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Hao Hu 
 

August 2012 
 

Chair: Ronald H. Brlansky 
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Citrus huanglongbing (HLB) is a devastating citrus disease. HLB in Florida is 

associated with bacterial pathogen Candidatus Liberibacter asiaticus (Las) and 

transmitted by Asian citrus psyllid (Diaphorina citri). Some citrus relatives have been 

listed as hosts of the psyllid and/or the associated bacterium based on field surveys or 

PCR tests on field samples, but their status has never been systematically studied. In 

this work, 8 citrus relatives, i.e., Severinia buxifolia, x Citrofortunella microcarpa, 

Citropsis gilletiana, Esenbeckia runyonii, Zanthoxylum fagara, Choisya aztec ‘Pearl’, 

Choisya ternata ‘Sundance’, and Amyris texana, were studied to investigate their 

alternative host status. Possible transmission pathways for each plant were tested with 

repeated psyllid transmission experiments as well as grafting where compatible. After 

inoculation, plants were monitored for symptom development and tested by real-time 

PCR (qPCR). The results showed that all plants studied except A. texana were infected 

by Las although their transmissibility varied a lot based on bacterial persistency and 

psyllid activities.  
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Although estimating live bacterial genome (LBG) is critical for HLB research, PCR 

has limitations on differentiating live and dead cells. Propidium monoazide (PMA), a 

novel DNA-binding dye, has already been successfully used on many bacterial plant 

pathogens to effectively remove DNA from dead cells, but no applications on uncultured 

bacteria like Las were reported. In this study, PMA-qPCR protocols were first optimized 

to work with plant and psyllid materials, respectively. Then, they were used to determine 

LBG in various studies, such as establishing correlation between LBG and microscopic 

counting, checking the reactions of different citrus plants to Las infection, and checking 

the connection between LBG and leaf symptom expression. Lastly, the LBG dynamics 

inside HLB positive citrus and non-citrus hosts was monitored monthly through a 20-

month period, and a seasonal development pattern was observed in both hosts.  

This study experimentally demonstrated the alternative host status of 7 plant 

species, of which 6 plants were 1st time reported in the world. The optimized PMA-

qPCR provides an accurate way to determine LBG in hosts of Las, which should benefit 

various HLB research and serve as a crucial component in HLB management.  
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CHAPTER 1 
LITERATURE REVIEW 

1.1 Citrus Huanglongbing 

Citrus is the most important tree fruit crop in the world with production in over 100 

countries of all the six continents (Saunt 2000). Among the many citrus diseases, 

huanglongbing (HLB) is probably the most destructive and devastating one worldwide 

(Halbert and Manjunath 2004; Bove 2006). The disease can reduce fruit quality and 

cause premature fruit drop, and eventually kill infected trees. Fruits from HLB-affected 

trees are often small, misshaped with bitter taste, and they usually do not color properly, 

for which reason the disease is also called citrus greening in Africa and the Americas 

(like the United States) (Bove 2006; da Graca 1991; da Graca and Korsten 2004). For a 

long time, HLB only affected citrus producing countries in Africa (Pietersen et al. 2010) 

and Asia (Bove 2006; Ding et al. 2009; Gottwald et al. 1989; Manjunath 2009), the 

Arabian Peninsula, and the Reunion and Mauritius Islands, but in recent years, it has 

spread to the Americas. In 2004, it was first reported in the State of Sao Paulo, Brazil 

(Coletta-Filho et al. 2004), which was also the first report of HLB in Western 

Hemisphere, then Florida, USA in 2005 (Halbert 2005), Cuba in 2008 (Martinez et al. 

2009; Luis et al. 2009), Dominican Republic in 2008 (Matos et al. 2009), and Honduras 

in 2010 (Manjunath et al. 2010). This spread has caused great concern to the other 

states and neighboring countries with citrus production, especially those where the 

citrus psyllid vector is present. For all countries, HLB poses a great threat to the local 

citrus industry. For example, since the discovery of citrus HLB in south Florida in 2005, 

the disease has cost the State of Florida more than 3.63 billion dollars and more than 

6611 (full time and part time) jobs.      
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Three types of HLB have been reported (Bove 2006; Zhang et al. 2011b), and they 

are associated with three species of phloem-restricted Gram-negative bacteria, 

Candidatus Liberibacter asiaticus (Las), Ca. L. africanus (Laf) (da Graca, 1991; Planet 

et al. 1995), and Ca. L. americanus (Lam) (Teixeira et al., 2005a; Coletta-Filho et al. 

2005), which all belong to the alpha-subdivision of Proteobacteria (Jagoueix et al. 

1994). These fastidious bacteria are not in pure culture yet, nor has Koch’s postulates 

been fulfilled for HLB, which poses a major obstacle in HLB research. Although HLB is 

graft transmissible, it is mainly transmitted by an insect vector, the citrus psyllid, in the 

field. Besides, for long distance transmission, citrus material transportation by human 

and wind-driven insect vector are the major means reported (Halbert et al. 2010a; 

Halbert et al. 2010b; Ramadugu et al. 2008). There are two types of citrus psyllids 

responsible for HLB transmission, the Asian citrus psyllid (ACP), Diaphorina citri, in Asia 

and the Americas; and the African citrus psyllid, Trioza erytreae in Africa.  

This disease was first demonstrated to be a graft-transmissible (i.e., infectious) 

disease by Chinese phytopathologist Lin in 1954, therefore, the Chinese name of the 

disease that Lin used in his work, 黄龙病 or huanglongbing in English, which means 

‘yellow dragon disease’ in Chinese, was proposed to be the official name in the 13th 

conference of the International Organization of Citrus Virologists (IOCV) in Fuzhou, 

Fujian, China. Today the name of HLB is widely used for the three types of the disease.  

All known citrus species and cultivars are affected by HLB with little known 

resistance and no known cure. Nowadays, major management strategies are insecticide 

applications to reduce psyllid populations, removal of infected trees to eliminate sources 

of bacterial inoculum, and the establishment of pathogen-free nursery systems. 
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1.1.1 HLB - the Disease 

1.1.1.1 Disease type 

The Asian type of HLB associated with Las is mainly distributed in Asia and the 

Americas, and it is a heat tolerant type (Garnier and Bove 1993; Bove 2006). HLB in 

India does well in hot conditions above 25°C. Asian HLB used to be kept out of the 

areas with cold winter climates, and its symptoms are less pronounced and disappear 

above 1500 m, most probably due to the climate limit on vectors (Wang et al. 2006; 

Aubert 1987). The African type of HLB associated with Laf is mainly distributed in Africa, 

and it is heat-sensitive. African HLB manifests symptoms primarily under cool conditions 

(below 25°C), and under greenhouse conditions, it does not show symptoms above 

27°C. In South Africa, HLB symptoms are more pronounced in winter than in summer, 

and African HLB is more serious in elevations above 700 m. Symptoms of African HLB 

are moderate to severe at 22 to 24°C and disappear at 27 to 32°C, while symptoms of 

Asian HLB from India and Philippines are severe at both temperature regimes. The 

American type of HLB associated with Lam is only found in Brazil, and it is heat 

sensitive (Lopes et al. 2009b). Lam was the predominant species when HLB was first 

reported in Brazil in 2004 (Teixeira et al. 2005a), but there was a disproportionate 

increase in the occurrence of Las, and now Lam has become more difficult to find 

(Lopes et al. 2009a). 

1.1.1.2 Geographic distribution 

For geographic distribution of HLB in the world, many review papers have 

compiled the information and listed all the countries and areas affected (Bove 2006; 

Halbert and Manjunath 2004), therefore, there is no need to repeat their work here in 

this short introduction. There are two general ideas about HLB distribution worth sharing: 
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one is that HLB is affecting all the major citrus-producing countries and areas and the 

number of countries is still increasing (especially in the Americas where HLB is 

becoming endemic); the other one is that once a psyllid vector is present in certain area, 

it’s only a matter of time that HLB also is discovered in the area. So far, the citrus 

regions free of psyllids and HLB are the Mediterranean basin, most of Western Asia 

(Near and Middle East), Australia, and North- and South-Pacific islands, although they 

all are endangered by neighboring areas contaminated with the psyllid vectors and/or 

HLB. Along with the wide distribution in the world, bacterial isolates from different HLB 

areas were found to have considerable genetic and physiological variations (Bastianel 

et al. 2005; Tomimura et al. 2009; Ding et al. 2009; Furuya et al. 2010; Hu et al. 2008; 

Jagoueix et al. 1997; Katoh et al. 2011; Ramudugu et al. 2011; Teixeira et al. 2008a; 

Tomimura et al. 2010), which was studied and used for different purposes, such as 

tracking the origin of the bacterium in a new HLB breakout to the source area. 

1.1.1.3 Transmission 

Other than graft transmission (mainly in the nursery) and psyllid transmission 

(natural way in the field), which are both well-established transmission pathways of 

HLB, whether HLB is transmissible from infected trees to the next generation through 

seeds has not reached a definite answer so far.  

HLB infection has a major impact on fruit quality, and research showed that seed 

quality including seed number per fruit, seed weight, seed germination, and seedling 

size, is also adversely affected (Albrecht and Bowman 2009). Regarding seed 

transmission, Tirtawidjaja (1981) reported that seeds taken from normal-looking and 

symptomatic (small, misshaped, and discolored) fruits were planted and different results 

were observed: no symptoms were found on seedlings from seed taken from normal 
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fruit (even when they are collected from infected trees), but some seedlings produced 

from seeds of fruits with HLB abnormality had stunted plants with chlorosis. Three of the 

seedlings had the same appearance as psyllid-inoculated plants. However, no 

molecular diagnosis was included in this study, nor repeats were adequate. In some of 

the most recent studies, a small percentage of the seedlings grown from seeds of HLB-

affected trees were positive for Las with quantitative PCR (Graham et al. 2008; Albrecht 

and Bowman 2009; Hilf 2011), but the PCR results neither persisted nor correlated with 

disease symptoms (i.e., no HLB disease found on those seedlings later). These all 

suggested that the bacterial pathogen was not transmitted into the seedlings in a way 

permitting disease development. It seems clear that all studies on HLB seed 

transmission which have relied solely on qPCR for pathogen detection cannot derive a 

conclusive answer to this question (Hilf 2011). Further research, especially the ones 

with new approaches and methodologies to address this question more thoroughly, is 

needed (Hilf 2011).  

Citrus fruits are well-vascularized organs, and during seed development, the 

chalaza produces the integuments (inner and outer seedcoat) and the nucellus, thus 

providing a pathway for the bacterium to enter the seed (Albrecht and Bowman 2008). 

In an investigation of Las distribution throughout the plant, Tatineni et al. (2008) 

demonstrated the presence of Las in peduncles and seedcoats of seeds collected from 

HLB-affected citrus trees. But the bacterium was not detected in endosperm or 

embryos. A similar situation with other systemic plant-disease systems occurs, for 

example, the phloem-limited mulberry dwarf phytoplasma was detected in the 

seedcoats (not in the embryo) of dwarf-diseased mulberries (Jiang et al. 2004), but no 
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seed transmission of this disease has been reported. For citrus tristeza disease which is 

caused by phloem-limited citrus tristeza virus (CTV), it’s mainly transmitted by aphid 

vector, not by seed (Gonzalez-Segnana et al. 1997). 

1.1.1.4 Symptom development  

Some earlier observations and more recent work have shown the connection 

between disruption of sugar movement pathway in plant tissue and the appearance of 

chlorotic symptoms (i.e., typical blotchy mottle leaves) (Kim et al. 2009; Takushi et al. 

2007). The current understanding of the HLB chlorotic leaf symptom is that chloroplast 

disruption is caused by severe internal starch granule accumulation, which is due to the 

lack of sugar export, i.e., phloem blockage. Sometimes, the chlorosis occurs in small 

sectors of leaves, which results in the blotchy mottle symptom; while sometimes, all 

upstream leaves become uniformly chlorotic, which suggests the phloem blockage 

occurs in the stem below. These understandings have supporting evidence from 

multiple anatomical and genetic researches. First of all, sucrose accumulation, plugged 

sieve pores, and phloem disruption were all observed with various microscopes 

(Folimonova and Achor 2010; Etxeberria et al. 2009). Etxeberria et al. (2009) found 

extraordinarily high level of starch in all aerial tissues, photosynthetic cells, phloem 

elements, vascular parenchyma, xylem parenchyma, and phelloderm of HLB-affected 

sweet orange trees; in contrast, roots of the HLB-affected trees were depleted of starch 

whereas roots of healthy control plants contained substantial starch deposits. Second, a 

microarray research conducted by Kim et al. (2009) found that the expression of 624 

genes in HLB-affected sweet orange was significantly affected, and the up-regulation of 

key starch biosynthetic genes (ADP-glucose pyrophosphorylase, starch synthase, 

granule-bound starch synthase and starch debranching enzyme) may contribute to the 
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starch accumulation process. Regarding phloem blockage, it is likely to be the result of 

plugged sieve pores rather than bacterial aggregates. Since the pp2 gene, which is 

related to callose deposition, is up-regulated in infected host plant, this could lead to 

sieve pores plugging. Plus, Las does not form aggregates in citrus tissue (Kim et al. 

2009). Third, Folimonova et al. (2009) reported that continuous light conditions 

increased symptom expression in infected plants (especially in more tolerant citrus 

genotypes) and reduced the time before symptoms developed. This could be more 

evidence for the understanding of HLB symptom development described above. The 

amount of sugar production increases due to the extended photosynthesis period, and 

this aggravates the carbohydrates translocation problem. A direct connection of Las 

bacterial activity and the leaf symptoms was not evident, because large numbers of 

bacteria could be found in phloem sieve tubes of pre-symptomatic young flushes, but 

were not so abundant in highly symptomatic leaf samples. This may suggest that a 

major proportion of the Las bacterium is nonviable at more advanced stages of the 

disease (Folimonova and Achor 2010).  

1.1.1.5 Disease management 

Considering the following facts of HLB, (i) no resistant citrus genotypes available 

(ii) no curative methods to save infected trees (iii) high transmission efficiency in the 

field by psyllid vector and (iv) many potential alternative hosts in the field for the psyllid 

vector, the control of citrus HLB has to involve all aspects of an integrated pest 

management program (Bove 2006; Halbert and Manjunath 2004). If HLB is not present, 

quarantine measures should be enforced to keep it out (Bove 2006). When HLB has 

entered a region previously HLB-free, all possible measures should be considered. First 

of all, a field survey should be conducted immediately to determine the extent of the 
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spread. Next, prevent new trees from becoming infected with HLB because a successful 

management relies on the early and aggressive implementation of HLB control 

practices when the disease incidence is still very low (Belasque et al. 2009; Manjunath 

et al. 2007a; Manjunath et al. 2008a). There is no place in the world where citrus HLB 

occurs that it is under completely successful control (Halbert and Manjunath 2004). That 

having been said, various disease control practices have been applied to HLB (Bove 

2006). Due to limited success or inconsistent results, some practices, like physical and 

chemical therapies targeting the systemic Las (Zhang et al. 2010a; Zhang et al. 2010b; 

Zhang et al. 2011a; Zhang et al. 2012), biological control against the psyllid vector 

(Aubert 1987; Michaud 2002a; Michaud 2002b; Michaud 2004; Michaud 2001; Michaud 

and Olsen 2004; Pluke et al. 2005), host plant resistance (Koizumi et al. 1993; Albrecht 

et al. 2012; Dutt et al. 2012; Bowman et al. 2009), and cultural control (Bove 2006), 

were deemed  ineffective or inadequate at least at current time (Westbrook et al. 2011). 

These measures are still under research or are used sometimes as supplements to 

other management practices. For places where HLB occurs, like Asian countries and 

American regions (Florida, USA, and Sao Paulo State, Brazil), three main measures to 

manage the disease are commonly enforced: psyllid control, removal of potential 

inoculum sources, and propagation of clean nursery stock (Hung et al. 2000; Brlansky 

and Rogers 2007; Belasque et al. 2009; Belasque et al. 2010; Manjuanth et al. 2008b; 

Manjunath et al. 2007b; Ramudugu et al. 2007). However, regarding the removal of 

HLB positive trees, there is some controversy about to what extent this practice should 

be enforced, or whether it is practical for its designated purpose. Growers and 

researchers are working on some alternatives to this drastic measure, for example, 
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mineral application or enhanced nutrition application on older trees to compensate the 

damage caused by HLB, but mixed results are reported (unpublished results).  

1.1.2 Candidatus Liberibacter spp. - the Associated Pathogens 

Besides Laf, Las and Lam, Garnier et al. (2000) also described a subspecies of 

Laf, named Candidatus Liberibacter africanus subsp. capensis, from a native rutaceous 

plant Calodendrum capensis Thunb. in Western Cape Region of South Africa, which 

can also infect citrus. The associated agents are highly fastidious, and so far, culturing 

the three bacteria has not been successful (Davis et al. 2008; Schuenzel et al. 2008), or 

widely accepted (Sechler et al. 2009).   

The identity of the HLB associated pathogen has gone through phases of virus, 

phytoplasma, bacteria like organism (BLO), and recently, bacteria (Bove 2006). 

Although the bacteria have not been cultured to complete Koch’s postulates, all 

circumstantial evidence points strongly to a bacterial agent behind this disease (Bove 

and Ayres 2007). First, Ca. L. spp. are detected in almost all the typical HLB samples. 

Some exceptions include a few negative results with Ca. L. spp. in HLB samples in 

various reports (Chen et al. 2009; Chen et al. 2008). A phytoplasma related to ‘Ca. 

Phytoplasma asteri’ was reported to be present in citrus samples with HLB symptoms 

(Chen et al. 2009; Marques et al. 2012; Teixeira et al. 2008c). Second, various 

researches show that liberibacters or some phytoplasma are transmitted to receptor 

plants with the disease (Hung et al. 2000; Marques et al. 2012; Teixeira et al. 2008c). 

Third, HLB disease symptoms abate temporarily when the plants are treated with 

antibiotics (Zhang et al. 2011; Zhang et al. 2012). Although some reports may suggest 

mixed infections in HLB, for example, Chen reported that 69 out of 141 citrus samples 
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tested were PCR positive for both Las and ‘Ca. P. asteri’ (2009), the bacterial identity of 

the causal agent is still valid.  

1.1.2.1 Bacteria distribution in planta 

It is critical to understand the distribution and movement of Ca. L. spp inside an 

individual citrus tree, which can help in HLB management (Tatineni et al. 2008; 

Sagaram et al. 2008). Regarding bacterial distribution, there is an assumption that 

liberibacters multiply in the phloem tissue at the inoculation site and move to other parts 

of the plant in both downward and upward directions. This is based on electron 

microscopy studies and multiple observations of symptom development in naturally-

infected and experimentally-inoculated trees. HLB symptoms usually start at the tip of 

one or more branches (i.e., yellow shoots), and they progress with time until the entire 

canopy is involved (Bove, 2006). This statement is supported by multiple researches. 

Tatineni et al. (2008) reported that Las was detected in all parts of graft-inoculated citrus 

trees including bark tissue, leaf midrib, roots, and different floral and fruit parts, but not 

in endosperm or embryo, which indicated systemic movement from infection site to 

different parts of the plant. With the help of qPCR, they also confirmed that the 

bacterium was unevenly distributed in planta (ranging from 14 to 137,031 cells/μg of 

total DNA in different tissues), and a relatively high bacterial concentration was found in 

fruit peduncles. Ding et al. (2008) indicated that Las could invade into the meristem, and 

74.7% of plants obtained from conventional meristem tip culture were Las positive by 

nested PCR. Therefore, they used vitrification-cryopreservation to eliminate Las from in 

vitro adult shoot tips and obtained up to 98.1% of Las-free plants. Cryotherapy of shoot 

tips is a common technique for pathogen eradication to produce healthy planting 

materials (Wang et al. 2009), and it has the potential to help in certified clean nursery 
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stock programs for HLB management. Folimonova et al. (2009) reported another type of 

uneven distribution of Las. They found that high population of bacteria usually 

associated with symptomatic leaves, while for asymptomatic ones, either high or non-

detectable level of bacterial population could occur. This actually leaves a problem 

when selecting materials for diagnosis or graft-inoculation work before any visual 

symptom is present. A pruning experiment carried out in Sao Paulo, Brazil (Lopes et al. 

2007) also demonstrated downward movement and overall systemic distribution for Lam 

in hundreds of field trees. Pruning was done by removing only the symptomatic shoots 

(cut them at the trunk) or by removing the entire canopy (cut the trunk 15-20 cm above 

the graft line). Mottled leaves reappeared on most of the lightly pruned trees (69.2%) 

and some of the heavily pruned ones (7.6%), regardless of the age, variety of the trees 

and pruning procedure. According to Folimonova et al. (2009), in graft-inoculated plants, 

the movement of Las from donor tissue to receptor host is quite rapid after phloem 

connections are established, because three out of four plants became positive even 

when inoculum was removed from receptor hosts after 4 weeks. 

1.1.2.2 Genetic research 

Since no successful pure culture has been obtained for any Liberibacter species 

(Bove 2006), to obtain genome DNA from these bacteria is extremely difficult (Zhang et 

al. 2011b). However, the Las psy62 genome (GenBank NC_012985.2) was successfully 

obtained by metagenomics using DNA extracted from a single infected psyllid (Duan et 

al. 2009), after which molecular studies on Las became popular (Akula et al. 2011a; 

Akula et al. 2011b; Zhang et al. 2011b). The genome size of Lam was found to be about 

1.31 Mb, and the entire 23S and 5S rRNA genes were already published (Wulff et al. 

2009). In the greatly reduced genome (1.23 Mb) of Las, there is a high percentage of 
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genes involved in both cell motility (4.5%) and active transport (8.0%), while almost no 

offensive pathogenicity factors, such as plant-colonizing extracellular degradative 

enzymes or type III and type IV secretion system components, are found, which is 

consistent with its intracellular lifestyle (Duan et al. 2009). A prophage-like region of 

DNA was annotated in the Las psy62 genome, and the gene variation in this region has 

been associated with the variations found in disease severities among different Las 

strains (Tsai et al. 2008; Tomimura et al. 2009). For lysogenic phages, lysogenic 

conversion genes (non-lysis, nonstructural, and nonvirion assembly genes expressed in 

prophages were considered lysogenic conversion genes when they alter the physiology 

or pathogenicity of the host) are thought to play an important role in the emergence of 

new pathogens and disease forms (Casjens 2003; Boyd and Brussow 2002; Wagner 

and Waldor 2002; Boyd et al. 2001). It was found that Las carries an excision plasmid 

prophage and a chromosomally integrated prophage that becomes lytic in plant 

infections (Zhang et al. 2011b). Zhang et al. (2011b) also reported that phage particles 

associated with Las were found in the phloem of infected periwinkles by transmission 

electron microscopy, while in the psyllid, they were found only as prophage.  

With the help of microarray assays, the transcriptional response of citrus to Las 

infection was studied. In one attempt to identify genes associated with tolerance to HLB, 

326 genes were found to be significantly up-regulated by at least 4-fold in the 

susceptible genotype compared with only 17 genes in tolerant one (Albrecht and 

Bowman 2011). While in another study, the microarray analysis indicated that Las 

infection significantly affected the expression of 624 genes whose encoded proteins 

were grouped into 18 categories, which included sugar metabolism, plant defense, 
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phytohormone, cell wall metabolism and 14 other categories (Kim et al. 2009). Albrecht 

and Bowman (2008) also reported change of the transcriptional profile of Valencia 

sweet orange in response to Las infection, and a notable pathogen-induced 

accumulation of transcripts for a phloem-specific lectin PP2-like protein was highlighted, 

which was later confirmed by Kim et al. (2009). Based on a genome comparative study 

with four other members of the Rhizobiales, Hartung et al. (2011) reported that at least 

50 clusters of conserved genes were found on all the five metabolically diverse species; 

and similar to Bartonella henselae, an intracellular mammalian pathogen, the Las 

genome had all the hallmarks of a reduced genome of a pathogen adapted to an 

intracellular lifestyle. In order to understand the defense and stress response of citrus to 

Las infection, various investigations of the profile change at the transcriptional and post-

transcriptional level were conducted in recent years (Khalaf et al. 2010; Fan et al. 2010; 

Fan et al. 2011).   

1.1.3 Citrus Psyllid – the Vector 

Citrus HLB probably is the most destructive disease of citrus caused by a vectored 

pathogen. The Asian citrus psyllid (D. citri Kuwayama, Hemiptera: Psyllidae) is therefore 

the most serious pest of citrus if any of the HLB associated pathogens are present. 

Unless the citrus trees are severely infested, direct psyllid feeding damage is minor to 

the plant (Halbert and Manjunath 2004). Populations of D. citri can reach extremely high 

levels, and more than 40,000 psyllids per tree were collected from a report of insecticide 

research. When such a heavy infestation happens, usually curled or notched new 

leaves will be killed (Halbert and Manjunath 2004), or sometimes even the entire 

terminals (Michaud 2004). In total there are 13 different psyllid species reported to occur 

on citrus, and 7 of them are from the Diaphorina genus. T. erytreae is the well-known 
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African citrus psyllid, and it can be easily separated from D. citri based on its clear 

forewings that are pointed at the tips. Besides, nymphs of T. erytreae live in individual 

depressions on the undersides of citrus leaves, while nymphs of D. citri tend to colonize 

the stems of new shoots and never produce individual pits on the leaves (Halbert and 

Manjunath 2004). 

1.1.3.1 Life cycle of D. citri 

Eggs are laid on “feather flush” and hatch in 2-4 days, and the five nymphal instars 

are completed in 11-15 days (Aubert 1987; Halbert and Manjunath 2004). D. citri can 

finish a life cycle in 15-47 days depending on the temperature, and adults may live up to 

several months and females may lay as many as 800 eggs in a lifetime (Mead 1977). 

Liu and Tsai reported the life cycle parameters of D. citri in Florida (2000). The time 

needed for a complete life cycle was found to be the same as what Mead reported 

(1977), and the best temperature range for D. citri development is 25-28°C. The female 

D. citri was found to lay most eggs (average number of 748.3 per insect) at 28°C. 

1.1.3.2 Climatic requirements 

It was reported that D. citri does not tolerate frost well, and the insect also does 

not do well when humidity is close to the saturation point perhaps because high 

humidity promotes fungal growth to which the nymphs are very susceptible (Aubert 

1987). However, things observed in Florida are somehow different. First of all, 

populations of D. citri are found in Gainesville, FL, where temperatures drop to at least -

5°C on several nights, and the high humidity in the Florida summer time seems not to 

prevent extremely high populations in local groves and backyards (Halbert and 

Manjunath 2004).      
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1.1.3.3 Distribution 

D. citri can be found in southeast Asia and the Indian subcontinent, the islands of 

Reunion and Mauritius, Saudi Arabia, and many citrus producing Latin American 

countries, like Brazil and Argentina (da Graca 1991; Halbert and Manjunath 2004; Bove 

2006; Halbert and Nunez 2004). In the United States, D. citri was first reported in 

Florida in June of 1998 and had quickly spread throughout the state to all the counties 

with citrus (Halbert et al. 2002; Tsai et al. 2000; Tsai et al. 2002). Reports of psyllid 

discoveries in other states with citrus soon followed. As of June, 2010, Texas (French et 

al. 2001), California (August, 2008), Arizona, Louisiana (June, 2008), Mississippi, 

Alabama, Georgia, South Carolina, Hawaii, Puerto Rico, were quarantined for D. citri 

due to the concern of HLB. With the presence of D. citri, it is usually just a matter of time 

before HLB is confirmed. For example, since the first discovery of HLB in south Florida 

in 2005, the disease has spread to all 34 counties with commercial citrus production 

(Halbert et al. 2008), and HLB was found in other states following the psyllid spread: 

Louisiana (June, 2008), Georgia, South Carolina (2009), Texas (2012), California 

(2012).  

Two likely scenarios for the introduction of D. citri into Florida have been 

proposed. One scenario is that the insect could have spread naturally from South 

America, where it has established for many years, through Central America and the 

Caribbean and finally found its way to Florida.  Several interception records supported 

the hypothesis of D. citri gradual spread out in the Western Hemisphere (Halbert and 

Manjunath 2004). However, in the first possible scenario, the psyllid population from 

Latin America should be free of HLB associated pathogens. The other possible scenario 

is that D. citri could have been introduced directly from Asian countries, and numerous 
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interception records of live D. citri found on imported citrus and other rutaceous plants 

support this hypothesis.  

1.1.3.4 Ca. Liberibacter spp. in psyllids 

It is widely accepted that the Ca. L. spp can multiply in both of the psyllid vectors, 

but this had not been demonstrated with molecular evidence. One study found drastic 

increases of the number of the Laf inside T. erytreae over 9 days, and the researchers 

concluded that the bacteria were multiplying in the vector (Moll and Martin 1973). In the 

current alternative hosts work, psyllid detection in single psyllids was conducted by 

quantitative PCR (i.e., the total number of bacteria in each psyllid). The data showed 

that there was a huge difference in the bacterial population tested from single psyllids. 

The Cq values from single psyllids could range from 16 to 39, which means a difference 

of almost 7 orders of magnitude (10 millions) (unpublished data in this study). This huge 

difference of bacterial population inside psyllids is not likely caused by different feeding 

time or merely by chance. Therefore, the data also supported that the Ca. L. spp (or at 

least Las from this study) could multiply inside D. citri.  

Considering the endosymbiont relation between Ca. L. spp and the psyllid vectors 

suggested by research facts, like low bacteria-vector specificity found in this 

combination (Halbert and Manjunath 2004; Gottwald 2010), it is not hard to understand 

the bacteria should be able to multiply inside their long-time host. It has been shown in 

laboratory studies that transmission of Las from parent to offspring (transovarial) occurs 

at a rate of 2-6%, and adult D. citri which acquires Las as nymphs are better vectors of 

the pathogen compared with adults that acquire the pathogen as adults (Inoue et al. 

2009; Pelz-Stelinski et al. 2010).       
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1.2 Hosts in HLB 

When discussing hosts in HLB, two types of plants are of concern, one is the plant 

to support the psyllid vectors, and the other is the plant in which the bacterial pathogen 

can multiply. Research shows that the two types of plants have different significance in 

HLB management. Compared to the wide physiological host range of the bacterial 

pathogens, the psyllid vectors have a relatively narrow host range, i.e., the bacterial 

pathogen can live in various citrus and non-citrus hosts while the psyllid vector seems to 

feed on only citrus and its relatives.  Considering the low vector-pathogen specificity, 

this may have potential implications for the disease epidemiology (Halbert and 

Manjunath 2004; Gottwald 2010). 

Halbert and Manjunath (2004) summarized the host range of D. citri and Ca. 

Liberibacter spp., respectively. They pointed out that many hosts on the two lists were 

included based on field survey (i.e., observations of plant symptoms or psyllid behavior) 

and/or some PCR tests, so their host status were not experimentally established. For 

example, in the host list of D. citri, there is only one host based on comparative 

laboratory study (Tsai and Liu 2000). In their study, Tsai and Liu (2000) found that 

grapefruit was the best host of D. citri out of the four plants studied: Murraya paniculata 

(L.) Jack (orange jasmine), Citrus jambhiri Lushington (Rough lemon), C. aurantium L. 

(sour orange), and C. x paradisi Macfad. (grapefruit), and there was no statistical 

difference among the other three hosts. Based on their own observations in the Citrus 

Arboretum in Winter Haven, Florida, Halbert and Manjunath (2004) suggested that the 

two Florida native Zanthoxylum plants, Z. clavahercules L. and Z. fagara (L.) Sarg., and 

Casimiroa edulis Llave & Lex. may be non-hosts (or very poor hosts as in the case of Z. 

fagara) of D. citri. Even though these plants almost always have suitable flush, no D. 
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citri were ever (or rarely) found on them. In addition, they also reported that no D. citri 

were found on Z. fagara plants growing next to an infested lime grove in South Florida 

(Halbert and Manjunath 2004).    

Due to the difficulty of detecting the HLB associated bacteria with certainty, there 

is not much information on the host range of the liberibacters, and much of the available 

information is based on symptoms (Halbert and Manjunath 2004). For citrus cultivars, 

especially the commercial ones, most (if not all) of them are susceptible to some degree 

regardless of rootstocks (Halbert and Manjunath 2004; Bove 2006). With the help of 

molecular assays, some studies have shown that several citrus relatives could harbor 

HLB associated bacteria, for example, Severinia buxifolia (Poiret) Ten. (Hung et al. 

2000; Hung et al. 2001; Ramadugu et al. 2010; Deng et al. 2008), Limonia acidissima L. 

(Koizumi et al. 1996; Hung et al. 2000), Clausena lansium (Deng et al. 2010; Ding et al. 

2005), and Toddalia lanceolata Lam (Korsten et al. 1996). Some citrus species (C. 

indica Tan. and C. macroptera Montr.) remained symptom-free under heavy inoculum 

pressure (Bhagabati 1993), which may indicate a certain degree of resistance.  

1.2.1 Citrus Hosts 

One reason HLB is so devastating is most (if not all) commercial citrus species 

and cultivars are sensitive to the disease regardless of rootstock (Bove et al. 2006; 

Halbert and Manjunath 2004). Citrus tristeza disease, another destructive citrus disease 

caused by CTV, can induce quick decline and death of citrus trees on sour orange 

rootstock. Control of the disease is achieved by replacing the sour orange rootstock with 

tolerant rootstocks, while this control measure is not available for HLB (Bove 2006). 

However, one characteristic of HLB is that different degrees of disease and symptoms 

are induced in different types of citrus, and for some citrus relatives, such as M. 
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paniculata (L.) Jack (orange jasmine), only minimal symptoms will manifest on infected 

plants (Damsteegt et al. 2010). Furthermore, different isolates of Las can cause 

different amount of disease in citrus cultivars as well (Tsai et al. 2008).  

There is no real resistance to HLB in citrus species, but some species and 

cultivars have some tolerance. Several extensive field surveys showed that some 

cultivars were more susceptible to decline than others (Koizumi et al. 1993). For 

example, grapefruit was more tolerant than most of the sweet orange cultivars. 

Generally speaking, sweet oranges, mandarins and tangelos are most susceptible, 

lemon and grapefruit are more resistant, while limes, citranges and Poncirus trifoliata 

are the most tolerant species (Koizumi et al. 1993; Bove 2006; Halbert and Manjunath 

2004; Lopes and Frare 2008; Tsai et al. 2006). Most information on different citrus 

genotype reactions to HLB have been accumulated from observations of field trees 

made under different conditions, at different geographic locations, and at different times. 

And there are some disagreements between different works (Albrecht and Bowman 

2011; Folimonova et al. 2009). In a study conducted under controlled greenhouse 

conditions, Albrecht et al. (2012) found that tolerance to HLB was higher in trees grafted 

on some rootstock selections, even though different rootstocks did not affect disease 

incidence and trees on all rootstocks were considerably damaged by HLB. They 

reported that none of the 15 rootstocks tested induced a high level of resistance in 

sweet orange scion in the early years following infection by Las, but high vigor-inducing 

rootstocks, particularly Volkamer lemon, might enable younger trees to outlast the 

damaging effects of the disease. Folimonova et al. (2009) tested the reaction of 30 

different citrus genotypes to inoculation with 3 different Las isolates (no difference 
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observed among the isolates) collected from Florida and gave an evaluation to each of 

the genotypes. The genotypes were grouped into four categories based on symptoms 

and the ability of the plants to continue growth: sensitive (severe chlorosis on leaves, 

greatly reduced growth, and eventual death); moderately tolerant (some scattered 

symptoms but little or no growth reduction and no plant death); tolerant (very minimal 

symptoms); and variable reaction (mixed reactions as described above showed on 

different shoots). Furthermore, they also observed similar bacterial populations in most 

citrus genotypes which showed substantially different reactions to Las infection. This 

demonstrated that there was no strong correlation between bacterial population and 

host response. 

1.2.2 Alternative Hosts 

M. paniculata is a preferred host of D. citri as confirmed by observations and 

laboratory research; however, its alternative host status of HLB associated bacteria was 

not clear (Hung et al. 2000; Kunta et al. 2010; Lopes et al. 2010; Walter et al. 2012). 

Hung et al. (2000) reported that Las would not multiply in M. paniculata or M. koenigii, 

while another report found consistent symptoms on inoculated M. paniculata plants 

(Halbert and Manjunath 2004). More recently, from their controlled inoculation 

experiments with two isolates of Las using D. citri as vector, Damsteegt et al. (2010) 

concluded that M. paniculata is variable as a reservoir host of the HLB associated 

pathogen. Because the bacterial population in M. paniculata becomes extremely low 

after 5 months, M. paniculata (as well as another Murraya species, M. exotica) could 

only serve as a bridging host if citrus are present during that period of time. The most 

critical epidemiological role played by M. paniculata growing near HLB-affected citrus 

would be to harbor large number of D. citri. The field survey conducted by Walter et al. 
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(2012) found that Las incidence in ornamental M. paniculata and associated psyllids (D. 

citri) was extremely low (1.8% and 1% for plants and psyllids, respectively). 

Some hosts outside the Rutaceae family can be experimentally inoculated with Ca. 

L. spp and they are used in various HLB research. For example, dodder (Cuscuta spp., 

in Cuscutaceae family) can be colonized by Las and Lam, and the bacteria can multiply 

inside dodder to a high level. The bacteria are unevenly distributed in dodder as in citrus 

regardless the highly reduced and simplified anatomy of the plant (Hartung et al. 

2010a). Dodder can be used to transmit HLB associated pathogens to citrus (Zhou et al. 

2007; Zhang et al. 2011b) and non-Rutaceous pants such as periwinkle (Catharanthus 

roseus L. G. Don, in Apocynaceae family) (Garnier and Bove 1983; Hartung et al. 2009) 

and several solanaceous plants like tomato (Duan et al. 2008) and tobacco (Nicotiana 

tobacum L. cv. ‘Xanthii’) (Garnier and Bove 1993), which indicates that Las has a wide 

physiological host range.  

1.3 HLB Detection 

1.3.1 HLB Diagnosis 

Other than the phytoplasmas found in HLB samples, the liberibacters are the 

bacterial pathogens most commonly found associated with HLB.  Because liberibacters 

have not been cultured, HLB lab diagnosis has totally relied on DNA-based molecular 

methods. Field survey is difficult and inaccurate because HLB symptoms are often 

confused with those of disorders such as Zn2+ deficiency; besides, the latency period of 

HLB in diseased trees makes early detection impossible. In the laboratory, before 

molecular approaches such as PCR were used, various lab techniques were utilized but 

ended up being of limited use (Wang et al. 2006; Bove 2006; Halbert and Manjunath 

2004). Electron microscopy was the first technology used to determine the bacterial 
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nature of the pathogen, but as a diagnostic assay, it is laborious, costly, and requires 

appropriate sample preparation. Biological indexing by grafting buds from the suspected 

plants onto susceptible citrus cultivars is direct and convincing, but it is time-consuming 

and requires a large set of test plants. Serological methods have not been successfully 

used in HLB detection due to the difficulties in raising specific antibodies to an 

uncultivated organism, and the variation of antigen traits of the target pathogen.  

Molecular diagnosis also has been a problem due to the uncultured HLB 

associated pathogens. Villechanoux et al. (1992) first isolated total DNA from periwinkle 

plants inoculated with Ca. L. spp, and then digested it with the restriction enzyme 

HindIII. After cloning and differential hybridization, they identified three clones with 

inserts of 2.6, 1.9, and 0.6 kb specific to the HLB associated bacteria (no reaction with 

healthy tissue). After sequencing, it was found that the 2.6 kb clone contained part of 

the gene cluster nusG-rplKAJL-rpoBC, which confirmed the eubacterial nature of the 

HLB associated pathogen at the molecular level (Villechanoux et al. 1993). After the 

bacterial nature of HLB associated pathogen was established, universal primers for 

general amplification of prokaryotic 16S rDNA were used with HLB samples, and 

specific primers were developed and an 1160 bp region of ribosomal DNA was obtained 

from both Asian and African types of HLB samples (Jagoueix et al. 1996). Further 

differentiation of the two types of HLB could be achieved by using restriction enzyme 

Xbal, which yields two fragments of 640 bp and 520 bp for Las and three fragments of 

520 bp, 506 bp, and 130 bp for Laf. Based on sequences from the cloned gene cluster 

of ribosomal protein and 16S rDNA, several pairs of PCR primers or hybridization 

probes have been developed (Hocquellet et al. 1997; Hocquellet et al. 1999; Hung et al. 



 

37 

1999; Hung et al. 2004; Teixeira et al. 2005b), which greatly helped reduce the 

uncertainty in HLB diagnosis. However, the resulting amplicons were quite long and did 

not always result in stable, sensitive PCR reactions (Wang et al. 2006).  

A further improvement was made when real-time PCR (qPCR) was applied to HLB 

diagnosis. The intrinsic superior properties of qPCR, such as high sensitivity, high 

specificity, time-efficiency, and less contamination, make it a great tool in HLB 

diagnosis, and it has quickly become the most popular technique for HLB diagnosis. 

Multiple qPCR systems for HLB detection report that they have increased sensitivities at 

least 10 to 100 time higher than corresponding conventional PCR (Wang et al. 2006; Li 

et al. 2006; Teixeira et al. 2008b; Lin et al. 2010), which is especially important because 

early diagnosis (even before the symptoms manifest) is critical for HLB management. 

The test could be completed within a couple of hours. Also, with the help of a standard 

curve and the knowledge of the known copy number of the target DNA, qPCR can be 

used to estimate the bacteria population in plant or insect samples (Wang et al. 2006; Li 

et al. 2006; Teixeira et al. 2008b; Lopes et al. 2009a; Lopes et al. 2009b), or even to 

monitor the live bacterial genome inside host plants (Trivedi et al. 2009). qPCR has also 

been used in HLB research to study the distribution of the pathogen in citrus plants, the 

influence of temperature on liberibacters multiplication in plant tissues, and the 

acquisition and transmission rate of the pathogen by the psyllid vector (Kim et al. 2009; 

Pelz-Stelinski et al. 2010).  

With all the molecular methods available for lab diagnosis, an inexpensive, easy to 

handle and accurate field diagnostic test is still in great need, and an iodine test was 

developed for this purpose (Takushi et al. 2007). Multiple researchers have shown that 
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there is an abnormally high level of starch accumulation in the parenchyma cells of 

leaves from HLB-affected trees, and the test is based on the fast reaction of iodine and 

starch in water which can produce a darkish solution. In Florida, Chamberlain and Irey 

(2008) found that the iodine test and qPCR tests agreed for 76% of the samples, and it 

produced better results with blotchy mottle leaves and from samples collected in 

February and July. They found the iodine test useful for field diagnosis but still not a 

substitute for PCR in HLB diagnosis. Based on the starch accumulation in HLB-affected 

leaves, Sankaran et al. (2010) developed a technique of using mid-infrared 

spectroscopy for HLB detection.    

1.3.2 Live vs. Dead Bacteria 

The knowledge about the populations of pathogens in hosts has critical value to 

help make decisions in disease management (Nocker et al. 2006). DNA-based methods 

including qPCR have a major limitation in that they cannot differentiate between live and 

dead cells. After cell death, bacterial genomic DNA can persist from days to 3 weeks in 

host (Josephson et al. 1993; Masters et al. 1994), so DNA-based diagnostics tend to 

overestimate the live bacterial population. In the case of HLB, several studies found 

evidence from qPCR that liberibacter is present in hosts at a relatively high population 

(Wang et al. 2006; Li et al. 2006). However, the bacterial population observed with a 

microscope is usually far lower than the number estimated by qPCR (personal 

communication with Dr. Michael Davis in CREC, FL). Considering that direct counting 

using microscopes only focuses on bacteria with cell structure while DNA-based assays 

detect all DNA in the sample, the discrepancy between data from the two methods is 

therefore understandable. In order to obtain an accurate estimate of the live bacterial 
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genome in host by DNA-based molecular methods (including qPCR), an effective way 

to remove background noise (i.e., naked DNA and DNA from dead cells) is needed.  

Membrane integrity is the most important criterion for distinguishing live cells from 

dead (or irreversibly damaged) ones (Nocker et al. 2006). Live cells with intact 

membranes have the ability to exclude DNA-binding dyes which can easily penetrate 

into dead or membrane-compromised cells. This general rule is used by most practices 

that aim at discrimination of live-dead cells. 

Propidium iodide (PI) is a highly membrane-impermeant DNA dye, and is generally 

excluded from live cells. Therefore, PI has been extensively used in various research 

using microscopy and flow cytometry (Nebe-von-Caron et al. 2000; Nebe-von-Caron et 

al. 1998) to identify dead cells in mixed populations. After PI penetrates into dead cells, 

it binds to DNA by intercalating between the bases with no sequence preference at the 

ratio of one dye molecule per 4-5 base pairs of DNA (Nocker et al. 2006). Ethidium 

monoazide (EMA) is another DNA-binding dye with the azide group, which allows the 

dye to covalently bind to DNA upon exposure to bright visible light (maximum 

absorbance at 460 nm). In the sample treatment process, cells are incubated with EMA 

for 5 min which allows the penetration of EMA into cells with compromised cell 

walls/membranes and the binding of EMA with DNA; then in the following photolysis 

step in which samples receive 2 min of bright light exposure, the dye inside the cells 

forms a covalent cross-link with DNA, while free EMA (remaining in solution) is 

simultaneously inactivated by reacting with water molecules and is no longer capable of 

covalently binding to DNA. Photo-induced cross-linking was reported to inhibit PCR 

amplification of DNA from dead cells. Another study showed that the EMA cross-linkage 
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with DNA also rendered the DNA insoluble, and cross-linked DNA was lost together with 

cell debris during genomic DNA extraction (Nocker and Camper 2006). Thus, in a 

bacterial culture with a live-dead mixed population, the DNA from the dead cells will be 

selectively removed during DNA extraction after EMA treatment, and the EMA cross-

linked DNA in the remaining DNA extraction will not be detected by PCR. The double 

effects of EMA on DNA were considered to be a total DNA loss (with or without 

subsequent PCR). This feature of EMA has been utilized in combination with various 

PCR technologies to evaluate live bacterial genomes of many bacterial species: 

Escherichia coli O157:H7 (Nogva et al. 2003), Salmonella typhimurium (Nogva et al. 

2003), Listeria monocytogenes (Nogva et al. 2003; Rudi et al. 2005a; Rudi et al. 2005b), 

Campylobacter jejuni (Rudi et al. 2005a), and Las (Trivedi et al. 2009). However, this 

promising technique was found to suffer from a major drawback. In the case of E. coli 

O157:H7 (Gram-negative as liberibacters),  while EMA successfully removes all 

genomic DNA from dead cells, the treatment also removes about 60% of the genomic 

DNA of the live cells harvested from log phase (Nocker and Camper 2006). EMA was 

also observed to readily penetrate into live cells of other bacterial species and cause 

partial DNA loss in several other studies (Nocker et al. 2006; Cawthorn and Witthuhn 

2008; Flekna et al. 2007; Kobayashi et al. 2009a). In order to overcome this limitation, a 

novel chemical, propidium monoazide (PMA), was introduced into this area by Nocker 

et al. (2006). PMA is identical to PI except that the additional azide group allows 

covalent cross-linkage to DNA upon light exposure (like EMA). Compared to EMA, PMA 

binds with DNA molecules in the same way and can effectively remove background 

DNA when in contact. However, PMA is highly selective in penetrating only into dead 
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cells with compromised cell membranes but not into live cells with intact cell 

membranes/cell walls, which is probably due to the higher charge of the molecule (two 

positive charges compared to only one in the case of EMA) (Nocker et al. 2006).  PMA 

has been confirmed for use in a wide range of bacteria including Gram negative and 

Gram positive cells (Nocker et al. 2006), and thus PMA has quickly replaced EMA in 

studying live bacterial genomes (Nocker et al. 2007b; Nocker et al. 2010; Contreras et 

al. 2011; Nocker and Camper 2009; Nocker et al. 2009).  

Although PMA in combination with real-time PCR (PMA-qPCR) has been used to 

study live population of various pathogenic bacteria (Yanez et al. 2011; Nocker et al. 

2007a; Liang et al. 2011; Kobayashi et al. 2009b; Kobayashi et al. 2010; Kralik et al. 

2010), there is so far no report of PMA-qPCR application on uncultured bacteria like the 

HLB associated liberibacters. 
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CHAPTER 2  
PMA-QPCR METHODOLOGY 

2.1 Introduction 

Citrus Huanglongbing (HLB), also called citrus greening disease, is one of the 

most devastating citrus diseases worldwide which causes severe crop losses and thus 

threats the citrus industry (Bove 2006; da Graca 1991). The disease is associated with 

a phloem-restricted, Gram-negative bacterium which belongs to the genus Candidatus 

Liberibacter in the alpha subdivision of the Proteobacteria (Jagoueix et al. 1994). Three 

species of the associated bacteria have been reported: Candidatus Liberibacter 

asiaticus (Las) in Asia and America continents (Bove 2006; Halbert 2005; Teixeira et al. 

2005b); Ca. L. africanus (Laf) in Africa (da Graca 1991; Planet et al. 1995; Garnier et al. 

2000); and Ca. L. americanus (Lam) in Brazil only (Teixeira et al. 2005a). The bacterium 

has not been cultured yet, nor have Koch’s postulates been satisfied. Las is the most 

prevalent HLB associated liberibacter species in the world (Bove 2006), and also is the 

only one found in the U.S. since the discovery in Florida in 2005 (Halbert 2005). 

Besides graft-transmission, Las is naturally vectored and transmitted by the Asian citrus 

psyllid (ACP) (Diaphorina citri) in the field (Bove 2006; da Graca 1991; Halbert and 

Manjunath 2004), and it is widely accepted that HLB associated liberibacters can 

multiply and accumulate to a relatively high population inside the insect host (Halbert 

and Manjunath 2004; Duan et al. 2009).  

Due to the uncultured bacteria and the confusion of HLB symptoms with those of 

disorders such as Zn2+ deficiency, HLB diagnosis usually relies on DNA-based methods 

like various polymerase chain reaction assays (PCR) (Bove 2006). The disease can be 

diagnosed with electron microscopy (Garnier and Bove 1996; Aubert et al. 1988), but 
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such assays are time-consuming and require appropriate sample preparation since the 

bacteria is known to be unevenly distributed in planta (Tatineni et al. 2008; da Graca 

1991; Bove 2006). Reliable serological assays have not been developed largely due to 

the difficulties in raising specific antibodies to an uncultured organism, and the variation 

of antigen traits of the target bacteria (Bove 2006). With the discovery of partial 

sequences from cloned HLB associated liberibacters gene cluster of ribosomal protein 

and 16S rDNA, several pairs of conventional PCR primers have been developed and 

quickly became the routine diagnostic assays for HLB (Jagoueix et al. 1996; Hocquellet 

et al. 1999b; Teixeira et al. 2005a). However, the amplicons in these conventional PCR 

tests are quite long and do not lend themselves to stable, sensitive PCR reactions 

which is quite a disadvantage because early diagnosis is usually required for HLB 

control and in addition, a restricted fragment length polymorphism (RFLP) test needs to 

be performed to differentiate Ca. L. spp.. Therefore, real-time fluorescent PCR (qPCR) 

was quickly adopted to provide better sensitivity, specificity to any of the three HLB 

associated liberibacter species and time-efficiency for HLB diagnostic purposes (Wang 

et al. 2006; Li et al. 2006; Li et al. 2008). With its quantitative feature, qPCR is often 

used in various HLB research programs as it is for other pathogens, for example, 

determining the virulence factors of the pathogen, and the infection ability of insect 

vector.  

For pathogenic organisms, knowledge of their populations in their hosts is of great 

importance in the investigation of virulence mechanisms or decision making in disease 

management. However, DNA-based methods including qPCR have the major limitation 

that they cannot differentiate between live and dead cells, but only live cells are of 
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interest for most research purposes. Since bacterial genomic DNA can persist up to 3 

weeks after cell death (Josephson et al. 1993; Masters et al. 1994), DNA-based 

diagnostics tend to overestimate live populations. In the case of HLB, it has been 

speculated by qPCR that liberibacter is present in hosts at a relatively high population 

(Wang et al. 2006; Li et al. 2006; Trivedi et al. 2009). However, the bacteria population 

observed with a microscope is usually lower by orders of magnitude (Teixeira et al. 

2008c). Considering that direct counting using microscopes only focuses on bacteria 

with cell structure while DNA-based assays detect all DNA in the sample, the 

discrepancy between data from the two types of methods is therefore understandable. 

In order to minimize the difference and focus on the live bacterial genome, an effective 

way to remove background DNA (including naked DNA or DNA from dead cells) is 

needed.  

Ethidium monoazide (EMA), is a DNA-intercalating dye with an azide group that 

allows covalent binding to DNA upon bright visible light exposure and thus renders the 

DNA insoluble during DNA extraction and therefore undetectable by PCR. EMA was 

used in combination with qPCR to remove the DNA from dead cells and thus only detect 

the DNA extracted from live cells in the consequent qPCR (Nocker and Camper 2006a; 

Rudi et al. 2005a; Wang and Levin 2006; Trivedi et al., 2009). But poor selectivity of 

EMA, i.e., EMA can also penetrate into live cells during the pretreatment step and thus 

cause the DNA loss from live cells, rendered the chemical problematic when applied to 

various bacteria (Nocker et al. 2006; Cawthorn and Witthuhn 2008; Flekna et al. 2007; 

Kobayashi et al. 2009a). For example, in a study of E. coli O157:H7 (Gram-negative as 

liberibacters),  while EMA successfully removed all genomic DNA from dead cells, the 
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treatment also resulted in a loss of about 60% of the genomic DNA of live cells 

harvested from the log phase (Nocker and Camper 2006a). In order to overcome this 

limitation, a novel chemical, propidium monoazide (PMA) was tested. PMA is similar to 

propidium iodide (a commonly used membrane-impermeant dye in commercial 

live/dead bacteria staining kits), was used by Nocker et al. (2006). PMA binds with DNA 

molecules in the same way as EMA and thus effectively removes background DNA. 

However, PMA is highly selective in penetrating only into dead cells with compromised 

cell membranes but not live cells with intact cell membranes/cell walls. This is probably 

due to its higher charge of the molecule (two positive charges compared to only one in 

the case of EMA) (Nocker et al. 2006). This feature of PMA was confirmed in a wide 

range of bacteria including Gram negative and positive ones (Nocker et al. 2006), and 

thus PMA has replaced EMA to work with qPCR (i.e., qPCR with PMA pretreatment, 

termed ‘PMA-qPCR’) in studying live bacterial genomes (Nocker et al. 2007b; Nocker et 

al. 2010; Contreras et al. 2011; Nocker and Camper 2009).  

Although PMA-qPCR has been used to study live population of various pathogenic 

bacteria (Yanez et al. 2011; Nocker et al. 2007a; Liang et al. 2011; Kobayashi et al. 

2009b), there is so far no report of PMA-qPCR application on uncultured bacteria like 

the HLB associated liberibacters. In this study, we redesigned and optimized protocols 

of PMA-qPCR which were originally designed to work with pure bacterial cultures, and 

compared the difference between PMA and EMA treatments when working with HLB 

associated liberibacters. The effect of TissueLyser treatment was studied in a separate 

experiment to demonstrate the insignificant impact on live bacterial genomes. With this 

optimized methodology, a standard curve between qPCR quantification results and 
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microscopic counting was established. In addition, live and cumulative Las genomes 

were studied for different HLB samples, such as a collection of citrus species and 

cultivars, and leaves with or without symptoms. Considering the severe threat that HLB 

has posed on Florida and the world citrus industry, the rapid and quantitative PCR 

methodology developed in our study should provide a more accurate way to determine 

the live liberibacter population in plants and psyllids, which in turn should benefit various 

research such as disease epidemiology, and thus serve as a crucial component in HLB 

disease management.    

2.2 Materials and Methods 

2.2.1 Plant and Psyllid Materials 

Las-infected citrus species and other alternative host plants were sampled from 

our HLB positive plant collection kept in the greenhouse with natural light and controlled 

temperature at 75-78 F. For the study of live and cumulative bacterial genome in 

different host plants of Las, leaves from at least 3 plants of each plant species or 

cultivar were used. The plants used in this study included: Benton citrange (Citrus × 

insitorum Mabb. 'Benton'), Carrizo citrange (C. × insitorum Mabb. 'Carrizo'), C. indica 

Tanaka, Kikojii, Kohorski, Mexican lime (C. aurantifolia (Christm.) Swingle), Rough 

lemon (C. x jambhiri Lush. Rough lemon), Volkamer Lemon (C. limonia Osbeck 

‘Volkameriana’), Sour orange (C. aurantium L.), Cleopatra mandarin (C. reticulata 

Blanco), Duncan grapefruit (C. paradisi MacFadyen), Flame grapefruit (C. paradisi 

‘Flame’), Hamlin sweet orange (C. sinensis ‘Hamlin’), Iapar sweet orange (C. sinensis 

‘Iapar’), Madam Vinous sweet orange (C. sinensis ‘Madam Vinous’), Navel sweet 

orange (C. sinensis ‘Bahia’ ), Pineapple sweet orange (C. sinensis ‘Pineapple’), 

Valencia sweet orange (C. sinensis ‘Valencia’), Calamondin (x Citrofortunella 
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microcarpa), Severinia buxifolia, Zanthoxylum fagara, Murraya paniculata, periwinkle 

(Catharanthus roseus), and dodder (Cuscuta indecora). Valencia sweet orange was 

used in the optimization process of PMA-qPCR working protocol. Healthy citrus grown 

from seeds and kept in a separate greenhouse were confirmed to be HLB negative by 

qPCR first, and then used as healthy control in all qPCR reactions.  

Healthy ACP (D. citri) were collected from M. paniculata ornamentals located in 

Winter Haven, Florida, and released in a 24’’X24’’X36’’ Rearing and Observation Cage 

(BioQuip Products Inc., Rancho Dominguez, CA) with multiple flushing plants including 

sweet orange (C. sinensis) and M. koenigii (marked and referred to as ‘healthy cage’). 

Las positive psyllids were collected from HLB positive citrus groves in Winter Haven, 

Florida, and released on HLB positive citrus plants which were kept in a specialized 

psyllid room with controlled temperature of 75 to 78 F and controlled light of 12-hour 

artificial light exposure each day. Psyllid colonies were established on both sites and 

constantly monitored by qPCR. Healthy control psyllids for all the qPCR reactions were 

collected from the healthy cage, while Las-positive psyllids from psyllid room were used 

in microscopic observation and comparison work with PMA-qPCR.  

2.2.2 PMA-qPCR Working Protocol 

2.2.2.1 PMA pretreatment  

Plant material. For plant materials, midribs and petioles from randomly collected 

leaves were used for total DNA extraction. After being chopped into small pieces (about 

0.5mm long) with sterile razor blades, about 120 mg of plant tissue (more than the 

required 100 mg tissue to compensate any material loss during the process) was put 

into a 2 mL Eppendorf tube and treated by TissueLyser II (Qiagen, Valencia, CA) with 

liquid nitrogen; the pulverized tissue powder was then taken out of the tube and put onto 
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a piece of wax paper where it was mixed again with a toothpick to make a homogenized 

tissue pool; two portions of 50 mg of tissue powder from the pool were weighed out on a 

Mettler-Toledo GmbH TYPE BD202 digital balance (Greifensee, Switzerland) and each 

portion was put into a new 1.5 mL Eppendorf tube and 1 mL of sterile distilled water 

(SDW) was added into the tube and mixed briefly by vortexing. After this step, two tubes 

containing the same amount of starting plant tissue (50 mg each) would be obtained out 

of one test sample and ready for the following different treatments.  

A stock solution of 10 mg/mL PMA (Biothium Inc., Hayward, CA) was made with 

SDW. The tube was wrapped in aluminum foil due to its photosensitivity, and stored at 4 

°C. 2.5 μL PMA stock solution was added into one of the two tubes in the dark to make 

a final concentration (f.c.) of 25 μg/mL (about 50 μM of PMA), and then mixed briefly by 

inverting the tube (PMA treatment was for live bacteria data, therefore, for cumulative 

bacteria data, no PMA was added into the other tube in this step, but the physical 

treatments such as vortexing and incubation were the same for both tubes); the tubes 

were then incubated at room temperature in the dark for 5 minutes with occasional 

invertion. After incubation, the tubes were briefly vortexed for 5 seconds and put into 

crushed ice with their lids off and exposed to light from a halogen bulb (650W) for 2 

minutes at a distance of 20 cm from the light source. The tubes were then centrifuged in 

an Eppendorf Centrifuge 5415D (Brinkmann Instruments Inc., Westbury, NY) at 13,200 

rpm (= 16,100 g) for 5 minutes; and 800 μL of the supernatant was pipetted out and 

discarded, and the pellet with the remaining liquid was used to extract total DNA with 

DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions with a minor 
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modification in the last step where only 50 μL of elution buffer AE was used to obtain 

the final DNA sample. 

Psyllid material. For psyllid material, a single psyllid was put into a 1.5 mL 

Eppendorf tube with 100 μL SDW and ground with a pestle to homogenize the sample. 

Fifty microliters of the sample was transferred into a new 1.5 mL Eppendorf tube with 

another 50 μL SDW added to make a total volume of 100 μL. As described for plant 

material, 2 tubes with the same amount of psyllid material in 100 μL suspension were 

obtained for each psyllid sample tested. The two tubes were vortexed briefly and then 

PMA was added into one tube in the dark to make a final concentration of 25 μg/mL (as 

for live bacteria data, while for cumulative bacterial genome data, no PMA was added in 

this step). The tubes were incubated at room temperature in the dark for 5 minutes with 

occasional inverting; then after a brief vortex (5 seconds), the tubes were set into 

crushed ice with their lids off and exposed to light from a halogen bulb (650W) for 2 

minutes at a distance of 20 cm from the light source. The tubes were briefly vortexed 

again and the whole suspension (about 100 μL) was used for total DNA extraction with 

DNeasy Blood & Tissue Kit (Qiagen) following the manufacturer’s instructions with the 

minor modification as described above. 

After the total DNA was extracted, the yield and purity of the DNA samples were 

determined with a NanoDrop Spectrophotometer ND-1000 (Wilmington, DE), and all 

DNA samples were stored at -20 °C. 

2.2.2.2 qPCR 

In this study, citrus material was used in the optimization process of the PMA-

qPCR working protocol, while in the part where microscopic work was involved, psyllid 

material was preferred considering its high bacterial population and low host tissue 
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background (Duan et al. 2009). Based on the different materials used in this study, two 

previously published qPCR systems for Las were employed. For plant material, a 

duplex TaqMan qPCR system developed by Li et al. (2006) was utilized. In this duplex 

qPCR, two primer-probe sets of HLBaspr (designed based on 16S rDNA of Las 

genome) and COXfpr (designed based on citrus mitochondrial cytochrome oxidase 

gene and used as positive internal control to assess the quality of the DNA extracts and 

reaction mixtures) were used (Table 3-1). However, it was previously reported that 

multiple factors, such as host tissue and host species, may have an effect on PCR 

amplification efficiencies due to the difference among remaining PCR inhibitors in the 

DNA samples after extraction. Therefore, an improved standard curve from Li et al. 

(2008) was used in data analysis in this study. For psyllid material, another duplex 

TaqMan qPCR system including the 16S rDNA primer/probe set for Las (Li et al. 2006) 

and a primer/probe set for internal control of psyllid material (based on wingless gene 

coding a glycoprotein of psyllid species) (Manjunath et al. 2008) was used (Table 3-1). 

Both qPCR reactions were performed on an Applied Biosystems 7500 Fast Real-

Time PCR System (Life Technologies, Carlsbad, CA), and shared the same protocol as 

follows: 2 min incubation at 50 °C followed by 10 min incubation at 95 °C, then 40 

cycles of 15 s at 95 °C and 1 min at 60 °C, and fluorescent signals were collected at the 

1 min at 60 °C stage of each cycle. The 20 µL qPCR reaction mixture contained 10 µL 

of 2x ABI TaqMan® Universal PCR Master Mix (Life Technologies), 2 µL of DNA 

template, appropriate amount of primer/probe stock (to reach the optimized final 

concentrations as reported) and Nuclease-Free Water (Qiagen). All reactions were 

performed in triplicate, and each run contained one negative, one positive and one 
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healthy control. qPCR data were analyzed with the Applied Biosystems software 

(Version 1.4.0.). Statistical analysis of the qPCR data in this entire dissertation was 

done with SAS 9.3 TS Level 1M0, and ANOVA with Least Significant Difference (LSD) 

was used at the significant level of P<0.05.  

2.2.3 Optimization of the PMA-qPCR Working Protocol 

The working protocol which was originally designed for bacterial cultures (Trivedi 

et al. 2009; Nocker et al. 2006) was used as a prototype for PMA-qPCR work in this 

study, but later several major modifications were made due to unsatisfying results 

obtained with the original protocol. The differences (or improvements) before or after the 

modifications were demonstrated with parallel experiments, in which only the modified 

step was different while the rest of the protocol remained the same.    

2.2.3.1 With or without TissueLyser (TL) treatment 

Starting from a raw sample pool of 350 mg chopped citrus midrib/petiole tissue, 3 

portions of 50 mg tissue were first weighed out and put into 3 individual 1.5 mL 

Eppendorf tubes. The 3 tubes then went directly to the DNA extraction steps with 

DNeasy Plant Mini Kit (Qiagen) and the samples extracted in this way were marked as 

“without TL”. Then, the rest of the chopped materials in the raw pool (about 200 mg 

tissue left) were processed by TissueLyser II (Qiagen) with liquid nitrogen, after which, 3 

portions of 50 mg tissue were weighed out from the pulverized tissue pool and put into 3 

tubes and used for DNA extraction; the second batch of 3 DNA extracts were marked as 

“with TL”. The same parallel experiment was repeated 3 times with different tissue 

samples, and the Cq values from these DNA extracts were compared. 
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2.2.3.2 Centrifugation speed 16,100 g vs. 5,000 g 

For plant materials, in the last centrifugation step of PMA pretreatment (right 

before DNA extraction), the difference between centrifugation at 5,000 g and 16,100 g 

was compared by doing the following: starting from a pulverized sample pool, one 

portion of 50 mg tissue was weighed out and used directly for DNA extraction, and 

another portion of 50 mg went through the PMA pretreatment process but only without 

PMA added (as for cumulative bacteria genome data) and centrifuged at 5,000 g for 5 

minutes before DNA extraction. The same process as above was applied to another 

pulverized sample pool with the last centrifugation step at 16,100 g. The same process 

was repeated 3 times with different tissue samples.  

2.2.3.3 Final concentration of PMA and EMA 

EMA powder (Molecular Probes, Inc., Eugene, OR) was used to prepare a stock 

solution of 10 mg/mL in SDW in the dark. The tube was wrapped in aluminum foil due to 

photosensitivity, and stored at 4 °C. Different final concentrations of PMA and EMA 

used in the pretreatment were compared in this study. Starting from a sample pool of 

pulverized citrus midrib/petiole tissue, portions of 50 mg of tissue were weighed out and 

put into 1.5 mL Eppendorf tubes with 1 mL SDW, which then received same processing 

steps as in the optimized working protocol to get DNA extracts which differed only in the 

amount of PMA (or EMA) added. One tube had no PMA (or EMA) added and DNA 

extract was marked as “Cumulative”. Three tubes had different amounts of PMA added 

(0.5, 2.5 and 10 μL of PMA 10 mg/mL stock solution to reach final concentrations of 5, 

25, 100 μg/mL, respectively) and these DNA extracts were marked as “PMA 5 μg/mL”, 

“PMA 25 μg/mL” and “PMA 100 μg/mL”, respectively. Another three tubes had similar 

amounts of EMA and those DNA extracts were marked as “EMA 5 μg/mL”, “EMA 25 
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μg/mL” and “EMA 100 μg/mL”, respectively. Each sample which received different 

amounts of PMA (or EMA) had three replicates from the same sample pool. In the data 

analysis, a comparison was made between different “DNA yield in percent”, which was 

calculated by dividing bacterial genome tested from each DNA extract with PMA (or 

EMA) added by that tested from the “Cumulative”.  

2.2.4 PMA-qPCR vs. Rods/field 

Due to the high bacterial concentrations present in some psyllids and the low host 

tissue background (Duan et al. 2009), psyllids were often used in the microscopic work 

for HLB associated liberibacters observation. Therefore, they were chosen to be the 

study material in this work to help correlate direct counting numbers (by microscope) 

with quantitative PCR results (by PMA-qPCR).  

Psyllids were collected from the psyllid room and immobilized by putting them in -

20 °C freezer for 15 minutes. For surface cleaning, psyllids were first washed with 70% 

ethanol once, and rinsed with SDW 15 to 20 times. The psyllids were dissected under a 

dissecting microscope and the midguts (i.e., alimentary canal) were removed and 

transferred into a 0.5 mL PCR tube with 30 μL SDW (one midgut in each tube). After 

vortex mixing for 1 minute and a brief centrifugation, the midguts were pipetted out 

along with 1 μL of the liquid. PMA was added to the tube (f. c. = 25 μg/mL) and 

incubated for 5 minutes in the dark.  Four microliters of the buffer from the tube was 

pipetted onto a slide and stained with 1 μL 25 μM SYTO® 13 Green Fluorescent 

Nucleic Acid Stain (Molecular Probes, Invitrogen, Eugene, OR), and then covered with a 

cover slip and mounted for direct counting with an Axio Imager A1 Microscope (Carl 

Zeiss) using a green fluorescence Filter Set 38 (excitation: 470/40 nm; emission: 525/50 

nm). Photomicrographs were also taken with an AxioVision LE camera attached to the 
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microscope using the green fluorescence Filter Set 38 (for SYTO 13, 

excitation/emission maximum: 488/506 nm) and the red fluorescence Filter Set 20 (for 

PMA, excitation/emission maximum: 464/610 nm; parameters for Filter Set 20, 

excitation: 546/12, emission: 608/32), respectively. The software used for visualization 

was AxioVision LE, Release 4.6 (Carl Zeiss). The remaining liquid in the tube (about 25 

μL) followed the PMA-qPCR protocol for psyllid samples as described above and was 

used for DNA extraction with DNeasy Blood & Tissue Kit (Qiagen) (25 μL elution buffer 

AE was used in the last step to obtain the same volume of the starting liquid).  

For direct counting, a 10X/23 eyepiece and a 63X/1.25 Oil Iris objective lens were 

chosen as the working combination. Twenty fields were randomly screened and only 

typical rod-shaped liberibacter bacteria were counted towards a total number, based on 

which, a “rods per field” number was first calculated (total number/20) and then 

converted into “rods per μL liquid” with the microscopic parameters. The logarithmic 

values of “rods per μL liquid” data were then plotted against Cq values of each 

corresponding psyllid DNA extracts in qPCR, and linear regression was used to help 

find a possible correlation (i.e. standard curve).  

2.2.5 Effect of TL Treatment on Live Bacterial Genome 

In order to test the effect of the pulverization process on the live bacterial genome 

obtained by PMA-qPCR methodology developed in this study, the TissueLyser 

treatment was analyzed in a separate experiment. Considering the low temperature 

(caused by liquid nitrogen, ‘LT’) and physical disruption (caused by intense pounding 

with metal beads, ‘PD’) might have different effects on the bacterial genome tested, the 

TissueLyser treatment was dissected into two separate treatments, LT and PD. The 

experiment design was as follows: about 16 mature leaves with typical blotchy mottle 
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symptoms were collected from a HLB positive citrus plant and a sample pool (about 1.6 

gram in total) was made by chopping mid-ribs and petioles into small pieces (about 

0.5mm long). The sample pool was divided into four equal portions (as four groups, 0.4 

gram per group), and each group was then further divided into three equal portions (as 

three samples, 0.13 gram per sample) and each sample was put into individual 

Eppendorf tubes. Each group (three samples) received different treatments (1) No 

LT+PD (untreated sample as negative control) (2) LT (the sample tubes were placed in 

liquid nitrogen, no physical disruption with metal beads pounding) (3) PD (samples in 

tubes received only physical disruption in TissueLyser with metal beads, no LT 

treatment prior to this) (4) With LT+PD (sample tube first soaked in liquid nitrogen then 

disrupted in TissueLyser with metal beads, the regular TissueLyser treatment as in PMA 

pretreatment). After the different treatments, two portions of 0.05 gram tissue were 

weighed out from each sample and placed into two individual Eppendorf tubes (one 

tube add PMA, no PMA for the other one), which then would receive the rest of the PMA 

pretreatment process as described in the ‘PMA-qPCR working procedure’ above. The 

whole process was repeated three times, and all the leaves were sampled from the 

same HLB positive citrus plant.  

2.2.6 Determination of Interference of Plant Tissue with PMA-qPCR 

Xanthomonas citri ssp. citri strain 306 was used in this study. The bacterium was 

grown in nutrient broth on a shaker at 200 rpm and 28 °C overnight to the log phase. 

Bacterial cells were collected by centrifugation at 5,000 g for 5 min and resuspended in 

sterile distilled water (SDW). The bacterial cell suspension was adjusted to an optical 

density at 600 nm of 0.03 by dilution with SDW. The bacterial suspension was killed by 

exposure to isopropanol (final concentration, 70%) for 10 min, and mixed with a fresh 
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culture suspension at the defined ratios of viable versus isopropanol-killed as follows: 

1000 to 0, 900 to 100, 500 to 500, 100 to 900, and 0 to 1000 (Nocker and Camper 2006) 

(See table in Figure 2-6). The isopropanol-killed bacterium was checked for viability by 

plating on nutrient agar, followed by overnight incubation at 28 °C. 

Leaf samples collected from healthy citrus trees were pulverized by TissueLyser 

with liquid nitrogen. Aliquots of 50 mg of tissue powder from the same sample pool were 

weighed out and put into individual 1.5 ml Eppendorf tubes. One milliliter of the bacterial 

suspension (of each mixed ratio) was added to two tubes of plant tissue. One tube was 

subject to PMA treatment (as for live bacterial genome), and the other one followed the 

treatment only without PMA added (as for cumulative bacterial genome). PMA-qPCR 

pretreatment was followed by DNA extraction and qPCR. Three replicates were 

included for each bacterial suspension. After qPCR, the numbers of live and dead cells 

were first calculated from the Cq values with the standard curve method (Cubero and 

Graham 2005), and the ratios were compared with the original mixed ratios. 

The TaqMan qPCR system with a standard curve developed by Cubero and 

Graham (2005) was used. In this qPCR system, a set of primers (J-RTpth3: 5’-

ACCGTCCCCTACTTCAACTCAA-3’ and J-RTpth4: 5’-CGCACCTCGAACGATTGC-3’) 

and a TaqMan probe (J-Taqpth2: 5’-FAM-ATGCGCCCAGCCCAACGC-TAMRA-3’) 

were designed based on sequences of the pth gene, a major virulence gene used 

specifically to detect strains of citrus bacterial canker (Cubero and Graham 2002; 

Mavrodieva et al. 2004). Another set of TaqMan primer/probe, COXfpr (Li et al. 2006), 

was also included in this qPCR as internal control for plant material. The qPCR reaction 

was performed on an Applied Biosystems 7500 Fast Real-Time PCR System (Life 
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Technologies, Carlsbad, CA), and the PCR protocol was as follows: 2 min incubation at 

50 °C followed by 10 min incubation at 95 °C, then 40 cycles of 15 s at 95 °C and 1 min 

at 60 °C, and fluorescent signals were collected at the 1 min at 60 °C stage of each 

cycle. The 25 µL qPCR reaction mixture contained 12.5 µL of 2x ABI TaqMan® 

Universal PCR Master Mix (Life Technologies), 2 µL of DNA template, 1 µL of 10 µM 

forward/reverse primers (J-RTpth3/ J-RTpth4), 0.5 µL of 10 µM TaqMan probe (J-

Taqpth2), and Nuclease-Free Water (Qiagen). All reactions were performed in triplicate, 

and each run contained one negative, one positive and one healthy control. qPCR 

values were analyzed with the Applied Biosystems software (Version 1.4.0.). Statistical 

analysis of the qPCR data was done with SAS 9.3 TS Level 1M0, and ANOVA with 

Least Significant Difference (LSD) was used at the significant level of P < 0.05.  

2.2.7 Determination of the Live Bacterial Genomes in Symptomatic and 
Asymptomatic Leaves from Las Positive Field Trees  

New mature leaves with or without symptoms (100 each) were collected from Las 

positive Hamlin sweet orange trees (C. sinensis ‘Hamlin’) located at CREC, Lake Alfred 

(Figure 2-7A). The 200 leaves from symptomatic and asymptomatic group were tested 

individually with PMA-qPCR to determine the live bacterial genome inside each leaf, 

and to assess if the live bacterial genome was different between the two groups. The 

data distribution of both leaf groups was presented in the Box-and-whisker plot, and the 

statistical analysis was done with ANOVA at the significant level of P < 0.05. 
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2.3 Results 

2.3.1 Optimization of PMA-qPCR Working Protocol 

2.3.1.1 With or without TL treatment 

The difference with or without the TL pulverization step was tested by parallel 

experiments and the results are shown in Figure 2-1. Basically, starting from the same 

material, a higher bacterial genome in the sample could be detected with TL treatment 

(shown as lower Cq values compared to the ones without TL), which could be caused 

by more bacteria released due to smaller tissue particles. More importantly, a much 

smaller variation occurred among the three tubes that received TL treatment (shown as 

smaller standard deviation), which demonstrated greater homogeneity in the sample 

pool with TL treatment.  

2.3.1.2 Centrifugation speed 16,100 g vs. 5,000 g 

In all three repeats, lower centrifugation speed (i.e., 5,000 g) usually caused a loss 

of DNA (as much as 68%) with the supernatant discarded after this step (data not 

shown). However, a much higher centrifugation speed (i.e., 16,100 g) greatly reduced 

the loss, and therefore worked better in the PMA pretreatment protocol where we 

wanted to obtain as much DNA as possible.  

2.3.1.3 Final concentration of PMA and EMA 

A series of different final concentrations of PMA and EMA, 5, 25, and 100 μg/mL, 

were tested and compared in order to find the best working concentration for this 

research. The evaluation was based on “DNA yield in percent” (See Figure 2-2). The 

“DNA yield” was calculated from Cq values of EMA (or PMA) treated samples divided by 

the untreated sample, which gave a general DNA removal efficiency after EMA (or 

PMA) treatment. As shown in Figure 2-2, starting with the same tissue sample pool, the 
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DNA removed by EMA treatment was usually more than that removed by PMA at the 

same concentration. More DNA was removed as EMA concentrations increased. 

However, DNA removal by PMA did not increase when dye concentration exceeded 25 

μg/mL. Therefore, the f.c. of 25 μg/mL PMA was chosen in the working protocol.   

2.3.2 PMA-qPCR versus Direct Counting with Microscope 

After an optimized PMA-qPCR working protocol was established, the correlation 

between PCR-based molecular quantification and microscopic direct counting was 

estimated as described above. For direct counting (see Figure 2-4A for live bacteria 

observed with green fluorescence filter set 38), rods/field data were first converted to 

rods/μL using parameters from the microscope, and then the common logarithmic 

values of the rods/μL data were plotted against Cq values from qPCR (Figure 2-3). A 

standard curve by linear regression showed a good fit of the data,  and the R2 value of 

0.9476 indicated a good accuracy over a relatively wide range of Cq values (from 26 to 

34). With the standard curve in Figure 2-3, an estimation of the live Las genome, or 

even how many live liberibacter rods could be observed under the microscope (a linear 

conversion process needed) can be made based on a Cq value obtained by PMA-

qPCR, or vice versa.  

2.3.3 Effects of TissueLyser Treatment on Live Bacterial Genome 

The four different treatments gave significantly different estimates of Las genome 

when used on samples from the same plant. Compared to untreated samples, low 

temperature treatment (using liquid nitrogen as in “With LT” and “With LT+PD”) did not 

cause any significant change (or loss) in the resulting genome, but physical disruption 

alone (using TissueLyser machine without liquid nitrogen as in “With PD”) caused a 

significant rise in Cq value, which meant a significant loss in the live bacterial genome 
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detected. At the same time, samples that received the two treatments separately (“With 

LT” or “With PD”) resulted in significantly lower live bacterial genome than the ones with 

two treatments together (i.e., the regular TissueLyser treatment as in “With LT+PD”). 

For the cumulative bacterial genome, compared to samples with no treatment, each 

treatment alone (“With LT” or “With PD”) did not have significant impact on the 

cumulative genome detected, while combined treatments resulted in a significantly 

higher cumulative genome. In Figure 2-5, most of the groups (four different treatments 

in live and cumulative) had considerable variations within the data collected from 9 

samples (3 samples from each of the three repeats), while only the live bacterial 

genome obtained with regular TL treatment had the smallest variations (0.56 compared 

with 2.8 in live bacterial genome from untreated samples).  

2.3.4 Determination of Interference of Plant Tissue with PMA-qPCR 

After exposure to isopropanol for 10 min, the viability check by plating on nutrient 

agar showed no colonies after 3 three days incubation. The isopropanol-killed cells 

were mixed with the untreated original culture in defined ratios (see table in Figure 2-6), 

and then 1 mL of the mixed bacterial suspension was added to 50 mg of pulverized 

plant tissue and the mixture was treated following the PMA-qPCR protocol, which 

resulted in two Cq values representing live and cumulative bacterial genomes, 

respectively. The “DNA yield in percent” was calculated from the two Cq values, and it 

was compared with the defined ratios. With an increase of dead cells in the bacterial 

suspension, the Cq values of the live bacterial genome also increased (representing a 

decrease in detectable live bacterial genomes), while the cumulative bacterial genome 

(from samples without PMA) remained unchanged. As a result, with three replicates, the 

“DNA yield in percent” data agreed well with the defined ratios (Figure 2-6). However, 
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the internal control of COX showed significant decrease of that detectable genome after 

PMA treatment (data not shown), which was not observed in the case of Las infected 

plant samples.   

2.3.5 Live Bacteria in Symptomatic or Asymptomatic HLB Leaf Samples 

Symptomatic and asymptomatic sweet orange leaves collected from field all 

showed a wide range of live bacterial genomes, usually ranging over more than 4 

orders of magnitudes (Figure 2-7B). However, the live bacterial genome detected in 

individual symptomatic leaves clustered at a significantly higher level (Group mean: 

2.22 x 106 Las bacteria per gram tissue; and 95% confidence interval: 1.49 - 3.30 x 106 

Las bacteria per gram tissue) than the cluster found in asymptomatic leaves (Group 

mean: 5.44 x 104 Las bacteria per gram tissue; and 95% confidence interval: 3.41- 8.69 

x 104 Las bacteria per gram tissue) (P<0.0001) (Figure 2-7B). In addition, Las was not 

detected in some asymptomatic leaves (6 samples undetected out of 100 leaves tested), 

which never happened in symptomatic leaves.  

2.3.6 PMA-qPCR on Different Host Plants 

Whether or not different host plants which showed different levels of resistance to 

HLB disease also had different levels of live and cumulative bacterial genome was 

checked with 24 citrus and non-citrus plants infected with Las. As shown in Figure 2-8, 

a wide range of live bacterial genomes were obtained from most of the hosts tested, 

which made the difference among different citrus varieties insignificant, and this was 

also observed in cumulative bacterial genomes (data not shown). However, some 

significant differences still existed, for example, dodder (Cuscuta indecora) had a 

significantly higher amount of live Las genome than the rest, while M. paniculata and Z. 
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fagara had significantly lower amount of live Las genome compared to most citrus 

genotypes (P<0.0001). 

2.4 Discussion 

2.4.1 Optimization of PMA-qPCR 

Unlike PMA, EMA was reported to be problematic when used to selectively 

remove DNA of dead cells (Nocker et al. 2006; Cawthorn and Witthuhn 2008; Flekna et 

al. 2007; Kobayashi et al. 2009a). EMA could pass through intact cell membranes of live 

cells of many different bacteria species tested, and cause DNA loss in DNA extraction 

and subsequent PCR assays, while no staining effect on live bacteria was observed 

with PMA (Nocker et al. 2006). Therefore, PMA was chosen to work with qPCR in this 

study to gain a better understanding of live bacterial genomes in HLB-affected hosts. 

However, when published EMA-qPCR or PMA-qPCR working protocols (Trivedi et al. 

2009; Nocker et al. 2006) were directly utilized in this study, some major problems 

occurred, which led to inconsistent results or even total failure of the experiments. For 

example, a large variation of Cq values was observed among repeatedly sampled 

portions from the same sample pool which rendered results unreliable. After PMA 

pretreatment, Las was sometimes not detected in some previously positive plant 

samples, which made the data totally useless. The previous working protocol was 

originally designed for culturable bacteria, and therefore had fewer variables to control 

as compared with uncultured Las. No protocol was available for working with psyllid 

material. Therefore, optimization of the previous working protocols was necessary.            

In order to get a more accurate estimate of live Las genome in the hosts, a 

homogeneous starting material is quite important. For plant materials, finely chopped 

midrib and petiole tissue is good enough for a positive or negative result, however, 
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whether the roughly treated material could meet the needs of qPCR or PMA-qPCR was 

in question. Due to the facts that Ca. L. spp are inside the plant phloem tissue (da 

Graca 1991; Bove 2006), and that they are unevenly distributed in planta (Tatineni et al. 

2008; Bove 2006), a severe disruption protocol was needed to minimize these effects. 

Therefore, a pulverization step using TissueLyser and liquid nitrogen was added to 

reduce the tissue particles size and make a more uniform sample pool. The results not 

only showed that pulverized tissue had a smaller deviation among portions from the 

same pool, but also gave a higher DNA extraction efficiency demonstrated by a 

generally lower Cq value from pulverized tissue compared to the same sample without 

pulverization (Figure 2-1). The increased DNA extraction efficiency could help minimize 

experimental error thus is an additional value of the TissueLyser step.  

After the TissueLyser treatment was routinely used in PMA work, Cq values 

increased, indicating fewer live bacterial genomes as a portion of the corresponding 

cumulative bacteria genome. Live bacterial genome were sometimes not detectable. 

Therefore, the live bacterial percentages (LBP) were usually less than 10% which were 

much lower than the 17-31% reported in citrus with EMA (Trivedi et al. 2009). Besides, 

when the cumulative bacterial genome data from PMA treatment was compared with 

data from the no PMA pretreatment sample, there was a big difference as well. These 

findings ruled out the possibility that the DNA removal effect of PMA was the cause of 

the bacteria genome change, but rather a total DNA loss by the PMA pretreatment 

process. The discarded supernatant in the centrifugation step was the only possible 

step that could account for the loss, and later, a considerable amount of DNA material, 

including Las DNA, was detected in the discarded supernatant (data not shown). The 
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centrifugation speed of 16,100 g was tried in an effort to reduce the DNA loss. The data 

showed that the higher speed reduced the loss to a minimum level, and in turn, LBP 

results started to become reasonable (ranging from less than 1% to near 100%). 

In EMA or PMA work published previously (Trivedi et al. 2009; Nocker et al. 2006; 

Nocker and Camper 2006a), different final concentrations were used for different target 

bacteria or specific applications, which made it uncertain which concentration would 

work for Las. For example, EMA was used at the f.c. of 240 μM (about 100 μg/mL) in 

studies by Rudi et al. (2004), Trivedi et al. (2009), and Nocker and Camper (2006a), 

and at 50 μM (about 25 μg/mL) in another study by Nocker et al. (2006). PMA was 

mostly used at 50 μM and 5 μM (Nocker et al., 2006; Liang et al., 2011). All of the 

published EMA or PMA work dealt with bacterial pure cultures rather than uncultured 

ones like Las in this study. Since these concentrations might not work the same with 

Las, they were compared in this study. As shown in Figure 2-2, with increased chemical 

concentrations in all three replicates, PMA reached a saturated stage in which added 

chemical did not cause further DNA reduction, while EMA had no such phenomenon. 

Another fact worth pointing out was that samples treated with same amount of PMA or 

EMA, the former one usually had a higher DNA yield than the latter (Figure 2-2). The 

results confirmed the fact that EMA may have substantial DNA removal effect on live 

bacteria in suspension, i.e. low selectivity of EMA compared with PMA (Nocker et al. 

2006), and thus is not suitable for this work. Therefore, the final concentration of 25 

μg/mL was chosen for PMA-qPCR detection of Las. This concentration was considered 

sufficient to effectively remove genomic DNA from dead cells while avoiding potential 

DNA loss due to excessive dye. 
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2.4.2 PMA-qPCR vs. Rods/field 

With an effective and reliable PMA-qPCR protocol and proper experimental 

material (midguts dissected from psyllids), a linear relationship between microscopically 

observable liberibacter rods and quantitative PCR results was established in this work. 

With this standard curve, the live Las population inside hosts (plants or psyllid) can be 

estimated with data obtained from either of the two methodologies. Because 

microscopic observation of Las only counts cells with rod-shaped cell structure, while 

regular qPCR (without PMA pretreatment) detects the whole bacterial genome no 

matter from live or dead cells, there is always a considerable discrepancy between the 

genome estimates made by these two methodologies (Li et al. 2006; Trivedi et al., 

2009). PMA can effectively remove background DNA (DNA from dead cells and naked 

DNA molecules) from the cumulative genome and make only DNA of live cells 

detectable in subsequent qPCR assays. Therefore, this additional treatment made 

qPCR results theoretically comparable to what you could actually see under 

microscopes and thus a possible correlation standard curve.  

When converting qPCR results to actual bacterial genomes, standard curves 

developed with the PCR target on a recombinant plasmid are a common option (Li et al. 

2008; Trivedi et al. 2009; Wang et al. 2006). However, such standard curves were 

problematic when used for field samples in HLB research, and optimizations for them 

were constantly being made, for example, a major modification was made for standard 

curves by Li et al. (2008) so that the factors of host tissue, host species and even 

geographic locations could be taken into account. In another study, the host tissue was 

proved not to be a significantly factor in their standard curve (Trivedi et al., 2009). The 

difference in performance of recombinant plasmid and bacterial genomic DNA in qPCR 
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assays remained unstudied and thus left the application of such a standard curve in 

question. 

When counting Las from psyllids with a microscope, there was a general 

impression that live bacteria were much more prevalent than dead ones in psyllids (see 

Figure 2-4A vs. 2-4B), however, the LBP in psyllids obtained by PMA-qPCR were 

usually just around 20% (data not shown). This discrepancy could possibly be due to 

the naked DNA in the background, which could not be seen with either dye under the 

microscope but still detectable in qPCR (Nocker and Camper 2009).     

2.4.3 Effects of TissueLyser Treatment on Live Bacterial Genome 

PMA-qPCR was developed to estimate the live bacterial genome inside hosts. 

However, certain process in the PMA protocol might have adverse effects on the 

integrity of the bacterial cell structures, which could render the data inaccurate and 

produce an underestimate of the actual live population. For example, the extremely low 

temperature in liquid nitrogen treatment could cause the bacterial cells to freeze and 

thaw. Also no research data supports the assumption that the intense pounding by 

metal beads would not harm the bacterium inside the tissues. Although in long-term 

storage using liquid nitrogen, bacteria experience extreme temperature change but still 

remain viable. However, that practice usually is done with pure bacterial cultures and 

has to follow certain procedures (like using glycerol to protect the membrane from 

freeze damage). Therefore, investigation into this matter is necessary. 

The TissueLyser treatment in the PMA pretreatment not only had no significant 

impact on the live bacterial genome inside plant tissue, but also tended to increase the 

estimate of the cumulative bacterial genome. In addition, the liquid nitrogen treatment 

alone had no significant impact on either live or cumulative bacterial genome. However 
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the pounding with steel beads seemed to have an adverse effect on live bacterial 

genome (fewer live bacteria detected), but not on the cumulative. The possible adverse 

effect of liquid nitrogen treatment on live population was ruled out.  

The smallest variations of live bacterial genome detected in the samples “With 

LT+PD” demonstrated the reliability of PMA-qPCR in fulfilling its purpose. Besides, the 

big variations of cumulative genome in all the 4 groups including “With LT+PD” implied 

that cumulative bacterial genome is not a suitable target to be used for monitoring the 

dynamic change of the bacterial population in HLB research.    

2.4.4 Determination of Interference of Plant Tissue with PMA-qPCR 

PMA-qPCR has been repeatedly reported to work well with culturable bacteria 

including various plant pathogens (Yanez et al. 2011; Nocker et al. 2007a; Liang et al. 

2011; Kobayashi et al. 2009b; Kobayashi et al. 2010; Kralik et al. 2010), but there is no 

report of PMA-qPCR application on uncultured bacteria like the HLB associated 

liberibacters. In order to demonstrate the effectiveness of the optimized PMA-qPCR 

protocol with plant samples, the experiment with the mixture of plant tissue and bacterial 

suspensions of defined live/dead cell ratios was used to mimic the situation in Las 

infected plant samples. Half of the bacterial suspension from fresh culture of log phase 

was subject to exposure to 70% isopropanol for 10 min, resulting in a decrease in 

culturable bacterial cells to zero. With the increase of dead cells in the mixed bacterial 

suspension, the live bacterial genomes detected by qPCR after PMA treatment 

decreased as expected, and the “DNA yield in percent” data agreed well with the 

defined live/dead bacterial ratios. This showed that PMA-qPCR was not interfered with 

by plant tissue. Regarding the significantly decrease of COX detected after PMA 

treatment, it could be caused by certain interaction between plant tissue and high 
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concentration of bacteria used. Another possibility is that there is certain interaction 

between the two primer/probe sets, which has never been studied for these two specific 

sets before.  

2.4.5 Live Bacteria in Symptomatic and Asymptomatic Leaves 

In order to determine the correlation between symptom expression and the 

bacterial population, an experiment was conducted using each single leaf as a sample, 

rather than at least three leaves as in regular Las detection. With a sample size of 100 

leaves in each group (symptomatic and asymptomatic), individual leaves with or without 

symptoms both showed a wide range of live bacterial populations, and their distribution 

in the bacterial population overlapped with each other (Figure 2-7B). The symptomatic 

leaves had a significantly higher level of live bacterial population than the asymptomatic 

ones (P<0.0001), which indicated a substantial difference of bacterial populations 

regarding symptom expression. Based on the 95% confidence intervals of the means of 

both groups (i.e., 95% confidence interval of the mean in symptomatic group: 1.49 - 

3.30 x 106 Las bacteria per gram tissue; 95% confidence interval of the mean in 

asymptomatic group: 3.41- 8.69 x 104 Las bacteria per gram tissue), the intermediate 

region of the bacterial population, from 8.69 x 104 to 1.49 x 106 Las bacteria per gram 

tissue, could be considered as the bacterial population range with which Las-infected 

Hamlin sweet orange leaves started showing symptoms, i.e., the threshold region of 

internal bacterial population for HLB symptom expression in Hamlin sweet orange. 

Another way to interpret this threshold region is that Hamlin leaves with live bacterial 

population below 8.69 x 104 Las bacteria per gram tissue are more likely to be 

asymptomatic, while leaves with more live bacterial population than 1.49 x 106 Las 
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bacteria per gram tissue are more likely to show HLB symptoms already (95% 

confidence level).  

Regarding the 6 asymptomatic leaves with undetectable Las, it could be due to the 

new growth of the plant had not been colonized by the bacteria yet, and this also 

confirmed that symptomatic leaves should be the first choice for Las detection. 

2.4.6 Live Las in Different Hosts 

According to the results shown in Figure 2-8, different citrus species and cultivars 

were all able to accumulate high amount of live Las genome regardless of their 

susceptibility to HLB disease. In general, no significant difference in live bacterial 

genome was observed between a susceptible plant species (or cultivar) and a more 

resistant one. This suggests that there is no strong correlation between citrus 

susceptibility to HLB and the internal bacterial populations. Folimonova et al. (2009) 

reached a similar conclusion based on qPCR tests of their plant collection, although it’s 

cumulative Las genome results. The data of live Las genome obtained in this study was 

not significantly different from the cumulative genome (data not shown). However, if 

considering all citrus varieties as a group, the citrus relatives or HLB related plants (like 

dodder, periwinkle) included in this study showed significant differences with this group. 

S. buxifolia and Calamondin showed no difference with Citrus spp. as hosts of Las, 

which was not unexpected due to their excellent alternative host status found in this 

research (discussed in the following chapters). In contrast, M. paniculata and Z. fagara 

had significantly lower Las genome (live and cumulative) compared to citrus. This 

means that Las could not accumulate to a high level in these two plants, and may 

further indicate an unsuitable living environment inside these two plants for the 

bacterium. Las genome was significantly higher in dodder than in citrus, which helps to 
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explain why dodder serves as an excellent host and transmission vector for Las 

(Hartung et al. 2010a; Zhou et al. 2007; Zhang et al. 2011b; Duan et al. 2008). 
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Figure 2-1.  Comparison between with TissueLyser treatment (TL) and without TL in 
PMA pretreatment. Aliquots from the same plant sample were treated with or 
without TL, and tested with qPCR after DNA extraction. No PMA treatment 
was included in this experiment. Error bars represented standard deviations 
from 3 replicates, and the experiment was repeated three times.  
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Figure 2-2.  The effect of different concentrations of PMA or EMA on DNA yields. 

Sample aliquots were made from the same sample pool, and treated with 
PMA (or EMA) at different final concentrations. Live bacterial genome data 
from PMA (or EMA) treated samples were divided by the cumulative genome 
data from untreated samples, and the resulting DNA yields (in percent) were 
compared. Error bars represented standard deviations from 3 replicates.    
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Figure 2-3.  Correlation between common log value of bacterial concentration from 

microscopic counting and Cq values obtained by PMA-qPCR. Psyllid 
samples were first dissected, and the suspension of midguts were 
observed with microscope as well as tested by qPCR after treated with 
both SYTO 13 and PMA. The common log values of bacterial 
concentrations from microscopic observation were plotted against the 
corresponding Cq values obtained from qPCR, and the linear regression 
resulted in a standard curve as above. Error bars represented standard 
deviations from at least 3 replicates. The standard curve could be further 
converted to show the common log value of bacterial cells per gram plant 
tissue versus Cq values, which is y = -0.2819x + 13.576 (y = common log 
value of bacterial cells per gram tissue, x = Cq), if this specific data format 
was needed for certain comparative purpose.  
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Figure 2-4.  Las observed under fluorescent microscope stained with both SYTO 

13 and PMA. SYTO 13 could stain all bacterial cells including live and 
dead ones, while PMA could only stain dead ones. Different filter sets 
had different emission/excitation wavelength ranges, thus with specific 
filter set choice, live and dead cells could be observed separately. A) 
Green Filter Set 38 for SYTO 13 view of live cells, and B) Red Filter Set 
20 for PMA view of dead cells.
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Effects of different treatments on Las live and total titer

20

22

24

26

28

30

32

34

36

38

No Treatment With LT With PD With LT+PD

Treatments

C
q

Live Las titer Total Las titer

 
Figure 2-5.  Effects of TissueLyser treatment on live and cumulative Las genome 

tested by PMA-qPCR. Aliquots from the same sample pool received different 
treatments, i.e., with either low temperature (LT, treated with liquid nitrogen) 
or physical disruption (PD, treated with metal beads pounding), with both 
LT+PD, or without LT+PD. After the 4 different treatments, all aliquots of 
samples were tested following the same PMA-qPCR protocol, and the 
resulting Cq values of both live and cumulative genome were compared. Error 
bars represented standard deviations from 9 replicates of each sample (3 
replicates from 3 repeated experiments). Statistical analysis was done with 
SAS 9.3 TS Level 1M0 at the significant level of P<0.05.    
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Figure 2-6.  PMA-qPCR with defined ratios of live and isopropanol-killed Xanthomonas 

citri ssp. citri. The table shows the ratios of live and isopropanol-killed bacteria. 
The numbers represent volumes in microliters. One milliliter of mixed bacterial 
suspension was mixed with 50 mg of plant tissue to mimic the situation of 
Las-infected plant samples. After PMA-qPCR procedure, the DNA yield (in 
percent) was calculated from the Cq values obtained from PMA treated 
samples divided by those from no PMA added samples. Error bars 
represented the standard deviations from 3 replicates.     
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Figure 2-7.  Comparison of the live bacterial genomes of symptomatic and 
asymptomatic leaves of Hamlin sweet orange. A) HLB symptomatic and 
asymptomatic leaves. Leaves were tested individually by PMA-qPCR to 
check the live bacterial genome in each leaf. B) Box-and-Whisker plot 
showing the data distribution of the 100 leaves (100 with and 100 without 
symptoms) tested. The upper and lower bar of each group shows the 
maximum and minimum values, excluding outliers (dots). The box contains 
the middle 50% of the data (inter-quartile range), which was from the 25th 
percentile (lower edge) to the 75th percentile (upper edge). The statistical 
analysis was done with SAS 9.3 TS Level 1M0 at the significant level of 
P<0.05.    
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Figure 2-8.  Comparison of live Las genome in 24 different host plants. Plants of 1 to 18 were different citrus varieties and 

species. Plants of 19 to 24 were citrus relatives or HLB related plants. Error bars represented standard 
deviations among 3 to 8 replicates of each plant tested. 1. Navel sweet orange (Citrus x sinensis ‘Bahia’ ), 2. 
Benton citrange (C. × insitorum Mabb. 'Benton'), 3. Carrizo citrange (C. × insitorum Mabb. 'Carrizo'), 4. 
Kohorski, 5. Sour orange (C. aurantium L.), 6. Mexican lime (C. aurantifolia (Christm.) Swingle), 7. Cleopatra 
mandarin (C. reticulata Blanco), 8. Rough lemon (C. x jambhiri Lush. Rough lemon), 9. C. indica Tanaka, 10. 
Volkamer Lemon (C. limonia Osbeck ‘Volkameriana’), 11. Duncan grapefruit (C. paradisi MacFadyen), 12. 
Valencia sweet orange (C. x sinensis ‘Valencia’), 13. Kikojii, 14. Flame grapefruit (C. paradisi ‘Flame’), 15. Iapar 
sweet orange (C. x sinensis ‘Iapar’), 16. Pineapple sweet orange (C. x sinensis ‘Pineapple’), 17. Madam Vinous 
sweet orange (C. x sinensis ‘Madam Vinous’), 18. Hamlin sweet orange (C. x sinensis ‘Hamlin’), 19. 
Calamondin (x Citrofortunella microcarpa), 20. Severinia buxifolia, 21. Zanthoxylum fagara, 22. Murraya 
paniculata, 23. periwinkle (Catharanthus roseus), 24. dodder (Cuscuta indecora).   
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CHAPTER 3  
SEVERINIA BUXIFOLIA AS AN EXCELLENT ALTERNATIVE HOST OF LAS AND A 

SEASONAL LIVE BACTERIAL DEVELOPMENT SHOWN BY PMA-QPCR 

3.1 Introduction 

Citrus huanglongbing (HLB) is a devastating citrus disease worldwide. It can 

cause premature fruit drop and eventually kill the infected trees. It affects all the major 

citrus producing areas in the world, such as the U.S., China, and Brazil, and causes 

substantial economic loss. Most importantly, there is no effective cure for this disease 

yet.  

There are three types of HLB (Bove 2006; Zhang et al. 2011), and they are 

associated with three phloem-restricted bacterial agents, Candidatus Liberibacter 

asiaticus (Las), Ca. L. africanus (Laf), and Ca. L. americanus (Lam). These fastidious 

bacteria have not been obtained in pure culture yet, nor has Koch’s postulates been 

fulfilled for HLB, which poses a major obstacle in HLB research. Although HLB is graft 

transmissible, it is naturally transmitted in the field by the insect vector, citrus psyllid. 

There are two types of citrus psyllids responsible for HLB transmission, one is Asian 

citrus psyllid (ACP), Diaphorina citri, which is mainly distributed in Asia and the 

Americas; the other one is African citrus psyllid, Trioza erytreae, which is in Africa.  

Even though ACP was discovered in 1998 in Florida, it was not until 2005 that 

citrus HLB was first reported in south Florida (Halbert 2005), which was also the first 

report of HLB in the United States. After that, HLB quickly spread to all the citrus 

producing counties in Florida. The only bacterial agent found in Florida is Las. It was 

reported that, since 2005, HLB has cost the State of Florida more than $3.6 billion and 

more than 6,600 part-time and full time jobs. Considering that the major citrus cultivars 

in Florida are sweet oranges and grapefruit, which are all susceptible to the disease 
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(Folimonova et al. 2009; Halbert and Manjunath 2004), HLB has posed great threat to 

the citrus industry in Florida.  

With the rapid spread of HLB in Florida, alternative hosts of the associated 

bacterium need more study due to their potential to serve as secondary sources of the 

bacterium. Alternative hosts are concealed havens for pathogen survival, but they are 

often neglected in epidemiological researches especially when they are not recognized 

(Hung et al. 2001). Therefore, the knowledge about alternative hosts is important for the 

integrated pest management of HLB (Hung et al. 2000; Halbert and Manjunath 2004). 

There are many citrus relatives in the Rutaceae family present in Florida that are grown 

mainly as ornamentals. Some of the citrus relatives are listed as hosts of the HLB 

associated bacterial agents and/or the psyllid vectors based on field surveys and PCR 

results. However, their status as alternative hosts of HLB has never been systematically 

studied except for two studies on Severinia buxifolia (Hung et al. 2001) and Murraya 

paniculata (Damsteegt et al. 2010), respectively. Hung et al. (2001) reported that S. 

buxifolia is an alternative host of Las because it can be infected by Las through grafting 

and psyllid transmission. However, the study on transmission was not complete (i.e., the 

psyllid transmission pathway from Las-positive S. buxifolia to healthy ones was not 

included), nor the repeats were sufficient. Besides, the transmissibility of S. buxifolia to 

citrus was not studied. It was reported that M. paniculata supports good psyllid 

populations, but Las bacterium does not to persist long in it, usually becoming 

undetectable after 5 months, which makes them minimally important as hosts of Las 

(Damsteegt et al. 2010). 
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Research was initiated to study the potential of several rutaceous plant species as 

hosts for Las. Eight different plant species studied were Severinia buxifolia, Calamondin 

(x Citrofortunella microcarpa), Citropsis gilletiana, Choisya ternata ‘Sundance’, Choisya 

aztec ‘Pearl’, Zanthoxylum fagara, Esenbeckia runyonii, and Amyris texana. 

Transmission trials were set up in greenhouses (most trials were done by psyllid 

transmission; graft-transmissions were also set up when plants are compatible with 

citrus material), and the plants were later tested with real-time PCR (qPCR). The living 

situation of the bacterium inside alternative hosts (even all the hosts including psyllids), 

and whether the passage through alternative hosts will affect the pathogenicity of the 

bacteria are both important aspects for evaluation of their host status. Therefore, the 

new methodology to detect the live bacterial genome inside hosts developed in this 

study (see Chapter 2) was used to monitor the dynamic changes of live bacterial 

genome inside all the hosts found in this work. Besides, since it’s the first-time report of 

their host status of Las for most of the plants in this work, the identities of the bacterial 

agents were double checked with conventional PCR followed by sequencing for further 

confirmation. 

This study showed that seven plant species can be infected by Las, out of which 

six are first time reported to be alternative hosts of Las. Among those alternative hosts 

identified in this work, the bacteria persistence and psyllid activities associated with the 

plants were quite different, which made their transmissibility back to citrus differ. Based 

on the transmissibility back to citrus, the plants are grouped into four categories: high, 

medium-high, medium, and no transmissibility. S. buxifolia from the high transmissibility 

group is an excellent alternative host of Las, and can also support psyllid vector well. 
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Besides, the work of monitoring live bacterial genome dynamics in this plant is the most 

completed one, therefore, this part of work will be discussed in a separate chapter, 

while the other plants will be discussed all together in the next chapter.  

3.2 Materials and Methods 

3.2.1 Plants and Psyllids 

Seedlings of S. buxifolia were grown from seeds collected at the University of 

Florida, Citrus Research and Education Center (CREC), Lake Alfred, Florida. The 

source plants were assumed and later qPCR confirmed by the 16S system (Li et al. 

2006) (see Table 3-1) to be Las-free. Valencia sweet orange (Citrus sinensis ‘Valencia’) 

seedlings were grown from seeds purchased from California. Citrus and Severinia 

seedlings were grown in an insect-free greenhouse with natural temperature and 

daylight. Healthy seedlings of S. buxifolia and citrus were usually kept in this 

greenhouse for 2 to 3 months after transplanting, and moved to a second greenhouse 

(referred to as the ‘psyllid room’) with controlled temperature of 75 to 78 F and 

controlled light of 12-hour artificial light exposure each day. All the psyllid transmission 

experiments were set up in the psyllid room and kept for the first 2 months post 

inoculation (PI). After all inoculated plants were qPCR tested for the first time and the 

remaining psyllids were removed, the plants were moved to the third greenhouse with 

controlled temperature of 75 to 78 F and natural light for long term monitor and 

observation due to space limit in the psyllid room. 

Healthy ACP were collected from M. paniculata ornamentals located in Winter 

Haven, Florida, and released in a 24’’X24’’X36’’ Rearing and Observation Cage 

(BioQuip Products Inc., Rancho Dominguez, CA) with multiple flushing plants including 

sweet orange (C. sinensis) and M. koenigii (marked and referred to as ‘healthy cage’). A 
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psyllid colony was established in the healthy cage with supplementations from the same 

location in Winter Haven. Psyllid and plants kept in this cage were constantly monitored 

by qPCR to ensure a Las-free condition. Besides, all plants and psyllids used in this 

study were tested for latent Las infection by qPCR prior to use in any experiment. 

3.2.2 Inoculation Procedure 

Because S. buxifolia is graft compatible with citrus, graft transmission was also 

done. The budding method was used, and two S. buxifolia plants were grafted with 

multiple buds (usually mature buds with wood attached) collected from HLB positive 

citrus plant (with strong HLB symptoms like blotchy mottle leaves). Four months after 

grafting, leaves from the S. buxifolia plants were collected and tested with qPCR to 

confirm the infection.   

Since psyllid transmission is the primary means of HLB spread in the field (Halbert 

and Manjunath, 2004; Bove, 2006; da Graca, 1991), it was the major inoculation 

method used in this study. In all the three psyllid transmission pathways investigated in 

this study, (1) from citrus to S. buxifolia, (2) from S. buxifolia to citrus, (3) from S. 

buxifolia to new S. buxifolia, a standard inoculation procedure was followed. Las-free 

psyllids (D. citri) were collected from healthy cage and colonized on source plants (for 

example, for pathway 1, from citrus to S. buxifolia, Las-free psyllids colonized Las-

infected sweet orange plants, while for pathway 2 and 3, Las-infected S. buxifolia 

plants, as source plants, were colonized by psyllids) for a 3-week acquisition access 

period (AAP) (Damsteegt et al. 2010), during which psyllids were mating and 

reproducing, but only adults were used for inoculations for their better transmission 

efficiency (Pelz-Stelinski et al. 2010). When new flushes were available on receptor 

plants for psyllid feeding, check plants for any pests and treat with appropriate methods 
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to remove them if any presented. After visible pests removed, wash plants thoroughly 

with tap water and let the plants sit till dry; collect psyllids (10 psyllids as a set) from 

source plants and put 1 set of psyllids into a 5X12’’ plastic tube with one receptor plant 

for inoculation and wait at least 14 days of inoculation access period (IAP) (Damsteegt 

et al. 2010), at the same time, 10 psyllids (1 set) were qPCR assayed individually to 

obtain Las-positive percentage data for each transmission experiment. Healthy receptor 

plants were mock-inoculated with healthy psyllids as negative controls, while healthy 

sweet orange plants inoculated with psyllids from source plants served as positive 

controls with each experimental inoculation. For each transmission pathway, using 

psyllids collected from the same cage of source plants, 3 batches of receptor plants (2 

to 12 plants in each batch depending on the plant and psyllid availability) were used to 

set up 3 separate transmission experiments, which served as three repeats of each 

pathway to validate the results. For transmission pathway 1, a total of 12 S. buxifolia 

plants were inoculated over a period of 9 months, for pathway 2, 28 Valencia sweet 

orange (C. sinensis ‘Valencia’) plants were inoculated over a 5-month period, and for 

pathway 3, 16 S. buxifolia plants used over a 22-month period. Positive and negative 

controls were set up for each of the 3 transmission experiment repeats, respectively.   

As mentioned above, following inoculation, plants were allowed to grow in the 

psyllid room for the first 2 months PI, after which inoculated plants were cleaned with 

appropriate treatments and then moved to the third greenhouse for long term testing 

and observation. At the same time, psyllids left on the receptor plants were all collected 

and 1 set of 10 psyllids was tested for Las-positive percentage. At 2 months PI, leaves 

from the receptor plants were first collected for qPCR test, and then tested monthly until 
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positive results were revealed. Negative plants were monitored for one year, after which 

the plants were discarded. Because the information about the live bacterial genome 

inside hosts is important for evaluation of the host status, and one of our research 

objectives was to know if passage through alternative hosts will affect the pathogenicity 

of the bacterium, the newly developed PMA-qPCR method was used to monitor the live 

and the cumulative bacterial genome in selected plants from transmission pathways 2 

and 3. This monitoring lasted more than 20 months for most of the plants in the 

Severinia work. 

3.2.3 Detection Assays 

All plants and psyllid materials used in this study were assayed by qPCR for Las 

presence and/or development. For plant material, DNA samples were extracted from 

newly matured leaves of each inoculated plant using the DNeasy Plant Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol. Briefly, leaves (usually 3 leaves 

for citrus plants and 8 leaves for S. buxifolia) were randomly selected and aseptically 

removed from each plant; leaf lamina were discarded and midrib/petiole materials were 

finely chopped with sterile razor blades; 100 mg of chopped tissue were weighed out 

and put into a 2 mL microcentrifuge tube and pulverized using TissueLyser II (Qiagen) 

with liquid nitrogen, after which the tissue was ready for DNA extraction with the Plant 

Kit (Qiagen). For psyllids, the DNeasy Blood & Tissue Kit (Qiagen) was used for DNA 

extraction. Briefly, a single psyllid (or a group of psyllids depending on the purpose of 

the assay) was placed into a 1.5 mL microcentrifuge tube with 180 µL ATL buffer (tissue 

lysis buffer from the DNeasy Blood & Tissue Kit) and ground with a small plastic pestle, 

and then the total DNA was extracted following the manufacturer’s protocol. The yield 
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and purity of the DNA samples was estimated with a NanoDrop Spectrophotometer ND-

1000 (Wilmington, DE), and all DNA samples were stored at -20 °C. 

Due to the uncultured nature of the associated agent, although the 16S qPCR 

system previously published by Li et al. (2006) was used as the primary method to 

detect Las presence and to monitor Las development throughout this study, several 

other PCR detection systems, real-time or conventional, were also included to further 

confirm the identity of the transmitted agent (Table 3-1). Internal controls (IC) were 

included to assess the quality of the DNA extracts and the reaction mixtures. For plant 

samples, the IC was a plant cytochrome oxidase (COX)-based primer/probe set (Li et 

al. 2006), and for psyllid samples, a psyllid glycoprotein gene (WG) was used 

(Manjunath et al. 2008a). All primers and probes were synthesized by Integrated DNA 

Technologies Inc. (Coralville, IA). 

All qPCR reactions were performed on an Applied Biosystems 7500 Fast Real-

Time PCR System (Life Technologies, Carlsbad, CA), and all the qPCR reactions 

shared the same protocol as follows: 2 min incubation at 50°C followed by 10 min 

incubation at 95°C, then 40 cycles of 15 s at 95°C and 1 min at 60°C, and fluorescent 

signals were collected at the 1 min at 60°C stage of each cycle. Data were analyzed 

with the Applied Biosystems software Version 1.4.0. A 20 µL qPCR reaction mixture 

contained 10 µL of 2x ABI TaqMan® Universal PCR Master Mix (Life Technologies), 2 

µL of DNA template, appropriate amount of primer/probe stock (to reach the optimized 

final concentrations as listed in Table 3-1) and Nuclease-Free Water (Qiagen).  

In order to confirm the results from qPCR reactions, qPCR reactions were run 

again in the conventional PCR system (only without probes while PCR reaction mixture 
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and the PCR protocol remained the same) to check for actual bands under the UV light 

(Table 3-1). For conventional PCR, all reactions were run on an S1000 Thermal Cycler 

(Bio-Rad, Hercules, CA). The PCR protocol for T7-1/Sp6-1 was different due to its 

bigger PCR product size (2588 bp), which was as follows: first 3 min incubation at 95 

°C, then 40 cycles of 45 s at 94 °C, 90 s at 58 °C and 2 min at 72 °C, and a final 

extension of 10 min at 72 °C.  A 50 µL PCR reaction mixture contained 25 µL of 2x 

GoTaq Green Master Mix (Promega, Madison, WI), 6 µL of DNA template, and 

appropriate amount of primer stock and Nuclease-Free Water (Qiagen). Amplified PCR 

products were run using 1% agarose gel stained with GelRed (Biotium, Hayward, CA), 

and visualized with AlphaImager® EP (AlphaInnotech, San Leandro, CA). After 

visualization of the bands of expected size, all PCR products (about 100 bp) were sent 

for sequencing at the Interdisciplinary Center for Biotechnology Research (ICBR), 

University of Florida, Gainesville, FL. The 2588 bp PCR product was first cloned and 

then sequenced at ICBR due to its size. All sequence data were blasted online at 

National Center for Biotechnology Information (NCBI) website 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).   

After receptor plants were confirmed positive for Las infection, some of them were 

chosen to monitor the live population dynamics of Las inside them over time. In order to 

check if the passage through S. buxifolia will affect the pathogenicity of the bacteria, the 

long-term monitoring was mainly conducted in receptor plants from transmission 

pathway 2 and 3. For transmission pathway 2, three citrus seedlings were randomly 

picked from each repeat, and tested by PMA-qPCR every other month (later increased 

to every month for more data). For transmission pathway 3, due to early plant death, the 
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20-month monitoring was only accomplished with 3 positive S. buxifolia seedlings from 

the 2nd repeat. PMA-qPCR work followed the “2.2.2 PMA-qPCR working protocol” in 

Chapter 2.   

3.3 Results 

3.3.1 Transmission Experiments 

Two S. buxifolia plants were initially graft-transmitted with buds obtained from 

HLB-affected citrus and then kept in psyllid room for more than two years, and the 

infected plants were confirmed with qPCR. When the two Severinia plants (referred as 

Sb1 and Sb2) had plenty of new shoots available, healthy psyllids were released into 

the cage to feed on them. Psyllids adapted to the new plants without any obvious 

adaptive phase, and colonies built up on Severinia almost as quickly as on citrus or 

Murraya paniculata plants. Honeydew, eggs and nymphs, all typical signs of psyllid 

activities (Bove 2006), could be easily found on S. buxifolia plants usually one or two 

weeks later. After several months of feeding and multiplying (longer than the required 3-

week AAP), 10 psyllids were randomly collected and tested individually with qPCR for 

evaluation every couple of weeks. When the majority of the psyllid population (usually 

>70%) all acquired high levels of Las, with quantitative cycle (Cq) values ranging from 

16.9 to 30.0, they were used in transmission experiments with Severinia plants as 

source plants (i.e., pathway 2 and 3). However, in the 3rd repeat of pathway 3, a couple 

of S. buxifolia plants that were inoculated via psyllid transmission in this study were 

used as source plants to raise new batches of infected psyllids, so that this type of 

transmission, from psyllid-transmitted Severinia plants to healthy Severinia via psyllids, 

was also done.    
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3.3.1.1 From citrus to S. buxifolia – transmission pathway 1 

The natural transmission via psyllid vectors which naturally occurs in the field was 

tested by three repeated experiments in this study. With psyllids raised on infected 

Rough lemon plants, 3, 5, and 4 Severinia seedlings were inoculated in three separate 

trials. In the 1st qPCR test 2-month PI, only 33%, 20% and 25% of inoculated plants 

from each of the repeat, respectively, were positive, while in the 2nd test of 5-month PI, 

all the seedlings were positive for Las (Cq ranging from 26 to 39, see Table 3-2). This 

demonstrated a high transmissibility of Las from citrus to S. buxifolia via the psyllid 

vector. Due to some fungal infection in these trials, only a couple psyllids were collected 

before plants were cleaned and moved to another greenhouse, and only one of them 

were qPCR positive with a Cq value close to 36 (data not shown). Valencia sweet 

orange positive controls which were inoculated with psyllids collected from the same 

Rough Lemon plants had Cq values of around 30s when first tested 2-month PI, and 

later reached the low 20s; mock-inoculated Severinia seedlings with Las-free psyllids 

showed high Cq values (close to 40) sometimes with 16S primer/probe (Li et al. 2006) 

but totally undetermined Cq values by rpoB primer/probe (data not shown).  

3.3.1.2 From S. buxifolia to citrus – transmission pathway 2 

In this pathway, psyllids raised on positive Severinia plants were used to inoculate 

3 groups of Valencia sweet orange plants separately (28 plants in total, see Table 3-3). 

Psyllids collected from the positive Severinia plants usually had a high percentage of 

positive results (70%-100%) with Cq values ranging from 16 to 30. However, psyllids 

collected from receptor citrus plants after inoculation had a considerable variability in Cq 

value levels, ranging from low 20s to high 30s and about 80% with undetermined values 

(data not shown). Unlike Severinia, 9 out the 13 positive citrus plants revealed their 
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infections in the 1st qPCR test (2-month PI) and all 13 plants (out of 28 total inoculated 

plants) showed infection in the 2nd test (5-month PI), and infected citrus plants quickly 

reach a stable stage of high levels of Las population represented by constantly low Cq 

values. For citrus plants inoculated in this pathway, the stable stage usually started from 

the 5-month PI (some late ones started from 12-month PI) and stayed on the Cq level of 

18~27 for at least 12 months in this study (Table 3-3). Valencia sweet orange plants 

which were mock-inoculated with healthy psyllids as negative controls were all qPCR 

negative throughout the whole monitoring period, and showed healthy looking growth 

especially with much bigger plants, which was the same as unsuccessfully inoculated 

(i.e., escaped) Valencia plants in these trials.      

3.3.1.3 From S. buxifolia to S. buxifolia – transmission pathway 3 

Three groups of Severinia plants (2, 9, and 5 plants in each group, respectively, 16 

in total) were used to demonstrate the transmissibility from infected S. buxifolia to 

healthy ones via psyllids. The first two groups were inoculated with psyllids collected 

from graft-transmitted Sb1 and Sb2, while the 3rd group of 5 plants was inoculated with 

psyllids from psyllid-transmitted Severinia plants (plant 3-1 to 3-5 in Table 3-4). Like the 

Severinia plants in pathway 1, only a small part of the successfully inoculated plants 

were qPCR positive in the 1st qPCR test of 2-month PI, and all showed positive in the 

2nd test of 5-month PI with Cq values ranging from the low 20s to 30s. Variable qPCR 

results (ranging from 16 to high 30s and about 70% with undetermined values) of the 

psyllids collected from the inoculated Severinia plants after 2-month period were also 

found (data not shown). Among all the positive plants obtained in this pathway, most 

reached a stable stage of high bacteria population with minor fluctuations, which was 

similar to what citrus plants showed after inoculation, however, a couple of plants (plant 
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1-1 and 1-2 in Table 3-4) showed an uncommon fluctuation in Cq values (from low 20s 

to undetectable Las population). For Severinia plants inoculated in this pathway, the 

stable stage usually started from 5-month PI (some late ones started from 10-month PI) 

and lasted for at least 14 months (Cq values ranging from 21 to 28) in this study (Table 

3-4). Valencia plants inoculated with psyllids collected from the same Severinia plants 

had Cq values of high 30s when first tested 2-month PI, and later would reach the low 

20s; mock-inoculated Severinia seedlings with Las-free psyllids remained qPCR 

negative throughout the entire monitoring period. 

For the two types of transmissions conducted in this pathway, of which graft-

transmitted Severinia plants (i.e., Sb1 and Sb2 in the 1st and 2nd repeats) and psyllid-

transmitted ones (i.e., 2-3 and 2-6 from 2nd repeat used for the 3rd repeat) were used 

as source plants, respectively, no obvious difference was observed based on the data 

collected. Besides, the 3rd repeat also demonstrated that Las transmission through S. 

buxifolia could be successful for at least 3 generations. 

3.3.2 Las Identity Confirmation 

Due to the uncultured fact of the associated bacterial agent of HLB, a lot of efforts 

were put into this study trying to confirm the identity of the agent involved.  

First, several qPCR systems which targeted different regions of the bacterial 

genome, for example, CQULA04F/R-CQULA10P set based on 50S ribosomal subunit 

protein L10 (rplJ) of Las (Wang, et al. 2006), and rpoBf/r/p set based on beta-subunit of 

RNA polymerase (rpoB) of liberibacters, were used to retest the positive plant samples 

from the psyllid transmission trials. Positive PCR results were obtained with 

CQULA04F/R-CQULA10P, rpoBf/r/p, and Las-spef/r/p systems, while negative results 

with Lam-spef/r/p and Laf-spef/r/p systems, as expected. Second, qPCR systems plus 
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one conventional PCR system (Table 3-1) were run on the regular thermocycler and 

actual bands with expected amplicon sizes, for example, 75 bp for 16S and 111 bp for 

rpoB primer sets, were visualized in gel (Figure 4-3B showed this results with all other 

alternative hosts). Third, PCR products were purified and sent for sequencing, while the 

2588 bp product of the conventional PCR were first cloned and then sent for 

sequencing due to the big size of the PCR product (see Figure 4-3C). Sequence data 

were compared online and confirmed to be Las sequence with more than 99% similarity 

(See BLAST results in Appendix).   

3.3.3 Symptom Observation 

As a part of the transmission pathway 1, Sb1 and Sb2 were kept under 

observation, and were tested periodically for Las presence by qPCR. The two plants 

both grew slowly with small leaves and corky veins, and some branches even showed 

blotchy mottle leaves (Figure 3-1A), the typical symptoms described for HLB-affected 

citrus plants (Bove 2006; da Graca 1991). However, symptoms observed on psyllid 

inoculated Severinia seedlings did not always agree with PCR results. For example, 

small leaves and leaf yellowing could be found on both PCR positive and negative 

plants, besides, small plants rarely had raised veins on their leaves like the two older 

Severinia plants, and leaf-mottling was hard to define on Severinia plants comparing to 

citrus plants. The only symptom observed in this study that was consistent with the 

infection status was the stunted plants, i.e., all infected Severinia plants showed 

significantly smaller plants than un-infected ones including negative controls (Figure 3-

1B).  

Citrus seedlings successfully inoculated in this work showed typical HLB 

symptoms like blotchy mottle, small leaves, and yellowing. Positive citrus seedlings all 
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grew really slow, and some die-back occurred. Stunted plants were observed in citrus 

plants as well (Figure 3-1C), which were 100% consistent with PCR results. 

3.3.4 Dynamic Change of Live Las Population 

Since August 2010, leaf samples from positive S. buxifolia and citrus seedlings 

inoculated in this study were collected and tested with PMA-qPCR in a monthly manner, 

and the monitoring lasted for 20 months. The dynamic change of the live and 

cumulative Las genome was monitored.   

For S. buxifolia, live Las began at a lower population level (represented by a 

higher level of Cq values ranging from 27 to 32) and this lower level lasted about 8 

months until April, 2011, when the live bacterial genome had a sudden rise of more than 

30-times and stayed on a significant higher level (P<0.05) (represented by a lower level 

of Cq ranging from 23 to 26). However, in contrast to this seasonal development in the 

live bacterial genome, cumulative Las genome fluctuated from 20 to 26 throughout the 

entire 20-month of monitored period and no obvious pattern was observed (Figure 3-

2A). There was only one month exception for this general pattern found in live bacterial 

genome development, January, 2012, in which the live Las population (Cq=28) dropped 

out of the range of 23 to 26. Another situation noticeable in Figure 3-2A is that the 

standard deviations were generally much smaller for live bacterial data set than the 

cumulative ones, which also confirmed the results from the previous PMA-qPCR 

methodology chapter.    

For citrus, a similar seasonal development pattern was also observed in the plants 

from the 3rd repeat (3 plants from each of the 3 transmission repeats were chosen for 

live bacterial genome monitor work), which was lower population level from August, 

2010 till February, 2011 (Cq from 27 to 28) and a sudden rise of almost 60-time 
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occurred in April, 2011 and the months after that (Cq from 20 to 22). No obvious staged 

pattern was observed for cumulative Las in citrus either, only fluctuation from Cq values 

of 20 to 25 through the entire period. The exceptional month of January, 2012 also gave 

a Cq value rise for live Las in citrus (Figure 3-2B), which indicated the live bacterial 

genome drop might be a common incident for that particular month. Citrus plants from 

the first two repeats for this work showed moderate fluctuation (within Cq values of 22 to 

25) throughout the entire period from August, 2010 to June, 2011.    

3.4 Discussion 

S. buxifolia is a spiny, low-branching, compact evergreen shrub related to Citrus, 

Fortunella, and Citropsis in Rutaceae family. Its common name is Box Orange or 

Boxthorn, which is native to southern China, and widely distributed in Asian countries 

such as India, Malaysia, Vietnam, the Philippines and Japan. In the United States, it is 

planted in the entire state of Florida and coastal regions of states like California, Texas, 

and Louisiana. Boxthorn often appears in the vicinity of citrus orchards, and is attractive 

to citrus psyllids (Hung et al. 2001).  

With the fast spread of this devastating citrus disease in Florida, citrus relatives 

gained much attention largely due to the fact that they could potentially serve as 

alternative hosts of Las, or an inoculum reservoir, which would pose much complexity 

and uncertainty to the HLB management program in Florida. Las was detected in S. 

buxifolia by PCR in a previous research (Hung et al. 2000), but the status of S. buxifolia 

as an alternative host of Las has never been systematically studied, and a lot of 

questions concerning S. buxifolia and HLB remained unsolved, for example, how well is 

the bacterium surviving inside S. buxifolia and will the passage through S. buxifolia 
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affect the pathogenicity of the bacterium or not? This study was designed to answer 

those questions. 

3.4.1 S. buxifolia as Alternative Host of Las 

In this study, it’s been demonstrated in repeated transmission experiments of 

multiple plants that Las could be easily transmitted by psyllid in all the transmission 

pathways involving S. buxifolia (i.e., from citrus to S. buxifolia, from S. buxifolia back to 

citrus, and from S. buxifolia to S. buxifolia), and by grafting from citrus to S. buxifolia. 

The psyllid vector easily infested this host without any obvious adaptive phase, and 

psyllid activities such as feeding and reproducing were just as common as on citrus 

plants. Plus, psyllid raised on positive Severinia plants could easily acquire Las 

bacterium (70-100% of population with Las, Cq values of 20s). In order to serve as an 

inoculum reservoir, a plant species should be able to retain the pathogen in an 

infectious state over an extended period of time (Damsteegt et al. 2010). The data 

showed that Las persisted in S. buxifolia plants for more than 30 months, and the psyllid 

acquired bacteria from positive Severinia plants from as early as 5-month PI. Therefore, 

S. buxifolia is an excellent alternative host and inoculum reservoir for citrus HLB. The 

risk that this plant poses to HLB management is that it can support the psyllid vector 

well, which is harmful even when it is Las-free, and is an inoculum reservoir of the 

pathogen. Compared to orange jasmine (M. paniculata), S. buxifolia is definitely more of 

a problem in HLB management. Recently, Ramadugu et al. (2010) reported naturally 

infected S. buxifolia by Las in the field, which shows that S. buxifolia may be a threat if it 

is present in the vicinity of citrus groves. Orange jasmine supports good psyllid 

populations, but Las bacterium does not to persist long in it, usually becoming 

undetectable after 5 months (Damsteegt et al. 2010). The psyllid may still acquire 
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inoculum from Las-infected orange jasmine during the short periods of time, but these 

short periods of infectivity probably makes them minimally important as hosts of Las 

(Damsteegt et al. 2010).  

Even though it has been shown that S. buxifolia is an excellent alternative host for 

both the bacterial agent and psyllid vector, some relatively lower transmission rates 

were found in Severinia group, i.e., 13 out of 28 (46.4%) receptor citrus plants in the 

transmission pathway 2 trials were positive, which is the lowest one in all the back-

inoculation experiments (see Chapter 4 for transmission rates of all other alternative 

hosts). Other than some random errors, such as the psyllids happened to be at low 

positive percentage with Las, or they were inactive when used in inoculation 

experiments, it was most probably due to the inoculation procedure used for the 

Severinia group. A set of 10 psyllids was used to inoculate individual plants, while at 

least 40 to 50 psyllids were used in Dr. Damsteegt’s inoculation (2010).  Another 

disagreement worth mentioning is that Folimonova et al. (2009) reported that S. 

buxifolia was highly tolerant to HLB because it showed little or no visual symptoms and 

plants continued to grow vigorously which was like uninoculated control plants. In this 

study, no leaf symptoms on S. buxifolia were consistent with PCR results (which made 

them all ‘suspicious’ symptoms), however, the plant growth was inhibited seriously after 

Las infection, and stunted plants was the major symptom found in HLB-affected S. 

buxifolia.   

3.4.2 Live Las Population in S. buxifolia and Citrus 

The cumulative bacterial genome detected by regular qPCR is the sum of live 

bacteria, dead bacteria (with integrity-compromised cell structure) and naked DNA of 

the target organism in the sample. The information of the cumulative bacterial genome 
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may fulfill some diagnostic purpose; however, the live bacterial genome is what is 

needed. For example, information on the live population of pathogenic microorganisms 

in hosts is widely used in various investigations of virulence mechanisms and to help 

make decisions in disease management practice, such as the timing of pesticide 

sprays. Multiple studies have been published on bacterial populations in HLB-affected 

citrus hosts. Some focused on bacterial distribution in different tissue or parts of the 

host plant (Tatineni et al. 2008), and some have tried to determine the dynamic change 

of the bacterial population over a certain period of time (Hu et al. 2006). However, the 

value of the data is questionable since regular qPCR was used.  

After PMA-qPCR was developed in this study for live bacteria detection, two major 

questions of interest, the amount of Las inside S. buxifolia (or all the hosts) and the 

effect of the passage through S. buxifolia on Las pathogenicity, can be studied. With the 

help of PMA-qPCR, a different yet quite obvious seasonal pattern of bacterial 

development was discovered in both S. buxifolia and citrus host. The first stage with 

lower bacterial population (higher Cq values around 28) could be a phase of early 

adaptation and slow development after inoculation; however, the sudden rise of 

bacterial population for both plant species raised a question: what event or factor drove 

this change? When Las genome sequence was published, it was revealed that there 

are 12 phage-related genes inside the 1.23-Mb genome, indicating that a phage or 

prophage may be present (Duan et al. 2009). Later, it was reported that Las also carried 

an excision plasmid prophage and a chromosomally integrated prophage that became 

lytic in plant infections (Zhang et al. 2011). These prophages were associated with the 

pathogenicity of Las. Therefore, one possible explanation for this sudden change is that 
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something changed for these phage elements inside Las in April, 2011. For example, 

the lytic phage entered the lysogenic cycle, which led to a sudden change (i.e., 

increase) of the bacterial population. Some molecular tests targeting the phage (or 

prophage) sequence in the relevant DNA samples may help answer this question. 

However, before identifying the real reason driving the change, the information revealed 

in this development pattern (or growth curve) could be useful in HLB management. For 

example, if a pesticide application is needed twice a year for HLB treatment, knowing 

that a bacterial population outbreak would occur in April could indicate that psyllid 

control is needed before the bacterial population increases.  

Regarding the first two repeats of citrus plants monitored for live bacterial genome 

dynamics, the moderate fluctuation throughout the period seems to be inconsistent with 

the seasonal development pattern. However, the first two trials were set up in summer 

2009, while the 3rd repeat of citrus and the only repeat of S. buxifolia (from which the 

seasonal pattern was observed) were both set up in Spring 2010. Therefore, the live 

bacterial genome in the first two repeats of citrus may already reach the high level when 

the monitoring work started in August, 2010, which actually confirmed the seasonal 

pattern. 

As discussed above, the cumulative bacterial genome may be less informative due 

to the mixed nature. A similar situation found in this study when dealing with cumulative 

bacterial genome: no obvious pattern was found in either S. buxifolia or citrus host. Hu 

et al. (2006) reported that Las population should reach the highest level from October to 

December in citrus samples collected from field, while the specific period showed no 

such feature in this study (Figure 3-2B). This disagreement among different research on 
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the cumulative bacterial genome raised a major problem when interpreting the data 

and/or supporting decision-making for HLB management. PMA-qPCR for monitoring the 

live bacterial genomes may produce more useful data. 

There are quite a lot of factors could affect Las growth, and thus contribute to the 

Las population inside hosts, such as the initial inoculum, plant age, bacteria growth 

phase, and environmental conditions (including light, temperature, water, nutrition, etc.). 

However, in this greenhouse study with controlled conditions, many factors could be 

eliminated when analyzing Las growth. In January 2012, a slight drop in live Las 

population occurred in both plant hosts (Figure 3-2A & B). The prophage hypothesis 

discussed above is not likely behind this event due to too much change in one month 

(up and down within one month). Some other factors are also ruled out due to the 

controlled conditions, like temperature, plant age and bacterial growth phase.  

Therefore, one possible factor causing this change is daylight time. Since January is 

one of the months with shortest daylight time in Florida and daylight exposure is directly 

related to the ability of plant photosynthesis, which affects plant growth and in turn the 

growth of intracellular Las.  

After successfully inoculated by psyllid, citrus seedlings in this study revealed their 

infection status as early as 2-month PI, while most S. buxifolia seedlings were qPCR 

positive at 5-month PI. After 5-month PI, new positive citrus and Severinia plants both 

can quickly reach a stable stage of bacterial growth with no significant difference in 

bacterial population (P<0.05). Both plants inoculated at seedling stages develop stunted 

symptoms. Besides, Las can be transmitted through S. buxifolia multiple times (at least 

3 times demonstrated in this study) without any obvious change in pathogenicity 
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behavior. Furthermore, considering the new discovery that Las living situations inside 

both plant species were also quite comparable (seasonal pattern of live Las population 

development), it can be assumed that S. buxifolia and citrus provide a quite similar 

living environment to Las and the psyllid, and thus findings regarding HLB on either 

plant species could be interchangeable or predictable for the other.   

3.4.3. Uncommon Las Population Fluctuation 

Throughout the four years of observation, the two Severinia plants Sb1 and Sb2 

had a lot of fluctuation in Las population compared to Las-infected citrus (see Table 4-

6). After confirmed qPCR positive with Las (low Cq value could reach 20s), the two 

plants could produce undetermined Cq values (i.e. negative results) for a couple of 

months and then gradually decreased to 30s later. Furthermore, a similar fluctuation of 

qPCR results also was observed in several other Severinia seedlings from the psyllid 

transmission experiments (see Severinia plant 1-1 in Table 3-4). In order to investigate 

this uncommon fluctuation of Cq values, which could represent the dramatically 

changing situation of Las surviving inside the Severinia plants, the qPCR system with 

generic primer/probe set (based on rpoB gene) developed in our lab was used as a 

routine method to monitor those plants that showed the extreme fluctuations. Using the 

two systems, there were some difference in Cq values, i.e., usually lower Cq values with 

the rpoB gene primer/probe set than with the 16S primer set. This was not expected 

since the 16S system usually has lower Cq values than the rpoB system due to the 3 

copies of the 16S gene in Las genome compared to 1 copy of rpoB (Las psy62 genome 

in GenBank NC_012985.2). This may indicate that a certain unknown liberibacter was 

present in these S. buxifolia plants, which is not detectable by the Las specific 16S 

primer/probe set. The other possibility, but less likely, is that the 16S system may have 
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affinity problem with these alternative host samples. More work is needed to test these 

hypotheses.  
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Table 3-1. qPCR and conventional PCR systems used in this study 

System type Primer/probe Product size Region Final conc. Source 

Duplex TaqMan 
qPCR 

1F: HLBas 
1R: HLBr 
1P: HLBp 
2F: COXf 
2R: COXr 
2P: COXp 

75 bp 
 
 

68 bp 

16S rDNA 
 
 

cytochrome oxidase 
(COX) gene 

250 nM 
250 nM 
150 nM 
300 nM 
300 nM 
150 nM 

Li et al. 2006 

Duplex TaqMan 
qPCR 

1F: HLBas 
1R: HLBr 
1P: HLBp 
2F: WGf 
2R: WGr 
2P: WGp 

75 bp 
 
 

74 bp 
 

16S rDNA 
 
 
glycoprotein gene 
wingless (wg) 
 

250 nM 
250 nM 
150 nM 
300 nM 
300 nM 
150 nM 

Li et al. 2006 
 
 
Manjunath et 
al. 2008a 

TaqMan qPCR F: CQULA04F 
R: CQULA04R 
P: CQULAP10 

87 bp 50S ribosomal subunit 
protein L10 (rplJ) 

800 nM 
800 nM 
400 nM 

Wang et al. 
2006 

TaqMan qPCR F: rpoBf 
R: rpoBr 
P: rpoBp 

111 bp β-subunit of RNA 
polymerase (rpoB) 

400 nM 
400 nM 
200 nM 

Developed in 
Brlansky’s lab 

TaqMan qPCR F: Las-spef 
R: Las-sper 
P: Las-spep 

182 bp 50S ribosomal subunit 
protein L10 (rplJ) 

250 nM 
250 nM 
150 nM 

Developed in 
Brlansky’s lab 

TaqMan qPCR F: Lam-spef 
R: Lam-sper 
P: Lam-spep 

174 bp 50S ribosomal subunit 
protein L10 (rplJ) 

250 nM 
250 nM 
150 nM 

Developed in 
Brlansky’s lab 

TaqMan qPCR F: Laf-spef 
R: Laf-spcr 
P: Laf-spep 

157 bp 50S ribosomal subunit 
protein L11 (rplK) 

250 nM 
250 nM 
150 nM 

Developed in 
Brlansky’s lab 

Conventional 
PCR 

F: T7-1 
R: Sp6-1 

2588 bp 16S/23S rRNA 200 nM 
200 nM 

Developed in 
Brlansky’s lab 
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Table 3-2. Reaction of Severinia buxifolia to Las infection transmitted by psyllids 
from infected citrus 

S. buxifolia 
plant no. 

Assay 1 
2-month PI 

(Cq) 

Assay 2 
5-month PI 

(Cq) 

Assay 3 
8-month PI 

(Cq) 

Assay 4 
12-month PI 

(Cq) 

1-1 34.9 38.2 0.0 0.0 
1-2 0.0 35.0 38.6 27.9 
1-3 0.0 32.8   
2-1 0.0 39.0 0.0 0.0 
2-2 0.0 38.4 0.0 0.0 
2-3 35.3 33.4 38.7 29.8 
2-4 0.0 27.0 33.0 35.7 
2-5 0.0 39.5 0.0 0.0 
3-1 0.0 37.3 39.6 32.6 
3-2 33.3 26.7 30.2 34.6 
3-3 0.0 38.2 0.0 0.0 
3-4 0.0 39.0 0.0 0.0 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; empty box means plant died or 
was discarded; ‘...’ means no qPCR assay data point; PI means post inoculation; Cq means 
quantitative cycle. This note applies to Table 3-2, 3-3, 3-4, and Table 4-1 through Table 4-17. 
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Table 3-3. Reaction of Valencia sweet orange to Las infection transmitted by psyllids from infected S. buxifolia 
 

 Assay/Months PI (Cq) 

Plant 1/2 2/5 3/8 4/10 5/12 6/14 7/16 8/18 9/20 10/24 

1-1 0.0 24.7 25.8 24.1 22.5 21.6 23.4 21.0 20.6 18.4 
1-2 0.0 0.0 0.0 0.0 0.0      
1-3 0.0 0.0 0.0 0.0 0.0      
1-4 0.0 27.3 23.9 22.4 20.9 21.2 23.1 21.9 20.6 19.3 
1-5 35.2 27.7 24.5 22.9 21.4 23.4 23.6 20.9 19.4  
1-6 0.0 0.0 0.0 0.0 0.0      
1-7 0.0 26.8 24.0 22.4 21.0 22.2 23.6 20.8 20.2 18.3 
1-8 0.0 0.0 0.0 0.0 0.0      
1-9 0.0 0.0 0.0 0.0 0.0      
1-10 37.3 0.0 0.0 0.0 0.0      
2-1 0.0 0.0 0.0 0.0 0.0      
2-2 0.0 35.6 26.3 24.6 23.0 21.5 22.2 20.0 19.9  
2-3 0.0 0.0 25.9 24.2 22.6 22.3 23.3 20.4 21.4 19.5 
2-4 0.0 0.0 0.0 0.0 0.0      
2-5 0.0 0.0 0.0 0.0 0.0      
2-6 26.6 25.3 24.4 22.8 21.3 22.7 21.6 19.1 19.0 19.1 
3-1 0.0 0.0 0.0 0.0 0.0      
3-2 36. 29.4 31.1 29.1 27.2 22.6 26.5 19.4 20.1 19.0 
3-3 0.0 0.0 0.0 0.0 0.0      
3-4 0.0 0.0 0.0 0.0 0.0      
3-5 0.0 0.0 0.0 0.0 0.0      
3-6 31.5 30.9 24.0 22.4 20.9 20.6 24.8 21.0 20.7 21.2 
3-7 31.2 28.9 23.1 21.5 20.1 24.6 25.0 20 20.1 18.7 
3-8 0.0 0.0 0.0 0.0 0.0      
3-9 0.0 0.0 0.0 0.0 0.0      
3-10 25.9 25.1 22.9 21.4 20.0 24.3 24.3 20.8 19.1 20.7 
3-11 27.0 25.9 28.5 26.7 24.9 21.6 24.8 20.9 19.8 20.7 
3-12 28.2 31.3 24.3 22.7 21.2 22.1 24.0 20.7 21.1 19.6 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; empty box means plant died or was discarded; PI means post inoculation; Cq 
means quantitative cycle. 
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Table 3-4. Reaction of S. buxifolia to Las inoculation transmitted by psyllids from infected S. buxifolia 
 

 Assay/Months PI (Cq 

Plant  1/2 2/5 3/8 4/9 5/50 6/11 7/12 8/13 9/14 10/15 11/16 12/17 13/18 14/19 15/20 16/24 

1-1 0.0 33.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.5 32.5 23.3 0.0 0.0   
1-2 35.7 0.0 26.7 24.1 26 26.1 26.1 23.8 22.5 25.4 25.5 22 24 23.1 23 26.2 
2-1 0.0 0.0 0.0              
2-2 0.0 0.0 0.0              
2-3 0.0 26 27.9 27.4 23.2 27.7 0.0 26.8 25.3 23.8 24 22.4 26.8 24.3 24.6 23.9 
2-4 34.5 26.8 22.6 22.6 25.6 25.4 27.9 23.3 25.3 21.5 24.1 22.5 24.8 25.1 23.8 24.9 
2-5 0.0 25.8 24 27.4 22.1 24.5 21.3 23.7 23 21.2 22.6 20 25.5 27.1 26 24.8 
2-6 0.0 25.8 25.8 27.8 25.5 28.7 28.1 23.8 23.4 21.8 23.7 23.4 23.9 28.3 23.9 26.6 
2-7 0.0 0.0 0.0              
2-8 0.0 23.9 23.3 24.2 21.5 22 22.3 25.3 24.4 22.6 25.5 22.5 22.2 26.9 28.4 24 
2-9 0.0 0.0 24 36.3 23.5 27.4 26.9 27.4 24.3 22.2 25.2 20.4 24.3 28.2 25.2 24.9 
3-1 0.0 38.3 35.7 ... ... ... ... ... ... ... ... ... ... ... ... ... 
3-2 0.0 0.0 0.0 ... ... ... ... ... ... ... ... ... ... ... ... ... 
3-3 0.0 38.9 36.3 ... ... ... ... ... ... ... ... ... ... ... ... ... 
3-4 37.8 29.2 27.2 ... ... ... ... ... ... ... ... ... ... ... ... ... 
3-5 0.0 37.6 35.1 ... ... ... ... ... ... ... ... ... ... ... ... ... 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; empty box means plant died or was discarded; ‘...’ means no qPCR assay data 
point; PI means post inoculation; Cq means quantitative cycle. 
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Figure 3-1.  Symptoms observed in HLB transmission experiments of S. buxifolia group. 

A) Suspicious blotchy mottle on S. buxifolia. After infected with Las, S. 
buxifolia plants showed some chlorotic leaves, but this symptom was not 
consistent with qPCR results. It was considered ‘suspicious’ symptom. The 
only symptom always consistent with qPCR results was stunted plants as 
shown in B) and C). Tall plants in B) and C) were negative controls.  
B)  Stunted S. buxifolia, and C)  Stunted Valencia citrus. 
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Live vs. total Las in S. buxifolia
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Figure 3-2.  Dynamics of live and cumulative genome of Ca. L. asiaticus in S. buxifolia and citrus plants over a 20-month 

period. After inoculated with Las, 3 positive seedlings were chosen from citrus and S. buxifolia group, 
respectively, and monitored monthly by PMA-qPCR to check the bacterial dynamics inside the two plant 
species. The monitor started from August 2010 and lasted for 20 months through April 2012. Error bars 
represented standard deviations from 3 replicates. A) Las dynamics in S. buxifolia, B) Las dynamics in citrus. 

 

A 
 



 

108 

Live vs. total Las in citrus
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Figure 3-2.  Continued. 
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CHAPTER 4 
MULTIPLE CITRUS RELATIVES AS ALTERNATIVE HOSTS OF LAS AND 

PSYLLID TRANSMISSION STUDIES 

4.1 Introduction 

In this chapter, alternative hosts were studied as possible alternative hosts for 

huanglongbing (HLB). These hosts represented 7 different plant species, x 

Citrofortunella microcarpa (Calamondin), Citropsis gilletiana, Choisya ternata 

‘Sundance’, Choisya aztec ‘Pearl’, Zanthoxylum fagara, Esenbeckia runyonii, and 

Amyris texana, which belong to 6 different genera.  

All the plants discussed in this chapter are citrus relatives in the Rutaceae family. 

A brief introduction on each plant is as follows: 

Calamondin is a shrub or small tree growing to 3-6 meters. It is a cross between 

Citrus reticulata (Mandarin orange group) and Fortunella japonica (Kumquat group), and 

it was treated as an intergeneric hybrid in the nothogenus × Citrofortunella as × 

Citrofortunella microcarpa. It is believed to originate from China and has spread 

throughout Southeast Asia, India, Hawaii, central and North America. In North America, 

Calamondin is primarily grown as an ornamental plant in gardens and pots, and the 

plant is especially attractive when the fruits are onset. The plant is frost sensitive; 

therefore, it is limited to frost-free climates such as Florida, coastal California, South 

Texas and Hawaii in the United States. Other than ornamental function, the plant is also 

used for fruit consumption, culinary, medicine and many other purposes.  

Choisya is a genus of aromatic evergreen shrubs in the Rutaceae family. 

Members of this genus are commonly known as Mexican Orange or Mock Orange 

because of the similarity with orange, both in shape and the scent. They are native to 

southern North America, and from the southwestern states like Arizona, New Mexico 
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and Texas in the United States and south through most of Mexico. Choisya spp. are 

popular ornamentals in areas with mild winters for their abundant and fragrant flowers, 

and the most commonly used cultivars are the golden-leaved C. ternata ‘Sundance’ and 

C. aztec ‘Pearl’.   

Z. fagara is a spreading shrub or small tree in the Rutaceae family, which is native 

to southern Florida and Texas in the United States, and Mexico, Central America, the 

Caribbean, and South America as far south as Paraguay. As indicated in its common 

name Lime Prickly-ash, the plant is quite thorny and smells similar to citrus. As a 

significant food source and cover for native wildlife, Z. fagara has a high drought 

tolerance and grows best in full sun, but it can also survive as an understory shrub.  

E. runyonii is a species of flowering tree in the Rutaceae family, which is native to 

northeastern Mexico with a small, disjunctive population in the Rio Grande Valley of 

Texas, USA (possibly arose from seeds dispersed by flooding). The showy foliage and 

blooms make the plant an attractive ornamental; besides, they are also used as living 

fence in Mexico by planting their branch in the ground during dry season. 

Amyris is a genus of flowering plant in the Rutaceae family. The generic name is 

derived from Greek meaning “intensely scented”, which refers to the strong odor of the 

resin produced by the plant. And because of its high resin content, the wood from plants 

of this genus is often used for torches and firewood, and thus their common name 

Torchwoods. 
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4.2 Materials and Methods 

4.2.1 Plants and Psyllids 

Citrus seedlings were grown from seeds purchased from California. Calamondin 

plants used in this study were usually grafted on Cleopatra mandarin root stock. 

Seedlings of Z. fagara, E. runyonii, A. texana, C. gilletiana, C. ternata ‘Sundance’, and 

C. aztec ‘Pearl’, were first purchased from nurseries in Florida and Texas, however, 

some seedlings of C. gilletiana and cuttings of Choisya spp. were also grown in our 

greenhouse and used as backup plant source. All the plants were kept in an insect-free 

greenhouse with natural temperature and daylight until ready for psyllid inoculation 

purpose. 

Healthy ACPs were collected from Murraya paniculata ornamentals located in 

Winter Haven, Florida, and raised in the “healthy cage”. All the psyllid transmission 

experiments were set up in the psyllid room and kept for the first 2 months PI. After all 

inoculated plants were qPCR tested for the first time and remaining psyllids were 

removed, the plants were moved to the third greenhouse with controlled temperature of 

75 to 78 F and natural light for long term monitor and observation due to space limit in 

the psyllid room. 

All plants and psyllids used in this study were tested for latent Las infection by 

qPCR prior to use in any transmission experiment. 

4.2.2 Inoculation Procedure 

Because Calamondin is graft compatible with citrus material, graft-transmission 

was also conducted in this study. The budding method was used, and 9 Calamondin 

plants were grafted in summer 2009 with multiple buds (usually mature buds with wood 

attached) collected from HLB positive Rough lemon plant (C. x jambhiri Lush. Rough 
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lemon) with strong HLB symptoms. Four months after grafting, leaves were collected 

and tested with qPCR to confirm the infection status. The other 6 plant species were not 

grafted with positive citrus scions in this study due to incompatibility with citrus 

materials.   

Psyllid transmission is the major means used in the transmission experiments of 

all the 7 plant species. For each of the 7 plants on the list, the three transmission 

pathways: (1) from citrus to alternative host, (2) from alternative host to citrus, (3) from 

alternative host to new alternative host, were tested with 3 separate trials to validate the 

results. Regarding inoculation procedure, most trials just followed the standard steps, 

basically, put healthy psyllids on source plants for a 3-week of AAP (Damsteegt et al. 

2010); then transfer the psyllids onto individual receptor plant (better with new flush 

ready) and let them feed for at least 14 days of IAP (Damsteegt et al. 2010); at the 

same time set up positive and negative controls. At 2-month PI, leaf samples for qPCR 

detection were collected. Then the plants were cleaned of all psyllids and sprayed with 

pesticide and moved to the secure greenhouse for long term observation. Psyllids from 

the source and receptor plants were all tested individually for Las using qPCR as 

described previously and positive percentage data were collected. The transmission 

rate was defined as the number of plants which were tested Las positive by qPCR out of 

the total number of plants inoculated (by grafting or psyllid transmission).  

Sometimes psyllids in this study did not like the plants as indicated in literatures. 

For example, psyllids put on Esenbeckia and Amyris plants would all disappear 

overnight, or sometimes, psyllids collected from some of the source plants showed 0% 

Las positive which made them unusable for transmission experiments. Therefore, some 
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modifications were made to the standard inoculation procedure as follows. Mesh bags 

were placed over the leaves to force psyllids to feed on alternative host plants tested 

and to keep track of the number of psyllids used (See Figure 4-1F). If psyllid died too 

fast on the source plants, we only let them feed on source plants for 24 hours and then 

transferred them onto receptor plants after that. The psyllids were left on the receptor 

plants until they could not be found (or dead), so the 14-day of IAP did not apply in 

these cases. In addition, the psyllids fed on source plants for at least 24 hours and then 

receptor plants were placed into the same cage with source plants to allow transmission 

to occur naturally. Finally the number of psyllids used for transmission was increased 

from 10 to 30-40 psyllids per plant. 

4.2.3 Detection Assays. 

All plants and psyllid materials were assayed by 16S qPCR system (Li et al. 2006) 

for Las presence, and PMA-qPCR was used to determine the live bacterial genome 

(See “2.2.2 PMA-qPCR working protocol” for details). Since this is the first report of the 

alternative host status for many of the plants in this chapter, several PCR detection 

systems, real-time or conventional, were utilized to further confirm the identity of the 

transmitted Las (Table 3-1). 

For plants, DNA samples were extracted from newly matured leaves of each 

inoculated plant using DNeasy Plant Mini Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s protocol. Briefly, a couple of leaves (usually at least 3 leaves for plants 

with big leaves like citrus, Calamondin and Citropsis, while 8 leaves for smaller plants 

like Amyris, Choisya; for plant with tiny leaves like Zanthoxylum, the branches with 

multiple opposite leaves were collected and used for DNA extraction) were randomly 

selected and aseptically removed from each plant; leaf lamina were discarded and 



 

114 

midrib/petiole materials were finely chopped with sterile razor blades; 100 mg of 

chopped tissue were weighed out and put into a 2 mL microcentrifuge tube and 

pulverized using TissueLyser II (Qiagen) with liquid nitrogen, after which the tissue were 

ready for DNA extraction with the Plant Kit (Qiagen). For psyllids, the DNeasy Blood & 

Tissue Kit (Qiagen) was used for DNA extraction. Briefly, a single psyllid (or a group of 

psyllids depending on the purpose of the assay) was placed into a 1.5 mL 

microcentrifuge tube with 180 µL ATL buffer (tissue lysis buffer from the DNeasy Blood 

& Tissue Kit) and ground with a small plastic pestle until homogenized, and then total 

DNA was extracted following the manufacturer’s protocol. The yield and purity of the 

DNA samples were estimated with a NanoDrop Spectrophotometer ND-1000 

(Wilmington, DE), and all DNA samples were stored at -20 °C. 

After valid Cq values were obtained, primers from the same system (without probe) 

were used in conventional PCR to visualize actual bands in gel. PCR products (around 

100bp) were sent for sequencing directly, while the 2588bp products from the 

conventional PCR (Table 3-1) were cloned and sequenced as described in Chapter 3. 

All sequence data were blasted online at NCBI website 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi).   

After receptor plants were confirmed positive with Las infection, some were 

chosen and assayed for the live bacterial genome, i.e., to monitor the live population 

dynamics of Las inside them over time by PMA-qPCR. However, due to the time limits, 

only some Calamondin plants were monitored for more than one year. 
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4.3 Results 

4.3.1 Transmission Experiments 

In the work discussed in this chapter, 6 plants were found to be able to serve as 

alternative hosts of Las, and all were the first-time reports. The transmission rates from 

all the transmission experiments are summarized in Table 4-18. The persistency of Las 

and psyllid activities were the two major factors to evaluate the transmissibility and risk 

level of the hosts (see results in Table 4-19). The detailed results of each plant are 

individually presented. 

4.3.1.1 x Citrofortunella microcarpa (Calamondin) 

For graft transmission, two out of nine plants (22.2%) grafted with positive citrus 

buds became Las positive after 4 months, and the bacterium persisted in Calamondin 

for greater than 30 months. The positive Calamondin plants were used as source plants 

to raise psyllids for inoculation of healthy citrus and healthy Calamondin plants in the 

transmission pathway 2 and 3. The following are those psyllid transmission results. 

From citrus to Calamondin – transmission pathway 1. With psyllids raised on 

infected rough lemon plants, 2, 3, and 4 Calamondin plants were inoculated in 3 

separate trials which were set up in different months. The two plants from the 1st trial 

were infected with an unknown fugal disease and died before they were tested. For the 

2nd and 3rd repeats, plants showed Las positive qPCR results as early as 2-month PI 

(33% and 75% for 2nd and 3rd trial, respectively) with moderate Cq values, while 

almost all the plants revealed their infection status at 4-month PI (Table 4-1). This 

demonstrated a high transmissibility of Las from citrus to Calamondin via the psyllid 

vector. Like S. buxifolia, Calamondin can also be infested by psyllids without any 

obvious adaptive phase, and various psyllid activities, i.e., feeding and breeding (eggs 
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and nymphs), were easily observed on the Calamondin plants (Figure 4-1A). Valencia 

sweet orange positive controls which were inoculated with psyllids collected from the 

same Rough Lemon plants showed positive qPCR values with a Cq=30 when first 

tested at 2-month PI, and later the Cq reached low 20s. Calamondin plants mock-

inoculated with Las-free psyllids remained Las qPCR negative throughout the whole 

testing period. 

From Calamondin to citrus – transmission pathway 2. Psyllids raised on graft-

transmitted positive Calamondin plants were used to inoculate 3 groups of Pineapple 

sweet orange plants separately (8 plants in total, see Table 4-2). After the 3-week of 

AAP, the majority of the psyllids collected from the positive Calamondin plants were Las 

positive (80%-100%) with Cq values ranging from 19 to 34. However, no citrus plants 

were infected in the 1st qPCR test (2-month PI) but were qPCR positive at 3-month PI. 

Bacterial growth was hindered in citrus since the Cq values remained in the 30s even at 

5-month PI.  

From Calamondin to Calamondin – transmission pathway 3. Three groups of 

Calamondin plants (3 plants in each group, Table 4-3) were used to demonstrate the 

transmissibility from infected Calamondin to healthy ones via psyllids. The 3 plants of 

the 1st trial were put in the same cage with the source Calamondin plants (with a high 

percentage of psyllids carrying Las) for 2 months, while the 2nd and 3rd trial followed 

the standard inoculation procedure described in “Materials and methods”. Plants from 

the 1st trial were not positive until 4-month PI and the Las population remained at low 

level for the rest of the 2 months, while the other two trials had some different results. 

The plants were qPCR positive at 2-month PI and the Las population was already quite 
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high (Cq values in the middle 20s), which may reflect the effect of different inoculation 

procedures used. But the high transmission rate (88.9% in total) demonstrated the high 

transmissibility between Calamondin plants.  

4.3.1.2 Citropsis gilletiana 

No graft-transmission was attempted on C. gilletiana due to its graft incompatibility 

with citrus. Psyllid transmission was successful in all the three transmission pathways 

tested in this study.  

From citrus to C. gilletiana – transmission pathway 1. Positive psyllids were 

raised and collected from HLB-affected rough lemon plants, with which 3 separate trials 

(6, 3, and 3 C. gilletiana plants in each trial) were inoculated in the same months (weeks 

apart for each trial). At first, psyllids did not seem to feed on the Citropsis receptor 

plants and they usually disappeared after days. Therefore, the Mesh Bag method (See 

Figure 4-1F) was used and new round of inoculations were done. Five out of the six 

positive plants were Las positive in the 1st qPCR test 2-month PI (83.3%, Table 4-4). 

The bacterial populations never accumulated to a high level in Citropsis (Cq values from 

30 to 39), and some plants even lost the bacterium after a period of time (see 

undetectable results of plants 1-2, 1-6, 2-2 and 3-1 in Table 4-4). However, the 

bacterium survived in the host for more than 14 months. Psyllid seemed to not like 

Citropsis plants in these three trials, because no infestation was observed. The situation 

changed when the positive Citropsis plants from this pathway were used for the other 

two transmission pathways, and some psyllid activities (but limited compared to S. 

buxifolia and Calamondin) were observed. 

From C. gilletiana to citrus – transmission pathway 2. Positive Citropsis plants 

from pathway 1 were used to raise healthy psyllids and to inoculate 3 groups of 
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Pineapple sweet orange plants separately (7 plants in total, see Table 4-5). As 

mentioned above, the psyllid somehow started to infest the positive Citropsis (Figure 4-

1B), only no breeding activities were found, i.e., no eggs or nymphs were found. After 

the 3-week of AAP, the majority of psyllids collected from the positive Citropsis plants 

were Las positive (80%-100%) with Cq values ranging from 16 to 34. Due to limited 

psyllids available (no breeding), citrus seedlings (receptor plants) with new flush were 

put in the same cage with the source plants until the 1st qPCR test (2-month PI), and 

the natural movement from Citropsis to citrus was observed. Citrus did get inoculated in 

this way and qPCR positive plants were detected in the 1st qPCR test with high Cq 

values (100% of the plants). The Las bacterium in these citrus plants from this pathway 

seemed to grow slowly with constantly high Cq values above 37. 

From C. gilletiana to C. gilletiana – transmission pathway 3. Three groups of 

C. gilletiana seedlings (14 in total, Table 4-6) were used to demonstrate the 

transmissibility from infected C. gilletiana to healthy ones via psyllids. The 1st trial 

followed the standard inoculation procedure (the artificial psyllid transfer process), while 

in the other two trials, small C. gilletiana seedlings were put in the same cage with the 

source C. gilletiana plants (with high percentage of psyllids carrying Las) for 2 months 

due to limited psyllids availability (no breeding). Plants from the 1st trial were both 

successfully inoculated and the Las population remained at a low level (Cq from 34 to 

38) to date. For the other two trials, some psyllids did move from source plants and feed 

on the small seedlings, however, there was only one positive result (1 out of 12 plants 

total) with a Cq of 34. The transmission rate varied a lot in this pathway most probably 

due to the different inoculation procedure used. 
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4.3.1.3 Choisya spp. 

Due to incompatibility, no graft-transmission was attempted on the two Choisya 

species, C. ternata ‘Sundance’ and C. aztec ‘Pearl’. Psyllid transmission was successful 

in all the three transmission pathways tested. No obvious difference was observed 

between the two Choisya species in transmission experiments. Psyllid activities were 

similar to what was observed on C. gilletiana. 

From citrus to Choisya spp. – transmission pathway 1. Positive psyllids were 

raised and collected from HLB-affected Rough lemon plants, and were transferred to 

Choisya plants in 3 separate trials (4, 4, and 3 Choisya plants in each trial, Table 4-7). 

Plants of the two Choisya species, C. ternata ‘Sundance’ and C. aztec ‘Pearl’, were 

randomly mixed in each inoculation trial, but no different reactions, i.e., psyllid 

preference, transmission rate, Las persistence, etc., were observed in this study.  At 

first, psyllids seemed to have problem feeding on the Choisya receptor plants, and they 

usually died after days. Therefore, the same Mesh Bag method was utilized in this 

group, and this helped achieve transmission to almost 100% success. All plants were 

Las positive in the first two qPCR tests, but the bacterial population never accumulated 

to a high level (Cq values from 32 to 39), and some plants even lost the bacterium over 

time (see undetectable results of plants 1-4, 2-1, 2-3, 3-2, and 3-3 in Table 4-7). Las 

survived in the host for more than 13 months (2-1 and 2-4 in Table 4-7). Psyllid seemed 

to have a phase to adjust to the Choisya plants in these three trials, and no psyllid 

colonization was observed (Figure 4-1C). 

From Choisya spp. to citrus – transmission pathway 2. Positive Choisya plants 

(both C. ternata ‘Sundance’ and C. aztec ‘Pearl’) from pathway 1 were used to raise 

healthy psyllids and to inoculate 3 groups of Pineapple sweet orange (Citrus sinensis 
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‘Pineapple’) plants separately (15 plants in total, see Table 4-8). Although no psyllid 

infestation occurred on Choisya, a good number of psyllids collected from positive 

Choisya plants were Las positive (30%-100%) with Cq values ranging from 20 to 38 

after the 3-week AAP. Due to the limited psyllids available (no breeding), citrus 

seedlings (receptor plants) with new flush were put in the same cage with the source 

plants until the 1st qPCR test (2-month PI), and the natural movement from Choisya to 

citrus was observed. All of the citrus plants were infected in this way and positive plants 

showed up in the 1st qPCR test with high Cq values, however, the Las bacterium in 

citrus plants of this pathway seemed to grow slower when compared to the receptor 

citrus plants in Severinia research, which may be due to less inoculum obtained from 

the plants. 

From Choisya to Choisya – transmission pathway 3. Three groups of Choisya 

(17 in total, Table 4-9) were used to demonstrate the transmissibility from infected 

Choisya plants to healthy ones via psyllids. Due to plant availability, small Choisya 

cuttings from the backup stock (all cuttings were kept in insect-free greenhouse for at 

least 6 months) were used in these transmission trials, and they were put in the same 

cage with the source Choisya plants (with high percentage of psyllids carrying Las) for 2 

months until the 1st qPCR test. During the two-month IAP, the movement of psyllids 

from source plants to receptor cuttings was observed. Most of the cuttings were Las 

positive in the 1st qPCR (10 out of 17), and more were infected in the 2nd test (13 out of 

17), although Las growth was still limited in Choisya. For the two Choisya species, no 

different reactions were observed in the trials of this pathway.  
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4.3.1.4 Zanthoxylum fagara 

No graft-transmission was attempted on Z. fagara due to incompatibility. Psyllid 

transmission was successful in all the three transmission pathways tested.  

From citrus to Z. fagara – transmission pathway 1. With positive psyllids raised 

and collected from HLB-affected Rough lemon plants, 4 separate trials (2, 2, 3, and 3 Z. 

fagara plants in each trial, see Table 4-10) were set up. Psyllids did not feed well on this 

thorny plant; however, the transmission was accomplished (100% positive). Some 

psyllid activities were observed, but quite limited compared to S. buxifolia and 

Calamondin (even less activities than Citropsis and Choisya most of time, Figure 4-1D). 

Mesh Bag method (See Figure 4-1F) was also used for certain trials when psyllid 

feeding seemed to be a problem. After infection, Las did not accumulated to a high 

population level (Cq values stayed in the upper 30s, rarely below 35). Some of the 

Zanthoxylum plants started to lose the bacterium from as early as 3-month PI, and the 

longest time the bacterium persisted inside this host was about 12 months.  

From Z. fagara to citrus – transmission pathway 2. There was no psyllid 

reproduction on Zanthoxylum plants, and the number of psyllids decreased over time 

since they were released onto the source plants. However, surviving psyllids fed and 

acquired the bacterium from the plant (20%-40% positive psyllids). Cq values from 17 to 

32 were obtained probably due to prolonged feeding time. Due to the limited number of 

psyllids available, citrus plants of these 3 trials were put in the same cage with the 

source Zanthoxylum plants until the 1st qPCR (2-month period), and natural movement 

from Zanthoxylum to citrus occurred. Most citrus plants were inoculated with Las in this 

way (12 out 13 plants in total, see Table 4-11). Las seemed to develop slowly in these 

plants probably due to less bacterial inoculum transmitted at the beginning. 
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From Z. fagara to Z. fagara – transmission pathway 3. In the first two trials in 

this transmission pathway, psyllids raised on positive Zanthoxylum plants were collected 

and transmissions were done using the Mesh bag method and psyllid activity was 

monitored because of the limited number of psyllids. This method worked quite well, 

and all three plants were inoculated with Las. As observed in the transmission pathway 

1, the qPCR values of Las increased slowly and the Zanthoxylum plants began to lose 

the bacterium from as early as 5 months PI in this pathway (plant 1-1, see Table 4-12). 

4.3.1.5 Esenbeckia runyonii 

No graft-transmission was attempted with E. runyonii due to graft incompatibility. 

Psyllid transmission was successful in all the three transmission pathways tested even 

though no psyllids were collected from E. runyonii source plants.  

From citrus to E. runyonii – transmission pathway 1. Positive psyllids were 

raised and collected from HLB-affected Rough lemon plants and 3 separate trials (6, 6, 

and 1 E. runyonii plants in each trial, see Table 4-13) were done. Psyllids were not 

actively feeding on this plant; therefore, mesh bags were used to force them to feed. 

Plants were infected with Las in this way (5 out of 13 plants in total). Las concentration 

was low represented by Cq values above 35 all the time, and the bacterium was only 

detected for 8 months. Psyllid activities on Esenbeckia plants were extremely limited in 

this study. Little psyllid feeding was observed, and eggs or nymphs were never found.  

From E. runyonii to citrus – transmission pathway 2. When positive 

Esenbeckia plants from trials of transmission pathway 1 were used to rear psyllids, the 

psyllids were extremely hard to find after AAP (Figure 4-1E). No psyllid data for any E. 

runyonii source plants were collected in this study because psyllids died overnight. 

However, when the back inoculation was attempted anyway by putting citrus seedlings 
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(with plenty of new flushes) in the same cage with positive E. runyonii source plants 

(healthy psyllids were released onto E. runyonii plants at least 24-hour prior to this), 

transmission did occur. Limited psyllid movement from E. runyonii plants to citrus plants 

was observed in any of the three trials. The citrus plants usually were Las positive in the 

1st qPCR test (2-month PI). Las seemed to develop slowly since qPCR values 

decreased slowly over time (Table 4-14). 

From E. runyonii to E. runyonii – transmission pathway 3. No psyllids were 

collectable from E. runyonii source plants and therefore all receptor E. runyonii plants of 

the 3 separate trials were put in the same cage with the source plants until the 1st 

qPCR 2 months later. No movement of psyllids was observed in these trials. However, 

the transmission still occurred, but at a low rate in this pathway (only 20%). Las did not 

accumulate to high levels in the positive E. runyonii plants (Cq values above 35, Table 

4-15). 

4.3.1.6 Amyris texana 

No graft-transmission was attempted on A. texana due to graft incompatibility with 

citrus. Psyllid transmission failed for all the three transmission pathways tested with 

multiple trials. All modifications of the inoculation procedure were applied to this host 

plant, for example, mesh bag, increased number of psyllids for inoculation, and 

prolonged IAP, but none of these means led to successful Las transmission. Psyllids did 

not appear to feed on this host (Figure 4-1F), and usually died days after released onto 

the plants. No psyllid breeding activities were observed. Citrus plants of positive control 

were infected by Las, while mock-inoculated A. texana plants remained qPCR negative 

throughout the entire monitor period. 



 

124 

4.3.2 Las Identification 

The identity of the bacterial agent, Las, in these hosts was determined and 

confirmed with different methods. After positive qPCR results (i.e., valid Cq values) 

were obtained with the routine assay of 16S qPCR, several other diagnostic assays 

were also utilized to verify results (Table 3-1). First, several other qPCR systems 

targeting different regions of the bacterial genome were used to retest the positive plant 

samples from the psyllid transmission trials, for example, CQULA04F/R-CQULA10P set 

based on the gene encoding the 50S ribosomal subunit protein L10 (rplJ) (Wang et al. 

2006) of Las and rpoBf/r/p set based on the gene encoding the beta-subunit of RNA 

polymerase (rpoB) of liberibacters. Positive results were obtained with CQULA04F/R-

CQULA10P, rpoBf/r/p, and Las-spef/r/p systems, while negative results with Lam-

spef/r/p and Laf-spef/r/p systems. Some of the qPCR systems plus one conventional 

PCR system (Table 3-1) were run on the regular thermocycler and actual bands with 

expected amplicon sizes were visualized. For example, 75 bp and 111 bp for 16S and 

rpoB primer sets, respectively, were visualized in gels (See Figure 4-3B). In addition, 

the PCR products were purified and sequenced. The 2588 bp PCR product was first 

cloned (See Figure 4-3C) and then sent for sequencing. Sequence data were blasted 

online at NCBI and confirmed to be the appropriate Las sequence with high similarity 

(See BLAST results in Appendix).   

4.3.3 Symptom Observation 

After the 1st qPCR test 2 months PI, all of the inoculated plants were cleaned of 

psyllids and moved to the greenhouse with controlled temperature and natural daylight 

conditions for incubation and symptom observation. In the large collection of plant 

materials kept in the greenhouse (about 300 plants), various plant symptoms were 
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observed. First of all, all citrus plants (mostly sweet oranges seedlings, such as 

Pineapple, Valencia and Hamlin) which were successfully inoculated with Las in this 

study showed certain typical HLB symptoms, for example, leaves with blotchy mottle, 

yellowing leaves, small leaves, leaves with corky vein, leaves with “green-island” 

(Figure 4-2A), and stunted plants (Figure 3-1C). Las positive Calamondin plants also 

showed typical HLB symptoms such as blotchy mottle leaves (Figure 2-6B). Second, 

citrus relatives used in this study also developed some symptoms, for example, leaf 

chlorosis (Figure 4-2B to F). However, these leaf symptoms were not always consistent 

with qPCR test results. Third, some symptoms observed in this study were always 

consistent with qPCR results, i.e., the Las infection status, so they could be considered 

as typical HLB symptoms on certain alternative hosts. For example, the stunting 

symptom found in all positive S. buxifolia plants tested was discussed in Chapter 3, and 

could be used as a good indicator of Las infection in S. buxifolia. Stunting was also 

observed in Las positive Calamondin plants. However, these stunting symptoms were 

not observed in other alternative hosts. This is probably due to the less development of 

Las bacteria inside these hosts (represented by constant Cq values above 30). 

4.3.4 Las Population Dynamics in Alternative Hosts 

Along with the plants in Severinia group, two graft-transmitted Calamondin plants 

were tested regularly every other month beginning August 2010 till April 2012 by PMA-

qPCR to determine the amount of living Las in the plants. Two citrus plants (Pineapple 

sweet orange) were used as positive controls for the grafting experiments of the 

Calamondin group, and they were also included in this monitoring process to check the 

difference of Las development. No general pattern could be demonstrated with 

statistical significance. However, as shown in Table 4-16, a basic trend was still 
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noticeable from the data obtained: the graft-inoculated Calamondin plants tended to 

have lower live bacterial genomes (represented by higher Cq values around 30s) in 

winter time (from December to Februarys); while in summer time (from June to 

October), the live Las population would accumulate to a higher level (Cq values around 

25). This basic trend also was found in the data from the two graft-inoculated Severinia 

plants (Sb 1 and Sb 2 in Table 4-16 and 4-17). In the graft-inoculated Calamondin and 

Severinia plants, the cumulative bacterial genome also showed this basic trend (Table 

4-16 and 4-17).  

In contrast, graft-inoculated citrus plants (Citrus 1 and 2 in Table 4-16 and 4-17) 

showed no such trend for either live or cumulative bacterial genomes throughout the 

time period monitored. The bacterial genome (live and cumulative) fluctuated on a 

rather high level (Cq values ranging from 21 to 25 and from 19 to 24 for live and 

cumulative bacterial genome, respectively) for a period of more than 20 months.  

For the other 4 plant groups, i.e., Citropsis, Choisya, Zanthoxylum, and 

Esenbeckia, selected plants were also tested with PMA-qPCR after their Las infection 

status was confirmed. However, due to the low bacterial population in these hosts (as 

shown in Table 4-4 to Table 4-15), the live bacterial genomes obtained by PMA-qPCR 

method were often low, either high Cq values around 39, or undetectable (undetermined 

results, data not shown). Besides, the time period for these host plants to be tested by 

PMA-qPCR was quite short, mostly because of the short persistence of Las bacterium 

in some of these hosts (i.e., the bacteria died out within couple of months). Therefore, 

the data of live/cumulative bacterial genome change collected from these 4 plant hosts 

was limited.  
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4.4 Discussion 

4.4.1 Transmission Experiments and Alternative Host Status 

For most of the alternative hosts in this study, the psyllid transmission experiments 

were implemented in a manner of ‘no-choice’ inoculation, which means psyllids were 

manually transferred to the source/receptor plants and forced to feed. This may not be 

common in the field when there are preferred hosts, i.e., citrus, available for the psyllid 

vector. However, it may happen in the case that all citrus plants are sprayed with 

insecticide, and other rutaceous plants in the neighborhood become the only choice of 

the psyllids, which is highly possible under the current HLB management (Halbert and 

Manjunath 2004).  

The results of transmission experiments as well as qPCR tests of Las from all the 

tested citrus relatives (including S. buxifolia discussed in Chapter 3) and psyllids were 

summarized in Table 4-18 and 4-19. 7 plants were demonstrated to be alternative hosts 

of Las, of which 6 were reported for the first time. The 6 new discovered alternative 

hosts of Las are x C. microcarpa (Calamondin), C. gilletiana, C. ternata ‘Sundance’, C. 

aztec ‘Pearl’, Z. fagara, E. runyonii. A. texana was shown to not be a host of Las. 

Furthermore, based on the persistence of Las (Table 4-19) and psyllid activities on 

these citrus relatives, they were grouped into 4 different categories: x C. microcarpa 

(Calamondin) in the high transmissibility group with S. buxifolia (Chapter 3); Choisya 

spp. (two species), C. gilletiana, and Z. fagara form a medium-high transmissibility 

group; E. runyonii in a medium transmissibility group; A. texana in the no transmissibility 

group. The alternative host information including transmissibility evaluation obtained in 

this study should provide help in HLB management, for example, alternative hosts with 

high or medium-high transmissibility should be monitored by PCR if they present in the 
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vicinity of citrus groves, and the sale and transportation of these plant materials should 

be restricted especially between HLB-affected and HLB-free areas.  

Like S. buxifolia and most citrus cultivars, Calamondin was a good host for both 

the psyllid vector and Las bacterium in this study. After being transferred to Calamondin, 

psyllids could rapidly infest the plant, and lay eggs, hatch and develop into nymphs 

(Figure 4-1A). After infection with Las, Calamondin expressed typical HLB symptoms 

such as leaves with blotchy mottle, and stunted growth. Las transmission from citrus to 

Calamondin was not successful in the first trial, probably because the trial was 

completed in the winter time when the bacterial population happened to be really low in 

source plants. All the other trials were successful with a good transmission rates. After 

the 3-week AAP, psyllids collected from positive Calamondin plants were mostly 

positive with high Las populations (Table 4-19), which demonstrated that Calamondin 

was a good inoculum reservoir. The population of Las in Calamondin was quite high, 

comparable to that of citrus plants throughout the entire monitored period (>30 months). 

Given that Calamondin is a common ornamental plant in Florida, it should be 

considered as a high risk alternative host. 

As alternative hosts, C. gilletiana, Choisya spp., and Z. fagara should be 

considered in the group of medium-high risk plants for Las transmissibility. Successful 

transmissions were obtained in all the transmission pathways tested, but the Las 

bacterium never accumulated to a high population inside these hosts, and even died out 

in Z. fagara within one year. This may indicate these plants have some resistance to the 

bacterium. In addition, they are not preferred hosts for the psyllid. Psyllids were forced 

to feed on them in ‘no-choice’ experiments, or even by the mesh-bag method. Trials 
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without certain enforcement all failed. No eggs or nymphs were ever found on these 

plants, which showed limited psyllid activities associated with these plants (especially 

on Z. fagara). However, the psyllid did acquire Las from these plants (Table 4-19) and 

accomplish transmission back to citrus. All plants in this group showed minimal 

symptoms from Las infection, which indicated that HLB may not be a disease for them. 

Nevertheless, their risk as bridging alternative hosts in the field should be considered 

medium to high.  

E. runyonii was not a good host for either the psyllid vector or Las bacterium in this 

study. Very limited psyllid activities were observed (no eggs, no nymphs, and even no 

psyllid adults available for qPCR test after AAP and IAP), and the inoculated Las 

bacterium died out within 5 months. No symptoms were observed. However, 

transmission was successful for all the pathways tested. All facts considered, E. 

runyonii is an alternative host with medium risk in HLB management. 

A. texana was not infected by Las after multiple trials in this study, and psyllids did 

not readily feed on this plant. Therefore, A. texana was not considered as an alternative 

host of Las, and thus has no transmissibility for Las.  

4.4.2 Live Las Population in Host Plants 

Data from the graft-transmitted plants were collected over a 20-month period, but 

no general pattern was found. Because fewer plants were included in this part (2 plants 

from each group, see Table 4-16 and 4-17), no statistically valid pattern could be 

generalized. However, the basic trend (i.e., high bacterial population in summer time 

and low in winter) observed in these plant samples did not agree with the seasonal 

pattern in some particular months, and these differences could be caused by the 

different plant ages and inoculation methods. Compared to the seedlings used in the 



 

130 

psyllid transmission experiments, plants used in graft-transmission experiments were at 

least several years old. The different growth stages of plants could have considerable 

impact on how the plants react to infection. This could also be associated with the 

development of defense systems in plants, which could be responsible for the 

differences in development of the Las bacterium inside host plants. Second, the groups 

of plants shown in Table 4-16 and 4-17 were all inoculated by bud grafting, while the 

other groups discussed in Chapter 3 were all inoculated by psyllids. Considering that 

different inoculation methods were used, different results could be expected to occur. A 

recent study reported that with a side grafting method using Las positive lemon trees, 

the scion survival rate and transmission rate could reach as high as 81.2% and 88.8%, 

respectively (Zhang et al. 2012). However, this was not found in our graft transmission 

tests (for example, much lower budding survival rates in the Calamondin group). Further 

comparative research work to demonstrate the difference in Las development in plant 

hosts following different inoculation methods needs study.       

With all the factors affecting Las development considered, the basic trend of 

live/cumulative bacterial genome dynamics found in the graft-inoculated plants was still 

quite informative. First of all, this trend confirmed the pattern found in the Severinia 

work. As discussed in Chapter 3, the reason why the seasonal pattern could be 

observed in those two Severinia and citrus groups (3 plants in each group) was 

because they were synchronized plant seedlings and the pattern probably revealed the 

early adaptation and development stage of Las in the hosts. Therefore, although the 

other two groups of citrus plants (from Severinia transmission pathway 2) did not show 

the seasonal pattern (only one stage of high bacterial population was observed), they 
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still complied with the seasonal pattern. Because these plants could be interpreted as in 

the second stage of development since they were monitored at least one year after the 

inoculation. The same interpretation could be applied here. The Calamondin and citrus 

plants were graft-inoculated in summer of 2009 (Sb 1 and Sb 2 were grafted even 

earlier), and they were monitored by PMA-qPCR at least one year after inoculation. 

Therefore, the lower bacterial population in winter time was part of the seasonal pattern. 

Second, this basic trend indicated a general time table for the ups and downs in Las 

development inside hosts, which could be used in various applications. For example, in 

order to ensure a successful transmission, knowing that Las bacterial population is 

relatively low inside Calamondin and Severinia hosts (or maybe all alternative hosts) 

during winter time, all the transmission work using these positive hosts as source plants 

should avoid winter time, and choose the ‘hot’ season (i.e., high bacterial population in 

plants) to implement. This also explained why some of the psyllid transmission 

experiments in this study ended up with extraordinarily low transmission rates 

(sometimes even a total failure), such as the 1st trial in transmission pathway 2 of 

Severinia group (40% transmission rate) and the 1st trial in transmission pathway 1 of 

Calamondin group (total failure), most probably because they were set up in winter time, 

and the psyllids used for transmission could not acquire enough bacteria from the 

source plants. If there is any pesticide application program for HLB management, this 

information suggests a better timing for application, which should be at the end of 

winter, right before the Las bacterial population starts to increase. This timing coincides 

with the conclusion derived from the seasonal pattern.  
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Regarding the data of live Las populations in the other 4 plant hosts (Citropsis, 

Choisya, Zanthoxylum, and Esenbeckia), the erratic results might reveal a limit of the 

PMA-qPCR methodology when applied to samples with extremely low bacterial 

populations. When the cumulative bacterial genome was still detectable (Cq values 

around 37), the live bacterial genome turned out to be undetectable. This could possibly 

be due to some detection limit issue with the new methodology, i.e., the extra pre-

treatment step somehow reduced the sensitivity of the following qPCR. However, 

another possibility which should not be ruled out was that the live bacteria in those 

samples were indeed much fewer in number than the dead ones, and therefore, the 

failure to detect live Las might actually reveal this fact. Another issue found in the live 

bacterial genome data was that it could show higher population than the corresponding 

ones of cumulative bacterial genome, for example, several sets of data from Citropsis 

group showed that cumulative bacterial genomes were above Cq values of 38, while the 

corresponding live ones were all below 37. This was logically impossible because live 

bacteria were only a part of the cumulative genome, and this led to the conclusion that 

the data were unstable. Las bacteria were unevenly distributed throughout the host, and 

this fact should have major impact when the bacterial population was low. This reason 

alone could not be responsible for all the systematically deviated results found in these 

4 plant hosts. Therefore, PMA-qPCR method was not recommended for use with 

samples with extremely low bacterial populations (i.e., Cq values above 36). 
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Figure 4-1.  Psyllid activities observed on alternative hosts. Eggs and nymphs could be easily observed on 

Calamondin plants. Psyllids were found on plants from B) to E), but eggs and nymphs were never observed. 
A) Calamondin, B) Citropsis gilletiana, C) Choisya, D) Zanthoxylum fagara, E) Esenbeckia runyonii, and 
F) Mesh bag method used to force psyllid to feed on alternative host using E. runyonii as an example.  
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Table 4-1. Results of psyllid transmission pathway 1 from citrus to Calamondin 

Calamondin 
plant no. 

Assay 1 
2-month PI 

(Cq) 

Assay 2 
3-month PI 

(Cq) 

Assay 3 
4-month PI 

(Cq) 

Assay 4 
5-month PI 

(Cq) 

1-1 0.0 0.0 0.0 ... 
1-2 0.0 0.0 0.0 ... 
2-1 31.2 30.0 25.0 23.4 
2-2 0.0 0.0 34.4 32.1 
2-3 0.0 0.0 38.3 35.8 
3-1 29.4 27.5 ... ... 
3-2 36.6 34.2 ... ... 
3-3 0.0 0.0 ... ... 
3-4 36.1 33.7 ... ... 

 
Table 4-2. Results of psyllid transmission pathway 2 from Calamondin to citrus 

citrus 
plant no. 

Assay 1 
2-month PI 

(Cq) 

Assay 2 
3-month PI 

(Cq) 

Assay 3 
4-month PI 

(Cq) 

Assay 4 
5-month PI 

(Cq) 

1-1 0.0 39.7 37.7 35.3 
1-2 0.0 0.0 37.9 35.4 
1-3 0.0 0.0 39.0 36.4 
2-1 0.0 39.4 38.4 35.9 
2-2 0.0 38.3 35.0 32.7 
2-3 0.0 39.7 38.7 36.2 
3-1 0.0 0.0 0.0 0.0 
3-2 0.0 39.6 38.4 35.9 

 
Table 4-3. Results of psyllid transmission pathway 3 from Calamondin to Calamondin  

Calamondin 
plant no. 

Assay 1 
2-month PI 

(Cq) 

Assay 2 
3-month PI 

(Cq) 

Assay 3 
4-month PI 

(Cq) 

Assay 4 
5-month PI 

(Cq) 

Assay 5 
6-month PI 

(Cq) 

1-1 0.0 0.0 39.8 0.0 39.3 
1-2 0.0 0.0 33.1 38.2 36.5 
1-3 0.0 0.0 0.0 35.8 38.5 
2-1 25.1 23.4 ... ... ... 
2-2 23.0 21.5 ... ... ... 
2-3 25.4 23.8 ... ... ... 
3-1 0.0 0.0 ... ... ... 
3-2 26.7 24.9 ... ... ... 
3-3 25.2 23.5 ... ... ... 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; ‘...’ means no qPCR assay data point; 
PI means post inoculation; Cq means quantitative cycle.
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Table 4-4. Results of psyllid transmission pathway 1 from citrus to Citropsis gilletiana  
Assay/Months PI (Cq) 

C. gilletiana. 1/2 2/4 3/6 4/8 5/10 6/12 7/14 

1-1 30.9 36.1 36.1 39.3 38.4 35.7 34.0 
1-2 35.3 36.4 0.0 39.3 38.1 36.6 39.0 
1-3 0.0 0.0 0.0 0.0 0.0 0.0  
1-4 0.0 0.0 0.0 0.0 0.0 0.0  
1-5 0.0 0.0 0.0 0.0 0.0 0.0  
1-6 36.8 37.4 38.4 0.0 39.6 37.2 38.5 
2-1 37.0 37.5 38.2 39.3 39.0 37.4 37.1 
2-2 38.1 33.2 39.5 0.0 38.9 38.6 36.7 
2-3 0.0 0.0 0.0 0.0 0.0 0.0  
3-1 0.0 0.0 35.9 33.6 0.0 0.0 36.5 
3-2 0.0 0.0 0.0 0.0 0.0 0.0  
3-3 0.0 0.0 0.0 0.0 0.0 0.0  

 

Table 4-5. Results of psyllid transmission pathway 2 from C. gilletiana to citrus 
Citrus 

plant no. 
Assay 1 

2-month PI (Cq) 
Assay 2 

3-month PI (Cq) 
Assay 3 

4-month PI (Cq) 
Assay 4 

5-month PI (Cq) 

1-1 0.0 39.2 39.3 37.8 
1-2 0.0 39.2 37.7 38.3 
1-3 39.5 0.0 38.6 38 
2-1 0.0 37.6 38.6 37.1 
2-2 0.0 39.3 37.7 38.2 
3-1 39.0 37.6 38.5 38.9 
3-2 0.0 38.6 38.2 37.9 

 

Table 4-6. Results of psyllid transmission pathway 3 from C. gilletiana to C. gilletiana  
C. gilletiana 

plant no. 
Assay 1 

2-month PI (Cq) 
Assay 2 

3-month PI (Cq) 
Assay 3 

4-month PI (Cq) 
Assay 4 

5-month PI (Cq) 

1-1 0.0 38.2 36.8 34.4 
1-2 0.0 0.0 38.2 35.7 
2-1 0.0 0.0 ... ... 
2-2 34.7 34.1 ... ... 
2-3 0.0 0.0 ... ... 
2-4 0.0 0.0 ... ... 
2-5 0.0 0.0 ... ... 
2-6 0.0 0.0 ... ... 
3-1 0.0 0.0 ... ... 
3-2 0.0 0.0 ... ... 
3-3 0.0 0.0 ... ... 
3-4 0.0 0.0 ... ... 
3-5 0.0 0.0 ... ... 
3-6 0.0 0.0 ... ... 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; Empty box means plant died or was 
discarded; ‘...’ means no qPCR assay data point; PI means post inoculation; Cq means quantitative 
cycle. 
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Table 4-7. Results of psyllid transmission pathway 1 from citrus to Choisya spp. 

Choisya spp. 
plant no. 

Assay/Months PI (Cq) 

1/2 2/4 3/6 4/8 5/10 6/12 7/13 

1-1 0.0       
1-2 0.0 36.3 0.0 0.0 0.0   
1-3 0.0 36.7 0.0 0.0 0.0   
1-4 0.0 36.9 0.0 34.1 0.0   
2-1 32.7 36.5 0.0 33.7 38.0 35.8 38.0 
2-2 36.9 38.5      
2-3 34.3 36.3 38.8 0.0 0.0 0.0 39.3 
2-4 34.9 37.0 38.7     
3-1 39.7 0.0 0.0 0.0 0.0 ... ... 
3-2 38.5 0.0 38.8 38.1 31.9 ... ... 
3-3 32.0 0.0 39.8 37.3 39.2 ... ... 

 

Table 4-8. Results of psyllid transmission pathway 2 from Choisya spp. to citrus 
Citrus 

plant no. 
Assay 1 

2-month PI (Cq) 
Assay 2 

3-month PI (Cq) 

1-1 38.6 36.1 
1-2 38.5 35.9 
2-1 37.6 35.2 
2-2 34.8 34.5 
2-3 39.9 37.2 
3-1 35.2 34.9 
3-2 34.1 34.9 
3-3 38.7 36.2 
3-4 38.9 36.4 
3-5 38.3 35.8 
3-6 37.8 35.3 
3-7 37.4 35.0 
3-8 37.7 35.2 
3-9 36.9 34.5 
3-10 34.0 35.8 

 

Table 4-9. Results of psyllid transmission pathway 3 from Choisya to Choisya  
Choisya spp. 

plant no. 
Assay 1 

2-month PI (Cq) 
Assay 2 

3-month PI (Cq) 

1-1 33.9 33.7 
1-2 38.3 36.8 
1-3 0.0 37.1 
1-4 38.0 37.5 
1-5 0.0 0.0 
1-6 0.0 36.4 
2-1 39.6 37 
2-2 37.6 38.1 
2-3 0.0 0.0 
2-4 38.5 39.1 
2-5 36.7 34.3 
2-6 0.0 0.0 
3-1 36.9 35.8 
3-2 0.0 0.0 
3-3 39.0 38.1 
3-4 38.3 36.8 
3-5 0.0 36.4 
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Table 4-10. Results of psyllid transmission pathway 1 from citrus to Zanthoxylum fagara  
Z fagara plant 

no. 
Assay/Months PI (Cq) 

1/2 2/3 3/4 4/6 5/8 6/9 7/10 8/12 9/13 

1-1 38.0 ... 32.7 39.7 37.3 39.3 39.2 38.6 0.0 
1-2 38.3 ... 34.0 0.0 0.0 0.0 0.0 0.0 0.0 
2-1 38.6 37.4 0.0 0.0 0.0 ... ... ... ... 
2-2 0.0 37.3 38.7 38.0 0.0 ... ... ... ... 
3-1 38.0 38.9 35.9 ... ... ... ... ... ... 
3-2 38.0 35.6 0.0 ... ... ... ... ... ... 
3-3 0.0 39.0 0.0 ... ... ... ... ... ... 
4-1 38.8 37.2 36.4 ... ... ... ... ... ... 
4-2 0.0 34.3 38.6 ... ... ... ... ... ... 
4-3 37.9 32.5 39.1 ... ... ... ... ... ... 

 
Table 4-11. Results of psyllid transmission pathway 2 from Z. fagara to citrus 

Citrus 
plant no. 

Assay 1 
2-month PI (Cq) 

Assay 2 
3-month PI (Cq) 

Assay 3 
4-month PI (Cq) 

Assay 4 
5-month PI (Cq) 

1-1 0.0 39.5 0.0 38.7 
1-2 0.0 38.8 0.0 36.6 
1-3 39.0 36.1 37.0 34.6 
2-1 35.5 0.0 36.3 ... 
3-1 37.1 34.7 ... ... 
3-2 28.0 26.2 ... ... 
3-3 39.4 36.8 ... ... 
3-4 39.0 36.4 ... ... 
3-5 0.0 0.0 ... ... 
3-6 35.5 33.2 ... ... 
3-7 37.8 35.3 ... ... 
3-8 36.9 34.5 ... ... 

3-9 36.7 34.3 ... ... 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; ‘...’ means no qPCR assay data point; PI means post inoculation; Cq means 
quantitative cycle 
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Table 4-12. Results of psyllid transmission pathway 3 from Z. fagara to Z. fagara 

Zanthoxylum 
plant no. 

Assay 1 
2-month PI (Cq) 

Assay 2 
3-month PI (Cq) 

Assay 3 
4-month PI (Cq) 

Assay 4 
5-month PI (Cq) 

Assay 5 
7-month PI (Cq) 

1-1 0.0 36.5 32.1 38.2 0.0 
2-1 0.0 32.4 36.4 35.3 ... 
2-2 0.0 39.4 31.6 33.5 ... 
3-1 0.0 0.0 ... ... ... 
3-2 0.0 0.0 ... ... ... 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; ‘...’ means no qPCR assay data point; PI means post inoculation; Cq means 
quantitative cycle. 
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 Table 4-13. Results of psyllid transmission pathway 1 from citrus to Esenbeckia 
runyonii 

E. runyonii 
plant no. 

Assay/Months PI (Cq) 

1/2 2/4 3/6 4/8 5/10 6/12 7/14 

1-1 0.0 0.0 0.0 37.1 0.0 0.0 0.0 
1-2 0.0 0.0 0.0 38.1 0.0 0.0 0.0 
1-3 0.0 0.0 0.0 0.0 0.0 0.0  
1-4 0.0 0.0 0.0 0.0 0.0 0.0  
1-5 0.0 0.0 0.0 0.0 0.0 0.0  
1-6 0.0 0.0 0.0 0.0 0.0 0.0  
2-1 0.0 38.3 37.2 36.6 0.0 0.0 0.0 
2-2 37.8 36.7 35.7 0.0 0.0 0.0 0.0 
2-3 0.0 0.0 0.0 0.0 0.0 0.0  
2-4 0.0 0.0 0.0 0.0 0.0 0.0  
2-5 0.0 0.0 0.0 0.0 0.0 0.0  
2-6 0.0 0.0 0.0 0.0 0.0 0.0  
3-1 0.0 0.0 0.0 39.3 0.0 0.0 0.0 

 
Table 4-14. Results of psyllid transmission pathway 2 from E. runyonii to citrus 

Citrus 
plant no. 

Assay 1 
2-month PI (Cq) 

Assay 2 
3-month PI (Cq) 

Assay 3 
4-month PI (Cq) 

Assay 4 
5-month PI (Cq) 

1-1 38.5 0.0 37.7 37.6 
1-2 38.8 37.1 0.0 38.2 
2-1 37.4 38.2 ... ... 
2-2 38.4 39.2 ... ... 
2-3 39.2 38.7 ... ... 
3-1 39.1 37.6 ... ... 
3-2 38.7 39.2 ... ... 
3-3 39.5 38.9 ... ... 

 
Table 4-15. Results of psyllid transmission pathway 3 from E. runyonii to E. runyonii 

E. runyonii  
plant no. 

Assay 1 
2-month PI (Cq) 

Assay 2 
4-month PI (Cq) 

Assay 3 
5-month PI(Cq) 

1-1 0.0 38.7 37.9 
2-1 0.0 0.0 ... 
2-2 0.0 0.0 ... 
2-3 0.0 0.0 ... 
2-4 0.0 0.0 ... 
2-5 0.0 0.0 ... 
2-6 35.2 36.5 ... 
2-7 0.0 0.0 ... 
2-8 0.0 0.0 ... 
3-1 0.0 0.0 ... 
3-2 0.0 0.0 ... 
3-3 0.0 38.2 ... 
3-4 0.0 0.0 ... 
3-5 0.0 0.0 ... 
3-6 0.0 0.0 ... 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results; Empty box means plant died or was 
discarded; ‘...’ means no qPCR assay data point; PI means post inoculation; Cq means quantitative 
cycle. 
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Figure 4-2.  Leaf symptoms observed on Las infected plant hosts. A) Citrus. Typical 
HLB symptoms were observed on citrus plants inoculated with Las in this 
study. B) Citropsis gilletiana, C) Choisya, D) Zanthoxylum fagara, E) 
Esenbeckia runyonii, and F) Amyris texana. Symptoms shown in B) to E) 
were considered suspicious symptoms since they were not consistent with 
qPCR results. 

B E 

C D F 
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Figure 4-3.  Gel images of PCR amplification of Las with different primers. A) 1st round 

of PCR amplification of ‘Candidatus Liberibacter asiaticus’ with 16S (75 bp 
amplicon) and rpoB primers (111 bp amplicon). Number 1 to 6, Citropsis 
gilletiana, Choisya ternata ‘Sundance’, x Citrofortunella microcarpa 
(Calamondin), Severinia buxifolia, Zanthoxylum fagara, and Esenbeckia 
runyonii; M, 100 bp DNA marker (Invitrogen); -, negative control (one 
negative control for each primer set). B) 2nd round of PCR amplification of 
‘Candidatus Liberibacter asiaticus’ with 16S (75 bp amplicon) and rpoB 
primers (111 bp amplicon). Sample arrangement in each line was the same 
as in Figure 4-3A. Due to low bacterial population in alternative host 
samples and the sensitivity limit of conventional PCR, 1st round of 
conventional PCR usually resulted in weak bands as shown in Figure 4-3A, 
so a 2nd round of PCR (using the PCR products from the 1st round as 
template) was done to obtain better visual results in gel and for direct 
sequencing afterward. C) Colony PCR with a 2588 bp amplicon. Numbers in 
this figure represented the same host plant as above. Five colonies were 
chosen from each host plant to run the colony PCR. M, 1 Kb Plus DNA 
marker (Invitrogen); -, negative control. 
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Figure 4-3.  Continued. 
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Table 4-16. Dynamic change of live Las population inside various graft-transmitted host plants 

plant 
Aug 
2010 

Oct 
2010 

Dec 
2010 

Feb 
2011 

Mar 
2011 

Apr 
2011 

May 
2011 

Jun 
2011 

Jul 
2011 

Dec 
2011 

Jan 
2012 

Feb 
2012 

Mar 
2012 

Apr 
2012 

Calamondin 1    0.0 0.0 0.0 34.1 ... 29.2 ... 24.9 ... 25.9 31.1 28.7 28.8 28.5 
Calamondin 2 25 24 29.9 28 ... 25.3 ... 25.4 ... 30.1 37.7 32   

Citrus 1 23.6 23.8 23.3 25.4 ... 24.4 ... 22.3       
Citrus 2 21.8 21.9 23.9 24.8 ... 23.4 ... 21.9 ... 23.2 22.7 24.1 21.2 21.8 

Sb1 ... ... 0.0 38.9 0.0 32.9 29.4 24.4 29.2 28.3 31.9 30.9 26.1 27.1 
Sb2 ... ... 0.0 35.1 32.1 29.5 31.4 20.4 33.5 28.9 33.4 32.5 34.1 30.2 

 

Table 4-17. Dynamic change of cumulative Las genome inside various graft-transmitted host plants 

plant 
Aug 
2010 

Oct 
2010 

Dec 
2010 

Feb 
2011 

Mar 
2011 

Apr 
2011 

May 
2011 

Jun 
2011 

Jul 
2011 

Dec 
2011 

Jan 
2012 

Feb 
2012 

Mar 
2012 

Apr 
2012 

Calamondin 1 0.0 0.0 0.0 33 ... 28.2 ... 25.1 ... 24.5 30.3 26.7 27 26.9 
Calamondin 2 22.9 23.9 29.4 26.9 ... 24.5 ... 25.7 ... 29.2 36.9 30.1   

Citrus 1 21.9 23 22.1 24 ... 22.9 ... 21       
Citrus 2 20.6 21.3 22.6 24 ... 22 ... 21.6 ... 22.6 22.2 22.2 19.4 21.1 

Sb1 ... ... 0.0 38.4 0.0 29.6 26.6 24.2 28 26.3 30.8 29.5 24 25.5 
Sb2 ... ... 0.0 33.1 32.1 27.9 29.6 25 34.8 25.5 31.4 30.3 22.3 26.7 

Note: ‘0.0’ means undetermined Cq value, i.e. negative results;  empty box means plant died or was discarded; ‘...’ means no qPCR assay data 
point. 
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Table 4-18. Summary of HLB transmission experiments on all the tested citrus relatives 

Plant Grafting (%)  Psyllid transmission  

Citrus to AH (%) AH to Citrus (%) AH to AH (%) 

Severinia buxifolia 100 (2/2)a 100 (12/12) 46.4 (13/28) 75 (12/16) 
Calamondin 22.2 (2/9) 66.7 (6/9) 87.5 (7/8) 88.9 (8/9) 
Citropsis gilletiana - 50 (6/12) 100 (7/7) 21.4 (3/14) 
Choisya spp. - 90.9 (10/11) 100 (15/15) 76.4 (13/17) 
Zanthoxylum fagara - 100 (10/10) 92.3 (12/13) 60 (3/5) 
Esenbeckia runyonii - 38.5 (5/13) 100 (8/8) 20 (3/15) 
Amyris texana - - - - 

 
Table 4-19. Summary of Las persistency and psyllid positive rate on all the tested citrus relatives 

Plant Las population in plants 
(Cq) 

Las duration (months) % Psyllids with Las Las population from psyllids 
(Cq) 

Severinia buxifolia 20-39 >36 70-100 16-30 
Calamondin 21-39 >30 80-100 19-34 
Citropsis gilletiana 30-39 >14 80-100 16-34 
Choisya spp. 32-39 >13 30-100 20-38 
Zanthoxylum fagara 31-39 3-12 20-40 17-32 
Esenbeckia runyonii 35-39 <8 - - 
Amyris texana - - - - 
Note: 

a
Las positive plants out of total plants inoculated; Cq means quantitative cycle; AH means alternative host. 
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CHAPTER 5  
SUMMARY AND FUTURE PERSPECTIVES 

In this study of  “Quantitative determination of selective alternative hosts of Las 

and potential for transmission to citrus”, 8 citrus relatives in the Rutaceae family, i.e., 

Severinia buxifolia, x Citrofortunella microcarpa, Citropsis gilletiana, Esenbeckia 

runyonii, Zanthoxylum fagara, Choisya aztec ‘Pearl’, Choisya ternata ‘Sundance’, and 

Amyris texana, were tested in the greenhouse as alternative hosts for Las. With 

repeated psyllid and graft inoculation trials, 7 species were experimentally 

demonstrated as alternative hosts for Las, of which 6 are reported for the 1st time. 

However, the Las transmissibility back to citrus varied due to the Las persistence and 

psyllid activities observed on the plants, which meant different levels of risk for 

transmission of Las  could be assigned to them. In the future, more work on Las 

alternative hosts needs to be done in the greenhouse, because observations in the field 

are not reliable. For example, two native Zanthoxylum plants including Z. fagara were 

considered non (or poor) hosts of the psyllid vector based on field observations in 

Florida, but from this study, Z. fagara was demonstrated to be an alternative host of Las 

with medium-high transmissibility to citrus.     

In order to understand the live Las population in the hosts, a novel technique, 

PMA-qPCR, was optimized to work with uncultured Las in plant and psyllid samples, 

after which it was used to determine the live bacterial genome in various investigations. 

First, a standard curve showing the correlation between qPCR results and microscopic 

counting of Las cells was established, with which the live bacterial genome could be 

determined. Second, after testing a large collection of citrus plants with PMA-qPCR, it 

was demonstrated that there was no strong correlation between plant symptoms and 
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internal live bacterial genome, because different citrus species and cultivars all 

accumulated high level of live/cumulative Las genome. Third, live Las populations in 

symptomatic and asymptomatic leaves were compared, and threshold region of live 

bacterial population for HLB symptom expression in Hamlin sweet orange was found. 

Lastly, live and cumulative bacterial genome dynamics were monitored in citrus and 

non-citrus hosts through a 20-month period, and a seasonal development pattern for 

live Las was observed in both plant hosts, in contrast to the random fluctuation of 

cumulative Las genomes observed from the same plants. In the future, new HLB 

research concerning the live bacterial genome in the hosts could be conducted with this 

optimized PMA-qPCR method. For example, the effectiveness of any new 

chemotherapy targeting the systemic bacteria could be evaluated using this method. 

This method thus offers a new way to investigate various aspects of Las and HLB until 

Las is cultured.     

Regarding the seasonal development pattern of live Las found in both citrus and 

non-citrus hosts, further investigations could be conducted to check the molecular 

mechanism behind the sudden change that occurred in April. One possibility is the 

phage elements found in Las genome may enter a lysogenic cycle around April, which 

leads to a dramatic change of the bacterial population. Using phage-specific primers to 

test the DNA samples from those months could be a good way to start. In addition, 

some HLB samples showing typical HLB symptoms but qPCR negative with the 16S 

system suggested that there may be an unknown liberibacter present in Florida. Plants 

with this situation (typical HLB symptom but negative PCR results) are excellent study 

materials to identify the new bacterium.
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APPENDIX 
SEQUENCES AND BLAST RESULTS 

A-1 2588 bp Sequence from T7-1/Sp6-1 Primers and BLASTn Results 

Forward (5’-3’) 
AGTTTGATCCTGGCTCAGAACGAACGCTGGCGGCAGGCCTAACACATGCACGTCGAGCGCGTATGCGAATA

CGAGCGGCAGACGGGTGAGTAACGCGTAGGAATCTACCTTTTTCTACGGGATAACGCATGGAAACGTGTGC

TAATACCGTATACGCCCTATTGGGGGAAAGATTTTATTGGAGAGAGATGAGCCTGCGTTGGATTAGCTAGT

TGGTAGGGTAAGAGCCTACCAAGGCTACGATCTATAGCTGGTCTGAGAGGACGATCAGCCACACTGGGACT

GAGACACGGCCCAGACTCCTACGGGAGGCGGCAGTGGGGAATATTGGACAATGGGGGCAACCCTGATCCAG

CCATGCTGCGTGAGTGAAGAAGGCCTTAGGGTTGTAAAGCTCTTTCGCCGGAGAAGATAATGACGGTATTC

GGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCGAGCGTTGTTCGGAAT

AACTGGGCGTAAAGGGCGCGTAGGCGGGCGATTAAGTTAGAGGTGAAATCCCAGGGCTCAACCTTGGAACT

GCCTTTAATACTGGTTGTCTAGAGTTAGGAGAGGTGAGTGGAATTCCGAGTGTAGAGGTGAAATTCGTAGA

TATTCGGAGGAACACCGGTGGCGAAGGCGGCTCACTGGCCTGATACTGACGCTGAGGCGCGAAAGCGTGGG

GAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGTTAGCTGTTGGGTGGTTTACC

ATTCAGTGGCGCAGCTGACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGATTAAAACTCAAAGGA

ATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGCAGAACCTTACCAGCC

CTTGACATGTATAGGACGATATCAGAGATGGTATTTTCTTTTCGGAGACCTTTACACAGGTGCTGCATGGC

TGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCTGCCTCTAGTTGCCA

TCAAGTTTAGGTTTTTACCTAGATGTTGGGTACTTTATAGGGACTGCCGGTGATAAGCCGGAGGAAGGTGG

GGATGACGTCAAGTCCTCATGGCCCTTATGGGCTGGGCTACACACGTGCTACAATGGTGGTTACAATGGGT

TGCGAAGTCGCGAGGCGGAGCTAATCCCCAAAAGCCATCTCAGTTCGGATTGCACTCTGCAACTCGAGTGC

ATGAAGTCGGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCTCGGGCCTTGTACACAC

CGCCCGTCACACCATGGGAGTTGGTTTTGCCTGAAGACGGTGTGCTAACCGCAAGGAGGCAGCCGGCCACG

GTAGGGTCAGCGACTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGGGAACCTGCGGCTGGATCACCTCCTT

TCTAAGGAAGATGTTGAGTATCATTGAATTTATTGAGTGATCTGAACGTTTTTTGAAGATTAAAGCTTTTA

ATTAAGCTTGATATAAATTTGCTGTTGTGAAGCAGCGTTTTTAAAAGGATCGCCGTCCATGTTTCTCTTTC

TTTTCGGATTTTTTGCGATGATGGGGGGTCGTTAATATTTGGTTTTGAGGGCCCGTAGCTCAGGTGGTTAG

AGTGCACCCCTGATAAGGGTGAGGTCGGTAGTTCAAATCTACCTGGGCCCACCACTTTTTGTTCAGGGGGC

CGTAGCTCAGTCGGTAGAGCGCCTGCTTTGCAAGCAGGATGCCAGCGGTTCGATTCCGCTCGGCTCCACCA

TTGGCGTAATTATGGAATTTTGTTATGATTTTTTGGAGCAAGAGTTTTTTGAAAATTGAATAGAAGATATA

TTTTTTTGTATTTTTTATGTTGGCATTGTATGCGACATATAAGATACCGGCGTTGTTAACCGCACGTTGAG

AATTTATCTCAGGAAATTGGTCTATTGAAGAAGCATAAGGATATTATGTTTTTTTAATTATAAAGAGTTTG

CAAAGAACTTTATGACGATTGACAATGAGAGTAATCAAGCGCGAAAGGGCATTTGGTGGATGCCTTGGCAT

GCACAGGCGATGAAGGACGTGATATGCTGCGATAAGCTATGGGGAGCTGCAAATAAGCATTGATCCGTAGA

TTTCCGAATGGGGTAACCCGCCTTATGTGCCTAGGAAACTGAACTAAGTTGGTTTAATTTTCTAGGTATTT

TGAAGGTATCTTTATCTGAATGAAACAGGGTAAAAGAAGCGAACGCAGGGAACTGAAACATCTAAGTACCT

GTAGGAAAGGACATCAATTGAGACTCCGTTAGTAGTGGCGAGCGAACGCGGATCAGGCCAGTGGTAGGAAA

GATTTAAGTAGAATTACCTGGGAAGGTAAGCCATAGTGTGTGATAGCCCCGTATACGTAATAATTTTTTCT

ATCCTTGAGTAGGGCGGGACACGTGAAATCCTGTCTGAATATGGGGCGACCACGCTCCAAGCCTAAGTACT

CGTGCATGACCGATAGTGAACCAGTACCGTGA 
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A-2 75 bp Sequence from HLBas/r Primers and BLASTn Results 

Forward (5’-3’) 
TCGAGCGCGTATGCAATACGAGCGGCAGACGGGTGAGTAACGCGTAGGAATCTACCTTTTTCTACGGGATAACGC 
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