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Tree Ecophysiology Lab

• Ecophysiology – study of 
interactions of plant physiology 
with the environment
• What’s that got to do with HLB?

• Some of the functions we study:
• Net photosynthesis
• Photochemistry
• Water relations
• Growth and carbohydrate 

partitioning
• Focus is on field conditions
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at Fort Meade than healthy ones. Thus, Y(II) and NPQ were
significantly different between healthy and symptomatic or
asymptomatic leaves at Fort Meade, but were unable to distin-
guish between asymptomatic and healthy leaves at Dover.

STARCH CONTENT ANALYSIS. Symptomatic leaves had signif-
icantly greater accumulation of starch at Fort Meade when
compared with asymptomatic leaves, and these leaves had
higher starch content than healthy leaves (Fig. 3). At Dover,
although numerically higher in symptomatic leaves, there were
no differences in starch content between leaves.

Discussion

HLB affects all citrus species and commercially important
relatives, but differences in sensitivity have been reported

(Cheema et al., 1982; Gonzales et al., 1972; Manicom and
van Vuuren, 1990; McClean and Schwarz, 1969). Citrus
sinensis, C. reticulata, C. paradisi, C. paradisi · C. reticulata,
and C. aurantium develop rapid and severe HLB symptoms,
whereas, C. limon, C. jambhiri, and C. aurantifolia were less
sensitive; P. trifoliata and P. trifoliata · C. sinensis, rootstock
materials used worldwide, were least sensitive. Our report
generally confirms these findings and extends this list to include
an additional seven citrus species and citrus relatives catego-
rized as mild, two citrus species as moderate, and three citrus
species and hybrids as severe in symptom severity (Table 1).
Within moderate and severe symptom groups, three C. reticulata
cultivars are reported. Of these, ‘Cleopatra’ mandarin was
classified as ‘‘severe’’ and ‘Sun chu sha’ mandarin as ‘‘mod-
erate’’; both were seedling plants. The other mandarin, ‘Clem-
entine’, was grafted onto the less sensitive ‘Carrizo’ citrange
(McClean and Schwarz, 1969). ‘Valencia’ sweet orange trees
used in our field tests were grafted onto ‘Carrizo’ citrange in
Dover and ‘Swingle’ citrumelo in Fort Meade. Whether these
rootstocks affected scion susceptibility is unknown. Besides
the influence of rootstock on increased flushing frequency and
HLB incidence (van Vuuren and Moll, 1985), there is little pub-
lished information about the relationship between HLB symp-
tom severity and rootstock.

In Florida, groves are typically scouted and suspect greening
trees are flagged. Symptomatic leaves are removed, transported
to a laboratory, and DNA is extracted from leaves for PCR tests
to confirm the presence of the HLB bacterium. Even in cases
where leaf symptoms suggest HLB infection, PCR tests may be
inconclusive. Differentially localized in the tree (Satyanar-
ayana et al., 2008), a negative PCR test may indicate that the
bacterium is absent, at extremely low titer in the sampled leaf
tissue, or PCR primers fail to amplify target DNA. We searched
for a nondestructive method targeting leaf physiology in
severely affected genotypes that would distinguish symptom-
atic, asymptomatic, and healthy trees infected with the HLB
bacterium in the field. Photochemical and nonphotochemical
quenching between symptomatic, asymptomatic, and healthy
leaves was explored to determine if a unique signature(s) could
identify HLB in the tree.

There was a strong genotype effect on photochemical and
nonphotochemical quenching parameters in plants grown in the
greenhouse. Affected leaves of mild symptom group genotypes
were characterized by increased 1-Y(II) and NOY, but
decreased Y(II) and Fv/Fm. Suppression of NPQY that protect
the photosynthetic apparatus (Schreiber, 2004) was evident.
Although these same trends were found in moderately affected
genotypes, changes in nonphotochemical quenching were
measured, especially in distant asymptomatic leaves. Overall,
NPQ and NPQY increased. The photosynthetic mechanism was
significantly impaired in severely affected genotypes. Distant
asymptomatic and asymptomatic leaves dissipated excess
energy via NPQ and NPQY mechanisms that minimized PSII
destruction, whereas the potential for irreversible damage to
PSII centers in symptomatic leaves increased markedly as
indicated by increased 1-Y(II) and NOY. NPQ declined as
PSII centers were destroyed and accumulated starch grains
disrupted thylakoids, decompartmentalizing NPQ mechanisms.

Trends in photochemical and nonphotochemical quenching
parameters indicated that one or more could be used in the field
to identify HLB in asymptomatic trees. In studies conducted
on Arabidopsis thaliana, infection by Pseudomonas syringae

Fig. 3. Starch content in symptomatic, asymptomatic, and healthy ‘Valencia’
sweet orange leaves harvested from trees at Dover, FL, and Fort Meade, FL,
sites. Symptomatic and asymptomatic leaves were harvested from trees
showing symptoms of huanglongbing and the presence of the causal
bacterium verified in collected leaves with positive real-time PCR measure-
ments, whereas healthy leaves were taken from separate trees showing no
symptoms and the absence of the bacterium in collected leaves suggested with
negative real-time PCR measurements. The same lower case letter above bars
within each site are not significantly different as indicated by ANOVA
followed by Duncan’s multiple range test at P < 0.05.

Fig. 2. Photosynthetic yield [Y(II)] and total heat dissipation (NPQ) in
symptomatic, asymptomatic, and healthy ‘Valencia’ sweet orange leaves at
Dover, FL, and Fort Meade, FL, sites. Symptomatic and asymptomatic leaves
were harvested from trees showing symptoms of huanglongbing and the
presence of the causal bacterium verified in collected leaves with positive
real-time PCR measurements, whereas healthy leaves were taken from
separate trees showing no symptoms and the absence of the bacterium in
collected leaves suggested with negative real-time PCR measurements. The
same lower case letter above bars within each site and measurement are not
significantly different as indicated by ANOVA followed by mean separation
with Duncan’s multiple range test at P < 0.05.
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Horticulture - Particle films

• Properties
• Reflection
• Shading
• Redistribution of light 

within the canopy
• Reduce sunburn 
• Increase whole canopy 

photosynthesis
• Increase leaf level water 

use efficiency
• Kaolin
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Although chlorophyll a fluorescence differed between mea-
surement dates (P < 0.03), the diurnal patterns in all fluorescence
parameters were similar across dates. Representative data from
14 DAFS are shown in Fig. 5. At dawn, Fv/Fm values were high and
similar among kaolin-sprayed and control leaves (mean 0.810 ±
0.006; Fig. 5a). However, as PPF exceeded 1200 µmol·m–2·s–1, Fv/
Fm of all leaves declined indicating an increase in photoinhibition
of photosynthesis (Fig. 5a). Between 1000 and 1600 HR, Fv/Fm

values were 3% to 6% higher in kaolin-sprayed leaves compared
to control leaves. Photoinhibition of photosynthesis in kaolin-
sprayed leaves was ≈30% lower than that in control leaves. All
leaves showed some degree of late-afternoon recovery from
photoinhibition such that by the following morning, Fv/Fm values
were again as high as in the previous morning (data not shown).
On hot cloudless days, there was usually a sharp increase in the
ground fluorescence (Fo) of control leaves around midday when
PAR levels were highest (Fig. 5c). Kaolin sprays did not affect
total chlorophyll content per unit leaf area (P = 0.22; average 0.57
± 0.02 g·m–2).

LEAF WATER POTENTIAL AND TREE WATER USE. Leaf water
potential declined during the course of the day, with minimum
values occurring around 1300 HR (average –1.77 ± 0.08 and –1.76
± 0.05 MPa for kaolin-sprayed and control leaves, respectively;
P = 0.92). Average whole-tree daily water use was not affected by

kaolin sprays (P = 0.53; data not shown), however, kaolin-
sprayed trees used slightly more water (12%) than control trees.

Discussion

Increased leaf whiteness as a result of kaolin sprays was
accompanied by significant reductions in Tlf and VPD on clear
days when incident PAR exceeded 1500 µmol·m–2·s–1 and air
temperatures were >30 oC. Increased reflection of incident short-
and long-wave radiation from the white colored kaolin-sprayed
leaves was probably responsible for the temperature reduction.
Glenn et al. (1999) found a 3- to 4-fold increase in the spectral
radiance in the visible spectrum reflected from tree canopies
sprayed with kaolin at 30 g·m–2 leaf surface, and a 3 oC reduction
in Tlf. In the present study, kaolin sprays also reduced grapefruit
Tlf at midday by ≈3 oC. At night, kaolin-sprayed and control leaves
had similar temperatures implying that long-wave emittance was
unaffected by kaolin sprays. The variability in light transmittance
(Fig. 2, error bars) probably approximates nonuniform particle
deposition on leaves as might occur in the field. The higher
variability in leaf to air temperature difference and VPD of
control leaves compared to kaolin sprayed leaves (Fig. 3 b and c)
suggests that the kaolin coating may have insulated leaves from
changes in air temperature.

Fig. 4. Effects of kaolin sprays on net CO2 assimilation rates (ACO2) (a), stomatal
conductance (gs) (b), internal CO2 partial pressure (Ci) (c), and water use
efficiency (WUE) (d) of kaolin-sprayed and water-sprayed grapefruit leaves
grown and measured in full sunlight. Data collected at 14 d after the first spray
(27 Aug. 2001).

Fig. 3. Incident photosynthetically active radiation (PAR) and air temperature (a),
leaf-to-air temperature differences (b), and leaf-to-air vapor pressure differences
(c) of kaolin sprayed and control grapefruit leaves grown in full sunlight. Data
collected at 14 d after the first spray (27 Aug. 2001). Error bars indicate SE (n =
4 to 6).
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Reduced Tlf and VPD were accompanied by increased gs, ACO2,
and WUE of sprayed, compared to control leaves. The higher
midday ACO2 of kaolin-sprayed leaves relative to controls could be
due to increased gs in response to reduced Tlf and VPD. The
relatively high sensitivity of citrus gs to VPD often results in
reduced E (Hall et al., 1975; Kriedemann, 1971; Syvertsen and
Salyani, 1991; Levy and Syvertsen, 1981), and has been associ-
ated with reduced ACO2 (Sinclair and Allen, 1982; Khairi and Hall,
1976). The close association between gs and ACO2 (Fig. 4a and b)
suggests a causal relationship between these variables. Where
CO2 diffusion limits ACO2, a decrease in Ci would occur at the same
time (Farquhar and Sharkey 1982). Ci generally decreased during
the course of the day (Fig. 4c) but did not differ between kaolin-
sprayed and control leaves. The physical presence of the clay
particles apparently did not inhibit leaf gas exchange, perhaps due
to the porous nature of kaolin clay (Glenn et al., 1999) or
nonuniform particle adhesion to the rather smooth citrus leaves.
The similarity in Ci between sprayed and control leaves, suggests
that CO2 supply via stomata (i.e., gs) was not the major factor
limiting ACO2.

Several factors, including direct and indirect effects of
supraoptimal Tlf and photoinhibition around midday, probably
contributed to nonstomatal limitation of ACO2 (Jifon and Syvertsen,

2002). ACO2 of all treatments generally decreased with increasing
temperature during the day, but that of nontreated control leaves
had a greater proportional decrease than that of kaolin-sprayed
leaves. The optimum temperature for citrus ACO2 varies from 15
to 30 oC depending on humidity (Kriedemann, 1968, Khairi and
Hall, 1976). During our study, air temperatures and VPD on
cloudless days during our study typically exceeded 30 oC and 2
kPa, respectively, and Tlf of control plants occasionally exceeded
35 oC. On such days, the ensuing heat stress could have limited
ACO2 by damaging photosynthetic membranes, deactivating Calvin
cycle enzymes (Law and Crafts-Brandner, 1999), and/or inhibit-
ing photoassimilate metabolism (reducing sink strength). Heat-
stress-induced limitation on photoassimilate use can inhibit ACO2

indirectly by reducing the rate at which inorganic phosphate is
recycled from the cytosol to support electron transport and carbon
fixation in the chloroplast (Sharkey, 1994). Reduced sink strength
can also lead to carbohydrate accumulation in leaves and lower
ACO2 by damaging photosynthetic membranes (Azcón-Bieto, 1983;
Nafziger and Koller, 1976).

The degree of photoinhibition (Fv/Fm relative to the dawn
value) increased with increasing PAR and Tlf with maximum
values occurring in control leaves and around midday (Fig. 5b).
Photoinhibition of photosynthesis arises from overexcitation of
photochemical systems and is believed to have a regulatory as
well as a protective function (Demmig-Adams et al., 1997).
Regulatory mechanisms involving xanthophyll pigments can
dissipate excess energy as heat, thereby, protecting the photosyn-
thetic apparatus from photodamage (Gilmore and Ball, 2000).
The sharp increase in Fo (Fig. 5c) indicated that perturbations in
chloroplast membrane structure might have contributed to in-
creased photoinhibition (Yamane et al., 1997). Reversible reduc-
tion in ACO2 at midday could therefore be due, at least in part, to
reduced photochemical efficiency as well as other nonstomatal
factors such as increased photorespiration and dark respiration
due to high Tlf (Long, 1991; Jordan and Ogren, 1984).

Kaolin spray-induced reductions in Tlf and VPD and the
resultant increase in gs could potentially increase transpiration
and tree water use as has been reported for apple grown in a
temperate climate (Glenn et al., 2001). Although stomata were
more open in sprayed than control leaves, the VPD (driving force
for transpiration) of kaolin-sprayed leaves was lower than that of
control leaves, hence, leaf transpiration and whole-tree water use
were not affected by kaolin sprays. Reductions in water use as a
result of kaolin spray have been reported in sorghum (Stanhill et
al., 1976), cotton (Moreshet et al., 1979), and soybean (Baradas
et al., 1976). The differences between our data and previous
results could be due to species differences in sensitivity of gs to
VPD, growth environment, or perhaps differences in the kaolin
formulations used (Puterka et al., 2000). High sensitivity of gs to
VPD is well documented in citrus (Hall et al., 1975; Syvertsen and
Salyani, 1991), and contributes to the relatively low evapotrans-
piration rates of citrus compared to other crops under similar
climatic conditions (Levy and Syvertsen, 1981; Sinclair and
Allen, 1982). Reduction of gs during periods of high VPD limits
water loss and is believed to a physiological mechanism that
allows citrus to survive in semiarid environments with high
evaporative demands (Syvertsen and Lloyd, 1994).

In studies with temperate deciduous trees, Glenn et al. (1999)
reported that kaolin sprays at 30 g·m–2 reduced canopy tempera-
tures by ≈3 oC; however, photosynthetic activity measured under
near optimal physiological conditions (20 oC, 70% RH), was not
affected. Their results were similar to the morning (0800 to 1000

Fig. 5. Diurnal time course of chlorophyll a fluorescence: (a) maximum efficiency
of photosystem II photochemistry, Fv/Fm, (b) percent photoinhibition, and (c)
ground fluorescence, Fo of kaolin-sprayed and water-sprayed grapefruit leaves
grown and measured in full sunlight. Photoinhibition was calculated as the Fv/
Fm during the day divided by the predawn value. Error bars indicate SE (n = 5 to
10). Data collected at 14 d after the first spray (27 Aug. 2001).
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Kaolin effects on ACP
• Physical deterrence
• Optical “repellant” 
• Some colors more effective than 

natural white

Objectives
• Compare red-dyed kaolin, 

undyed kaolin and foliar 
insecticides for:
• Effects on ACP
• Effects on infection rate
• Effects on growth, photosynthesis, 

and horticultural characteristics
• Subsequently interactions with 

disease.



Study design
• New planting from day 1

• Randomized complete block 
• 6 blocks
• Location

• Plots
• 20 treated trees
• 6 data trees

• Treatments
• White kaolin – Surround applied “as needed” + 

”sticker” adjuvant (SKH)
• Red kaolin – dye added with binding agent + ”sticker” 

adjuvant
• Foliar insecticide – Calendar and psyllid pressure basis
• Untreated control – systemic insecticides for leaf miner 

control

• Variables
• Reflectance
• ACP counts weekly

• All ACP on each tree
• PCR CLas detection quarterly 
• Stem caliper
• Flowering
• Gas exchange 

• Photosynthesis, stomatal conductance, transpiration
• Amax : with PPFD 1,000 µmols m-2 s-1 , VPD -1.6 kPa, 400 

ppm CO2

1 Plot (1 Replication of 1 Treatment)











Results - reflectance
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Results – ACP counts
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Results – ACP –
Dec 2017

Insectide 
Control

Untreated 
Control

White Kaolin 95 97

Red Kaolin 97 98
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Results – ACP -
May 2018

a

b

Percent control of ACP in kaolin 
treatments vs. chemical or 
untreated controls

a

b

Insectide 
Control

Untreated 
Control

White 
Kaolin 78 79

Red Kaolin 81 79



Results – CLas infection

2017-10-21 2018-01-14

Foliar Insecticide Red Kaolin Untreated Control White Kaolin Foliar Insecticide Red Kaolin Untreated Control White Kaolin

0.0

0.1

0.2

0.3

0.4

Treatment

P
ro

po
rti

on
 o

f p
la

nt
s 

in
fe

ct
ed

a a

b

b

a a

b

b



Results - Photosynthesis
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Results –
Stomatal 
conductance
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Results – Water 
Use Efficency
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Results – Stem Diameter

Treatment

Mean 
flowers per 
tree

Foliar Insecticide 5.8 b
Red Kaolin 8.2 a

Untreated Control 0.4 c
White Kaolin 3.3 b
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Initial conclusions

• Kaolin particle films improve ACP management and reduce disease 
pressure
• Both red and undyed kaolin films increase photosynthesis and growth
• Red kaolin may induce additional flowering
• Red kaolin may:
• Induce increased flowering (what wavelengths are reaching the leaf?)
• Not increase photosynthesis as much as white kaolin
• Produce higher WUE



Future Questions, Next Steps

• Kaolin
• Continued long-term field evaluation
• Different light qualities (dye colors)
• Effects on HLB symptoms vs. CLas transmission

• Effects of color treatments on 
acclimative photochemistry*infection

• Whole canopy vs. leaf-level water relations
• Stickers/rainfastness

• Tree architecture
• Flush phenology



Thank you!

Questions?


