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Citrus is exposed to a number of abiotic and biotic stresses that limit its productivity. Exogenous application of salicylic
acid (SA) can induce plant defense mechanisms against environmental stresses. We investigated the effect of exogenously
applied SA in alleviating stress damage in citrus during heat, cold, and disease stresses. Sodium salicylate (Na-SA)
reduced the electrolyte leakage percentage (ELP) in both heat (up to 84%) and cold (up to 20%) stressed plants and
maintained cell integrity of citrus leaves. However, the protective effect of Na-SA was concentration dependent with
lower (<0.08 mM) and higher (>0.20 mM) concentrations failing to induce heat or cold tolerance. A narrow concentration range of 0.10 to 0.16 mM was most effective in protecting citrus from heat and cold stresses. Application of 0.14
to 0.18 mM Na-SA to Huanglongbing (HLB) -infected citrus trees increased plant pH from 6.1 to 6.5 compared to the
untreated control. Salicylic acid applied to HLB-infected citrus trees also induced new foliage growth and flowering.
Collectively, our results suggest that SA applied at appropriate concentrations can alleviate heat, cold, and disease
stresses in citrus. In addition, appropriate concentrations of SA can be used to regulate the young foliage emergence
and flowering in HLB infected citrus trees to compensate for the severe defoliation and regulate plant metabolic processes. Abbreviations: ELP Electrolyte leakage percentage; HLB Huanglongbing; K-SA Potassium Salicylate; Na-SA
Sodium Salicylate; SA Salicylic acid.

Citrus is an economically important crop of Florida and
the United States. However, citrus is exposed to a number of
abiotic (temperature, drought, or salinity) or biotic (insect, pest
and disease) stresses that limit its yield potential. Citrus can be
grown in a variety of arid and humid climates, and can withstand
temperatures ranging from –2.2 to 40.6 °C, but it performs best
at temperatures between 15.6 and 30 °C (Parsons and Beck,
2004). Citrus trees are very sensitive to cold stress and are often
damaged seriously by chilling episodes frequently occurring in
winters. Freezing temperatures can cause extracellular ice formation, which lowers apoplastic water potential, dehydrates the
symplast, and destabilizes cellular membranes (Steponkus, 1984),
thus decreasing citrus productivity and profitability.
Citrus is also susceptible to a large number of diseases and
insect attacks. Florida’s citrus industry is being ravaged by a
devastating disease, huanglongbing (HLB). Huanglongbing is
presumed to be caused by Candidatus Liberibacter asiaticus
(Las), a phloem-limited gram-negative fastidious bacterium that
affects the cytoplasmic continuity between adjacent sieve tube
elements and sieve pores (Bove, 2006). The phloem plugging and
disruption of transport of carbohydrates and related metabolites
triggers various physiological changes in the tree. Reduced
source-sink-transfer of phloem sap leads to starch accumulation
and yellow shoot syndromes of citrus leaves, disorganized proliferation of phloem in the leaf veins, fewer new flushes of foliage,
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and atrophy of flower buds. The symptoms further lead to root
starvation, reduced nutrient uptake and water conductance, and
shoot dieback (Aubert, 2008). The fruit of diseased trees are misshapen, smaller in size, and do not color properly (Bove, 2006).
Consequently, citrus trees infected with HLB may die within a
few years and never produce usable fruit.
It is critical to protect citrus from the damage caused by abiotic and biotic stresses. Both abiotic and biotic stresses increase
production of free radicals such as superoxide (O2–) and hydrogen
peroxide (H2O2) (Foyer et al., 1997), which are responsible for
oxidative damage to membrane lipids and membrane peroxidation (Larkindale and Knight, 2002). Therefore, prevention of
oxidative damage to cells during stress has been suggested as one
of the mechanisms of stress tolerance (He et al., 2002). These
mechanisms can also be induced or enhanced by the exogenous
application of salicylic acid (SA) (Larkindale and Knight, 2002).
Salicylic acid is a natural signal molecule, which plays an
important role in regulating a number of physiological processes
in plants (Raskin, 1992). These processes may include flowering,
new foliage growth, thermogenesis, and responses to biotic and
abiotic stresses. Exogenously applied SA has resulted in tolerance
of plants to many abiotic stresses including heat (Dat et al. 1998a
and 1998b), cold (Senaratna et al. 2000), drought (Senaratna et al.
2000), and salinity (Shi et al., 2006). Salicylic acid is integral to
the establishment of systemic acquired resistance (SAR) against
pathogen attack (Heil and Bostock, 2002). The importance of SA
in the induction of defense responses against pathogen attack is
well documented in various crops such as tobacco, cucumber,
common beans, and Arabidopsis (Chen et al., 1999; Clarke et
al., 1998; Faheed and Mahmoud, 2006; Raskin 1992). However,
the effect of SA in protecting plants from environmental stresses
is concentration dependent. Salicylic acid exhibited a protective
effect against heat stress in mustard seedlings only in a narrow
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concentration range (0.01–0.1 mM) and had no protective effect
at lower (0.001 mM) or higher (1 mM) concentrations (Dat et al.,
1998b). Salicylic acid concentrations of 1 mM have been found
to have adverse effects on the growth of bean and tomato plants
(Senaratna, et al. 2000). Therefore, determining the optimum concentration of SA is crucial for improving stress tolerance in plants.
Several approaches have been taken to assess stress tolerance
in plants including assessments of membrane integrity (Heckman
et al., 2002), anti-oxidant metabolism (He et al., 2002), H2O2
production, and SA genetic pathways (Snyman and Cronje,
2008). Maintaining integrity of cellular membranes under stress
conditions is considered an integral part of tolerance mechanisms.
Electrolyte leakage percentage (ELP), which represents cell
membrane injury, has been correlated with extent of damage due
to various stress injuries (Heckman et al. 2002; Shi et al., 2006).
Therefore, it can be successfully used as an experimental screen
for stress-tolerance to evaluate various stress injuries (Heckman
et al., 2002; Shi et al., 2006). Besides ELP, plant pH and total
dissolved solids or °Brix can also be used as indicators of plant
health. Plant pH relates to the acid/base balance and has been used
to partition the healthy and diseased plants of various crops such
as wheat, corn, sunflower, and tobacco for which the diseased
plants were more acidic than the healthy plants (Harvey, 1920;
Hurd-Karrer, 1925; Noyes and Hancock, 1981). Leaf brix, which
is an indicator of balance of nutrients and photosynthates, can be
used as a measure of plant health.
In our present work, we investigated the role of exogenously
applied salicylate compounds for enhancing abiotic stress tolerance and improving health of HLB infected citrus trees. Specifically, the objectives of this study were to 1) investigate whether
exogenously applied salicylate will reduce cell electrolyte leakage
of heat and cold stressed citrus leaves as a mechanism of stress
tolerance; 2) determine the optimum salicylate concentration for
alleviating stress damage in citrus; and 3) evaluate the effect of
salicylate on disease stress, flowering, and leaf flush of HLBinfected citrus trees.
Materials and Methods
Plant material and sample preparation
Laboratory experiment. For heat and cold stress treatments,
4- to 5-month-old leaves were collected from ‘Valencia’ orange
plants [Citrus sinensis (L.) Osb.] grown in the greenhouse facilities
of the Citrus Research and Education Center (CREC), Lake Alfred,
FL. For studying the effect of sodium salicylate (Na-SA) on HLBinfected citrus trees, HLB symptomatic and PCR positive leaves
were collected from mature HLB-infected and healthy ‘Hamlin’
orange trees [C. sinensis (L.) Osb.] on Swingle citrumelo [C.
paradisi Macf. × Poncirus trifoliata (L.) Raf.] rootstock growing
in a grove at CREC. Leaves were cut into three leaf segments of
approximately 15 cm2 area, washed with deionized (DI) water,
dried, and placed on filter papers moistened with test solutions
in glass petri dishes with 9-cm diameter. All laboratory experiments consisted of randomized complete-block design (RCBD)
with three replications. The exact number of experimental units
varied with the concentrations used and the number is described
with each specific experiment separately.
Field experiment.To evaluate the effect of exogenously applied
salicylate in protecting citrus trees from heat and cold stresses
under field conditions, a commercial citrus grove (Auburndale,
FL) planted with 2-year-old ‘Hamlin’ orange trees on Swingle
citrumelo was used. The trees were irrigated and fertilized with
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microsprinkler fertigation daily using a balanced mineral nutrition of 13 essential nutrient elements (N, P, K, Ca, Mg, S, Fe,
Mn, Zn, Cu, B, Mo, Cl). The experiment was conducted during
Nov.–Dec. 2010 and utilized a RCBD with eight treatments and
four replications (total trees = 32). The treatments were either
foliar spray or soil drench application of Na-SA at 0, 0.10, 0.15,
or 0.20 mM concentrations in water. For foliar treatment, each
tree was sprayed using a hand sprayer to apply 2 L per tree
of salicylate solution specific for each concentration. For soil
drench application, 4 L of salicylate solution was applied to the
root zone of each tree. Eight leaf samples (4–5 months old) were
collected from each tree at 1, 7, 14, 21, and 28 d after salicylate
application. Thereafter, leaves were exposed to heat or cold stress
and ELP was determined for leaf samples collected at different
time intervals. Mean temperature during the experiment ranged
from 8 to 22 °C. The average temperatures post foliar or drench
applications were 22, 20, 21, 11, and 8 °C for sampling intervals
of 1, 7, 14, 21, and 28 d, respectively.
To evaluate the effect of Na-SA on PCR positive HLB symptomatic trees, a HLB-infected commercial citrus grove (Garret
grove, Haines City, FL) was used. The experiment consisted of
a RCBD with three replications. The treatments consisted of
five concentrations of Na-SA (0, 0.10, 0.14, 0.18, and 0.22 mM)
with or without the addition of Harrell’s Max Ornamental 9–3–6
[N–P2O5–K2O] nutrient solution (Harrells’ Professional Fertilizer
Solutions, Lakeland, FL) thus making 10 treatments (5 Na-SA
concentrations × 2 nutrient solution treatments) and total 30 trees.
The trees were sprayed using a hand sprayer to apply 1.5 L of
solution to each tree. Harrell’s nutrient solution was derived from
calcium nitrate, potassium nitrate, phosphoric acid, magnesium
nitrate, U-32, copper-EDTA, iron-EDTA, Mn-EDTA, Zn-EDTA,
sodium borate, sodium molybdate and nickel nitrate. Four to 6
month old HLB symptomatic leaves were collected every 3rd to
4th day for 14 d. The collected leaf samples were used to analyze
ELP, brix, and pH.
Heat stress
Laboratory experiment. Leaf segments placed in petri dishes
were uniformly sprayed with 3 mL Na-SA or potassium salicylate
(K-SA) at various concentrations (0, 0.10, 0.20, 0.30, and 0.40
mM) using a spray bottle. The concentration range was selected
based on the concentrations (0.1–0.5 mM SA) reported to prevent
heat stress damage in various crops including mustard, tomato,
and beans (Dat et al., 1998b; Senaratna et al., 2000). After 3 h of
Na-SA treatment, the leaves were exposed to heat stress at 50 °C
for 5 h in the dark. Leaves in petri dishes were kept at room temperature for 16 h of recovery period after which electrolyte leakage
percentage (ELP) was determined. Our preliminary experiments
showed that Na-SA significantly reduced ELP at the concentration
range of 0.1 to 0.2 mM and K-SA significantly reduced ELP at the
concentration range of 0.2 to 0.4 mM. Therefore, the following
experiments were conducted only for the effective concentration
range of Na-SA (0, 0.04, 0.08, 0.12, 0.16, 0.20, and 0.24 mM)
and K-SA (0, 0.225, 0.250, 0.275, 0.300, 0.325, 0.350, and 0.400
mM). Therefore, the total petri dishes for the Na-SA experiment
were 21 (7 × 3) and for the K-SA experiment were 24 (8 × 3).
Field experiment. Leaves collected at different times from
the trees pretreated with Na-SA were subjected to heat stress (50
°C for 5 h). Thereafter, leaves were given a 16-h recovery period
and ELP was determined. Heat stress determination procedures
were identical to those described earlier.
Measurement of ELP for heat stressed leaves. Leaf segProc. Fla. State Hort. Soc. 124: 2011.

ments were washed with DI water and five leaf discs with 10-mm
diameter were cut from each leaf segment. Leaf discs were rinsed
three times with DI water. Electrolyte leakage was used to assess
membrane permeability using the method described by Sairam et
al. (1997). Leaf discs were placed into glass vials containing 15
ml DI water and covered with lids. Glass vials were placed in a
forced draft oven at 40 °C for 30 min. Thereafter, samples were
stirred and electrical conductivity (EC1) was measured after the
samples attained room temperature using a portable conductivity
meter (Thermo Fisher Scientific Inc, Waltham, MA). Then the
glass vials were heated in a temperature-controlled water bath at
95 °C for 20 min and electrical conductivity (EC2) was measured.
The EC2 was measured for the samples at room temperature.
Electrolyte leakage was calculated as the ratio of EC1 to EC2
and expressed as percent.
Cold stress
Laboratory experiment. Leaf segments in the petri dishes
were sprayed uniformly with 0, 0.08, 0.12, 0.16, 0.20, or 0.24
mM Na-SA using a hand atomizer, thus making a total of 18 petri
dishes (6 concentrations × 3 replications). Leaves were exposed
to cold stress for 24 h after the Na-SA treatment. For cold stress
treatment, five leaf discs of 6.7-mm diameter were cut and placed
into glass test tubes .Test tubes were then exposed to a series
of freezing temperatures as described by Wiltbank and Oswalt
(1983). Tubes were placed into seven test tube racks specific for
each freezing temperature (–2.2, –3.3, –4.4, –5.6, –6.7, and –7.8
°C) and room temperature (25 °C). Six test tube racks for freezing
treatment were placed into an ethylene glycol cold bath (Forma
Scientific, Marietta, OH) precooled to –2.2 °C. A small amount
of ice was added to each test tube to prevent the leaf discs from
freezing. The rack for –2.2 °C was removed after 1 h and the bath
temperature was lowered to the next freezing temperature (–3.3
°C in this case). This process was repeated until the last rack of
–7.8 °C was removed from the freeze bath. Once the test tubes
reached room temperature, 10 mL DI water was added to each
test tube, covered with the Para film and kept overnight at room
temperature to determine ELP.
Field experiment. Eight leaf samples were collected from
each tree (trees = 32 as described earlier under field experiment
description) at 1, 7, 14, 21, and 28 d after Na-SA treatment.
Leaves collected at different times were subjected to cold stress
as described for the laboratory experiment.
Measurement of electrolyte leakage for cold stressed
leaves. After the cold stress treatment, the solution in each test
tube was stirred and electrical conductivity (EC1) was measured.
All test tube racks were covered with aluminum foil and autoclaved at 120 °C and 20 psi for 20 min using a steam sterilizer
(Consolidated Stills and Sterilizers Boston, MA). The samples
were kept overnight at room temperature and electrical conductivity (EC2) was measured following day after stirring the samples.
Electrolyte leakage was calculated as the ratio of EC1 to EC2
and expressed as percent.
Disease stress
Laboratory experiment. Leaf segments in Petri dishes were
sprayed uniformly with 9 concentrations of Na-SA (0, 0.08, 0.10,
0.12, 0.14, 0.16, 0.18, 0.20, and 0.22 mM). The experiment had
three replications making a total of 27 petri dishes. After 24 h,
the leaves were washed with DI water and leaf discs were cut to
determine ELP, pH, and brix. Electrolyte leakage percentage was
determined using the methods described earlier. Thereafter, brix of
Proc. Fla. State Hort. Soc. 124: 2011.

the same solution was measured using a Digital Palette Portable
Brix/Sucrose Refractometer (National Microscope Exchange,
Carnation, WA). Solution pH was measured using a Corning 450
(Corning, Inc., Corning, NY) pH meter.
Field experiment. The 30 trees mentioned earlier under field
experiment description were used to measure ELP, Brix, and sap
pH using the methods described for the laboratory experiment.
The morphological observations of young foliage growth were
scored on a scale of 0 to 10 and for flowering on a scale of 0 to 5.
Statistical analysis
All data were analyzed using SAS statistical software (SAS
Institute, Inc., 2003). Percentage data were arcsin transformed
to validate the analysis of variance (ANOVA) assumption of
normality and then subjected to statistical analysis. Original data
are presented in the tables and figures. ANOVA was performed
and means were separated using Fisher’s protected least significant difference (LSD) at 5% confidence interval. To determine
the freezing points of citrus trees treated with different Na-SA
concentrations in the cold stress experiment, average ELP for
each treatment was plotted against temperature and citrus freezing
point was defined as the temperature (LT50) corresponding to the
50% electrolyte leakage.
Results
Tolerance to heat stress
Laboratory experiment. Heat-stressed citrus leaves had significantly higher ELP than unstressed leaves (control). However,
Na-SA decreased the ELP and cell membrane damage caused by
heat stress. Electrolyte leakage decreased by 50% and 35% with
0.12 and 0.16 mM concentrations of Na-SA, respectively (Fig
1A). Very low (0.04 and 0.08 mM) and high (0.24 mM) Na-SA
concentrations did not improve the tolerance of citrus leaves to
heat stress. The regression analysis of Na-SA concentrations for
ELP showed that 0.14 mM was the appropriate concentration
for protecting citrus from heat-related cell membrane damage
(Fig. 1B).
On the other hand, K-SA was effective at higher concentrations than Na-SA. The ELP decreased by 53% and 27% at 0.25
and 0.30 mM K-SA, respectively (Fig. 2A).The lower (0.20 and
0.225 mM) and higher (>0.30 mM) K-SA concentrations did not
decrease ELP in the heat-stressed leaves. The regression analysis
of K-SA concentrations for ELP showed that 0.29 mM was the
optimum concentration that prevented heat stress (Fig. 2B).
Field experiment. Evaluation of heat stress tolerance in field
conditions showed that the damaging effects of high temperature
on cell membranes were reduced with Na-SA application (Fig. 3).
After 1 d following SA spray, all Na-SA concentrations reduced
the ELP. However, after 7 d only 0.10 mM Na-SA decreased ELP
from heat stressed leaves. On the other hand 0.15 and 0.20 mM
Na-SA treatments had higher ELP than control treatments. When
the heat stress was induced after 14 d following Na-SA spray,
0.10 mM was also unable to prevent the leakage of cell contents
from heat-stressed citrus leaves.
Tolerance to cold stress
Laboratory experiment. Sodium salicylate reduced the ELP
of cold-stressed citrus leaves (Fig. 4A). Although all concentrations of Na-SA lowered the ELP, maximum ELP reduction (20%)
was observed with 0.16 mM Na-SA. Regression analysis for ELP
indicated that 0.14 mM was the appropriate concentration (R2 =
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Fig. 1 Electrolyte leakage of citrus leaves (A) not subjected to heat stress (Control) or subjected to heat stress after spraying with various concentrations of Na-SA
and (B) regression curve to determine appropriate concentration. Values are means, vertical bars represent SE of means (n=3).

Fig. 2 Electrolyte leakage of citrus leaves (A) not subjected to heat stress (Control) or subjected to heat stress after spraying with various concentrations of K-SA
and (B) regression curve to determine appropriate concentration. Values are means, vertical bars represent SE of means (n=3).

0.90***) to prevent citrus leaves from cold stress. The curve of ELP
at different temperatures for 0 and 0.16 mM Na-SA treatments
showed that SA reduced ELP at all freezing temperatures (Fig.
4B). Freezing points or the temperatures at which 50% of the
electrolytes leaked from leaf cells were –4.2 °C for 0 mM Na-SA
and –6.7 °C for 0.16 mM Na-SA treatment, thus SA application
lowered the freezing point of citrus by 2.5 °C.
Field experiment. Sodium salicylate-treated cold-stressed
citrus leaves had lower ELP than untreated leaves (Fig. 5A).
The reduction in ELP was up to 15% when the leaves were subjected to cold stress 1 d after the Na-SA spray and decreased to
12% after 7 d. At 7 d following Na-SA spray 0.10 and 0.15 mM
Na-SA were more effective in preventing cell membrane leakage than 0.20 mM Na-SA. However, after 14 and 21 d all three
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concentrations of Na-SA lowered the ELP. Sodium salicylate
application also lowered the freezing points of citrus trees (Fig
5B). Three concentrations performed equally when leaves were
subjected to cold stress 1 d after the spray (lowered freezing
points from –6.7 °C to approximately –8 °C). Among Na-SA
treatments, 0.15 mM performed better (lowered freezing points
from –3.5 °C to approximately –5 °C) than the other concentrations. Overall the decrease in freezing points was up to 1.4 °C at
different time periods.
Electrolyte leakage for experimental treatments at each freezing temperature varied when leaves were subjected to cold stress
at different times (Table 1). When the leaves were subjected to
cold stress 1 d after Na-SA spray, ELP decreased at –6.7 °C
(20% reduction) and –4.4 °C (35% reduction). At 7 d, the Na-SA
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(A)

Fig. 3 Electrolyte leakage of heat stressed (50 °C for 5 h) citrus leaves at different
times after Na-SA application. Values are means, vertical bars represent SE
of means (n=4).

reduced ELP from 15% to 25% at –6.7, –5.6, and –4.4 °C, when
maximum reduction in ELP was in 0.15 mM Na-SA treatment.
Sodium salicylate treated citrus trees had lower ELP than the
untreated trees at –7.8, –5.6, and –4.4 °C after 14 d of Na-SA application. The ELP was lowered only at –7.8 °C and –6.7 °C after
21 d and at –7.8 °C after 28 d following Na-SA spray. However at
21 and 28 d, all Na-SA concentrations were equally effective in
protecting citrus leaves from the cell membrane damage caused
by cold stress.
Tolerance to disease stress
Laboratory experiment. Sodium salicylate affected both
ELP and pH of HLB-infected citrus leaves. Electrolyte leakage
was lower in the healthy control leaves (11%) than the untreated,
HLB-infected leaves (15%) (Fig.6A). Application of Na-SA
reduced the ELP of HLB-infected leaves at 0.14 mM (32%) and
0.16 mM (22%) concentrations. Electrolyte leakage at these
Na-SA concentrations was equal to the healthy leaves. Healthy
citrus leaves had higher pH (6.6) than HLB-infected, untreated
leaves for which the pH was 6.1 (Fig. 6B). With the exception
of 0.08 mM, all Na-SA treatments increased the pH of HLBinfected citrus leaves. The concentrations higher than 0.14 mM
all increased the pH (6.1 to 6.4). However, the numeric increase
in pH (6.45) was highest with 0.14 mM Na-SA.
Field experiment. Sodium salicylate applied to HLB-infected
citrus trees increased the leaf sap pH from 6.0 to 6.1 (0.10 mM
Na-SA) and 6.2 (0.14, 0.18, and 0.22 mM Na-SA) 1 d after its
application (Fig. 7A). The pH increased to more than 6.3 after 4
d with the Na-SA concentrations of 0.14 and 0.22 mM. At 7 and
10 d also, with the exception of 0.10 mM, all Na-SA treatments
increased leaf sap pH to 6.3 and 6.4. However at 14 d, the pH
increased to 6.5 with 0.14 mM Na-SA. The differences between
the ELP of different treatments were nonsignificant. Therefore,
the data for ELP are not presented. The decrease in ELP of HLBinfected leaves was observed at 7 d post spray only, when the
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(B)
Fig. 4 Electrolyte leakage of citrus leaves (A) not subjected to cold stress
(Control) or subjected to cold stress after treating with Na-SA at different
concentrations and (B) control and 0.16 mM Na-SA treated citrus leaves at
different temperatures showing the freezing point (LT50) at 50% electrolyte
leakage. Values are means of each concentration for all temperatures, vertical
bars represent SE of means (n=3).

0.18 and 0.22 mM treatments had the lowest ELP.
Application of Na-SA at 0.10, 0.14 or 0.18 mM concentrations
enhanced the growth of young foliage on HLB-infected citrus
trees compared with the trees sprayed with DI water only (Fig.
7B). However, the highest Na-SA concentration (0.22 mM) did
not induce young foliage growth. Sodium salicylate application
also induced flowering in HLB-infected trees. The scores for
flowering were highest for the 0.10 mM and lowest for 0.22 mM
Na-SA treatments. The pictures of HLB infected citrus trees
sprayed with water only (Fig. 8A) and 0.18 mM Na-SA (Fig.
8B) clearly show that SA enhanced the growth of new foliage
and induced flowering.
Discussion
This study substantiates the protective effects of SA against
heat, cold, and disease stresses in citrus. Our results show that
exogenous application of Na-SA at appropriate concentrations
stabilized the membrane properties of citrus plants exposed to
different stress conditions. Electrolyte leakage, a rapidly measured parameter, provided evidence that SA protected membranes
during both heat and cold stresses. Sodium salicylate applied to
HLB-infected trees increased plant pH and stimulated new foliage growth and flowering.
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Fig. 5 Effect of different concentrations of Na-SA on (A) electrolyte leakage and (B) freezing points of cold stressed citrus leaves at different times after Na-SA
application. Values are means, vertical bars represent SE of means (n=4).

Table 1 Electrolyte leakage of cold stressed citrus leaves at different times after Na-SA application.
Temp (°C)
Concn (mM)
–7.8
–6.7
–5.6
–4.4
–3.3
1 d after Na-SA spray
0		
56.2z
49.7 a
43.8
45.9 a
24.7
0.10
49.1
50.3 a
40.2
29.5 b
25.7
0.15
50.8
39.6 b
40.8
30.0 b
26.3
0.20
45.5
41.8 b
46.8
32.9 b
28.2
P>F
ns
0.008
ns
0.029
ns
7 d after Na-SA spray
0		
76.3
71.6 ab
69.9 a
58.1 a
46.5
0.10
70.6
66.0 bc
56.0 c
50.2 b
43.8
0.15
74.2
61.3 c
60.7 b
43.7c
41.7
0.20
76.3
73.7 a
60.9 b
48.6 bc
45.6
P>F
ns
0.005
<0.0001
0.001
ns
14 d after Na-SA spray
0		
84.7 a
72.3
66.1 a
54.8 a
33.7
0.10
78.5 b
72.9
61.2 ab
45.1 b
36.2
0.15
78.7 b
72.1
57.6 b
49.8 ab
32.0
0.20
83.5 ab
70.7
60.7 ab
49.2 ab
31.3
P>F
0.050
ns
0.047
0.025
ns
21 d after Na-SA spray
0		
82.1 a
77.4 a
65.3
56.7
34.6
0.10
71.8 b
63.9 b
61.4
51.0
32.7
0.15
73.6 b
66.7 b
59.2
54.1
31.0
0.20
74.6 b
68.0 b
64.7
52.0
30.8
P>F
0.012
0.029
ns
ns
ns
28 d after Na-SA spray
0		
71.4 a
55.8
44.8
43.9
31.8
0.10
61.4 b
45.9
42.7
40.8
36.7
0.15
53.5 b
56.5
46.3
39.1
30.9
0.20
59.4 b
52.7
48.2
42.8
33.6
P>F
0.017
ns
ns
ns
ns

–2.2

Control

14.9
13.7
12.6
14.1

10.3
9.3
9.9
9.5
NS

ns

18.7
17.1
18.8
21.2
ns

17.4
19.2
18.4
15.8
ns

19.3
18.8
18.5
21.0
ns

15.5
17.8
16.4
17.2
ns

10.8
9.0
9.1
10.5
NS
9.2
10.5
11.6
9.4
NS
9.9
10.1
10.1
9.2
NS
9.4
9.0
9.1
10.4
NS

Within column mean values followed by the same letter are not significantly different (P < 0.05) (n = 4).

z
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(A)

(B)
Fig. 6. (A) Electrolyte leakage and (B) leaf sap pH of healthy (Control) and HLB
infected citrus leaves sprayed with different concentrations of Na-SA. (Values
are means; vertical bars represent SE of means (n=6).

As indicated by ELP, heat stress damaged cell membranes of
citrus leaves when no SA was applied. However, pretreatment
with Na-SA at appropriate concentrations reduced the leakage of
electrolytes from leaf cells. Due to an excessive excitation of the
respiratory and photosynthetic electron transport systems, high
temperature increases the production of reactive oxygen species
(Dat et al., 1998b), which are toxic to plants. Lipid peroxidation
of cellular and organelle membranes further leads to alterations
in membrane fluidity and permeability. High temperatures can
also cause direct heat injury to the plasma membrane and leakage of electrolytes from the cells (Ingram and Buchanan, 1981).
However, exogenously applied SA can induce thermotolerance
by enhancing antioxidant enzyme activity and preventing heat
induced oxidative damage (Dat et al., 1998a). Foliar applications of 1 mM SA induced heat tolerance in cucumber plants as
shown by the lower ELP, H2O2, and lipid peroxide levels (Shi et
al., 2006). Exogenously applied SA has been used to induce heat
tolerance in a variety of species like beans, tomato, potato, and
Arabidopsis (Larkindale and Knight, 2002). However, SA applied
at higher concentration (1 mM) had no protective effect in heatstressed mustard seedlings due to decrease in catalase activity
and increase in H2O2 content (Dat et al., 1998b, 2000). In our
study, 0.10 to 0.20 mM Na-SA was the optimum concentration
range to alleviate heat stress in citrus. The concentrations higher
than 0.2 mM did not prevent citrus leaf cell damage. Maximum
thermotolerance induction using SA at 0.1 mM has been previously reported in mustard seedlings (Dat et al., 1998b) and grapes
(Wang and Li, 2006).

Fig. 7 Effect of different concentrations of Na-SA on (A) leaf sap pH of huanglongbing (HLB) infected citrus trees at different times after Na-SA application and
(B) young foliage growth and flowering score ratings for HLB infected citrus trees three weeks after Na-SA application. Young foliage growth score ratings are
on the scale of 0 to 10 and flowering scores are on the scale of 0 to 5. Values are means, vertical bars represent SE of means (n=6).
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Fig. 8 Pictures of HLB infected citrus trees sprayed with (A) distilled water or (B) 0.18 mM Na-SA.

Cold stress also resulted in considerable cell membrane damage
to citrus leaves. However, Na-SA reduced ELP and maintained
cell integrity in cold stressed citrus leaves. Cold stress disrupts
and damages cell membranes, altering their permeability, and
resulting in a loss of solutes or electrolytes. Freeze injury in citrus
leaves is linearly related to the cellular dehydration resulting from
extracellular freezing (Yelenosky and Guy, 1989). Chilling can
lead to an increased concentration of toxic oxygen compounds in
susceptible plant tissue (Hodgson and Raison, 1991). Therefore,
reactive oxygen species are considered to be responsible for coldinduced injury as they may initiate degradative reactions, causing
lipid peroxidation and membrane deterioration (Kang et al., 2003).
Cold tolerance induced by SA is associated with an increase in
the activity of antioxidant enzymes (Kang and Saltveit, 2002).
Increase in cold tolerance with exogenous application of SA has
been reported in maize (Janda et al., 1999), corn leaf, rice leaf,
and cucumber hypocotyls (Kang and Saltveit, 2002), and grape
plants (Wang and Li, 2006).
Sodium salicylate also lowered the freezing point of citrus by
1.4 to 2.5 °C. Non-acclimated citrus leaves survive low temperatures up to –4.4 °C, however the freezing points for citrus vary
from –4.4 to –8.9 °C (Wiltbank and Oswalt, 1984). After 28 d
following Na-SA spray, the freezing point of the control treatment
was also low compared with 7, 14, and 21 d following spray. This
could be due to cold acclimation because the temperatures during
the experiment decreased from 22 to 8.2 °C (day 1 to 28). Citrus
trees have the capability to develop considerable cold hardiness
or cold acclimation if exposed to lower temperatures (Wiltbank
and Oswalt, 1984; Yelenosky and Guy, 1989). This process of
cold acclimation starts with cessation of growth and 12.8 °C is
the threshold temperature generally used to induce cold hardiness
in citrus (Rouse et al., 1977).
Huanglongbing-infected citrus trees had lower pH than healthy
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trees. Plant pH is an indicator of health and nutrient balance. The
pH of the cell sap changes in response to imbalances in cation
and anion uptake, because plant pH increases with the absorption of cations and decreases with absorption of anions (Hiatt,
1967). Therefore, at lower pH (<6.4) there is a deficiency of
cations like calcium, magnesium, potassium and/or sodium, and
at higher pH (>6.4) the anions like nitrogen, phosphate or sulfur
are deficient. Several studies have documented the relationship
between disease symptoms, plant tolerance, plant health, and
plant pH (Noyes and Hancock, 1981). The variation in pH values
with varying wheat and corn vigor has been reported previously
in which resistant varieties had low acidity (Hurd-Karrer, 1925).
Another study showed that mosaic-infected tobacco leaves had
higher H+ concentration than healthy plants (Harvey, 1920). The
pH of sunflower plants infected with Sclerotinia wilt was one unit
lower than healthy plants due to high oxalic acid in the diseased
plants (Noyes and Hancock, 1981). Pathogen infection alters the
plant’s physiology, particularly the uptake, transport, and use
of mineral nutrients (Schumann et al., 2010). Huanglongbing
infection in citrus restricts the nutrient uptake and transport.
Therefore, the differences in pH of healthy and diseased plants
can be due to mineral imbalance. Huanglongbing-infected trees
are lower in Ca, P, S, Zn, Mn, Fe, and Cu than healthy citrus trees
(Spann et al., 2010 unpublished data). Calcium content of HLBsymptomatic trees has been reported to be as much as 50% lower
than that of healthy citrus trees (Aubert, 2008). In addition, Ca
plays an important role in plant defense pathways (Lecourieux
et al., 2006) and Ca-deficient plants are more acidic than healthy
plants receiving adequate Ca nutrition (Nightingale et al., 1931).
A progressive decrease in the rate of tomato bacterial canker
(Corynebacterium michiganense, a phloem limited bacterium)
development was related to increased nutrient concentration
and the rate of disease development was higher in K-deficient or
Proc. Fla. State Hort. Soc. 124: 2011.

N-rich solutions (Walker and Kendrick, 1948).
The present study showed that Na-SA application increased
the pH of HLB-infected citrus trees and a concentration range
of 0.14 to 0.18 mM Na-SA proved optimum to alleviate the
detrimental effects of HLB. The effect of SA on plant pH can
be due to improved nutrient uptake and plant health. Salicylic
acid application has been reported to increase N, P, K, Ca, and
Mg contents of maize plants along with increasing crop yield (El
Khallal et al., 2009). Salicylic acid may also improve the health
and vigor of plants by improving root growth. Foliar application
of SA to the shoots of soybean plants significantly affected root
size (Gutierrez-Coronado et al., 1998). Increased root growth has
also been observed using SA concentrations of 10–10 M in Tagetus
erecta (Sandoval-Yepiz, 2004). Earlier studies indicated that exogenous SA treatments stimulated root formation and increased
mineral uptake by plants (Khan et al., 2003). Exogenously applied
SA is also known to enhance CO2 assimilation and photosynthetic
rate, thus improving plant health (Khan et al., 2003).
Sodium salicylate applied to HLB-infected citrus trees also
induced young foliage growth and flowering. Salicylic acid and
other salicylates play a regulating role in plant growth and productivity (Hayat et al., 2010). Exogenously applied SA has been
reported to increase tnumber of leaves, leaf area, and dry mass
in corn and soybean (Khan et al., 2003). Salicylic acid applied
at low concentrations (10–10 M) increased the shoot biomass and
improved floral characteristics of T. erecta (Sandoval-Yepiz,
2004). Previous studies documented that SA regulated flowering
in Lemna plants (Cleland and Ajami 1974). Salicylic acid sprayed
at 100 µM concentration controlled flowering time in Arabidopsis (Martinez et al., 2004) and applied at 10 µM concentration
stimulated flowering in Lemna paucicostata LP6 (Khurana and
Cleland, 1992). Our results suggest that exogenous application
of Na-SA can be a mechanism that integrates environmental signals with endogenous development of signals to regulate young
foliage and flowering time. Therefore, a fine-tuned regulation of
leaf flush and flower promotion pathways using SA can ensure
the young foliage emergence and flowering at the proper time of
the year in HLB-infected citrus trees.
In conclusion, our results provide evidence that exogenously
applied SA can prevent the cell membrane damage caused by
heat and cold stresses in citrus. In addition, Na-SA applied to
HLB-infected citrus trees can raise plant pH, enhance new foliage growth, and stimulate flowering. Furthermore, the results
revealed that the preventive effects of SA under different stress
conditions are concentration dependent. A narrow concentration
range of 0.10 to 0.20 mM Na-SA is most effective in protecting
citrus from various stresses.
Literature Cited
Aubert, B. 2008. Huanglongbing (HLB) a graft transmissible psyllidborne citrus disease: Diagnosis and strategies for control in Reunion
Island—A case study. IRCHLB Proc. Dec. 2008. p. 460.
Bove, J.M. 2006. Huanglongbing: A destructive, newly-emerging,
century-old disease of citrus. J. Plant Pathol. 88:7–37.
Chen, C., R.B. Richard, N. Benhamou, and T.C. Paulitz. 1999. Role of
salicylic acid in systemic resistance induced by Pseudomonas spp.
against Pythium aphanidermatum. Eur. J. Plant Pathol. 105:477–486.
Clarke, J.D., Y. Liu, D.F. Klessig, and X. Dong. 1998. Uncoupling PR
gene expression from NPR1 and bacterial resistance: Characterization
of the dominant Arabidopsis cpr6-1 mutant. Plant Cell 10:557–69.
Cleland, C.F. and A. Ajami. 1974. Identification of the flower-inducing
factor isolated from aphid honeydew as being salicylic acid. Plant

Proc. Fla. State Hort. Soc. 124: 2011.

Physiol. 54:904–906.
Dat, J.F., C.H. Foyer, and I.M. Scott. 1998a. Changes in salicylic acid
and antioxidants during induced thermotolerance in mustard seedlings.
Plant Physiol. 118:1455–1461.
Dat, J.F., H. Lopez-Delgado, C.H. Foyer, and I.M. Scott. 1998b. Parallel changes in H2O2 and catalase during thermotolerance induced by
salicylic acid or heat acclimation in mustard seedlings. Plant Physiol.
116:1351–1357.
Dat, J.F., H. Lopez-Delgado, C.H. Foyer, and I.M. Scott. 2000. Effects
of salicylic acid on oxidative stress and thermotolerance in tobacco.
J. Plant Physiol. 156:659 665.
El-Khallal, S.M., T.A. Hathout, A.E.A. Ashour, and A.A. Kerrit. 2009.
Brassinolide and salicylic acid induced growth, biochemical activities
and productivity of maize plants grown under salt stress. Res. J. Agr.
Biol. Sci. 5:380–390.
Faheed F.A. and S.Y.M. Mahmoud. 2006. Induction resistance in
Phaseolus vulgaris against TNV by salicylic acid and kinetin. Egypt.
Intl. J. Agr. Biol. 8:47–51.
Foyer, C.H., H. Lopez-Delgado, J.F. Dat, and I.M. Scott. 1997. Hydrogen
peroxide- and glutathione-associated mechanisms of acclamatory stress
tolerance and signaling. Physiol. Plant. 100:241–254
Gutierrez-Coronado, M. A., C.S. Trejo-Lopez, and A. Karque-Saavedra.
1998. Effect of salicylic acid on the growth of roots and shoots in
soybean. Plant Physiol. Biochem. 36:563–565.
Harvey, R.B. 1920. Hydrogen ion changes in the mosaic disease of tobacco
plants and their relation to catalase. J. Biol. Biochem. 42:397–400.
Hayat, Q., S. Hayat, M. Irfan, and A. Ahmad. 2010. Effect of exogenous
salicylic acid under changing environment: A review. Environ. Expt.
Bot. 68:14–25.
He, Y.L., Y.L. Liu, Q. Chen, and A.H. Bian. 2002. Thermotolerance
related to antioxidation induced by salicylic acid and heat hardening
in tall fescue seedlings. J. Plant Physiol. Mol. Biol. 28(2):89–95.
Heckman, N.L., G.L. Horst, R.E. Gaussoin, and B.T. Tavener. 2002.
Trinexapacethyl influence on cell membrane thermostability of Kentucky bluegrass leaf tissue. Sci. Hort. 92:183–186.
Heil, M. and R.M. Bostock. 2002. Induced systemic resistance (ISR)
against pathogens in the context of induced plant defenses. Ann. Bot.
89:503–512.
Hiatt, A.J. 1967. Relationship of cell sap pH to organic acid change
during ion uptake. Plant Physiol. 42:294–298.
Hodgson, R.A.J. and J.K. Raison. 1991. Superoxide production by
thylakoids during chilling and its implication in the susceptibility of
plants to chilling-induced photoinhibition. Planta 183:222–228.
Hurd-Karrer, A.M. 1925. Acidity and varietal resistance of wheat to
Tilletia tritici. Amer. J. Bot. 12:359–371.
Ingram, D.L. and D. Buchanan 1981. Measurement of direct heat injury
of roots of three woody plants. HortScience 16:769–771.
Janda, T., G. Szalai, I. Tari, and E. Paldi. 1999. Hydroponic treatment
with salicylic acid decreases the effects of chilling in maize (Zea mays
L.) plants. Planta 208:175–180.
Kang, H.M. and M.E. Saltveit. 2002. Antioxidant enzymes and DPPH
radical scavenging activity in chilled and heat shocked rice (Oryza
sativa L.) seedling radicles. J. Agr. Food Chem. 50:513–518
Kang, G.Z., C.H. Wang, G.C. Sun, and Z.X. Wang. 2003. Salicylic acid
changes activities of H2O2-metabolizing enzymes and increases the
chilling-tolerance of banana seedlings. Environ. Expt. Bot. 50:9–15.
Khan, W., B. Prithiviraj, and D.L. Smith. 2003. Photosynthetic response
of corn and soybean to foliar application of salicylates. J. Plant Physiol.
160:485–492.
Khurana, J.P. and C.F. Cleland. 1992. Role of salicyclic acid and benzoic acid in flowering of a photoperiod-insensitive strain of Lemna
paucicostata LP6. Plant Physiol. 100:1541–1546.
Larkindale, J. and M.R. Knight. 2002. Protection against heat stress
induced oxidative damage in Arabidopsis involves calcium, abscisic
acid, ethylene, and salicylic acid. Plant Physiol. 128:682–695
Lecourieux, D., R. Raneva, and A. Pugin. 2006. Calcium in plant defense
signaling pathways. New Phytol. 171:249–269
Martinez, C., E. Pons, G. Prats, and J. Leon. 2004. Salicylic acid regulates

109

flowering time and links defense responses and reproductive development. Plant J. 37:209–217.
Nightingale, G.T., R.M. Addoms, W.R. Robbins, and L.G. Chermerhorn. 1931. Effect of calcium deficiency on nitrate absorption and on
metabolism in tomato. Plant Physiol. 6:605–631.
Noyes, R.D. and J.G. Hancock. 1981. Role of oxalic acid in the Sclerotinia
wilt of sunflower. Physiol. Mol. Plant Pathol. 18:123–132.
Parsons, L. and H. Beck. 2004. Weather data for citrus irrigation management. Fla. Coop. Ext. Serv., Gainesville. IFAS Publ. HS950.
Raskin, I. 1992. Role of salicylic acid in plants. Annu. Rev. Plant Physiol.
Mol. Biol. 43:439–463.
Sairam, R.K., P.S. Deshumk, and D.S. Shukla. 1997. Tolerance of drought
and temperature stress in relation to increased antioxidant enzyme
activity in wheat. J. Agron. Crop Sci. 178:171–187.
Sandoval-Yepiz, M.R. 2004. Reguladores de crecimiento XXIII: Efecto
del a cido salicılico en la biomasa del cempazu´ chitl (Tagetes erecta).
In: Tesis de Licenciatura, Instituto Tecnolo gico Agropecuario, Conkal,
Yucata, Mexico.
Schumann, A.W., K. Hostler, L. Waldo, and K.K. Mann. 2010. Update
on advanced citrus production system research in Florida. Citrus Ind.
91:6–11.
Senaratna, T., D. Touchell, E. Bunn, and K. Dixon. 2000. Acetylsalicylic
acid (aspirin) and salicylic acid induce multiple stress tolerance in bean
and tomato plants. Plant Growth Regul. 30:157–161.
Shi, Q.H., Z.Y. Bao, Z.J. Zhu, Q.S. Ying, and Q.Q. Qian. 2006. Effects

110

of different treatments of salicylic acid on heat tolerance, chlorophyll
fluorescence, and antioxidant enzyme activity in seedlings of Cucumis
sativa L. Plant Growth Regul. 48:127–135.
Snyman, M. and M.J. Cronje. 2008. Modulation of heat shock factors
accompanies salicylic acid-mediated potentiation of Hsp70 in tomato
seedlings. J. Expt. Bot. 59:2125–2132
Statistical Analysis System Institute. 2003. SAS/STAT guide for personal
computers. Version 9.1. SAS Inst. Inc., Cary, NC.
Steponkus, P.L. 1984. Role of the plasmamembrane in freezing injury
and cold acclimation. Annu. Rev. Plant Physiol. 35:543–584.
Walker, J.C. and J.B. Kendrick, Jr. 1948. Plant nutrition in relation to
disease development. IV. Bacterial canker of tomato. Amer. J. Bot.
35:186–192.
Wang, L.J. and S.H. Li. 2006. Salicylic acid-induced heat or cold tolerance in relation to Ca2+ homeostasis and antioxidant systems in young
grape plants. Plant Sci. 170:685–694.
Wiltbank, W.J. and T.W. Oswalt. 1983. Laboratory determination of the
killing temperature of citrus leaves during the 1981–82 and 1982–83
low temperature periods. Proc. Fla. State Hort. Soc. 96:31–34.
Wiltbank, W.J. and T.W. Oswalt. 1984. Low temperature killing points
of citrus leaves from spring 1983 to summer 1984. Proc. Fla. State
Hort. Soc. 97:31–33.
Yelenosky, G. and C.L. Guy. 1989. Freezing tolerance of citrus, spinach,
and petunia leaf. I. Osmotic adjustment and sensitivity to freeze induced
cellular dehydration. Plant Physiol. 89:444–451.

Proc. Fla. State Hort. Soc. 124: 2011.

