
How a surprising lab result 
suggests a nutritional means to 

control HLB.

Prof. Eric W. Triplett, Chair
Microbiology and Cell Science Department
Institute of Food and Agricultural Sciences

University of Florida



The hypothesis: foliar phosphate fertilization will reduce 
CLas titer and HLB symptoms. 

Discovered by a simple laboratory observation.

The hypothesis is supported by 14 lines of evidence from many labs.

Needs to be rigorously tested.

The mechanism: foliar phosphate fertilization will reduce 
citrate levels in phloem and starve the pathogen.



Lines of evidence:
1.   Citrate as preferred carbon and energy source for Liberibacter crescens.
2.   Optimal level of citrate needed for L. crescens growth known.
3.   CLas has very similar metabolism compared to L. crescens.  
4.   Level of citrate in citrus phloem similar to that required for optimal growth of L. crescens.
5.   Level of citrate in ACP hemolymph similar to that required for optimal growth of L. crescens.
6.   Level of citrate in citrus leaves increases 2.5-fold with CLas infection.
7.   CLas infected psyllids possess nearly 20 times more citrate than uninfected psyllids.
8.   Citrate is loaded in phloem in response to P deficiency.
9.   Citrate is then exported to roots to solubilize insoluble P.
10.   P fertilization is not recommended for Florida citrus growers because of the high insoluble P content of 
Florida soils. However that P is usually insoluble and can lead to high citrate content in Florida citrus.
11.   Infected citrus expresses a small RNA that is associated with P deficiency.
12.  Lower P levels in CLas infected leaves compared to uninfected controls.
13.  Foliar P fertilization reduced symptoms in a 3-year field trial.
14.  Phosphite applications may exacerbate the problem. 
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Lines of evidence:
1.   Citrate as preferred carbon and 
energy source for Liberibacter
crescens.

Citrate is preferred over sugars 
(glucose, sucrose, maltose, fructose, 
turanose) or other organic acids 
(malate, fumarate, maleate, 
succinate, alpha-ketoglutarate).  



Lines of evidence:
2. Optimal level of citrate needed 
for L. crescens growth known.

13 mM provided optimal growth in 
the defined medium.



Lines of evidence:
3.  CLas has very similar metabolism compared to L. crescens. 

Example: TCA cycle



Lines of evidence:
4.  Level of citrate in citrus phloem similar to that required for 
optimal growth of L. crescens.

Table 3S. Mean concentrations (n=5-7) of organic and fatty acids detected in citrus phloem saps by TMS derivatization and 
GC-MS. Compounds detected in three or more varieties were quantified (in mM ±SD) or shown as not detected (nd). 
Varieties are grouped by tolerance to HLB disease with Group 1 being most susceptible and Group 4 most tolerant.

Citric acid 3.00±1.14 6.22±1.74 1.04±0.26 7.82±1.37 5.69±1.15 21.4±10.2 3.12±0.92 5.89±0.94 2.74±0.37 9.64±3.57 33.5±14.5 6.66±3.44 5.38±3.91 4.65±2.22

Fumaric acid 0.18±0.02 0.45±0.17 0.40±0.14 1.02±0.32 2.32±0.57 1.19±0.27 0.31±0.13 2.02±0.21 0.35±0.19 1.31±0.25 0.32±0.05 0.95±0.85 0.41±0.58 5.14±0.69

Variety

Group 1 Group 2 Group 3 Group 4

VO PO DG RR MV M ML PL SO VL SB CC PT CL

Varieties abbreviations: Valencia sweet orange (VO), Pineapple sweet orange (PO), Madam Vinous sweet orange (MV), 
Duncan grapefruit (DG), Ruby red grapefruit (RR), Sour orange (SO), Volkamer lemon (VL), Alemow (M), Palestine sweet 
lime (PL), Mexican lime (ML), Carrizo citrange (CC), Severinia buxifolia (SB), Poncirus trifoliata (PT), and Citrus latipes (CL). 

Mean [citrate] = 8.5 mM

Killiny N (2017) Physiol. Molec. Plant Pathol. 97:20-29.



Lines of evidence:
5.  Level of citrate in ACP hemolymph similar to that required for 
optimal growth of L. crescens.

Same as citrate concentration found in citrus phloem.

This level supports the growth of Liberibacter crescens very well. 

Calculated from data of Killiny et al. (2017) Virulence 6:1-11. 

Mean [citrate] = 8.5 mM



Lines of evidence:
Liberibacter crescens grows very well 
at 8.5 mM.

Hence, levels of citrate found in citrus 
phloem and in the psyllid will support 
Liberibacter growth very well.  



Lines of evidence:
6.   Level of citrate in citrus leaves increases 2.5-fold with CLas
infection of Valencia leaves (mg/gFW).

Control CLas-infected
citric acid 3.859 + 0.396 9.574 + 0.715
fumaric acid 4.001 + 0.246 6.740 + 0.733
succinic acid 7.619 + 0.340 17.431 + 3.327 
malic acid 39.713 + 8.163 17.937 + 4.439

Killiny & Nehela (2017) MPMI 30:666-678.



7.  CLas infected 
psyllids possess 
nearly 20 times more 
citrate than 
uninfected psyllids.

Only one other compound 
goes up as much: mannitol 
(>16x).

Mannitol provides the osmotic 
environment required by CLas.  

Killiny et al. (2017) Virulence 6:1-
11.

Lines of 
evidence:



Lines of evidence:
8.  Citrate is loaded in phloem in response to P deficiency.

Lots of support for this in the literature:
A review:  Gerke J (2015) J. Plant Nutr. Soil Sci. 178:351-364.

Has been studies since early 1950s: Lipton et al. (1987) Plant Physiol. 85:315-317.

Its summary statement: "P acquisition can be strongly improved by the release of 
carboxylates and should be taken as a challenge for basic and applied research."

Citrate levels particularly high in calcareous soils.

Calcareous soils common in Florida.
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Lines of evidence:
10.  P fertilization is not recommended for Florida citrus growers 
because of the high P content of Florida soils.  However that P is usually 
insoluble and can to high citrate content in Florida citrus.

Rogers ME, Dwedney MM, Vashisth T, eds. (2017) 2017-2018 Florida Citrus Production Guide. 
http://www.crec.ifas.ufl.edu/extension/pest/

Zekri M, Obreza T (2013) Phosphorous (P) for citrus trees. EDIS #SL379,
http://edis.ifas.ufl.edu/ss581

Reitz HJ (1958) Current recommendations for fertilizing citrus trees in Florida.  Proc Florida 
State Horticul Soc 71:175-179.



Lines of evidence:
11.  Infected citrus expresses a small RNA that is associated with P 
deficiency.

Figure 1A from Zhao et al. (2013) Molecular Plant 6:301-310.
miR399 also induced during P deficiency in Arabidopsis, rapeseed, and pumpkin.  



Lines of evidence:
12.  Lower P levels in CLas infected leaves compared to uninfected 
controls.

Figure 4A of Zhao et al. (2013) Molecular Plant 6:301-310.



Lines of evidence:
13.  Foliar P fertilization reduced symptoms in a 3-year field trial in 
SW Florida.

Figure 5A of Zhao et al. (2013) Molecular Plant 6:301-310.
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Lines of evidence:
14.  Phosphite applications may exacerbate the problem. 

Phosphite is not a source of 
P for plants.

Figure 1 of Ratjen & Geáendás

(2009) J. Plant Nutr. Soil Sci.
172:821-828.

Phosphite can compete with 
phosphate for uptake and 

utilization but with no benefit.



Lines of evidence:
14. Phosphite applications may exacerbate the 

problem. 

Phosphite makes P deficiency worse in citrus.  Roots get 
larger in attempt to mine more P.  

Figure 1 of Zambrosi et al. (2017) 418:557-569.

Phosphite damages the ultrastructure of citrus leaves.

Find other ways to control Brown Rot Disease
– copper, phenylamides?



Expected consequences of foliar P strategy:
1. No effect on fruit quality expected:

Phloem citrate is not the source of citrate in fruit – comes from juice sac cells.
2. Foliar P fertilization is not expected to increase P runoff from citrus groves:

Citrus will no longer need to solubilize insoluble P and stop excreting citrate.
Citrus will instead use P applied foliarly – only apply that needed to replace P used 

by fruit and new growth.
P runoff is expected to decline with this strategy.  
Current solubilization and leaching of insoluble P.

3.  Foliar P should reduce CLas titers in citrus phloem and reduce future infection.
4.  Will other control measures for CLas still be needed?
5.  If phosphites exacerbate HLB, how should brown rot disease be controlled?

use copper (which may also help control CLas) or phenylamides
http://ipm.ucanr.edu/PMG/r107100711.html
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Expected consequences of P foliar strategy:
4.  Will other control measures for CLas still be needed?



Expected consequences of P foliar strategy:
5.  If phosphites exacerbate HLB, how should brown rot disease be controlled?

use copper (which may also help control CLas) or phenylamides
http://ipm.ucanr.edu/PMG/r107100711.html



Next steps:
The hypothesis that foliar P fertilization can reduce CLas infection and HLB symptoms through 

a reduction in phloem citrate levels needs to be rigorously tested.  

What level and frequency of foliar P fertilization is required to drive phloem citrate levels 

below 0.5mM?

Do the phloem citrate levels result in lower CLas infection and HLB symptoms?

Does foliar P fertilization reduce CLas titer psyllids?

Does foliar P fertilization result in lower psyllid fecundity?

If P foliar fertilization works, can we afford to lower our guard on other control measures?



Solutions to agricultural problems can 
come unexpected sources.
During the course of our citrate discovery, we were NOT looking for an HLB control method.
Liberibacter crescens nutritional requirements was studied to optimize media for CLas.
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Studying the biology broadly of hosts and bacterium can lead to unexpected nuggets of 
progress toward disease control.

Thanks to CRDF and citrus growers for having the wisdom to support the basic biology 
needed for a sufficient understanding of the disease system.

HLB is a tough problem requiring many perspectives.    


