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Abstract 24 

Huanglongbing (HLB), otherwise known as citrus greening is considered the most 25 

devastating disease of citrus. Extensive efforts from scientists around the world are directed at 26 

saving the citrus industry. With a decline in production, effective methods are needed to screen 27 

for HLB resistance. Identification of cultivars that demonstrate HLB resistance will be the most 28 

sustainable long-term solution for citrus production where HLB is endemic. Some growers and 29 

researchers have observed that environmental stress appears to accelerate HLB progression, and 30 

this study was conducted to see if stress evaluation could quickly differentiate between 31 

susceptible and resistant trees. The objective was to assess the influence of drought and nutrient 32 

stresses on acceleration of HLB symptom development (HLB mottling, nutritional, growth, and 33 

Ct (crossing threshold) data), and whether such stresses aided in efficiently distinguishing 34 

between susceptible, resistant, and tolerant trees. 35 

A study was conducted in a hoophouse at the USDA-ARS in Fort Pierce, FL using three 36 

test factors (genotype, fertilizer stress, and water stress). Trees in the study included 37 

Valencia/Kuharske (known HLB-susceptible), Carrizo (known HLB-resistant), and Temple 38 

(reportedly HLB-tolerant).  39 

Treatments included a (1) non-inoculated control with full water and fertilizer and the following 40 

treatments applied to inoculated trees: (2) full water without fertilizer, (3) full water and fertilizer 41 

every three weeks (a full fertilizer and water treatment), (4) full water and fertilizer every twelve 42 

weeks (1/4 of the rate of the full treatment), (5) stress water (trees allowed to slightly wilt before 43 

watering) and fertilizer ever three weeks, and (6) stress water and fertilizer every twelve weeks 44 

(both water and nutrient stress).  45 
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By June 2013 treatments across all genotypes, application of either water-stress or 46 

nutrient-stress resulted in higher CLas (Candidatus Liberibacter asiaticus) titer as indicated by Ct 47 

(higher Ct is lower CLas titer), accelerating our ability to identify Carrizo as having HLB-48 

resistance compared to the HLB-susceptible Valencia while these single stresses resulted in Ct 49 

similar to the full water full fertilizer treatment in Temple. Combined nutrient and water stress 50 

resulted in the greatest tree diameters among all CLas-inoculated treatments for each genotype, 51 

with the divergence in size occurring after the stresses were removed. These highly stressed trees 52 

may have been less generally conducive to CLas establishment and growth.  This was best 53 

reflected by Ct especially in Valencia, which displayed CLas development in this treatment 54 

through August 2013 and then subsequent loss of the pathogen after stress application. Of all the 55 

genotypes, Carrizo was the most resistant, while Temple and Valencia were equally susceptible, 56 

and ability to distinguish these difference was accelerated by single stress treatments in Valencia 57 

but not Temple.  Since single stress treated Temple were still in the lowest Ct (highest titer) 58 

group at 6-8 months after inoculation, and statistically different from Carrizo, it appears that 59 

application of moderate stress may accelerate screening for HLB-resistant citrus genotypes. 60 

 61 

Introduction 62 

Citrus has been a critical part of agricultural economies around the world. Preceding 63 

World War II, Florida grove owners increased production of oranges resulting in a harvest 64 

surpassing California for the first time (Michael Gannon 1996). Between 1942-1953 Florida 65 

farmers produced 80 million boxes of oranges and grapefruit, and a total yield of 100 million 66 

boxes total for all citrus genotypes through the 11-year period. Agriculture reached substantial 67 
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gains during the war, improving Florida’s economy (Michael Gannon 1996). Today, Florida is 68 

still the largest producer of citrus yield in the United States (Hodges & Spreen 2012).  69 

Huanglongbing (HLB), also known as citrus greening, is considered the most serious disease of 70 

citrus worldwide (Gottwald, 2007). Citrus greening is associated with the Candidatus 71 

Liberibacter asiaticus bacteria (Grafton-Cardwell et al., 2013). The psyllid (Diaphorina citri) is 72 

the vector of Candidatus Liberibacter asiaticus. Liberibacter is injected into the phloem of a 73 

citrus leaf via the feeding psyllid (Grafton-Cardwell et al., 2013). Since this bacteria is non-74 

culturable, it creates limitations on microbiological research (Hung, et al. 2004). The bacteria 75 

causes leaf HLB mottling, nutritional deficiency, abnormal fruit growth, and bitter juice (Rogers 76 

et al 2014). Transmission from vector to host occurs in one to seven hours of feeding; timeline of 77 

inoculation to death of citrus trees can occur within three to five years (Rogers et al 2014).    78 

Sensitive assays that are based on polymerase chain reactions (PCR) are used to detect the 79 

bacteria to diagnose HLB and are used in research to assess effects of treatments on disease 80 

progression (Manjunath et al., 2007).  81 

There are still many unknowns about HLB (Manjunath et al., 2007), as different citrus 82 

genotypes and various environmental conditions appear to influence rate and severity of disease 83 

development (Stover et al., 2016). This variability causes difficultly in the initial diagnosis of the 84 

disease as trees take considerable time (1-2 years) to express symptoms. Specific genotypes 85 

respond differently to environmental stresses (Folimonova et al., 2009). Identifying interactions 86 

between these environmental stresses and  conditions, Candidatus Liberibacter asiaticus (CLas) 87 

strains, and citrus genotype could shorten the time it takes to identify HLB-resistant trees (Stover 88 

et al., 2016), and may also aid and speed up HLB research projects (Zhang et al., 2012).  89 
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Ct is the number of PCR cycles it takes to amplify a targeted gene to a level considered 90 

detectable, so a lower Ct means the original gene of interest is present at higher levels (Zhang et 91 

al., 2009). To quantify Candidatus Liberibacter asiaticus (CLas) PCR primers and probes (such 92 

as HLBasf, HLBr, and HLBp) are used (Zhang et al. (2014). Zhang et al. in 2012 developed a 93 

graft-based chemotheraphy method for screening to identify therapies that might revitalize 94 

Huanglongbing-affected citrus plants.. Another study by Ramadugu et al. in 2014 conducted 95 

research on the screening of citrus and its close relatives for tolerance to Huanglongbing as 96 

identification of tolerant or resistant trees is very important to develop sustainable citrus 97 

production. Other studies focus on the ability to screen for resistance to Phytophthora (Graham 98 

et al., 2007). Since Phytophthora is a fungal disease that affects the root system of citrus trees, it 99 

is important to quickly identify the disease and implement methods to aid the tree. In citrus, it is 100 

critical to identify such diseases as they present stress to an already HLB stressed tree. 101 

Optimizing screening methods for HLB will allow us to be more effective in managing the 102 

disease (Stover et al., 2009). Identification of these screening methods may help speed up the 103 

research process, identify resistance, and help us to understand how particular genotypes respond 104 

under environmental stress.  105 

Several reports and numerous grove observations suggest that stress to Candidatus 106 

Liberibacter asiaticus infected trees increases progression of symptom development (Stover et 107 

al., 2016). In natural conditions, citrus groves experience different stresses at the same time 108 

which may include flooding, drought, nutrient deficiency, high irradiance, high temperature, and 109 

high atmospheric evaporative demand (Syversten, 2014). For example, water stress markedly 110 

affects tree physiology in several ways. Stress can trigger fruit drop within a citrus tree by 111 

carbohydrate deficiency, ABA rise, and ethylene release (Iglesias et al., 2007). Drought stress is 112 
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a key component associated with increased nematode populations in the soil, which causes a 113 

rapid decline in root health (Luc et al., 2005). Stresses either alone or in combination can either 114 

delay development or damage trees, but, not all stress is deleterious. A study done by Southwick 115 

& Davenport (1986) demonstrated water stress resulted in induced early flowering, and this is 116 

sometimes used to achieve off-season or earlier cropping.  117 

There is minimal literature information available on how citrus trees infected with HLB 118 

directly respond to stress versus non-stressed environments. Further complicating these effects, 119 

different scion/rootstocks may respond differently to individual environmental stresses (Mafra et 120 

al., 2012). For example, trifoliate genotypes are less tolerant of high soil bicarbonates 121 

concentrations and high pH, but when grown as whole trees (e.g. such as when grown to produce 122 

seed for new genotypes) generally have low levels of HLB symptom expression (Espeleta et al. 123 

1999). Monofoliate genotypes are more tolerant of the bicarbonates and high pH, but entire trees 124 

of such genotypes generally show a higher level of symptom expression of citrus greening or 125 

HLB.  126 

There is general agreement that HLB-resistant or tolerant citrus trees will provide a long-127 

term sustainable solution to HLB (Espeleta et al. 1999). The study reported here is part of a large 128 

project with the overall objective to develop consistent, routine, and efficient methods for 129 

assessing the susceptibility of citrus genotypes. This will advance identification of resistant 130 

materials, could assist other research programs studying HLB, and may enhance comparison of 131 

results between studies (Stover et al., 2016). The specific goal of this study was to assess the 132 

influence of drought and nutrient stresses on development of HLB symptoms (HLB mottling, 133 

nutritional, growth, and Ct (crossing threshold) data), and effects of such stresses on efficiently 134 
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distinguishing between susceptible, resistant, and tolerant trees to provide faster screening 135 

methods for HLB.  136 

 137 

Methodology  138 

 Graft Inoculations 139 

This project was led by the USDA/ARS (Ed Stover and Robert Shatters) in collaboration 140 

with the University of Florida (Gloria Moore and Jude Grosser), and was funded by the USDA 141 

Animal and Plant Health Inspection Service (APHIS). Three sets of trees (Valencia/Kuharske, 142 

Carrizo, and Temple/Sour orange) were ordered from Harris Citrus Nursery of Lithia, FL. Plants 143 

were in 4” x 13.5” citripots set in soilless mix. The study included 10 graft-inoculated plants of 144 

each genotype (30 total) with each of five different treatments, plus 5 non-inoculated control 145 

trees of each genotype for a total 180 trees. Plants were kept in a hoophouse at USDA-ARS in 146 

Fort Pierce, FL.   147 

 148 

Treatments 149 

There were a total of six treatments (stress versus non-stress). All trees except the 150 

controls were bud-inoculated with the HLB-pathogen in December 2012. Each tree was 151 

inoculated with two buds that tested positive for the bacteria CLas. Each set of trees was labeled 152 

with a tag and color coordinated to provide the instructions for treatment. Stress treatments were 153 

initiated March 2013 and continued until January of 2014, after which all trees were maintained 154 

with normal water and fertilizer 155 

 156 
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 157 

Assessment 158 

Starting March 2013, bimonthly measurements taken of each tree included: diameter, 159 

HLB symptom assessment, and leaf collection for PCR analysis. The average of the two 160 

diameters (north/south and east/west) was calculated for analysis. HLB symptom leaf 161 

Treatment Description Amount 

1 Control Non-inoculated control 

with normal water and 

fertilizer every three 

weeks. 

Full watering (50oz) and fertilization (6 grams N per 

year/pot (supplied using Peter’s Professional 20-10-

20; 0.6 gm Fe from Brandt-Microkey, mixed 

chelated micronutrients) every 3 weeks 

2  Full water and no fertilizer. Full watering (50oz) and no fertilizing. 

3   Full water and fertilizer 

every three weeks. 

Full watering (50 oz) and fertilization (6 g N per 

year/pot; 0.6 g Fe) every 3 weeks. 

4  Full water and fertilizer 

every twelve weeks. (1/4 

of the rate of the full 

treatment) 

Full watering (50 oz) and ¼ fertilization (1.5 g N per 

year/pot; 0.15 g Fe) every 12 weeks. 

5  Stress water and full 

fertilizer every three 

weeks. 

 Stress watering (let wilt before watering) every 

other month and fertilization (6 g N per year/pot; 0.6 

g Fe) every 3 weeks. 

6  Stress water and reduced 

fertilizer every 12 weeks. 

Stress watering (let wilt before watering) every other 

month and ¼ fertilization (1.5 g N per year/pot; 0.15 

g Fe) and fertilization every 12 weeks. 
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assessments were slight nutritional, HLB leaf mottle, and HLB severe mottle. Since there is 162 

variation in the CLas titer throughout the tree, we collected three leaves per tree. Leaves were 163 

selected with the most HLB-like symptoms (Stover & McCollum, 2011).  164 

 165 

Determination of CLas titer 166 

The Shatters laboratory at the USDA in Fort Pierce, FL performed DNA extraction and 167 

polymerase chain reaction (PCR). All leaf samples were stored in a freezer at -20°C until 168 

processed. Each sample was extracted using the bottom 2 cm of the leaf petiole into the mid-rib 169 

tissue of each of the three leaves. Qiaqen kits were used for the processing and PCR was run to 170 

determine the level of CLas (Candidatus Liberibacter asiaticus) titer in each leaf collection.  171 

Tables and figures indicate the months in which the data was recorded to depict both progression 172 

and seasonality of disease symptoms, pathogen development, and growth. During the first stage 173 

of the trial trees were monitored on a bi-monthly basis for symptoms and titer, then were later 174 

moved to quarterly assessments. The first diameter measurement, assessment of symptom 175 

expression, and leaf harvest were collected in March of 2013 and the final collection was in 176 

November of 2014. 177 

 178 

Statistical Analysis 179 

Statistical analysis was conducted using ANOVA for parametric tree diameter data and 180 

using the non-parametric Kruskal-Wallis test for all other data, all using SAS programing. At 181 

each time point, comparisons were made between main effects (genotype and stress treatments), 182 

as well as the interaction between genotype and stress. Samples were considered statistically 183 

significant having a p value < or = to 0.05. The GLM procedure was run to determine parametric 184 
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results. The GLIMMIX procedure was conducted on the non-parametric data. All figures are 185 

labeled with the Duncan grouping of mean significance to compare the differences between each 186 

treatment. For each comparison at each time point, means with the same letter are not 187 

significantly different. 188 

 189 

Results and Discussion 190 

Interactions between genotypes and stress vs non-stress treatments: Growth 191 

As expected, un-inoculated control trees had consistently the largest stem diameter 192 

in comparison with all other treatments across all genotypes (fig 1a-1c). In the age of HLB, root 193 

health can be negatively affected, consequently reducing plant growth and vigor (Johnson & 194 

Graham, 2015). With the addition of stress to an already stressed tree, trees can encounter 195 

reduced vigor, leaf loss, and premature fruit drop (Graham et al., 2014). The treatment of full 196 

water and full fertilizer treatment resulted in the greatest growth among inoculated trees of all 197 

three genotypes until the stress application was complete in January of 2014 (fig. 1). Thereafter, 198 

stress water and stress fertilizer treatments showed an increase in diameter growth (fig. 1). 199 

Temple trees treated with full water and no fertilizer application resulted in the smallest 200 

diameter, while application of stress water and stress fertilizer had the largest diameter of the 201 

treatments (fig 1b). Similar results were seen for Valencia diameter growth, full water and full 202 

fertilizer treatments had the highest diameters until completion of the stress treatment in January 203 

of 2014 (fig 1). Interestingly, following the end of stress treatments, the combination of water 204 

and fertilizer stress surprisingly produced the second largest diameter in all three genotypes with 205 

growth rates similar to the un-inoculated controls following conclusion of stress treatments on 206 

January 2014 (Fig. 1).   207 
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A study by Beattie et al. in 2009 showed that fertilizer application reduced severity of 208 

HLB disease symptoms. Foliar fertilizer may improve color and foliage abundance in HLB trees 209 

due to the presence of micronutrients (Gottwald et al., 2012). However, we propose that the 210 

treatment combining stress water and stress fertilizer application produced so much stress that it 211 

compromised establishment of the CLas bacteria and as a result, trees grew relatively well after 212 

stress was terminated (fig. 1a-1c). Treatments with one parameter stress (full water and stress 213 

fertilizer) showed the lowest growth rate in both Valencia and Carrizo (fig. 1a and 1c). In 214 

Temple there were no differences in growth between treatments applied to inoculated trees at 215 

most timepoints (fig. 1b) 216 

  A study by Hanlon and Syversten (2008) demonstrated that water stress could affect the 217 

root to shoot ratio by root loss. Root loss could consequently reduce stem diameter growth as 218 

observed in our study (fig. 2). Comparison of diameter in genotype main effect showed that 219 

Carrizo genotypes have an overall larger diameter than Temple or Valencia (fig. 2). Temple 220 

consistently had the smallest diameter of the three genotypes. Interestingly, effect of treatment 221 

on stem diameter was most evident after the stress application was completed in January of 2014 222 

(fig. 1a-1-c). Nutrient uptake by plants is limited under stressed conditions due to decreased 223 

transpiration rates, impaired active transport, and membrane permeability (Pessarakli, 1999). 224 

Therefore, after completion of the stress applications, trees were better able to utilize their energy 225 

for growth.  226 

 Looking at the main effect of treatment across all three genotypes, un-inoculated trees 227 

had the largest diameter (mm) of all six treatments followed by the combination of both water 228 

and fertilizer stress treatment (fig. 3). Water and fertilizer stress treatment stem diameter was 229 

lower than the control but similar to the full water/full fertilizer treatment, which was 230 
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unexpected. When analyzing the treatments over the course of the experiment, all treatments 231 

show a consistently tight growth pattern during the application of stress (fig. 3). Upon 232 

completion of the stress exposure in January of 2014, thereafter, treatments stay linear and no 233 

significant growth changes are indicated (fig. 1a-1c and fig.3).  234 

 235 

Interactions between genotypes and stress vs non-stress treatments: Foliar symptoms 236 

Studies have shown CLas identification in PCR was often associated with leaf nutrient 237 

deficiency symptoms (Hajivand et al., 2011).  Figures 4a-4c compare the nutritional deficiencies 238 

of Valencia, Temple, and Carrizo. A study by Graham et al. in 2014 documented that trees that 239 

were exposed to stress experienced increased HLB-symptomatic expression (fig 4a, 4b, and 4c). 240 

Full water and no fertilizer treatment showed the highest level of nutritional deficiency 241 

symptoms, while full water and fertilizer every three weeks (normal full fertilization for 242 

greenhouse trees) had the lowest symptomatic expression across all three genotypes in main 243 

effect and interactions between genotype and stress, which is seldom statistically different from 244 

water stress and full fertilizer treatment (fig. 4a, 4b. 4c and fig. 6). This shows the expected 245 

significance of fertilizer application in nutritional deficiency symptoms (fig 4b). All treatments 246 

showed a constant deficiency pattern through stress exposure and thereafter (fig. 4a, 4b. 4c and 247 

fig. 6). In Carrizo, full water and no fertilizer showed a peak in nutritional deficiency in October 248 

of 2013, while the remaining treatments show an slight increase in deficiency in October 2013, 249 

then stayed relatively consistent for the remainder of the trial (fig 4c). 250 

Across all genotypes, Carrizo sometimes showed a lower level of nutritional deficiency 251 

compared to Temple and Valencia (fig. 5). At the final time point, Temple and Carrizo are 252 

statistically different, however, Valencia was not significantly different from either of the other 253 
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two genotypes (fig. 5). When comparing nutritional deficiencies for the main effect of genotype, 254 

Temple had an average of around 30 percent deficiency, compared to Carrizo with an average of 255 

10 percent deficiency (fig 5). This is consistent with many reports that Carrizo is a more resistant 256 

genotype (Albrecht and Bowman, 2011). 257 

When comparing the main effects of treatment on nutritional deficiencies, overall full 258 

water and no fertilizer application show to have the highest amount of nutritional deficiency in 259 

all treatments (fig. 6). Un-inoculated trees and stress water and full fertilizer express little to no 260 

deficiency symptoms (fig. 6). After completion of stress exposure in January of 2014, all 6 261 

treatments show a decrease in nutritional deficiency symptoms (fig. 6).  262 

Figures 7a-7c shows the symptomatic HLB mottling percentages among the treatments in 263 

each genotype. Mottling is the most consistent visual diagnostic symptom for HLB identification 264 

(Gomez, 2009). The percentage was always low, less than 8% (fig. 7a-7c). Valencia trees 265 

showed a variation in mottling percentages throughout the treatments (fig. 7a). Stress water and 266 

stress fertilizer and full water and stress fertilizer treatments caused spikes in mottling in January 267 

of 2014, then reduced to less than one percent mottle (fig. 7a), which is consistent with field 268 

observations of greatest HLB mottling in the fall and winter. Temple trees showed similar results 269 

with combined stress water and stress fertilizer treatment trees having the highest HLB mottling, 270 

while water and stress fertilizer treatment trees with the lowest percentage of mottle (fig. 7b). 271 

Carrizo trees never showed significant HLB mottling and there was no difference between 272 

treatments as indicated by the mean separations (fig. 7c). As expected, in figures 7a-7c, un-273 

inoculated trees had no HLB mottling. 274 

When analyzing the main effect of genotypes Carrizo was least affected by HLB mottling 275 
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(fig. 8), but differences were seldom statistically significant. Over the entire trial, Carrizo had 276 

less than 0.5 percent HLB mottling (fig. 8). Each of the three genotypes exhibited a decrease in 277 

HLB mottling after completion of stress exposure in January of 2014 (fig. 8). Trifoliate 278 

genotypes are commonly reported to have lower HLB symptom severity (Stover et al., 2010).  279 

Across all three genotypes, full water and stress fertilizer had the highest percentage of 280 

HLB mottling of all treatments (fig. 9). When comparing all treatments, un-inoculated trees had 281 

the least amount of symptoms only second to stress water and stress fertilizer (fig. 9). Treatments 282 

at the final assessment in March of 2015 were not statistically different. Full water and stress 283 

fertilizer had the highest amount of HLB mottling in all the treatment. 284 

Interactions between genotypes and stress vs non-stress treatments: Ct as indicator of CLas 285 

Figure 10a shows the response of Valencia to the stress treatments as indicated by Ct 286 

values. Stress water and stress fertilizer was consistently in the grouping with the highest Ct 287 

values in Valencia (along with un-inoculated controls and full water with no fertilizer), 288 

indicating the lowest bacterial titers, and was significantly higher than most other treatments 289 

from Dec 2013.  Two or more stress factors can limit physiological responses in citrus (Garcia-290 

Sanchez and Syversten, 2013). Full water and fertilizer stress or stress water and full fertilizer 291 

had the lowest Ct at most timepoints in Valencia and Temple, which suggests that combined 292 

water and fertilizer stress may compromise the ability of the HLB-pathogen to develop inside the 293 

host. The comparison of treatment affect on Ct  in Temple shows that un-inoculated trees have 294 

the highest Ct throughout the trial, indicating the lowest level of CLas, which was never 295 

significantly different from full water and no fertilizer (fig. 10b). However, the full water and full 296 

fertilizer treatment in Temple was always in the highest pathogen titer group, unlike in Valencia 297 

where the single stress treatments resulted in substantially faster disease development. 298 
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 In Carrizo Ct analysis never showed statistically significant differences between treatments (fig. 299 

10c). Overall Carrizo had the highest Ct values of the three genotypes, consistent with several 300 

reports of HLB-resistance in trees of this genotype. Valencia and Temple were seldom statistical 301 

different from each other in Ct.  302 

 303 

Determination of susceptibility, resistance, or tolerance among genotypes 304 

Citrus genotypes differ in their susceptibility, resistance, or tolerance to Huanglongbing. 305 

Trifoliate trees generally show HLB resistance (Albrecht and Bowman, 2011). Temple is fairly 306 

tolerant to HLB, and Valencia is highly susceptible (Stover and McCollum, 2011). 307 

Results of our study were consistent with Carrizo showing the highest Ct values (values at 40 are 308 

considered un-detectable) (fig. 11). Temple and Valencia had the lowest Ct values, indicating 309 

higher levels of CLas which were never statistically different from each other. Carrizo is 310 

statistically different (p value < or = to 0.05), from Valencia and Temple at most timepoints. 311 

 Ct values were analyzed to determine effect of treatments on development of the HLB 312 

pathogen (fig. 12). Stress water/stress fertilizer treatment had a higher Ct value compared to all 313 

treatments (figure 12). However, stress water/stress fertilizer was not statistically different from 314 

treatments un-inoculated, full water/full fertilizer, or full water/no fertilizer. One stress parameter 315 

(full water and stress fertilizer) had the lowest Ct (crossing threshold) indicating a high amount 316 

of bacteria. Ct value that is below some threshold(39), based on experimental error in PCR 317 

conducted, is considered to be HLB positive. For our work, any Ct <39 indicates detectable 318 

CLas. 319 
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These figures overall demonstrate that Carrizo was the most resistant to HLB, displaying the 320 

fewest symptoms, highest CTs, and lowest HLB mottle. Carrizo has been noted to show less 321 

severe symptoms of HLB, and lower Ct values (Stover et al., 2016).  322 

 323 

Conclusions 324 

Genotypes have different tolerances and susceptibility to environmental stresses 325 

(Folimonova et al., 2009). Analyzing interactions of genotype versus treatment effects on HLB 326 

development may allow acceleration of screening methods to identify resistance (Stover et al., 327 

2009).  328 

In a citrus industry that is overwhelmed with the rising cost of production, loss of yields, 329 

and deterioration of profits, it is critical to identify screening methods to help identify potential 330 

resistant cultivars. Understanding interactions between environmental stresses and genotypes 331 

may also allow us to develop a better understanding of each genotype’s response to 332 

environmental stresses that influence HLB development.  333 

Stress to Candidatus Liberibacter asiaticus infected trees increased progression of 334 

symptom development in Valencia. Trees seemed to increase in health after completion of 335 

treatment application in January of 2014, demonstrating that exposure to stress created 336 

unfavorable conditions for each genotype. Overall, we saw a reduction in CLas titer (higher Ct) 337 

and an increase in tree health with the combined stress water and stress fertilizer treatment. This 338 

is consistent with the two-parameter stress (stress water and stress fertilizer) decreasing ability of 339 

the bacterium to infect or grow inside the phloem. This is an interesting result and indicates such 340 

severe stress compromises our ability to screen for resistance. It must be noted that this treatment 341 

likely has no practical value in commercial citrus production since such high levels of stress 342 
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would compromise growth, although it raises the interesting possibility that a transient stress 343 

may substantially reduce levels of the HLB pathogen. Based on the results from this study, one 344 

parameter stress showed signs of disease acceleration, and resulted in more rapid ability to 345 

distinguish the relative resistance of Carrizo compared to Valencia and was similar to non-346 

stressed Temple . In particular, the treatment of full water and no fertilizer and full water and 347 

stress fertilizer both showed the most significant acceleration of disease progression.  348 

Based on the data in this experiment, Carrizo can be identified as a more resistant genotype then 349 

Valencia and Temple based on stem diameter data of all genotypes (fig. 2), percentage of 350 

nutritional deficiency in genotypes (fig. 5), percentage of mottling among genotypes (fig. 8), and 351 

Ct values among genotypes (fig. 11). Of the two monofoliates, Valencia exhibited less 352 

symptomatic expression compared to Temple. Carrizo displayed the lowest symptomatic 353 

expression, highest Ct values, and largest stem diameters out of all genotypes. Temple and 354 

Valencia had the most symptoms, lowest Ct, and smallest diameter showing they were  more 355 

susceptible to HLB. This data supports the theory that Carrizo is a more resistant genotype 356 

compared to Valencia or Temple (Stover et al., 2016).  357 

Understanding interactions among genotypes and how HLB development responds to 358 

stress helps to understand the physiological reactions occurring inside trees during host pathogen 359 

interactions. This study provided data to help determine resistance and tolerance in citrus 360 

genotypes, understand the influence of drought and nutrient stress on HLB mottle and nutritional 361 

deficiency, and presented information on the interactions of stress versus non-stress 362 

environment.  363 

  364 
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 492 

 493 

 494 

  495 

Figure 1. Growth in stem diameter (mm) in Valencia (Fig. 1a), Temple (Fig.1b), and Carrizo 496 

(Fig. 1c) as influenced by stress treatments. Beginning Jan. 2014 stress treatments were 497 

concluded and all trees received standard irrigation and nutrition. At each time point, means are 498 

not significantly different when followed by the same letter. 499 
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 500 

Figure 2 demonstrates growth as stem diameter, averaged across all treatments for Carrizo, 501 

Temple, and Valencia. Beginning Jan. 2014 stress treatments were concluded and all trees 502 

received standard irrigation and nutrition. At each timepoint, means are not significantly 503 

different when followed by the same letter. 504 

 505 

 506 

Figure 3 demonstrates growth as stem diameter, averaged across all genotypes for each 507 

treatment. Beginning Jan. 2014 stress treatments were concluded and all trees received standard 508 

irrigation and nutrition. At each time point, means are not significantly different when followed 509 

by the same letter. 510 

  511 
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 512 

 513 

 514 

Figure 4a-4c compares nutritional deficiencies in Valencia (fig 4a), Temple (fig 4b), and Carrizo 515 

(fig. 4c) between Treatments 2-6 and the Non-inoculated control. Beginning Jan. 2014 all trees 516 

received standard irrigation and nutrition. Data displays Duncan grouping of means to determine 517 

the order of each class variable. Means with the same lettering are not significantly different. 518 

 519 
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  520 

Figure 5 compares nutritional deficiency between Genotypes (Carrizo, Temple, and Valencia. 521 

Beginning Jan. 2014 all trees received standard irrigation and nutrition. Data displays Duncan 522 

grouping of means to determine the order of each class variable. Means with the same lettering 523 

are not significantly different. 524 

 525 

 526 

 527 

Figure 6 compares nutritional deficiency between Treatments and the Non-inoculated control. 528 

Beginning Jan. 2014 stress treatments were concluded and all trees received standard irrigation 529 

and nutrition. Data displays Duncan grouping of means to determine the order of each class 530 

variable. Means with the same lettering are not significantly different. 531 

 532 
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 533 

 534 

  535 

Figure 7. HLB mottling in Valencia (fig. 7a), Temple (fig. 7b), and Carrizo (fig. 7c). Beginning 536 

Jan. 2014 all trees received standard irrigation and nutrition. Data displays Duncan grouping of 537 

means to determine the order of each class variable. Means with the same lettering are not 538 

significantly different. 539 

 540 
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 541 

Figure 8 compares HLB mottling between genotypes. Beginning Jan. 2014 stress treatments 542 

were concluded and all trees received standard irrigation and nutrition. Data displays Duncan 543 

grouping of means to determine the order of each class variable. Means with the same lettering 544 

are not significantly different. 545 

 546 

 547 

Figure 9 demonstrates the difference in HLB mottling among the various treatments. Beginning 548 

Jan. 2014 all trees received standard irrigation and nutrition. Data displays Duncan grouping of 549 

means to determine the order of each class variable. Means with the same lettering are not 550 

significantly different. 551 

 552 

 553 
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    554 

 555 

 556 

Figure10. Interaction of Ct between treatment and Valencia (fig. 10a), Temple (fig. 10b), and 557 

Carrizo (fig. 10c). Beginning Jan. 2014 all trees received standard irrigation and nutrition. Data 558 

displays Duncan grouping of means to determine the order of each class variable. Means with the 559 

same lettering are not significantly different. 560 

 561 

 562 
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 563 

Figure 11 compare the Ct values Carrizo, Temple, and Valencia in three genotypes. Beginning 564 

Jan. 2014 stress treatments were concluded and all trees received standard irrigation and 565 

nutrition. Values over 40 are considered to be non-detectable. Data displays Duncan grouping of 566 

means to determine the order of each class variable. Means with the same lettering are not 567 

significantly different. 568 

 569 

 570 

Figure 12 demonstrates the Ct values among the 6 treatments. Beginning Jan. 2014 all trees 571 

received standard irrigation and nutrition. Data displays Duncan grouping of means to determine 572 

the order of each class variable. Means with the same lettering are not significantly different. 573 

 574 


