are loosely associ-

ated with each other in the fat body and fall apart easily into droplets upon dissection.

D. citri color morph influences female but not male body mass

Color morph had a pronounced effect on the body mass of female D. citri (n = 20, P<0.01).

Adult insects with blue abdominal color reared on healthy sweet orange had 40% more body
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mass as compared to non-blue females. No significant difference occurred between the body

mass of males across different color morphs (Fig 2).

Blue D. citri color morphs have lower titers of Wolbachia and Profftella as

compared to non-blue morphs

The titers of the D. citri endosymbionts Profftella, Carsonella, and Wolbachia were quantified

by qPCR and compared between non-exposed blue and non-blue D. citri adults. Significantly

greater titers of Wolbachia and Profftella were detected in non-blue color morphs as compared

to blue color morphs (P = 0.01 and 0.04, respectively, Fig 3). No significant difference occurred

in Carsonella titer between color morphs of adults (P = 0.51, Fig 3).

CLas acquisition and transmission is significantly higher for non-blue

compared to blue adult D. citri on sweet orange

We tested whether color morphology had an impact on CLas acquisition and transmission.

For these experiments, qPCR was used to estimate CLas copy number in DNA samples isolated

from insects and dissected midribs inoculated by CLas-exposed D. citri. The CLas copy

Fig 1. Blue D. citri body color originates from sub-cellular blue pigmentation of the fat body cells as shown during live dissection imaging.

Dissections occurred under natural light in 1xPBS and are not fixed. (A) Ventral view of a non-blue male D. citri. (B) Fat body cells from a non-blue

adult. (C) Single fat body cell from non-blue adult showing droplet-like composition of cell and transparency. (D) Ventral view of blue, adult, female D.

citri. (E) Ventral view of the blue, adult female from (D), after separating the abdomen from the thorax and beginning to remove internal organs. (F)

Loose cloud of fat body cells from the blue, adult female in (D), showing higher intensity of blue color in areas with higher concentration of cells, as well

as delicate nature of the fat body organ and ephemeral nature of individual cell cohesion. (G) Single fat body cell from blue, adult female in (D),

showing droplet-like composition of cells where some droplets are pigmented bright blue, and cells vary in size.

https://doi.org/10.1371/journal.pone.0216599.g001
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Fig 2. D. citri body mass by sex and color morph. Blue color morph females have 40% more body mass compared to

non-blue color females. Color morph had no effect on male body mass.

https://doi.org/10.1371/journal.pone.0216599.g002

Fig 3. The titer of the bacterial endosymbionts Profftella, Carsonella, and Wolbachia in CLas-non-exposed, blue

and non-blue adult D. citri, represented as natural logarithm (endosymbiont titer/insect equivalent). Titer of

Profftella and Wolbachia were higher in non-blue D. citri as compared to blue D. citri (P<0.05, n = 10 biological

replicates).

https://doi.org/10.1371/journal.pone.0216599.g003

Influence of CLas infection on Asian citrus psyllid color morphology

PLOS ONE | https://doi.org/10.1371/journal.pone.0216599 May 16, 2019 9 / 19

https://doi.org/10.1371/journal.pone.0216599.g002
https://doi.org/10.1371/journal.pone.0216599.g003
https://doi.org/10.1371/journal.pone.0216599


number per insect equivalent was 8-fold greater in non-blue compared to blue sweet orange-

reared D. citri (P<0.01, Fig 4). Correspondingly, CLas copy number in midrib DNA samples

from leaves inoculated with non-blue D. citri was 6-fold greater than in leaves inoculated with

blue D. citri (P = 0.01, Fig 4). In addition, the average CLas copy number per insect equivalent

in citron-reared color morph was 3.6-fold greater in non-blue compared to blue D. citri,
although due to high variability within sample classes, this difference was not statistically sig-

nificant (S1 Fig). Because this difference was not significant, detached leaf transmission assays

were not performed for citron-reared insects.

Hemocyanin protein and elemental copper are more abundant in blue D.

citri color morphs as compared to non-blue morphs

We used the anti-hemocyanin antibody to investigate the correlation between hemocyanin-1

protein abundance in D. citri and insect abdominal color, as was previously observed at the

mRNA level [20]. We analyzed 20 μg of D. citri protein samples from blue and non-blue

healthy insects by western blot using an affinity purified anti-hemocyanin antibody and an

anti-rabbit HRP conjugated secondary antibody. Protein samples from mixed color healthy

and CLas-exposed D. citri were also analyzed by western blot. The predicted hemocyanin-1

protein sequence is 1114 amino acids (131 kDa). The first 18 amino acids of the protein were

predicted by SignalP [33] to constitute a signal peptide, and the molecular weight of the

996-amino acid processed protein is 129 kDa. Chemiluminescent detection revealed that the

most prominent band on the western blot measures between 120–130 kDa, which corresponds

to the molecular weight of D. citri hemocyanin-1. Signal intensity was dramatically greater in

the gel lane with protein extracts from CLas-exposed D. citri compared to non-exposed D.

citri. In addition, the chemiluminescent signal was much more intense from the blue com-

pared to non-blue D. citri protein extract, with the difference even more intense than the dif-

ference between non-exposed and CLas-exposed D. citri (Fig 5).

Hemocyanin is a metal binding protein containing copper atoms that reversibly bind oxy-

gen. Elemental copper analysis on blue and non-blue adult D. citri was performed using an

Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES, Thermo Electron cor-

poration, US). Significantly more copper was found in blue compared to non-blue D. citri,
both on a per insect basis (blue: 22.67 copper PPB/50; non-blue: 12.68 copper PPB/50 D. citri)

Fig 4. CLas titer in blue and non-blue color morphs of D. citri adults and in citrus leaves inoculated by blue and non-blue insects.

(A) CLas copy number per insect equivalent is ~8-fold greater in non-blue compared to blue D. citri (P<0.01). (B) CLas copy number in

midrib DNA samples from citrus leaves inoculated with non-blue D. citri is ~6 fold greater than in leaves inoculated with blue D. citri
(P<0.01).

https://doi.org/10.1371/journal.pone.0216599.g004
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and on a per insect dry weight basis (blue: 2.32 copper PPB/mg; non-blue: 1.42 copper PPB/

mg D. citri, P<0.01, n = 5, Fig 6).

Microinjection of hemocyanin-1 dsRNA into adult D. citri downregulated

the expression of hemocyanin-1 by 3-fold

To test whether changing expression of the D. citri hemocyanin-1 gene was sufficient to regu-

late CLas titer, we attempted RNA interference to silence hemocyanin-1. D. citri hemocyanin-

1 was significantly reduced 10 days after microinjection of hemocyanin-1 dsRNA by 3-fold.

The effect of dsRNA at concentrations of 50, 100 and 200 ng/μl was tested and identified that

100 ng/μl provided an optimal silencing effect for this gene, although a 3-fold reduction was

the maximum level of transcript suppression achieved in all experiments. Microinjection of D.

citri by dsRNA or water did not significantly affect the survival of the insects (not shown). The

obtained Ct values were converted into normalized relative quantities (NRQs), and the yielded

values of NRQs were used for statistical analysis. The expression of hemocyanin 10-days post

microinjection was three-fold lower in insects injected with control dsRNA (P<0.05, Fig 7).

Fig 5. Western blot analysis of hemocyanin protein expression in D. citri. Twenty μg of protein extracted from each of the four D. citri samples was used in western

blot analysis. Blue: blue color morph adults reared on healthy sweet orange. Non-blue: non-blue color morph adults reared on healthy sweet orange. Healthy: non-

exposed adults reared on healthy citron. Infected: CLas-exposed adults reared on infected citron.

https://doi.org/10.1371/journal.pone.0216599.g005

Fig 6. Comparison of copper mass between color morph D. citri adults using ICP mass spectrometry.

https://doi.org/10.1371/journal.pone.0216599.g006
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2-fold reduction of CLas titer in D. citri adults with a 3-fold reduction in

hemocyanin-1 expression

The dsRNA microinjection experiments were carried out twice on both sweet orange-reared

and citron-reared adult insects. In each of the four independent hemocyanin silencing experi-

ments, CLas qPCR was used to estimate pathogen titer in the insect 10 days after injection of

control dsRNA or hemocyanin dsRNA. In all four experiments, the average Ct value was

slightly higher in hemocyanin silenced D. citri. As Ct value is inversely proportional to titer,

these results indicate that hemocyanin silencing may be causing a reduction in CLas titer.

However, due to large biological variation of Ct values among biological replicates, the differ-

ence in Ct values between treatments was not found to be statistically significant. Combined

analysis of the effect of hemocyanin silencing on CLas titer across the four experiments

required normalization because citron-reared D. citri had a higher CLas titer than sweet

orange-reared D. citri (Fig 8A). For each of the four replicate experiments, the Ct values for

each control dsRNA or hemocyanin dsRNA biological replicate were normalized by division

by the average control Ct value for that experiment. The normalized Ct values for all four

experiments were compared between control and hemocyanin silenced insects. The average

normalized control silenced Ct value was 1, and the average normalized hemocyanin silenced

Ct value was 1.05 +/- SEM, indicating that the CLas qPCR Ct value is 5% greater in hemocya-

nin silenced insects. This 5% increase in Ct value (from 26.9 to 28.1) can be attributed to a

2-fold decrease in CLas titer in the DNA isolated from hemocyanin silenced insects compared

to the control (Fig 8B). Statistical comparison of the normalized Ct values for the four experi-

ments between control and hemocyanin silenced insects using a two-tailed Student’s t-test

indicated that the increase in CLas qPCR Ct value in hemocyanin-silenced insects is significant

(P< 0.05).

Discussion

Several studies have reported differences in life history traits between blue and non-blue D.

citri color morphs [34–36]. In the context of vector biology, blue morphs have a greater

Fig 7. Hemocyanin-1 expression 10-days post injection in blue color morph D. citri adults. qPCR quantification of

hemocyanin-1 (relative to α-tublin) in D. citri adults revealed significant reduction of hemocyanin-1 expression in

dsRNA microinjected insects compared to control dsRNA injected insects.

https://doi.org/10.1371/journal.pone.0216599.g007
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propensity for long distance flight, and hence, a greater ability to spread CLas longer distances.

Our study shows that the blue color D. citri morphs acquire less CLas as compared to non-blue

D. citri color morphs. Accordingly, blue morphs transmit less CLas to plants as compared to

non-blue color morphs. However, the tradeoff with enhanced flight capability may make the

blue morphs a more important vector, economically, for the long distance spread of CLas

among groves.

We found that non-blue color morphs also have significantly greater titers of the endosym-

bionts Wolbachia and Profftella as compared to blue insects from the same population. Past

studies in aphids have shown that insect body color can be affected by many factors including

temperature, host plant, light, symbionts, and natural enemies [37]. Additionally, endosymbi-

onts and host plants [38,39] are known to affect the availability of nutrients to the insect har-

boring the endosymbionts. This variable nutrient availability has been shown, in turn, to affect

insect fitness and polyphenism [37]. As D. citri exhibit polyphenism that is correlated with rel-

ative levels of endosymbiont titers, we hypothesize that endosymbionts such as Wolbachia and

Profftella may mediate the production of nutrients and other defense related metabolites

needed by the psyllid [38, 40], and that these differential levels of defense metabolites and

nutrients may impact the psyllid’s immune response to infection by CLas. Alternatively, titers

of all three bacteria may be coordinately regulated by the insect’s immune system.

Wolbachia was recently shown to infect the gut of D. citri [14], including co-infection of gut

epithelial cells with CLas [41]. Additionally, Wolbachia encodes a small DNA-binding protein

which suppresses holin promoter activity and the lytic cycle of SC1 prophage in D. citri [12],

presenting the possibility that increased titers of Wolbachia may promote the multiplication of

CLas by suppressing the transition of its prophage into the lytic phase. Profftella is a bacterial

symbiont that resides in the syncytium of the bacteriome, a specialized organ which harbors

the bacterial symbionts. Profftella produces an abundance of diaphorin, a polyketide of

Fig 8. CLas titer 10-days post injection in blue color morph adult D. citri. (A) The copy number of CLas in hemocyanin silenced blue color morph

reared on sweet orange and citron compared to non-silenced D. citri. Reduction in CLas titer in hemocyanin silenced insects was not statistically

significant when data from different host plants are considered separately but was significant when normalized values of both host plants were

considered together (B) Box plot analysis of normalized Ct values in control and hemocyanin dsRNA treated insects from both host plants. The

increase in CLas qPCR Ct values in hemocyanin dsRNA treated insects represents a reduction in CLas titer. Sweet orange D. citri: n = 20; citron D.

citri: n = 20.

https://doi.org/10.1371/journal.pone.0216599.g008
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unknown function in the relationship with D. citri and with weak cytotoxic activity in animal

cells [5]. Infection with CLas induces Profftella to increase the production of diaphorin and

structurally similar polyketides [21]. Horizontal gene transfer of the LysE gene from Profftella
to CLas supports the hypothesis that these two bacteria may have been co-localized in D. citri
in such a way for horizontal gene transfer to occur.

Similar to the obligate bacterial symbionts, a number of gram-negative bacterial plant path-

ogens are also transmitted transovarially from mother to offspring in their insect vectors [42,

43]. Different species of Liberibacter are transmitted transovarially at high rates by other psyllid

species, including ‘Candidatus Liberibacter psyllaurous’ [43], ‘Candidatus Liberibacter solana-

cearum’ [44] and ‘Candidatus Liberibacter americanus’ [45], but transovarial transmission of

CLas has been reported at only very low levels in D. citri. CLas can be transmitted during mat-

ing from male to female but the reverse is not true [46], which may suggest that CLas accumu-

lates at greater titer in the reproductive system of male compared to female insects. The

immunocompetence handicap hypothesis predicts that insect steroid hormones mediate a

trade-off between immunity and reproductive effort in male insects [47, 48]. Immune response

is lower in males than females, typically against the same challenges [49]. Consistent with these

findings, male D. citri sustain greater mitochondrial damage in the midgut tissue in insects

reared on CLas-infected trees as compared to females [14, 41]. Alternatively, higher titers of

the bacteria may be necessary for invasion of CLas into the ovaries.

Reliable detection methods are critical for the development of epidemiological models of

the spread of HLB. Even though sensitive detection methods exist for CLas, the pathogen can-

not be detected consistently in plants due to its uneven distribution and the latency period

between inoculation and systemic infection. CLas detection in insects for monitoring and epi-

demiological studies can be a powerful alternative [50]. Challenges with monitoring CLas

within a vector population include variation in bacterial acquisition, which our findings reveal

are correlated with morphological features. The use of non-blue insects for detection may help

to increase the likelihood of detecting CLas in field-collected psyllid samples, enabling a more

accurate representation of the risk of disease spread. Our findings are in contrast to those of

Hall [51] who did not observe significant difference in CLas titer between color morphs in a

field study on sweet orange “Valencia” plants. This discrepancy may be due to variation

between the responses of different D. citri genotypes to CLas, a consequence of adult age not

being controlled and/or changes in the color of adults that occur over time. Our insects are

classified for color morphology within one week after molting to adulthood, before develop-

mental and reproductive changes in color morphology are likely to occur and while CLas titer

is still relatively low in the insect (as compared to more mature adults). These hypotheses,

derived from the research on growth-chamber D. citri colonies, must be tested using field-col-

lected insects to validate the relevance of these findings for CLas detection.

Management programs heavily rely on conventional insecticides as the main component of

HLB control. Excessive application of insecticides increases insecticide resistance and kills

non-target and/or beneficial insects in citrus groves. Basic knowledge of vector transmission

efficiency is critical for epidemiological modeling and establishing effective control methods

which target the efficient transmitter. The color variation plays an important role in prey pref-

erence [52], pathogen transmission efficiency [53], selective mate choice by females [54], deter-

ring predators [55], and choosing their habitat [56]. The color variations may have a

phenotypical [57] or genetic background [56] and are affected by endosymbionts [7] or nutri-

tional condition [58]. On one hand, most studies have been focused on the toxicity of insecti-

cides on the overall population of D. citri. Blue colored insects are less efficient in acquisition

and transmission and more resistant to pesticides. On the other hand, some insecticides sup-

press insect immunity [59], which may give CLas a greater opportunity for transmission by
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insects which survive insecticide treatment. These trade-offs may interfere with the effective-

ness of control strategies that block transmission. Taken together, toxicity of insecticides for

HLB management should be evaluated to avoid suppression of insect immunity.

Differences between insect color morphs have been correlated with variation in immune

genes, including E4 and FE4 in the green peach aphid (Myzus persicae) [60], and CYP4 and

hemocyanin in D. citri [14]. Hemocyanin has a role in immunity and defense in arthropods

[23, 25]. Given the previous description of the role for hemocyanin in blue coloration of other

invertebrates [61], the hypothesis that elevated levels of hemocyanin is correlated with blue

abdominal color was tested. We determined that the blue abdominal coloration of D. citri is

due to the presence of pigmented cells in the fat body of the insect. Compared to non-blue D.

citri, results show that blue color morphs have increased levels of hemocyanin protein and ele-

mental copper, which is consistent with our previous study showing increased hemocyanin

gene expression in blue color morphs as compared to non-blue color morphs [20]. These

results support the hypothesis that hemocyanin plays a defensive role, and may function to

suppress CLas in the insect vector. CLas transmission may benefit from the existence of sub-

groups within the vector population that do not mount an effective immune response against

the pathogen, such as the non-blue color morphs. To further investigate the function of hemo-

cyanin in D. citri, we microinjected adult insects with dsRNA sequences designed to silence

hemocyanin expression, and evaluated the effect of silencing on CLas titer in the insect during

acquisition. We hypothesized that reducing expression of this immunity gene would increase

the susceptibility of D. citri to the pathogen. Surprisingly, CLas titers decreased slightly in

response to hemocyanin silencing. One possible explanation for these contradictory results is

that other D. citri immune components may be activated upon hemocyanin silencing through

injection, leading to suppression of CLas acquisition and replication in the vector. Since hemo-

cyanin is one of the most highly expressed proteins in D. citri, the three-fold reduction of

hemocyanin transcript levels we obtained may not have been enough to observe a larger effect

on titer. Hemocyanin protein levels after silencing was not examined. It is possible that silenc-

ing hemocyanin somehow caused an increase in hemocyanin protein levels or the protein

turn-over rate of hemocyanin is slow relative to mRNA stability and production. Hemocyanin

is expressed in nymphs and may play different roles in the nymph compared to the adult. The

delivery of hemocyanin dsRNA to nymphs, where the immune response to CLas is notably dis-

tinct from adults [20, 41], may yield a different result. The possibility exists that the hemocya-

nin protein may have multiple, opposing functions in the regulation of CLas titer or that

alternative splice variants have distinct functions in CLas titer regulation. Future research com-

paring proteome and/or transcriptome profiles of the different color morphs in response to

CLas infection will help to test these hypotheses and to clarify the functional activities of hemo-

cyanin-1 in D. citri.
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26. Dossi FCA, da Silva EP, Cônsoli FL. Population dynamics and growth rates of endosymbionts during

Diaphorina citri (Hemiptera, Liviidae) ontogeny. Microb Ecol. 2014; 68(4):881–9. https://doi.org/10.

1007/s00248-014-0463-9 PMID: 25037159

27. Ammar ED, Walter AJ, Hall DG. New excised-leaf assay method to test inoculativity of Asian citrus psyl-

lid (Hemiptera: Psyllidae) with Candidatus Liberibacter asiaticus associated with citrus huanglongbing

disease. J Econ Entomol. 2013; 106(1):25–35. PMID: 23448011

28. Raiol-Junior LL, Baia ADB, Luiz FQBF, Fassini CG, Marques VV, Lopes SA. Improvement in the

Excised Citrus Leaf Assay to Investigate Inoculation of ‘Candidatus Liberibacter asiaticus’ by the Asian

Citrus Psyllid Diaphorina citri. Plant Dis. 2016; 101(3):409–13.

Influence of CLas infection on Asian citrus psyllid color morphology

PLOS ONE | https://doi.org/10.1371/journal.pone.0216599 May 16, 2019 17 / 19

https://doi.org/10.1126/science.1134196
https://doi.org/10.1126/science.1134196
http://www.ncbi.nlm.nih.gov/pubmed/17038615
https://doi.org/10.1038/nrmicro1969
http://www.ncbi.nlm.nih.gov/pubmed/18794912
http://www.ncbi.nlm.nih.gov/pubmed/28608866
https://doi.org/10.1371/journal.pone.0159594
https://doi.org/10.1371/journal.pone.0159594
http://www.ncbi.nlm.nih.gov/pubmed/27441694
https://doi.org/10.1371/journal.pone.0179531
https://doi.org/10.1371/journal.pone.0179531
http://www.ncbi.nlm.nih.gov/pubmed/28632769
https://doi.org/10.1111/eea.12025
https://doi.org/10.1111/eea.12025
https://doi.org/10.1021/acs.jproteome.8b00183
https://doi.org/10.1021/acs.jproteome.8b00183
http://www.ncbi.nlm.nih.gov/pubmed/30106293
https://doi.org/10.1098/rsos.160545
http://www.ncbi.nlm.nih.gov/pubmed/28386418
https://doi.org/10.1371/journal.pone.0140826
http://www.ncbi.nlm.nih.gov/pubmed/26580079
https://doi.org/10.1371/journal.pone.0195804
https://doi.org/10.1371/journal.pone.0195804
http://www.ncbi.nlm.nih.gov/pubmed/29652934
https://doi.org/10.1074/jbc.M209239200
https://doi.org/10.1074/jbc.M209239200
http://www.ncbi.nlm.nih.gov/pubmed/12493771
https://doi.org/10.1016/j.bbapap.2013.02.020
http://www.ncbi.nlm.nih.gov/pubmed/23454609
https://doi.org/10.1007/s00248-014-0463-9
https://doi.org/10.1007/s00248-014-0463-9
http://www.ncbi.nlm.nih.gov/pubmed/25037159
http://www.ncbi.nlm.nih.gov/pubmed/23448011
https://doi.org/10.1371/journal.pone.0216599


29. Cilia M, Fish T, Yang X, McLaughlin M, Thannhauser TW, Gray S. A comparison of protein extraction

methods suitable for gel-based proteomic studies of aphid proteins. J Biomol Tech. 2009; 20(4):201–

15. PMID: 19721822

30. Pinheiro PV, Ghanim M, Alexander M, Rebelo AR, Santos RS, Orsburn BC, et al. Host Plants Indirectly

Influence Plant Virus Transmission by Altering Gut Cysteine Protease Activity of Aphid Vectors. Mol

Cell Proteomics. 2017; 16(4 suppl 1):S230–S43. https://doi.org/10.1074/mcp.M116.063495 PMID:

27932519; PubMed Central PMCID: PMCPMC5393385.

31. Hunter WB, Sinisterra-Hunter XH. Emerging RNA Suppression Technologies to Protect Citrus Trees

From Citrus Greening Disease Bacteria. Advances in Insect Physiology. 55: Academic Press; 2018. p.

163–99.

32. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2− ΔΔCT method. Methods. 2001; 25(4):402–8. https://doi.org/10.1006/meth.2001.1262 PMID:

11846609

33. Nielsen H. Predicting Secretory Proteins with SignalP. Methods Mol Biol. 2017; 1611:59–73. https://doi.

org/10.1007/978-1-4939-7015-5_6 PMID: 28451972

34. Martini X, Hoyte A, Stelinski LL. Abdominal Color of the Asian Citrus Psyllid (Hemiptera: Liviidae) Is

Associated With Flight Capabilities. Ann Entomol Soc Am. 2014; 107(4):842–7.

35. Tiwari S, Killiny N, Mann RS, Wenninger EJ, Stelinski LL. Abdominal color of the Asian citrus psyllid,

Diaphorina citri, is associated with susceptibility to various insecticides. Pest Manag Sci. 2013; 69

(4):535–41. https://doi.org/10.1002/ps.3407 PMID: 23193012

36. Wenninger EJ, Stelinski LL, Hall DG. Relationships Between Adult Abdominal Color and Reproductive

Potential in Diaphorina citri (Hemiptera: Psyllidae). Ann Entomol Soc Am. 2009; 102(3):476–83.

37. Braendle C, Davis GK, Brisson JA, Stern DL. Wing dimorphism in aphids. Heredity. 2006; 97(3):192–9.

https://doi.org/10.1038/sj.hdy.6800863 PMID: 16823401

38. Hardie J, Leckstein P. Antibiotics, primary symbionts and wing polyphenism in three aphid species.

Insect Biochem Mol Biol. 2007; 37(8):886–90. https://doi.org/10.1016/j.ibmb.2007.05.005 PMID:

17628287

39. Awmack CS, Leather SR. Host plant quality and fecundity in herbivorous insects. Annu Rev Entomol.

2002; 47(1):817–44.

40. Zhang F, Li X, Zhang Y, Coates B, Zhou XJ, Cheng D. Bacterial symbionts, Buchnera, and starvation

on wing dimorphism in English grain aphid, Sitobion avenae (F.) (Homoptera: Aphididae). Front Physiol.

2015; 6:155. https://doi.org/10.3389/fphys.2015.00155 PMID: 26042046

41. Mann M, Fattah-Hosseini S, Ammar ED, Stange R, Warrick E, Sturgeon K, et al. Diaphorina citri

Nymphs Are Resistant to Morphological Changes Induced by "Candidatus Liberibacter asiaticus" in

Midgut Epithelial Cells. Infect Immun. 2018; 86(4). Epub 2018/01/10.

42. Purcell AH. Insect vector relationships with procaryotic plant pathogens. Annu Rev Phytopathol. 1982;

20(1):397–417.

43. Casteel CL, Hansen AK, Walling LL, Paine TD. Manipulation of plant defense responses by the tomato

psyllid (Bactericerca cockerelli) and its associated endosymbiont Candidatus Liberibacter psyllaurous.

PloS one. 2012; 7(4):e35191. https://doi.org/10.1371/journal.pone.0035191 PMID: 22539959

44. Nachappa P, Levy J, Pierson E, Tamborindeguy C. Diversity of endosymbionts in the potato psyllid,

Bactericera cockerelli (Hemiptera: Triozidae), vector of zebra chip disease of potato. Curr Microbiol.

2011; 62(5):1510–20. https://doi.org/10.1007/s00284-011-9885-5 PMID: 21327558

45. Da Graça J, Korsten L. Citrus huanglongbing: Review, present status and future strategies. Diseases of

fruits and vegetables volume I: Springer; 2004. p. 229–45.

46. Mann RS, Pelz-Stelinski K, Hermann SL, Tiwari S, Stelinski LL. Sexual transmission of a plant patho-

genic bacterium, Candidatus Liberibacter asiaticus, between conspecific insect vectors during mating.

PLoS One. 2011; 6(12):e29197. https://doi.org/10.1371/journal.pone.0029197 PMID: 22216209

47. Folstad I, Karter AJ. Parasites, bright males, and the immunocompetence handicap. Amer Nat. 1992;

139(3):603–22.

48. Hosseinzadeh S, Shams-Bakhsh M, Mann M, Fattah-Hosseini S, Bagheri A, Mehrabadi M, et al. Distri-

bution and Variation of Bacterial Endosymbiont and “Candidatus Liberibacter asiaticus” Titer in the

Huanglongbing Insect Vector, Diaphorina citri Kuwayama. Microb Ecol. 2018. https://doi.org/10.1007/

s00248-018-1290-1 PMID: 30474731

49. Zuk M, Stoehr AM. Immune defense and host life history. American Naturalist. 2002; 160(S4):S9–S22.

50. Manjunath K, Halbert S, Ramadugu C, Webb S, Lee R. Detection of ‘Candidatus Liberibacter asiaticus’

in Diaphorina citri and its importance in the management of citrus huanglongbing in Florida. Phytopa-

thology. 2008; 98(4):387–96. https://doi.org/10.1094/PHYTO-98-4-0387 PMID: 18944186

Influence of CLas infection on Asian citrus psyllid color morphology

PLOS ONE | https://doi.org/10.1371/journal.pone.0216599 May 16, 2019 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/19721822
https://doi.org/10.1074/mcp.M116.063495
http://www.ncbi.nlm.nih.gov/pubmed/27932519
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1007/978-1-4939-7015-5_6
https://doi.org/10.1007/978-1-4939-7015-5_6
http://www.ncbi.nlm.nih.gov/pubmed/28451972
https://doi.org/10.1002/ps.3407
http://www.ncbi.nlm.nih.gov/pubmed/23193012
https://doi.org/10.1038/sj.hdy.6800863
http://www.ncbi.nlm.nih.gov/pubmed/16823401
https://doi.org/10.1016/j.ibmb.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17628287
https://doi.org/10.3389/fphys.2015.00155
http://www.ncbi.nlm.nih.gov/pubmed/26042046
https://doi.org/10.1371/journal.pone.0035191
http://www.ncbi.nlm.nih.gov/pubmed/22539959
https://doi.org/10.1007/s00284-011-9885-5
http://www.ncbi.nlm.nih.gov/pubmed/21327558
https://doi.org/10.1371/journal.pone.0029197
http://www.ncbi.nlm.nih.gov/pubmed/22216209
https://doi.org/10.1007/s00248-018-1290-1
https://doi.org/10.1007/s00248-018-1290-1
http://www.ncbi.nlm.nih.gov/pubmed/30474731
https://doi.org/10.1094/PHYTO-98-4-0387
http://www.ncbi.nlm.nih.gov/pubmed/18944186
https://doi.org/10.1371/journal.pone.0216599


51. Hall DG. Incidence of “Candidatus Liberibacter asiaticus” in a Florida population of Asian citrus psyllid.

JAppl Entomol 2018; 142 (1–2): 97–103.

52. Farhoudi F, Allahyari H, Tabadkani SM, Gholizadeh M. Prey Preference of Aphidoletes Aphidimyza on

Acyrthosiphon pisum: Effect of Prey Color and Size. J Insect Behav. 2014; 27(6):776–85.

53. Tahmasebi A, Dizadji A, Farhoudi F, Allahyari H, Koohi-Habibi M. Comparative transmission of two

cucumber mosaic virus isolates by two color morphs of Acyrthosiphon pisum (Harris). Acta Virol. 2011;

56(2):139–43.

54. O’Neill KM, Evans HE. Alternative male mating tactics in Bembecinus quinquespinosus (Hymenoptera:

Sphecidae): correlations with size and color variation. Behav Ecol Sociobiol. 1983; 14(1):39–46.
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