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The bacterial pathogen, Candidatus Liberibacter asiaticus, and its vector, 

Diaphorina citri, are global pests of citrus production. Revenue received by Florida 

orange growers between the years 2006-2011 declined by 18% from CLas damage. 

There is no cure for infected plants nor a method to prevent pathogen and vector 

spread. The Florida Commissioner of Agriculture issued a crisis exemption for use of 

three commercial antimicrobials on citrus in 2016. FireLine, Mycoshield, and FireWall 

are labeled primarily as prophylactic treatment of foliar bacterial pathogens. It is 

unknown whether these compounds will contribute to management of D. citri. The 

purpose of this study was to investigate the effect of two of these antimicrobial 

compounds, oxytetracycline and streptomycin, on the fitness, behavior, and 

transmission capacity of D. citri. Oxytetracycline and streptomycin were administered 

orally to D. citri through foliar application on plants and in artificial diet bioassays to 

assess their effects on endosymbiont densities, reproductive output, longevity, feeding 

behavior, host selection, and the inoculation capacity of D. citri. We determined that 

oxytetracycline elicited the greatest reduction in endosymbiont titer and D. citri fitness 
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parameters compared with streptomycin and control treatments. Deterrent effects were 

observed in response to oxytetracycline as compared with control treatments. 

Cumulatively, these data suggest that antimicrobials used for CLas management, 

particularly oxytetracycline, elicit lethal and sublethal effects in D. citri. Further 

investigations are needed to confirm the efficacy of these compounds against D. citri in 

the field and to determine whether applications of higher antimicrobial doses will reduce 

pathogen transmission.
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CHAPTER 1 
INTRODUCTION 

Economic Impact of HLB in Florida 

Florida is the largest producer of oranges in the United States, and the third 

largest producer in the world (Singerman & Useche 2016). Bearing acreage of citrus in 

Florida has steadily declined between the years 2000 and 2014 (Hodges et al. 2014). 

This decline is largely due to a bacterial disease of citrus commonly referred to as citrus 

greening disease or Huanglongbing (HLB). HLB was first described in China in 1919 

(Bové 2006). HLB was not found in Florida until 2005 (Bové 2006). HLB has now 

spread to every citrus producing region in Florida. It is estimated that Florida orange 

growers have lost $7.80 billion in revenue from HLB damage between the years 2006 

and 2014, which equates to about 18% of revenue (Hodges et al. 2014). During this 

same period, HLB related job loss in Florida is estimated to total 60,101 (Hodges et al. 

2014). HLB has also been reported in Africa, Oceania, South America, and several 

states in North America (Bové 2006). 

Symptoms and Signs of HLB 

In Florida, HLB is putatively caused by the bacterial pathogen Candidatus 

Liberibacter asiaticus (CLas). Although this is the most prevalent pathogen associated 

with HLB, Candidatus Liberibacter americanus (CLam) and Candidatus Liberibacter 

africanus (CLaf) are also associated with HLB in Brazil/China and South Africa, 

respectively (Bové 2006; Gottwald 2010) . The pathogen is a fastidious, gram-negative, 

phloem limited, Alpha-proteobacteria (Garnier et al. 1984; Jagoueix et al. 1994; Bové 

2006). Nearly all commercially available citrus species are susceptible to HLB 

(Folimonova & Achor 2010). CLas infected plants exhibit phytohormonal changes and 
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callose depositions in leaves, as well as decreases in sieve-pore diameters (Koh et al. 

2012; Killiny & Nehela 2017). Symptoms of HLB include chlorosis / blotchy mottling of 

leaves, small / lopsided; bitter tasting fruits, yield declines, root loss, and eventual tree 

death in 7-10 years (Folimonova et al. 2009). A tree can be infected with HLB, but 

remain asymptomatic for 1-2 years before noticeable symptoms appear (Gottwald 

2010). The physiological changes that generate the HLB symptoms in infected plants 

are currently unknown. 

Vector of HLB 

CLas is primarily transmitted to citrus plants via the insect vector Diaphorina citri 

Kuwayama (Hemiptera: Liviidae), which primarily feeds on phloem plant sap (Bové 

2006; Ebert et al. 2018). D. citri has been documented to feed on as many as 65 

different species of plants within the rutaceous subfamily Aurantiodae (Grafton-Cardwell 

et al. 2013). Transmission of CLas entails an initial acquisition by D. citri. The 

continuous feeding of D. citri enables them to encounter a greater number of bacteria 

during feeding. After acquisition, the pathogen goes through a latency phase where it 

passes through the gut membrane, replicates in the hemolymph, and enters into the 

salivary gland. The final phase is inoculation, where CLas passes through the salivary 

gland and into the plant (Grafton-Cardwell et al. 2013). Inoculation can occur while D. 

citri is probing for an adequate feeding spot or while it salivates into a plant before or 

during the feeding process. CLas transmission rates are highest in D. citri that acquire 

the pathogen during nymphal feeding (Inoue et al. 2009).  

Endosymbionts of D. citri 

D. citri feeds on a diet of nutrient poor plant phloem, which commonly lacks 

methionine and leucine, essential amino acids for insect development (Sandström & 
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Moran 1999). To overcome this challenge, D. citri has acquired an endosymbiotic 

bacterium named Candidatus Carsonella ruddii. This bacteria is facultative and belongs 

to the class Gammaproteobacterium (Nakabachi et al. 2006), and is found in the 

cytoplasm of the bacteriocytes, a symbiont colonized organelle of D. citri (Subandiyah et 

al. 2000; Baumann 2005). A second endosymbiont found in D. citri is a 

Betaproteobacterium named Candidatus Profftella armature, which provides defensive 

benefits, such as the production of diaphorin (Ramsey 2015; Nakabachi et al. 2013). 

Candidatus Profftella armature is found in the syncytium of the bacteriocytes 

(Subandiyah et al. 2000; Baumann 2005). A third endosymbiont found in D. citri is an 

Alphaproteobacteria named Wolbachia, which is estimated to be found in 40% of insect 

species (Zug & Hammerstein 2012).  

Wolbachia has been associated with cytoplasmic incompatibility, 

parthenogenesis, male killing, feminization, and changes in the resident bacterial 

community (Rousset et al. 1992; Zchori-Fein et al. 1992; Riegler & Stauffer 2002; 

Zabalou et al. 2004; Werren et al. 2008; Audsley et al. 2018). Additionally, Wolbachia 

has been shown to repress phage lytic cycle genes of CLas in D. citri (Jain et al. 2017). 

It is hypothesized that Wolbachia’s mode of action either involves components of 

immune activation or competition with pathogens for limited host resources (Molloy & 

Sinkins 2015; Zug & Hammerstein 2015; Amuzu & McGraw 2016; Chu et al. 2018). Due 

to this, it is a favorable candidate to serve as a biological control program.  

To optimize Wolbachia as a form of biological control, the endogenous 

Wolbachia should be cleared or reduced (Dobson & Rattanadechakul 2001), allowing a 

novel Wolbachia strain to be introduced into the host. Insects have been found in nature 
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or experimentally derived to be Wolbachia free, single infected, or colonized by more 

than one strain of Wolbachia, also known as superinfected or co-infected (Dobson et al. 

2001; Kang et al. 2003; Fu et al. 2010; Joubert et al. 2016; Chu et al. 2018) . Whether a 

Wolbachia free, single infected, or super infected host is used, the novel Wolbachia 

strain selected for introduction should be capable of spreading through the population 

and capable of introducing a desired trait into the host. One such desired change used 

in mosquitoes is reduced pathogen transmission rates (Ferguson et al. 2015; Amuzu & 

McGraw 2016; Ant et al. 2018; Carrington et al. 2018).  

Management of HLB in Florida 

There are three main components to a crop protection management strategy: 

biological control, cultural control, and chemical control. Manipulating Wolbachia is one 

form of biological control.  Entomopathogenic fungi, natural predators, and parasitoid 

wasps are additional forms of biological control being tested against D. citri (Michaud et 

al. 2004; Hunter et al. 2011; Hoy & Nguyen 2001).  

Cultural control focuses on prevention. Some strategies include reducing 

movement of infected plant material, planting certified disease-free stock, quarantine 

zones, windbreaks, screen barriers given the name “Citrus under protective screen” or 

C.U.P.S., aggressive monitoring for D. citri and HLB, and tree removal and replanting 

when CLas is detected in a grove. 

Methods of chemical control for management of D. citri include use of systemic 

insecticides, such as imidacloprid, thiamethoxam and clothianidin (Dewdney et al. 

2016). These chemicals are typically applied through soil drenches and area-wide 

sprays for young and mature trees, respectively (Rogers & Shawer 2007, Qureshi et al. 

2009). Oxytetracycline hydrochloride (FireLine 17 WP), Streptomycin sulfate (FireWall 
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50 WP), and Oxytetracycline calcium complex (Mycoshield) are three antimicrobial 

compounds have recently received emergency exemptions for use in citrus groves. 

These compounds are formulated as foliar spray treatments, and are used with the 

hope of reducing titers of CLas in infected tree.  

Thesis Objective 

Tetracycline derivatives and streptomycin are a few of the limited number of 

antibiotics currently registered for agricultural use (Zhang et al. 2014). Zhang et al. 

(2014) reported that streptomycin sulfate was ineffective at reducing CLas titers in 

infected citrus scions while oxytetracycline hydrochloride effectively reduced CLas titers, 

but exhibited a phytotoxic effect on plants at high application rates. Tetracycline has 

been shown to reduce Wolbachia titers in mosquitoes (Dobson & Rattanadechakul 

2001). However, oxytetracycline hydrochloride, streptomycin sulfate, and 

oxytetracycline calcium complex have not been evaluated for use as insecticidal 

treatments against D. citri. Because D. citri is colonized by four different bacteria, 

Candidatus Carsonella ruddii, Candidatus Profftella armatura, Wolbachia, and CLas, the 

use of these antimicrobial agents on citrus have the potential to affect the titers of some 

or all of these bacteria. The objective of this study was to analyze the effects of these 

antibacterial treatments on D. citri by investigating the endosymbiont community, 

fitness, and behavior. Since the endosymbionts of D. citri are essential for nutrient 

acquisition and important for defense, it is hypothesized that reductions in 

endosymbiont titers caused by antimicrobial compounds will affect D. citri fitness and 

behavior. 
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CHAPTER 2 
RESPONSE OF DIAPHORINA CITRI ENDOSYMBIONTS TO ANTIMICROBIALS 

Diaphorina citri harbor two of their four endosymbionts in a specialized organ 

called a bacteriome, which contains uninucleated bacteriocytes and multinucleated 

syncytium cells. Bacteria can be vertically transferred to developing oocytes through the 

bacteriome (Koga et al. 2012; Dan et al. 2017). The primary, obligate endosymbiont, 

Candidatus Carsonella ruddii, is located in the cytoplasm of the bacteriocyte cells and 

provides nutritional benefits (Thao et al. 2000; Nakabachi et al. 2006; Nakabachi et al. 

2013). Candidatus Profftella armatura is a secondary, facultative, defensive and 

nutritional endosymbiont present in the cytoplasm of the syncytium cells (Nakabachi et 

al. 2013). Wolbachia is a facultative endosymbiont that can be found in the bacteriome, 

somatic, and reproductive cells (Dobson et al. 1999; Hosokawa et al. 2009). Wolbachia 

is well known to cause reproductive changes in its host, such as cytoplasmic 

incapability, male killing, parthenogenesis, and feminization (Werren et al. 2008). 

Wolbachia has also been associated with immune priming, infection resistance, and 

nutritional benefits (Bian et al. 2010; Hosokawa et al. 2009; Rances et al. 2012). Some 

hosts appear to require Wolbachia to produce viable offspring while others experience 

reduced longevity, fecundity, and fertility with Wolbachia infections (Fleury et al. 2000; 

Dedeine et al. 2001 Weeks et al. 2001). Candidatus Liberibacter asiaticus (CLas) is the 

fourth endosymbiont associated with D. citri and is the putative causal agent of 

Huanglongbing (HLB). CLas has been reported throughout D. citri body and is 

transmitted to plants after it enters the salivary glands (Ammar et al. 2011a,b). Once D. 

citri becomes infected with CLas, they experience morphological abnormalities and 

reduced longevity, but they have higher fecundity and fertility and an increased 
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propensity for dispersal (Martini et al. 2015; Ghanim et al 2016; Pelz-Stelinski & Killiny 

2016). This equates to a net benefit for D. citri and CLas.  

Successful elimination of D. citri endosymbionts has not been demonstrated 

experimentally, which may be due to the obligate relationship of endosymbionts with 

their host (Douglas 2007). In the aphid-Buchnera system, obligate and facultative 

symbiont have been cleared with varying effects, including reduced body weight, 

longevity, relative growth rate, survival to adulthood, length of embryos, number of 

embryos, total proteins, duration and quantity of feeding, and variation in host plant 

utilization, amino acid content and accumulation (Ohtaka & Ishikawa 1991; Prosser & 

Douglas 1991; Douglas 1992; Douglas 1995; Wilkinson & Douglas 1995; Adams & 

Douglas 1997; Machado-Assefh et al. 2015). When host bacteria were manipulated in 

other systems, such as the families Alydidae, Culicidae, Drosophilidae, and Dryinidae, 

similar effects were observed (Dobson & Rattanadechakul 2001; Lee et al. 2016; 

Espinosa et al. 2017; Wong et al. 2017). Some of these studies utilized the antimicrobial 

compounds oxytetracycline, penicillin, streptomycin, or erythromycin. 

Oxytetracycline exhibits activity against gram-negative and gram-positive 

bacteria by blocking translation. It binds to the 30s ribosomal subunit, which inhibits 

bacterial protein synthesis by preventing the association of amino-acyl tRNA with the A 

site of the bacterial ribosome (Chopra & Roberts 2001; Sykes & Papich 2014). Because 

this binding is reversible, oxytetracycline is considered bacteriostatic, or growth 

inhibiting (Sykes & Papich 2014). Erythromycin inhibits protein synthesis by stimulating 

the dissociation of peptidyl-tRNA from the 50s ribosome and is considered bactericidal 

(Menninger & Otto 1982; Kohanski et al. 2010). Ampicillin, which has a similar mode of 
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action as penicillin, is active against gram-negative and gram-positive bacteria. It 

disrupts bacterial cell wall synthesis by inhibiting transpepidase enzymes, which are 

necessary for the final step in bacterial cell wall formation and is considered bactericidal 

(Yocum et al. 1980). Streptomycin inhibits protein synthesis initiation and elongation by 

irreversibly binding to a single site on 16s rRNA within the 30s ribosomal subunit and is 

considered bactericidal (Spotts & Stanier 1961; Goldberg 1965; Allison & Lambert 2014; 

Hong et al. 2014). 

The bacterial symbiont Wolbachia can be experimentally eliminated in cell culture 

with oxytetracycline treatment, but is resistant to erythromycin treatment (Hermans et al. 

2001; Fenollar et al. 2003). Neither tetracycline nor erythromycin are able to clear 

Wolbachia infection in filarial nematodes; however, tetracycline inhibits nematode 

molting (Smith & Rajan 2000). Oxytetracycline successfully eliminates bacterial 

symbiont, Burkholderia, from its host, Riptortus pedestris (Lee et al. 2016). 

Oxytetracycline and ampicillin were incapable of clearing Bemisia tabaci of their primary 

endosymbiont, Portiera aleyrodidarum, yet both were capable of clearing secondary 

symbionts, resulting in accelerated B. tabaci development and increased survival of 

offspring (Ruan et al. 2006). A similar effect was observed when ampicillin was used to 

eliminate naturally occurring Serratia from aphid strains, which resulted in an increase in 

aphid longevity (Koga et al. 2007). Streptomycin has exhibited a negative fitness effect 

on Romalea microptera but resulted in no reduction in Encephalitozoon bacterial spores 

(Johny et al. 2007).  

Significant emphasis is currently being placed on development of cures for citrus 

Huanglongbing (HLB), but in the interim, the citrus industry is in need of short-term 
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solutions to combat this disease. One potential method that is being investigated with 

significant previous precedence is deployment of antimicrobial compounds to target and 

kill the causal pathogen within trees. The Florida Commissioner of Agriculture issued a 

crisis exemption for use of three commercial antimicrobials on citrus in March 2016. 

FireLine (oxytetracycline hydrochloride), Mycoshield (oxytetracycline calcium complex), 

and FireWall (streptomycin sulfate) are labeled for use on other crops primarily as 

prophylactic treatment of foliar bacterial pathogens. Studies have shown antibiotic 

treatments to significantly lower CLas titers in trees (Zhang et al. 2011; Zhang et al. 

2013a,b). Antimicrobial efficacy depends on effective penetration and systemic 

movement of the material into the phloem. Trees are treated with foliar applied 

antimicrobials; however, little is known about the penetration of the material into the 

phloem, mobility within the phloem, or the concentration necessary to eliminate the 

bacterium. In addition, psyllids feeding on treated plants may ingest antimicrobials 

within the phloem, which may affect feeding, fitness, and transmission capacity if the 

materials negatively impact endosymbiont or CLas populations.  Antimicrobial 

treatments for psyllids may negatively affect a variety of psyllid biological features, 

including fecundity, transmission capacity, life span, developmental time, and behavior 

(Prosser & Douglas 1991; Hermans et al. 2001; Machado-Assefh et al. 2015). 

Comprehensive examination of the effects of antimicrobial treatment on D. citri biology 

will assist in determining the utility of incorporating these materials into an IPM program 

for HLB management. The goal of this study is to determine whether antibiotics are 

effective in eliminating or suppressing D. citri endosymbionts.  
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Materials and Methods 

Insect and Plant Cultures 

D. citri were obtained from a laboratory culture reared in insect-proof insectary at 

the University of Florida Citrus Research and Education Center in Lake Alfred. This 

colony was established in 2000 from a field population collected in Polk Co., Florida 

(28.0º N, 81.9º W). The D. citri were reared at 25°C, L14:D10 photoperiod, and 55% RH 

on CLas negative Citrus macrophylla. Plants and psyllids were tested once a month via 

real time polymerase chain reaction analysis (Li et al. 2006) for the presence of CLas to 

verify the cultures remained free of CLas. CLas positive D. citri and plants were 

maintained in a separate rearing chamber from CLas negative D. citri and plants under 

the same environmental conditions.  

Endosymbiont Densities 

The objective of this experiment was to determine whether antimicrobial 

compounds effect D. citri microbiota by quantifying specific endosymbiont genes with 

quantitative polymerase chain reaction (qPCR). Antimicrobials were administered orally 

through a diet solution containing 17% solution (Sigma Aldrich, St. Louis, Missouri, 

USA) and 0.5 mg ml-1  of either oxytetracycline hydrochloride (Sigma Aldrich, St. Louis, 

Missouri, USA), streptomycin sulfate (Gibco® Life Technologies, Grand Island, NY, 

USA), ampicillin sodium salt (Fisher Bioreagents, Pittsburg, Pennsylvania, USA), or 

erythromycin (Acros Organic, Pittsburg, Pennsylvania, USA). Feeding arenas were 

constructed according to Russel & Pelz-Stelinski (2014) with slight modifications. 

Arenas consisted of 60 mm plastic petri dishes with the top removed. A single layer of 

parafilm was stretched over the top of the arena and 300 µl of diet solution was placed 

on top of the first parafilm layer. A 60 mm circle of filter paper (no. 5, Whatman 
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International Ltd, Kent, UK) was placed on top of the diet solution, and then a second 

layer of parafilm was stretched over the filter paper to maintain moisture within the 

arena. Ten adult D. citri of mixed age were collected from a CLas negative insectary 

and placed inside each feeding arena. Dishes were maintained at 25°C, L14:D10 

photoperiod, and 55% RH in an insectary. D. citri were allowed to feed for 72 h, after 

which they were removed from feeding rings and their DNA was extracted using the 

Qiagen DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, California, USA) according 

to the manufacturer’s protocol with modifications for isolation of bacterial DNA from 

arthropods (Pelz-Stelinski et al. 2010). DNA was quantified using a NanoDrop 2000 

spectrophotometer (Thermo Fisher Scientific, Lafayette, Colorado, USA) and diluted to 

15 ng μl−1 for subsequent quantitative real-time polymerase chain reaction (qPCR) 

analysis. Each treatment was replicated 10 times.  

Construction of qPCR Standard Curves 

Standard curves were generated to quantify endosymbiont gene titers in 

individual D. citri. Template DNA was prepared for conserved genes of D. citri 

endosymbionts and the D. citri housekeeping gene wingless. The 16s gene was used 

for Candidatus Carsonella ruddii and the ftsZ gene was used for Wolbachia. For 

wingless, Ca. C. ruddii, and ftsZ, plasmids containing the target gene fragments were 

constructed to obtain DNA templates for qPCR standard curves. Gene fragments were 

amplified using primers and PCR conditions described in Chu et al. (2016) and 

presented in Table 2-1. Gene fragments were cloned into the pGEM-T easy vectors 

(Promega, Inc., Madison, Wisconsin, USA) and then transformed into E. coli JM109 

cells according to the manufacturer’s instructions. Overnight purification of plasmids 

was conducted using the QIAprep Spin Miniprep Kit (QIAGEN Inc., Valencia, California, 
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USA). Plasmids were digested with PstI (New England Biolabs Inc., Beverly, 

Massachusetts, USA) following the manufacturer’s instructions and purified using the 

QIAquick PCR Purification Kit (QIAGEN Inc., Valencia, California, USA). Serial dilutions 

of each target were use in subsequent standard curve qPCR reactions.  

Symbiont titers were quantified as described by Chu et al. (2016). Quantification 

of symbiont titers in individual D. citri were conducted using a 96-well fast 

QuantStudio™ 6 Flex Real-Time PCR System (Thermo Fisher Scientific Inc., Waltham, 

Massachusetts, USA).  Ca. C. ruddii and Wolbachia were amplified using the SYBR 

Green PCR Master Mix (Applied Biosystems, Inc., Foster City, California, USA). 

Taqman assays with PerfeCTaq PCR ToughMix, Low ROX (Quanta BioSciences Inc., 

Gaithersburg, Maryland, USA) was used to amplify D. citri wingless gene. One microliter 

(15 ng) of D. citri template DNA was added to a 24 μL qPCR reaction volume. Final 

primer and probe concentrations were 0.1 μM (Carsonella) or 0.2 μM (wingless, 

Wolbachia, CLas, and COX). Three technical replicates were used for standard curves 

DNA reaction and two technical replicates were used for each sample DNA reaction. 

The qPCR conditions was one cycle of 95°C for 10 min, 40 cycles of 95ºC for 15 

seconds and 58°C (Carsonella and Wolbachia) or 60°C (wingless, CLas, and COX) for 

30 seconds, and a final cycle of 72°C for 30 s. Dissociation curve analyses was 

conducted for SYBR green assays. 

Statistical Analysis 

Copy numbers of the three target genes in the template DNA were calculated as 

described by Chu et al. (2016) (Table 2-1), and then divided by the wingless gene copy 

number in the same sample. Means were normalized using a square root 

transformation. The effect of antimicrobial were compared using a one-way analysis of 
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variance (ANOVA) with post-hoc multiple comparisons (Tukey’s HSD test) at p<0.05. 

Individual means were compared using a two-tailed unpaired T test. Analyses were 

performed using GraphPad Prism 5 (GraphPad Software, La Jolla, California, USA). 

Results 

Endosymbiont Densities. One of four antimicrobial compounds were added to 

artificial diet solutions to determine their activity against D. citri endosymbionts (Figure 

1-1). Titers of Carsonella (6.62±1.39) and Wolbachia (10.98±2.14) were lowest 

observed in D. citri treated with oxytetracycline. Carsonella titers were reduced by 

oxytetracycline compared to control (P=0.052, t= 2.073, df=19), streptomycin (P=0.042 

t=2.182, df=19), and erythromycin (p=0.011 t=2.82, df=20). Wolbachia titers were 

reduced by oxytetracycline and erythromycin compared to streptomycin (P=0.056, 

t=2.037, df=19 and P=0.097, t=1.746, df=19 respectively), but not compared to control 

(P=0.283. t=1.104, df=19 and P=0.639, t=0.477, df=19 respectively). When 

streptomycin was added to diet solutions, the largest mean titers of Carsonella 

(22.64±7.30) and Wolbachia (45.46±19.43) were observed in D. citri, but there was not 

a significant difference in titers compared to control psyllids (P=0.507, t=0.678, df=18 

and P=0.136, t=1.561, df=18 respectively).  

Discussion 

Insect-bacterial symbiosis is a common and ancient phenomenon (Brownlie & 

Johnson 2009; Douglas 2014). Ca. C. ruddii is an obligate bacterial symbiont present in 

all species of the family Psyllidae and provides nutritional benefits to their hosts 

(Nakabachi et al. 2006; Tamames et al. 2007). D. citri has cospeciated with Carsonella 

and passes it vertically to the offspring (Thao et al. 2000; Dan et al. 2017). Wolbachia is 

another endosymbiont prevalent in D. citri populations (Chu et al. 2018). Although the 
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effects of Wolbachia on D. citri are not fully known, it is believed to play a defensive role 

and impact CLas densities within the psyllid (Fagen et al. 2012; Jain et al. 2017).  The 

purpose of this study was to quantify the effects of antimicrobial activity against two of 

D. citri endosymbionts, Carsonella and Wolbachia. 

Tetracycline derived antimicrobials have frequently been reported to reduce 

bacterial symbionts in insects (Douglas 1992; Dobson & Rattanadechakul 2001; Lee et 

al. 2016). Although clearing primary symbionts, such as Buchnera from A. pisum 

(Douglas 1992) has been demonstrated, symbiont clearing is not always possible 

(Smith & Rajan 2000; Hermans et al. 2001; Ruan et al. 2006). It has previously been 

reported that Wolbachia titers in D. citri have been experimentally reduced by 

oxytetracycline and streptomycin (Rivas et al. personal communication). Additionally, 

Ruan at al. (2006) was capable of eliminating Wolbachia from B. tabaci with 

tetracycline, ampicillin, or rifampicin at a concentration of 50 µg ml−1. There was an 

observed reduction in D. citri primary symbiont, Carsonella, after treatment with 

oxytetracycline, but no treatment significantly reduced Wolbachia titers compared to 

control.  

Wolbachia can be located in somatic and germ cells, as well as the bacteriome 

(Dobson et al. 1999; Hosokawa et al. 2009). Carsonella is located in the bacteriome of 

D. citri (Nakabachi et al. 2006). Antimicrobial compounds must be ingested and pass 

through the gut epithelium in order to reach the endosymbionts. It also must be capable 

of passing though the cell membrane of the bacteriome in order to reach Carsonella. 

Reductions in Carsonella indicate that this might be possible, which is supported by 
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previous work (Chopra & Roberts 2001). Tetracycline is capable of crossing the outer 

membrane of gram-negative bacteria. 

Wolbachia has been used as a biocontrol agent in A. albopictus against vectors 

of human pathogens by blocking disease transmission (Dobson et al. 2001; Ant et al. 

2018; Carrington et al. 2018). This leaves a potential to use the symbionts of D. citri as 

a possible management strategy for CLas (Douglas 2007). Symbiont manipulation could 

be potentially utilized to reduce disease transmission in a similar way to A. albopictus or 

help in preventing insecticidal resistance (Chen & Stelinski 2017; Carrington et al. 

2018). Foliar sprays of antimicrobials need to penetrate the leaf cuticle in order to reach 

the phloem, where D. citri feed (Yang et al. 2015). Complete removal of D. citri 

symbionts may be impossible due to the obligate nature D. citri shares with its 

symbionts. 
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Figure 2-1. Absolute quantification of (A) Carsonella and (B) Wolbachia titers 
in D. citri after feeding for 3-d on diet solution containing an antimicrobial. 
Different letters over bars indicate P ≤ 0.10 between means by a one-way 
ANOVA followed by Tukey’s HSD posthoc test.  



 

28 

Table 2-1. Primers and probes used for qPCR. Adapted from Chu et al. (2016). 

Target species Target gene Assay 
type 

Primer and probe sequence 

Candidatus 
Liberibacter asiaticus 

16S rDNA Taqman Primers- 
F: TCGAGCGCGTATGCGAATAC 

R: GCGTTATCCCGTAGAAAAAGGTAG 

 
Probe-  AGACGGGTGAGTAACGCG  

    

Citrus macrophylla COX Taqman Primers- 
F: GTATGCCACGTCGCATTCCAGA 
R: GCCAAAACTGCTAAGGGCATTC 
 

Probe- ATCCAGATGCTTACGCTGG 

    

Diaphorina citri wingless Taqman Primers- 
F: GCTCTCAAAGATCGGTTTGACGG 

R: GCTGCCACGAACGTTACCTTC 

Probe-
TTACTGACCATCACTCTGGACGC 

    

Candidatus 
Carsonella ruddii 

16S rDNA SYBR Primers- 
F: TGGGAACGCCATATGCTAAT 
R: GTCCCAATGGGTTGTTCATC 

    

Wolbachia ftsZ SYBR Primers- 
F:  AGCAGCCAGAGAAGCAAGAG 
R: TACGTCGCACACCTTCAAAA 

Adapted from Chu et al. (2016). 
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CHAPTER 3 
PERFORMANCE OF D. CITRI IN RESPONSE TO ANTIMICROBIAL THERAPY 

The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae) is the 

primary vector for the pathogenic bacterium, Candidatus Liberibacter asiaticus (CLas), 

the causal agent of citrus greening disease, or Huanglongbing (HLB) (Jagoueix et al. 

1994; Bové 2006). HLB is the most devastating disease of the citrus, worldwide. It is 

responsible for a 30% decrease in acreage and 50% decrease in production in Florida 

from 2008 – 2014 due to the decline and ultimate death of infected trees.  CLas 

annually costs the Florida citrus industry over 300 million dollars in losses which 

accounts for approximately 19% of average grower revenues (Hodges et al. 2014; 

Hodges & Spreen 2015).  

D. citri acquire CLas while feeding on the phloem of infected citrus trees, and the 

disease is spread by the adults flying to and then feeding upon uninfected citrus trees 

(Manjunath et al. 2008; Jagoueix et al. 1994). Huanglongbing management currently 

relies on effective suppression of ACP with insecticides. Intense use of insecticides has 

caused widespread indications of insecticide resistance in ACP populations (Chen & 

Stelinski 2017). Significant emphasis is currently being placed on development of cures 

for HLB, but in the interim, the citrus industry is in need of short-term solutions to 

combat HLB. One potential method that is being investigated with significant previous 

precedence is deployment of antimicrobial compounds to target and kill the causal 

pathogen within trees. The Florida Commissioner of Agriculture issued a crisis 

exemption for use of three commercial antimicrobials on citrus in March 2016. FireLine 

(oxytetracycline hydrochloride), Mycoshield (oxytetracycline calcium carbonate), and 

Firewall (streptomycin sulfate) are labeled for use on other crops primarily as 
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prophylactic treatment of foliar bacterial pathogens. Studies have shown antibiotic 

treatments to significantly lower CLas titers in trees (Zhang et al. 2011; Zhang et al. 

2013a,b; Zhang et al. 2014). Antimicrobial efficacy depends on effective penetration and 

systemic movement of the material into the phloem. Trees are treated with foliar applied 

antimicrobials; however, little is known about the penetration of the material into the 

phloem, mobility within the phloem, or the concentration necessary to eliminate the 

bacterium. In addition, psyllids feeding on treated plants may ingest antimicrobials 

within the phloem, which may affect feeding, fitness, and transmission capacity if the 

materials negatively impact endosymbiont or CLas populations.  

In addition to CLas, Diaphorina citri have three other bacterial endosymbionts., 

including Candidatus Carsonella ruddii an obligate nature with its host and provides 

nutritional benefits to D. citri (Thao et al 2000; Nakabachi et al. 2006; Tamames et al. 

2007; Nachappa et al. 2011; Riley et al. 2017). This is important for D. citri fitness since 

their diet of plant phloem is largely deficient in amino acids (Douglas 1993; Sandström & 

Moran 1999; Macdonald et al. 2012). It is common for phloem feeding insects to utilize 

bacteria for this function and to maintain them in specialized bundles of cells called 

bacteriomes (Baumann et al. 1995). Previous studies have shown reductions in the 

obligate endosymbiont Buchnera aphidicola when antimicrobials were administered to 

Acyrthosiphon pisum (Griffiths & Beck 1974; Prosser & Douglas 1991; Chen et al. 2000; 

Koga et al. 2007) 

 It is not known whether the foliar antimicrobial applications have a fitness 

effect on D. citri or their endosymbionts. The goal of this study was to evaluate whether 

antimicrobial therapy for CLas infected citrus also has potential to control psyllid 
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populations. The results from these experiments will provide a clear indication of 

whether the utility of antimicrobials extends beyond reducing Las titers in trees to also 

reducing CLas transmission and controlling ACP populations. We hypothesized that 

antibiotics used to treat citrus plants infect with CLas would also have a negative impact 

on D. citri endosymbionts and, therefore, reduce host fitness. The current objectives 

were to: 1) evaluate the effect of dietary exposure to antibiotics on D. citri survival; 2) 

quantify the effect of antibiotic exposure on D. citri fecundity and fertility; and 3) 

determine whether antibiotic treatment reduces transmission of CLas by D. citri. 

Materials and Methods 

Insect and Plant Cultures 

D. citri were reared in a secure, insect-proof insectary at the University of Florida 

Citrus Research and Education Center (Lake Alfred, Florida). The D. citri culture was 

established in 2000 from feral D. citri collected in Polk County, Florida (28.0º N, 81.9º 

W) prior to detection of CLas in the state. D. citri were reared on a mixture of Citrus spp. 

and Murraya spp. grown free of insecticides at a 14:10 h light: dark cycle, 24±3 °C, and 

60±10% R.H. Plants and insects were regularly screened using quantitative real-time 

polymerase chain reaction (qPCR) analysis to confirm that colonies remained free of 

CLas infection (Li et al. 2006). 

Longevity 

The effects of oxytetracycline (Sigma Aldrich, St. Louis, Missouri, USA) or 

streptomycin (Gibco® Life Technologies, Grand Island, NY, USA) on the survival of D. 

citri adults were evaluated in feeding arenas. Feeding arenas were constructed 

according to Russel & Pelz-Stelinski (2014) with slight modifications. They were made 

from 60 mm plastic petri dishes with the top removed. A single layer of parafilm was 
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stretched over the top and 300 µl of diet solution was placed on top of the parafilm. A 60 

mm circle of Whatman® qualitative no. 5 filter paper (Whatman International Ltd, Kent, 

UK) was placed on top of the diet solution to absorb the solution. A second layer of 

parafilm was stretched over the filter paper. Dishes were maintained at 25°C, L14:D10 

photoperiod, and 55% RH in an insectary. Each feeding arena contained 300 µ of an 

artificial diet solution comprised of 17% sucrose, and one of the following treatments: 

oxytetracycline, streptomycin, imidacloprid (1.0 mg ml-1 , positive control) (Bayer 

CropScience LP, Research Triangle Park, North Carolina, USA), or water (negative 

control).  Antibiotics were evaluated at a low and high concentration (1.0 mg ml-1 or 5.0 

mg ml-1, respectively). Fifteen 5–d old D. citri adults from a CLas negative insectary 

were added to feeding arenas and mortality was recorded every 3-d and live insects 

were transferred to new feeding arenas with fresh diet solutions. The experiment was 

terminated after 30-d or when all insects were dead. Each treatment was replicated 

three times. The entire experiment was replicated 5 times on different dates.   

Fecundity and Fertility Assays 

The reproductive output of D. citri exposed to oxytetracycline or streptomycin 

treated plants was evaluated in a greenhouse assay. Five-month-old Citrus macrophylla 

plants reared in  an insect free greenhouse without exposure to insecticide received 

foliar applications of streptomycin (0.4 mg ml-1 FireWall 50WP, Agrosource, Tequesta, 

FL, USA), or oxytetracycline (0.3 mg ml-1 FireLine 17WP, Agrosource, Tequesta, FL, 

USA) , 0.40 mg ml-1 FireWall 50WP (+) 0.01 mg ml-1 Grounded , 0.30 mg ml-1 FireLine 

17WP (+) 0.0025 mg ml-1 Dyne-Amic (Helena Chemical Company, Collierville, 

Tennessee, USA), 0.0025 mg ml-1 Dyne-Amic, 0.01 mg ml-1 Grounded (Helena 

Chemical Company, Collierville, Tennessee, USA), 1.0 mg ml-1 imidacloprid (Bayer 
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CropScience LP, Research Triangle Park, North Carolina, USA), and water for a 

control. All treatments were dissolved in Nanopure water.  Treatments were applied until 

runoff using a handheld sprayer. Plants were allowed to dry before exposed to D. citri.  

One female and three male CLas negative D. citri aged at 3 days post adult 

emergence were enclosed on a Citrus macrophylla plant with an insect proof, mesh 

sleeve. A curved metal rod was used to reduce direct contact between the mesh screen 

and the plant. Plants were kept in an insectary at 24 ±3 °C, 60 ±10% R.H. with a 

L14:D10 photoperiod.  Females were allowed to oviposit on citrus plants with new 

growth (flush) over a 25-d period. Total eggs laid (fecundity) were counted under a 

stereoscope each 5-d period, then transferred to newly treated plants with flush to 

encourage new oviposition events.  

To determine if compounds containing AI oxytetracycline or streptomycin had an 

effect on the number of hatched eggs (fertility), plants were maintained as previously 

described for 6-d after adult removal. The total number of nymphs on plants were 

counted every 3-d under a stereoscope and recorded. 

Plant Inoculation 

To measure inoculation of D. citri after feeding directly on oxytetracycline or 

streptomycin, approximately 400 adult D. citri were collected by aspirating from the 

insectary containing CLas (+) plants and insects. D. citri were placed in 4ºC for two 

hours for easy handling and short-term storage. D. citri were transferred as groups of 20 

to feeding arena (Russel & Pelz-Stelinski 2014) containing feeding solution containing 

with oxytetracycline (1mg ml-1 or 5 mg ml-1), streptomycin (1mg ml-1 or 5 mg ml-1), 

imidacloprid (1mg ml-1), or Nanopure water for a negative control. After three days, 

adults were removed from feeding arena, sexed and 6 total D. citri, 3 males and 3 
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females, were placed on a CLas (-) plant contained within an insect proof mesh sleeve. 

Adults were allowed to feed and oviposit on a plant for two weeks before being 

removed. F1 generation adults were removed from plants upon emergence and stored 

in 80% EtOH at -20°C. Plants and D. citri were maintained at 24 ±3°C, 60 ±10% R.H., 

and L14:D10 photoperiod. After 90-d, leaves were collected as above. 

Prior to D. citri exposure, three leaves were subsampled to quantify the baseline 

CLas titer in each plant. Leaves were collected from the top, middle, and bottom of the 

plant. Midribs were excised 100 mg of finely chopped leaf tissue was ground under 

liquid nitrogen with glass beads (Tissuelyzer, Qiagen, Valencia, CA, USA). Nucleic acid 

extraction was performed with the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). 

Samples were diluted to 10 ng µl-1 and stored at -20ºC for later qPCR detection of CLas 

and COX titers. Conditions for qPCR were described in Li et al. (2006) and run on a 

7500 Fast Real-Time PCR Machine (Applied Biosystems, Foster City, California, USA). 

Primer and probes used are listed in Table 2-1.  

ELISA 

Absorption of streptomycin by plants following soil applications was assessed 

using an enzyme-linked immunosorbent assay (ELISA) (Plexense Inc., Davis, 

California, USA). Five-month-old C. macrophylla plants removed from soil and roots 

rinsed in distilled water. Plant roots were placed in an Eppendorf tubes containing 35 ml 

of Scotts MiracleGro (The Scotts Company LLC, West Palm Beach, Florida, USA) at a 

concentration of 4.5 g/L. Deionized water for a negative control, 5 mg ml-1 

Oxytetracycline or 5 mg ml-1 Streptomycin were added to the fertilizer before plant roots 

were placed into the solution.  
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After 48 hours, plants were removed from Eppendorf tubes, then re-potted in 

potting soil. Plants were placed in a cage containing 10 psyllids. After an additional 72 

hours, D citri and plant leaves were removed from plants. Preparation of samples for 

small molecule ELISA was prepared by following the protocol provided by Plexense 

(Plexense Inc., Davis, California, USA). Leaf midribs were isolated, chopped, and 

100mg were added to 1.5 ml Eppendorf tubes with a ceramic bead. Sample was frozen 

in liquid nitrogen and ground into a powder using TissueLyser II (Qiagen, Valencia, CA, 

USA). Samples were centrifuged for two minutes at 13,000 rpm. 500 µl reagent A was 

added to each sample, vortexed, and centrifuged for 5 minutes at 13,000 rpm. 200 µl of 

the supernatant was diluted 20-fold in reagent A.  

To detect quantity of oxytetracycline or streptomycin, 50 µl of diluted reagent B 

and 50 µl of standard solution or diluted sample was added to a well on a 96 well 

ACCEL ELISA Strip plate (Plexense Inc., Davis, California, USA), mixed gently, and 

allowed to incubate for 30 minutes at room temperature. Liquid was dumped from each 

well and washed by filling each well of ACCEL ELISA Strip with wash solution using a 

squeeze bottle for rinsing. Rinsing was repeated 4 times. Wash solution was dumped 

from each well and wells were dried. 100 µL of reagent C was added to each well of 

ACCEL ELISA-strip and incubated at room temperature for 15 minutes. Absorbance 

values were measured at 655 nm using the Spectra Max 250 microplate reader. 

Concentrations of samples were calculated from the curve generated from the samples 

used as standards. 

Statistical Analysis 

Inoculation efficiency following antimicrobial exposure were calculated according 

to the CLas gene copy number in leaves using nested qPCR. Differences in life history 
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characteristics were compared among treatments by normalizing the data with a square 

root transformation and then with an analysis of variance (ANOVA) followed by post-hoc 

multiple comparisons (Tukey’s HSD test) at p<0.05 (egg fertility and fecundity and plant 

inoculation), Kaplan-Meier log-rank Mantel-Cox analysis (longevity), or two-tailed T-test 

(ELISA).  

Results 

Longevity 

Feeding solutions containing oxytetracycline or streptomycin were orally 

administered to D. citri to determine the mortality inducing effects of these compounds 

(P< 0.0001, X2= 264.5, df= 5). There was an observed mortality effect on D. citri 

compared to control when 1mg ml-1 oxytetracycline (P ≤ 0.0001), 5mg ml-1 

oxytetracycline (P ≤ 0.0001), or the positive control imidacloprid (P ≤ 0.0001) was added 

a feeding solution (Fig. 3-1). Five mg ml-1 of oxytetracycline exhibited an approximate 

40% and 100% mortality effect of D. citri after 3 d and 10 d, respectively. This mortality 

effect was comparable to that of the positive control of imidacloprid at the same time 

points. Five mg ml-1 of oxytetracycline also differed from 1mg ml-1 oxytetracycline (P ≤ 

0.0001), which exhibited an approximate 25% and 63% mortality effect at the 3-d and 

10 d time points respectively. D. citri mortality on untreated plants was approximately 

20% and 30% during the 3-d and 10-d, time points respectively. Neither 5 mg ml-1 nor 1 

mg ml-1 streptomycin exhibited a mortality effect on D. citri compared to controls. By the 

29-d time point, there was approximately 40% survival associated with control and 

streptomycin treatments.  
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Fecundity and Fertility Assays 

Plants with developing leaf tissue, or flush, were treated with oxytetracycline or 

streptomycin to determine their fitness effects on D. citri fecundity. Mean fecundity 

(Figure 3-2) per 5-d period (P= 0.04, F= 3.14, df= 6, 34) and cumulative fecundity (Table 

3-1) over a 25-d period (treatment: P=0.01, F=3.77, df=6, 34; days: P=0.01, F=4.164, 

df=4, 34) were measured. Plants treated with streptomycin (+) Ground or Grounded had 

the lowest mean fecundity per 5-d: 1.22 eggs and 1.07 eggs, respectively. Streptomycin 

(+) Ground (P=0.02, F=4.087, df=8) and Grounded (P=0.01, F=3.09, df=8) were the 

only treatments that exhibited a negative fitness effect on D. citri average 5-d fecundity 

compared to control plants. They were also the only treatments to exhibit a negative 

fitness effect, compared to controls, on cumulative fecundity by the 20-d time point. All 

treatments exhibited a negative effect on average cumulative fecundity per female (P = 

0.01, F = 3.77, df =6, 24) by the 25-d time point compared to control treatments. 

Nymph presences was recorded to measure the fitness effects of active 

ingredient oxytetracycline and streptomycin on D. citri reproductive output. Mean fertility 

(Figure 3-3) per 5-d period (P = 0.05, F = 2.46, df = 6, 34) and cumulative fertility (Table 

3-2) over a 25-d period (treatment: P<0.0001, F=8.83, df=6, 34; days: P<0.0001, 

F=12.32, df=4, 34) were measured. Mean fertility per 5-d period differed between 

treatments with streptomycin (+) Grounded and Grounded exhibiting the lowest means 

of 0.53 and 0.40 nymphs per 5-d period, respectively. Differences in fertility were seen 

starting at the 20-d time point for oxytetracycline (Table 3-2). When the adjuvant Dyne-

Amic was applied alone or in conjunction with oxytetracycline, cumulative fertility 

different from control as early as the 10-d time point. The mean cumulative fertility 

associated with the adjuvant Grounded, when applied alone or with streptomycin, 
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differed from the mean of streptomycin alone or control treatments at all treatments after 

the 5-d time point. 

Plant Inoculation 

To test the inhibitory effects on inoculation of streptomycin and oxytetracycline, 

D. citri were orally exposed to these compounds at 5mg ml-1 and 1mg ml-1 and then 

released onto CLas free plants (P= 0.08, F= 2.17, df = 5, 34). Mean infection in the 

oxytetracycline treatment differed from plants treated with 1mg ml-1 imidacloprid. No 

treatment significantly differed from control plants in mean CLas copy number, but 

plants treated with 5mg ml-1 oxytetracycline exhibited only 25% infection.  

ELISA 

Plant roots were soaked in antimicrobial solution to determine their potential to 

adsorb and translocate the antimicrobials to the leaves. Both streptomycin and 

oxytetracycline were observed in higher concentrations in the leaves of treated plants 

compared to control plants (P< 0.0001, t= 19.06, df= 16 and P< 0.0001, t= 57.71, df= 4, 

respectively). A mean difference in antimicrobial concentrations was detected between 

D. citri that fed on plants treated with oxytetracycline versus controls (P=0.004, t=3.209, 

df=24). A difference was not observed between insects that fed on streptomycin treated 

plants versus control plants (P=0.77, t=0.29, df=81). 

Discussion 

Many management strategies have been tested and implemented for HLB, but 

there is no cure for infected trees and there is no guaranteed method to exclude D. citri 

from citrus groves. This enables infected D. citri to spread CLas to uninfected trees, and 

the reverse of uninfected D. citri acquiring CLas from infected trees (Inoue et al. 2009; 

Pelz-Stelinski et al. 2010). This has resulted in the implementation of foliar applied 
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formulations of antimicrobials to reduce CLas titers in citrus trees. FireLine 17WP is one 

antimicrobial approved for foliar use in Florida citrus. When applied at field rates, it 

contains 54.9 µg ml-1 of the active ingredient (AI) oxytetracycline. FireWall 50WP is a 

second antimicrobial approved for foliar use in Florida citrus. When it applied at field 

rates, it contains 263.2 µg ml-1 AI of streptomycin. It has previously been shown that 

antimicrobials can reduce CLas in infected plants through graft-based application 

(Zhang et al. 2014). The goal of this study was to determine if the antimicrobials used in 

Florida citrus have a fitness effect on D. citri. To test this, we measured longevity, 

reproductive output, and inoculativity of D. citri, as well as plant root uptake of these 

antimicrobials. These studies show that the antimicrobials have an effect on specific 

fitness parameters of D. citri under laboratory conditions, but it is not known if the 

effects observed here will be of biological significance to field population of D. citri. 

Adults D. citri are the primary vector for CLas dispersal (Hall et al. 2012), but 

adults are not as efficient at acquiring the CLas bacteria as the nymphal stage (Pelz-

Stelinski et al. 2010).  Mortality associated with 5mg ml-1 oxytetracycline was at 100% 

by 10-d after the initiation of the assay. This mortality effect is sufficient to kill uninfected 

adults D. citri before a large percent can acquire CLas (Pelz-Stelinski et al. 2010; 

Ammar et al. 2016) or kill the nymphal stage before they develop into adults (Tsai & Liu, 

2000). It is also in line with previous work by Ohtaka & Ishikawa (1991), where heat 

treatment was shown to reduce endosymbiont levels and harm aphid development and 

longevity. Another study by Prosser and Douglas (1991) indicated that reduction of 

endosymbiont titers reduced life span due to an accumulation of toxic nitrogenous 

waste product and a reduction of amino acids acquired through feeding. Koga et al. 
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(2007) showed a 100% reduction in the endosymbiont titers of Serratia and Buchnera 

when Acyrthosiphon pisum was fed ampicillin or rifampicin, respectively. This clearing of 

endosymbionts resulted in a reduction in aphid longevity. No other treatments tested, 

other than 1mg ml-1 imidacloprid, which is a known insecticide, had a 100% mortality 

inducing effect on D. citri. Although there was a mean reduction in longevity associated 

with 1mg ml-1 oxytetracycline, 33% and 15% survival were observed at the 14-d and 29-

d time point respectively. Accounting for a possible increase in development time to 

reach adulthood under variable conditions (Tsai & Liu 2000), some D. citri will most 

likely still be capable of reaching adulthood before they are killed by mortality inducing 

effects of 1mg ml-1 oxytetracycline. This could be a result of a reduction in obligate 

endosymbionts, but not complete remove, resulting in reduced mortality compared to 

5mg ml-1 oxytetracycline (Ohtaka & Ishikawa 1991). 

McLean et al. (2011) and Koga et al. (2007) showed a reduction in 

endosymbionts resulted in a reduction in oviposition events by A. pisum. In this study, 

we used field application rates of FireLine and FireWall and observed no reduction in 

average 5-d fecundity or fertility between D. citri on treated or control plants unless the 

adjuvant Grounded was applied. There was an observed difference in cumulative 

fecundity and fertility between control plants and all treatments, but this was not usually 

statistically significant until the 15 d – 25 d time points (Table 3-1; Table 3-2). It is 

possible that the treatments used in this study did not reduce endosymbiont titers, and 

therefore no accompanying reduction in fecundity or fertility was observed. Additionally, 

the reduction in fertility and fecundity associated with Grounded shown here (Figure 3-2; 

Figure 3-3; Table 3-1; Table 3-2) may indicate it is not an ideal adjuvant for future use. 
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Although no antimicrobials tested here significantly reduced mean CLas copy 

number between inoculated plants compared to control plants, previous studies have 

shown that specific antimicrobials can reduce CLas titers in citrus leaves through foliar 

application (Yang et al. 2015), graft application (Zhang et al. 2014) and trunk injection 

(Hu et al. 2018). The lack of significant reduction could be due to low replication 

numbers and might be more significant upon further replication. Further replication 

should reduce the variance observed between samples, which would help indicate if 

there is truly a significant difference between treatments and controls. Even without 

significant differences observed, there still remains a biological trend indicating that 

oxytetracycline inoculated plants have fewer CLas titers compared to plants inoculated 

with control D. citri. This could indicate that fewer CLas bacteria are being salivated into 

plants because fewer CLas bacteria remain in D. citri that fed on oxytetracycline or 

streptomycin. Although there is a large concentration of CLas in plants that were fed on 

by 5mg ml-1 treated D. citri, that observation may not persist with greater replication.  

CLas is commonly found in the salivary glands of D. citri and is transferred from 

the salivary glands to the plant during the feeding process (Pelz-Stelinski & Killiny, 

2016). Verifying that the antimicrobials can reach the leaves and D. citri indicated that 

they might also come in contact with CLas as it is being transmitted acting to slow the 

spread of CLas. To test the concept of trunk injections on D. citri, we used an ELISA 

based assay to detect antimicrobials in citrus leaves and in D. citri that fed on those 

leaves. We found mean differences between both streptomycin and oxytetracycline in 

leaves from control and treated plants, indicating the antimicrobials are reaching the 

feeding location of D. citri.  We further tested D. citri for presence of these antimicrobials 
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with the same ELISA based assay and found mean differences in antimicrobial 

concentrations, indicating that D. citri were being orally exposed to these antimicrobials 

through a process similar to trunk injection.  

  



 

43 

 
 

Figure 3-1. Mortality effects of oxytetracycline, streptomycin, and imidacloprid on D. citri 
as displayed by percent survival Kaplan-Meier longevity curves. Different 
letters indicate a significant difference among means according to the log-
rank (Mantel-Cox) test (P ≤ 0.05). 
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Figure 3-2. Mean fecundity per female per 5-d. Different letters over bars indicate P ≤ 
0.05 by a one-way ANOVA followed by Tukey’s HSD posthoc test. 
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Table 3-1. Mean cumulative fecundity per female counted every 5-d period. 

Different letters indicate a difference among means according to a two-way ANOVA with a Tukey's 
posttest (P ≤ 0.05).cumulative fecundity.   

Treatment 5-d 10-d 15-d 20-d 25-d 

Oxytetracycline 25.17±21.64a 42.83±28.50a 60.56±35.29a 76.89±34.70ab 86.39±39.77b 

Oxytetracycline 
(+) Dyne-Amic 15.14±7.56a 48.71±14.45a 55.29±16.02a 64.71±23.52ab 64.71±23.52b 

Dyne-Amic 25±18.67a 43.25±25.30a 51.5±32.28a 55.5±30.60ab 55.5±30.60b 

Streptomycin 21.4±17.26a 34.6±30.41a 55.4±27.09a 69.6±24.15ab 78.4±26.33b 

Streptomycin 
(+) Grounded 37.66±23.68a 37.66±23.68a 37.66±23.68a 37.66±23.68b 37.66±23.68b 

Grounded 28.5±1.5a 28.5±1.5a 28.5±1.5a 28.5±1.5b 28.5±1.5b 

Control 32.5±28.54a 73.17±53.24a 81.67±52.73a 113.92±62.17a 133.92±75.01a 
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Figure 3-3. Mean egg hatch per female per 5-d. Different letters over bars indicate P ≤ 
0.05 by a one-way ANOVA followed by Tukey’s HSD posthoc test. 
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Table 3-2. Mean cumulative fertility per female counted every 5-d period.  

Treatment 5-d 10-d 15-d 20-d 25-d 

Oxytetracycline 19.75±13.05a 43.42±26.62ab 49.92±25.21ab 54.42±24.71b 54.42±24.71b 

Oxytetracycline (+) 
Dyne-Amic 17.71±4.73a 30.57±10.18bc 36.14±10.09bc 42.43±15.0bc 42.43±15.0bc 

Dyne-Amic 7.75±8.37a 15.5±12.25bc 23±20.03bc 24.75±19.96bcd 24.75±19.96bcd 

Streptomycin 16.2±15.46a 27.2±26.46bc 35.8±25.0bc 43.8±22.84b 43.8±22.84b 

Streptomycin (+) 
Grounded 3.0±3.16a 3.0±3.16c 3.0±3.16c 3.0±3.16cd 3.0±3.16cd 

Grounded 2.0±3.74a 2.0±3.74c 2.0±3.74c 2.0±3.74d 2.0±3.74d 

Control 28.0±21.73a 76.79±55.72a 83.29±59.51a 99.12±72.03a 99.12±72.03a 

Different letters indicate differences among means according to a two-way ANOVA with a Tukey's 
posttest (P ≤ 0.05).  
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Figure 3-4. Inoculativity test results. Plants were tested 90-d post-treatment. Different 

letters over bars indicate P ≤ 0.10 between means by a one-way ANOVA with 
a Tukey posttest. 
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Table 3-3. CLas inoculation by D. citri.  

Results of CLas inoculation to healthy C. macrophylla by infected D. citri treated with antimicrobials. 
Positive plants indicated by Ct < 35.   

Treatment Total 

  No. % 

Oxytetracycline (5 mg/ml) 1/4 25 

Streptomycin (5 mg/ml) 6/7 85.71 

Imidacloprid (1mg/ml) 5/5 100 

Oxytetracycline (1 mg/ml) 8/10 80 

Streptomycin (1 mg/ml) 3/4 75 

Untreated 8/10 80 
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Figure 3-5. ELISA detection of (A) streptomycin in citrus leaves (B) and psyllids that fed 

on treated leaves (C) and oxytetracycline in citrus leaves (D) and psyllids that 
fed on treated leaves. Concentrations determined a standard curve. Different 
letters over bars indicate P ≤ 0.05 between means by an unpaired two-tail T-
test.  
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CHAPTER 4 
BEHAVIORAL RESPONSE OF DIAPHORINA CITRI TO ANTIMICROBIALS 

Diaphorina citri are a major pest of global citrus production (Bové 2006; Grafton-

Cardwell et al. 2013) due to their status as vectors of Candidatus Liberibacter asiaticus 

(CLas), the causal agent of citrus greening disease. Current management strategies 

rely on chemical and behavioral manipulation to reduce damage caused by D. citri 

(Boina et al. 2009; Rogers & Dewdney 2016).  

Current Integrated Pest Management (IPM) programs to reduce HLB rely on 

insecticidal management of D. citri populations, maintenance of pathogen-free nursery 

stock, and tree removal to limit transmission of inoculum to susceptible citrus (Rogers & 

Dewdney 2016; Grafton-Cardwell et al. 2013). Aggressive use of insecticides and 

limited available modes of actions have led to increases in populations of D. citri that 

are resistant to currently available insecticides. Biological control of D. citri populations 

with the ectoparasitoid Tamarixia radiata is also used for management of D. citri in 

organic groves; however, parasitism rates rarely exceed 20% (Qureshi et al. 2009).  

There is an urgent need to develop alternative strategies for sustainable D. citri 

control. Recent effort to control CLas populations in citrus, which include applications of 

antimicrobial compounds, may offer one such novel strategy for managing D. citri, 

particularly when combined with a traditional insecticidal spray program. Efforts to 

screen and develop bactericides and other curative products are underway. Recently, 

Section 18 emergency exemptions were issued for the use of three commercially-

available antibiotic compounds in citrus, streptomycin sulfate (FireWall 50WP, 

AgroSource, Inc.), oxytetracycline hydrochloride (FireLine 17WP, AgroSource, Inc.), 

and oxytetracycline calcium complex (Mycoshield, Nufarm Americas, Inc.). Ampicillin, 
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carbenicillin, penicillin, cefalexin, rifampicin and sulfadimethoxine are effective in 

eliminating or suppressing CLas when applied using graft-based chemotherapy (Zhang 

et al. 2014). FireWall and FireLine are approved management of several other 

agricultural diseases in addition to HLB, including fire blight in apple and pear crops. 

Antimicrobial treatments for psyllids may negatively affect a variety of psyllid 

biological features, including fecundity, transmission capacity, life span, developmental 

time, and behavior (Prosser & Douglas 1991; Hermans et al. 2001; Machado-Assefh et 

al. 2015). Comprehensive examination of the effects of antibiotic treatment on D. citri 

biology will assist in determining the utility of incorporating these materials into an IPM 

program for HLB management.  

Chemical manipulation of D. citri with neonicotinoid insecticides relies on 

irreversible binding of the compounds to the post-synaptic nicotinic acetylcholine 

receptors in the Central Nervous System (CNS) (Ware & Whitacre 2004), which causes 

rapid and continuous firing of nerve signals from the neuron with subsequent 

inactivation of the neuron (Schroeder & Flattum 1984; Buckingham et al. 1997; Matsuda 

& Sattelle 2005). Insects exhibit increased mortality and reduced probing following 

exposure to imidacloprid (Boina et al. 2009; Serikawa et al. 2012; Miranda et al. 2016). 

FireWall 50WP and FireLine 17WP are intended to reduce CLas titers in infected plants, 

but they may also alter the response of D. citri to host plants. We hypothesize that 

antimicrobial treatments will have a repellant effect on D. citri; in which case, psyllids 

would preferentially select and settle on untreated host plants. Finally, we hypothesize 

that if D. citri are repelled by antimicrobials, they will not feed on treated plants as much 

as untreated plants. In this study, we evaluated whether: 1) antimicrobials inhibit D. citri 
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feeding on an artificial diet, and 2) antimicrobial treatment deters settling of D. citri on 

citrus seedlings in a greenhouse bioassay.  

Materials and Methods 

Maintenance of Insect, Pathogen and Host Plants 

Uninfected adult ACP used in behavioral bioassays were obtained from a 

laboratory culture at the University of Florida, Citrus Research and Education Center 

(Lake Alfred, USA). The culture was established in 2000 from field populations in Polk 

Co., FL, USA (28.0oN, 81.9oW) prior to the discovery of HLB in FL. The culture is 

maintained without exposure to insecticides on ‘Hamlin’ orange [C. sinensis (L.) Osb.]. 

Monthly testing of randomly sampled D. citri nymphs and adults by qPCR was 

conducted to confirm that psyllids are uninfected. 

CLas-free host plants used in the experiments were cultivated from C. sinensis 

seed  in a greenhouse without exposure to insecticides. The nursery-obtained plants 

were confirmed negative for CLas infection by qPCR. Uninfected and CLas-infected 

plants were maintained in separate secure enclosures with minimal risk of cross 

contamination. 

Settling Bioassay 

Three to five-month-old Citrus macrophylla plants with new leaf growth, called 

flush, and of uniform height (7-10 cm) were used for settling assays. A seedling treated 

with an antimicrobial was paired with a designated control seedling, spaced 0.5 m apart 

on opposite sides of a 0.6 x 0.4 x 0.4 m screen cage. Five replicate cages were spaced 

1 m apart and rearranged every 24 hours to minimize location effects. The experiment 

was conducted in a climate-controlled room at 25°C, L14:D10 photoperiod, and 55% 

RH. Each plant served as an experimental unit.  
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Each treated received a foliar application of 0.4 mg ml-1 FireWall 50WP 

(Agrosource, Tequesta, Florida, USA), 0.3 mg ml-1 FireLine 17WP (Agrosource, 

Tequesta, Florida, USA), 1.0 mg ml-1Admire® Pro 4.6F (Bayer CropScience LP, 

Research Triangle Park, North Carolina, USA), or deionized water. Fifteen D. citri adults 

of mixed age and gender from a CLas-free laboratory culture were collected in a vial 

and starved for two hours. At the onset of the experiment, D. citri were released into the 

center of each and allowed to settle on seedlings. D. citri settled on seedlings, or found 

dead, were recorded 4 h, 8 h, 24 h, 48 h, and 72 h after release. Preferences were 

assessed by the number of adults found on each host plant at each time point. The 

entire experiment was replicated five times.  

Feeding Inhibition Assay 

The objective of this experiment was to determine whether antimicrobial 

compounds inhibit D. citri feeding by quantifying honeydew production by D. citri 

following exposure to the compounds in an artificial diet. The sucrose solution consisted 

of oxytetracycline hydrochloride (Sigma Aldrich, St. Louis, Missouri, USA) and 

streptomycin sulfate (Gibco® Life Technologies, Grand Island, NY, USA) dissolved in a 

17% sucrose solution at a concentration of 5.0 mg ml-1 or imidacloprid (Admire® Pro 

4.6F) dissolved in a 17% sucrose solution at a concentration of 1.0 mg ml-1. Feeding 

arenas were constructed according to Russel & Pelz-Stelinski (2014) with slight 

modifications, and consisted of 60 mm plastic petri dishes with the top removed. A 

single layer of parafilm was stretched over the top of the arena. Three hundred µl of 

sucrose solution was placed on top of the first parafilm layer. A 60 mm circle of 

Whatman® qualitative no. 5 filter paper (Whatman International Ltd, Kent, UK) was 

placed on top of the sucrose solution. A second layer of parafilm was stretched over the 
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filter paper to maintain moisture within the filter paper. Ten female adult D. citri of mixed 

age were collected from field locations in Lake Alfred, Florida, USA (28º05’42.0” N 

81º43’19.2” W) and placed inside the feeding arena on top of the first layer of parafilm. 

The lid was placed onto the arena and the arena was inverted. A second 60 mm circle 

of Whatman® qualitative no. 5 filter paper was placed underneath the feeding D. citri to 

collect excreted honeydew droplets. Dishes were maintained at 25°C, L14:D10 

photoperiod, and 55% RH in an insectary. After 72 h the filter papers were collected and 

stained with ninhydrin (Sigma-Aldrich, St. Louis, MO) in acetone (1% weight/volume), as 

described by Boina et al (2009). Feeding rates were determined by enumerating the 

number of honeydew droplets, stained purple by the ninhydrin treatment. The 

experiment was replicate seven times. 

Statistical Analysis 

A repeated-measures ANOVA was used to determine if there was a significant 

difference in the mean number of D. citri that settled on antimicrobial versus control-

treated seedlings across time points. For the feeding bioassay, the mean number of 

honeydew droplets excreted by D. citri in each treatment were compared with ANOVA, 

followed by means separation using Tukey’s Honestly Significant Difference (HSD) test 

to determine differences among treatments. Individual means for the settling and 

feeding inhibition assay were analyzed using a two-tailed unpaired T test. A significance 

values of α=0.05 was used to determine significance. Analyses were performed using 

GraphPad Prism 5 (GraphPad Software, La Jolla, California, USA). 
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Results 

Settling Bioassay 

The objective of this experiment was to determine if FireLine 17WP or FireWall 

50WP had a host selection effect on D. citri. This was assessed by comparing the 

percent of total D. citri selecting host plants at each time point. 

Fewer D. citri were observed on oxytetracycline-treated than control plants 24 h 

after D. citri were released into the cages (P= 0.02, F= 8.00, df= 1, 9). The lowest 

percentage of adult D. citri observed on oxytetracycline-treated plants (23%) occurred 

after 48 h and 72 h after release (Figure 3-1 D-E). This difference was significant at both 

48 h (P= 0.01, F= 11.37, df= 1, 9) and 72 h (P= 0.003, F= 16.81, df= 1, 9). A higher 

percentage of D. citri settled on oxytetracycline-treated seedlings than control seedlings 

after 4 h (P= 0.79, F= 0.07, df= 1, 9) (Figure 3-1A). 

Streptomycin-treated plants experienced a larger percentage of adults settling at 

all five time points than controls, although there was never more than a ten percent 

difference between treatments. Thirty six %, 23%, and 23% of settled D. citri selected 

streptomycin-treated plants at 24 h, 48 h, and 72 h respectively, which equates to a 

13% reduction in settling, as compared to control, after the 24 h time point. C. 

macrophylla plants sprayed with FireLine 17WP had the lowest percentage of settled 

adult D. citri after 48 h and 72 h (Figure 3-1 D-E) compared to other treatments tested.  

The lowest percentage of adult D. citri settled on C. macrophylla seedlings 

treated with imidacloprid after 4 h, 8 h, and 24 h (Figure 3-1 A-C), with approximately 

17% of settled D. citri choosing imidacloprid-treated seedlings over control seedlings 

within the first four hours. This percentage nearly doubled to 33% after 8 h). A lower 

percentage of D. citri settled on imidacloprid-treated seedlings than on control plants at 
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every time point (Figure 3-1). Settling was used to quantify host deterrence caused by 

foliar treatment. The greater the observed difference in settling between treated and 

control plants signified a greater deterrent effect from the treatment.  

Feeding Inhibition Assay 

The objective of this experiment was to determine whether antimicrobials 

reduced feeding of adult D. citri. Ninhydrin stains on filter paper was used to quantify D. 

citri feeding. The greater number of ninhydrin stains equated to more honeydew 

excretions, which was used to quantify the amount of feeding. Honeydew production 

was lower when D. citri fed on diets containing 5.0 mg ml-1 oxytetracycline for 72 h 

compared with control diet solution (P= 0.0897, t= 1.846, df= 12). All treatments 

reduced the amount of honeydew droplets produced by adult D. citri after 72 h 

compared to untreated diets (Figure 3-2), but there was no observed significance 

between any treatments at α= 0.05 (P= 0.3991, F= 1.025, df= 3,27). 

Discussion 

Numerous reports have demonstrated reductions in insect fitness in response to 

antibiotic-mediated suppression of bacterial symbionts.  In a previous study (Rivas et al. 

personal communication), exposure to streptomycin and oxytetracycline through 

artificial diet or treated citrus cuttings reduced D. citri fitness and decreased populations 

of Wolbachia in the insects compared to those fed on antibiotic-free food sources.  

Deleterious effects on insect fitness are often associated with behavioral alterations, by 

altering responses to host or environmental cues or by altering feeding behaviors (Lu et 

al. 2016). The purpose of this investigation was to evaluate the behavioral effects of 

antibiotic treatments on D. citri.  
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The results of this study demonstrate that antimicrobial treatment alters the 

feeding behavior of D. citri adults compared with insects not exposed to antibiotics in 

their diet. We observed reduced feeding on diets containing oxytetracycline compared 

with antibiotic-free diets. This suggests that the gustatory cues received by D. citri when 

feeding on sucrose diets may be altered when oxytetracycline is incorporated into the 

diet. Additional investigations are needed to determine whether feeding reductions in 

response to oxytetracycline and streptomycin are associated with other behaviors, such 

as the amount of time spent probing or ingesting diet substrates (Wilkinson & Douglas 

1995; Serikawa et al. 2012; Machado-Assefh et al. 2015).  

Although D. citri prefer to settle on citrus flush compared to mature leaf tissue 

(Mann et al. 2012; Sétamou et al. 2016), they can be deterred from ideal host plants 

that have received a foliar application of insecticides (Ichinose et al. 2010; Tiwari & 

Stelinski 2013), kaolin clay (Miranda et al. 2018), and varying plant extracts (Zaka et al. 

2010; Ouyang et al. 2013; Kuhns et al. 2016). Moreover, D. citri feeding is reduced in 

response to some insecticides, such as cyantraniliprole, imidacloprid, and 

flupyradifurone (Boina et al. 2009; Tiwari & Stelinski 2013; Chen et al. 2017). Feeding 

reduction is an important component in managing CLas transmission, as the pathogen 

is acquired and transmitted by D. citri during feeding. Continuous feeding for 

approximately 30 min on infected trees is required for pathogen acquisition, and 5–7 h 

of feeding on trees is required for transmission to healthy plants (Grafton-Cardwell et 

al. 2013). Thus, the spread of the pathogen may be reduced by deterring the vector 

from feeding on citrus plants (Chiyaka et al. 2012; Nakasuji et al. 1975; Nauen 1995; 

Nauen et al. 1998).  
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 Host selection is a complex behavior regulated by the CNS in response to 

stimuli. Insects predominately receive stimuli from plants in the form of visual, 

olfactory, and gustatory nerve response (Gullan & Cranston 2009). Changes in these 

cues can change insect responses to host plants. This study indicated that 

antimicrobial compounds applied to citrus for reduction of CLas might deter some D. 

citri feeding and settling. The application of feeding deterrents, such as insecticides, is 

an important component of HLB management (Grafton-Cardwell et al. 2013). Previous 

observations of reduced fitness of D. citri treated with antimicrobials may be directly 

associated with reduced feeding. Further field-scale evaluation is needed to determine 

the efficacy of oxytetracycline and streptomycin for preventing new CLas infections. 

The properties of antimicrobial treatments identified by this investigation may prove to 

be of additional value in reducing HLB incidence beyond direct reduction of the 

pathogen in plants.  
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Figure 4-1. Settling preference of D. citri adults on citrus plants compared to control 

plants at (A) 4 h, (B) 8 h, (C) 24 h, (D) 48 h, (E) 72 h after release of adults. 
Bars with different letters indicates significant difference by unpaired two-tail T 
test (P < 0.05). 



 

61 

 
 

Figure 4-2. Feeding of D. citri as measured by honeydew production. Bars with 
difference letters are significantly different following an unpaired two-tail T test 
(P < 0.10). 
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CHAPTER 5 
SUMMARY AND CONCLUSION 

Huanglongbing is a bacterial disease of citrus caused by the pathogen 

Candidatus Liberibacter asiaticus (Bové 2006). CLas is transmitted by Diaphorina citri. 

For this reason, D. citri is a major pest of citrus. In March 2016, the Florida 

Commissioner of Agriculture issued a crisis exemption for the use of three commercial 

antimicrobials for control of citrus Huanglongbing: FireLine (oxytetracycline 

hydrochloride), Mycoshield (oxytetracycline calcium complex), and FireWall 

(streptomycin sulfate), which are labeled for use primarily as prophylactic treatment of 

foliar bacterial pathogens. 

D. citri feed on a diet of plant phloem, which lacks key amino acids necessary for 

D. citri growth and survival (Douglas 1993). To overcome this challenge, D. citri have 

developed a symbiotic relationship with the bacteria Candidatus Carsonella ruddii, 

Candidatus Profftella armature, and Wolbachia (Nakabachi et al. 2006; Nakabachi et al. 

2013; Ren et al. 2017). We hypothesized that antibiotics used to reduce CLas infection 

in citrus would also reduce titers of these endosymbionts, resulting in a reduction in D. 

citri fitness. To test this hypothesis, D. citri were exposed to antibiotics in a series of 

bioassays to quantify their effects on insect fitness, host selection, and feeding 

behavior. Additionally, we evaluated the capacity of the antibiotics to translocate from 

the roots to the leaves and subsequently be detected in D. citri. 

We observed a reduction in Carsonella titers and insect survival when D. citri fed 

on oxytetracycline in artificial diet compared to control diet.  In addition to reduced 

survival, reduced CLas inoculation, settling deterrence, and feeding inhibition were also 

observed in response to oxytetracycline treatments. Similar effects on fitness and 
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behavior were not observed in response to streptomycin. Cumulatively, these results 

indicate that oxytetracycline may be a useful management tool for management of CLas 

transmission and D. citri, in addition to management of plant CLas infection.  

In the future, it would be useful to evaluate to effect of antimicrobials on the 

endosymbiont Profftella, as it is maintained in a different location within the bacteriome 

than Carsonella (Nakabachi et al. 2013). Profftella plays an important role in D. citri 

defense; therefore, reduction in Profftella concentration may have a negative effect on 

the fitness of D. citri. Negative fitness effects following exposure to antimicrobials may 

also be associated with changes in the gut microbiota of D. citri, although their exact 

role in D. citri physiology is unknown (Subandiyah et al. 2000).  

Although CLas titers were reduced in plants inoculated by CLas-infected D. citri, 

it will be important to follow-up these experiments by evaluating CLas titer changes in D. 

citri following dietary exposure to antibiotics. Reductions in the CLas titer of infected D. 

citri may indicate that antibiotics can be used to reduce the pathogen to concentrations 

that are insufficient to cause an infection in plants. In addition, electrical penetration 

graph recordings and evaluation of host olfactory cues in response to antimicrobials will 

be useful for elucidating the mechanisms underlying the effect of these compounds on 

host selection and feeding behavior. Further investigation is also needed to determine 

the dose response of D. citri to foliar and soil applied antimicrobials and to quantify the 

amount of antimicrobial ingested. Mass spectrometry and bacterial inhibition assays 

should be conducted quantify antimicrobials in citrus phloem and ingested by D. citri 

during feeding in order to determine efficient application rates of antimicrobials for 

management of CLas in the field. 
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