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Abstract 
Increased plant tolerance to stress may be chemically induced with applications of salicylic acid 
(SA). The aim of this study was to determine the change in the SA leaf concentration over time in 
response to the SA spraying in leaves of greenhouse grown tomato. In sprayed leaves the SA con-
centration showed changes over time similar to the reported responses to environmental stress. 
Two days after the first application, the SA foliar concentration reached the maximum of 8 µg∙g−1, 
equivalent to twice the amount observed in the control plants. SA decreased until it reached the 
level of control plants eight days later. A second application showed actually the same response, 
but with a faster decline of SA in two days. According to the results of this assay, SA applications on 
tomato should be performed within a minimum interval of eight days in order to maintain the SA 
concentration related with the increase in plant tolerance to environmental stress. 
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1. Introduction 
Plant hormones modify the growth and development of plants by inducing changes in cellular, physiological, 
and morphological processes [1] [2]. In recent years some new groups of hormones have been identified, and 
such is the case of salicylates, which are also involved in controlling plant growth and development. They also 
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act as signals in the processes leading to plants’ adaptive responses to environment. Salicylic acid is found natu-
rally in plants, and it plays an important role in growth and stress tolerance [3]-[5], in addition to participation of 
the internal signals regulating the defensive response of plants against pests, pathogens [6] [7] and abiotic fac-
tors [4] [8]. When exogenously applied, SA induces stress tolerance, enhancing the plant’s biological response 
against salinity and temperature extremes, in addition to modifying the antioxidants, nutrients, and chlorophyll 
concentrations [9] [10]. 

Taking into account the positive results found in several studies, the use of salicylates in agricultural practice 
seems to have possibilities from a commercial point of view [11]-[20]. Every day seems more obvious that the 
use of such compounds becomes a need, considering that current agricultural production standards demand a 
reduction of pesticide usage [21]. In a practical sense, the scientific literature and technical works made for the 
development and legal registration of products with active ingredients containing tolerance inducing compounds 
such as salicylic acid, describe the biological changes that occur in plants, for instance the activity adjustments 
of enzymes, antioxidants, and other metabolites [22]-[24] and changes in tolerance to environmental factors [20]. 
A lesser attention has received the residence time of the compound, as well as the behavior of the concentration 
of salicylates in plant tissues, and its residual effect as a result of a foliar application. 

The objective of this study was to determine the change in the leaf salicylic acid concentration over time, in 
response to the SA spraying in leaves of greenhouse grown tomato (Solanum lycopersicum L.) under greenhouse 
conditions. 

2. Materials and Methods  
2.1. Vegetative Material 
The study was carried out in Universidad Autónoma Agraria Antonio Narro, Saltillo, México, using tomato 
(Solanum lycopersicum L.) plants cv. Rio Grande (Petoseed). The seeds were sown on October 8, 2010, directly 
in polystyrene containers with 0.32 L substrate peat moss, TKB and agrolite 70:30 (v/v), placing 3 seeds per 
container. Ten days after germination a single seedling was preserved in each container. Fertilization was per-
formed from 12 days after germination using Steiner solution at 25% [25]. Initially, 30 mL of solution per 
seedling per day were applied, 30 days after germination the amount of nutrient solution was increased to 50 mL 
per seedling per day. Plants were grown under greenhouse conditions, with a maximum and minimum tempera-
ture range 12˚C - 32˚C. 

2.2. Description of Treatments 
The assay consisted of two treatments: salicylic acid (SA) and a control (distilled water). SA was reagent grade 
(CTR Scientific) at a concentration of 1 × 10−4 M (0.0138 g∙L−1). The first application was performed using a 
hand spray early in the day, applying the needed amount in order to achieve a full coverage of the leaves 30 days 
after germination (08 November 2010), once the seedlings showed the third true leaf. Twelve days after the first 
application of this compound a second one was made. 

2.3. Sampling of Plant Material 
The third developed leaf was taken as the organ to be evaluated. The first sampling of foliar material was made 
before the SA application to be able to conduct the evaluations and determine the initial concentration of SA in 
leaf tissue. The leaves were cut off from the plant, wrapped in aluminum foil and labeled before being, imme-
diately, immersed in liquid nitrogen and be transferred to storage to a freezer at −2.0˚C in order to preserve them. 
After the SA application the previous operation was repeated every two days during a period of 22 days, taking 
the leaves of two plants per treatment every time. The sampling time was between 8:00 and 11:00 hours. 

2.4. Salicylic Acid Determination 
The process of analysis consisted of two phases: 1) preparation of the sample for extraction; 2) assaying of SA 
concentration in the obtained extract. For the preparation of the extraction samples the collected vegetative ma-
terial was refrozen with liquid nitrogen for subsequent grinding and weighing of 0.05 g placing it in a 1.5 mL 
ependorf tube, adding 1 mL of the extraction solution (10% methanol, 1% acetic acid, 89% distilled water) using 
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for this purpose an automatic pipette (PRO Accumax 100 - 1000 µL). In order to get contact of the extraction 
solution and the total mass of the sample, the ependorf tube was put to vibration for 20 seconds on a vortex 
mixer (Scientific Products S. A.) and later on, in order to degas it, it was put for 5 minutes in a degasser (Bron-
som S.A.) and then was centrifuged for 10 minutes at 10,000 G in a spectrofuge centrifuge (Labnet International, 
Inc.). After this process, translucent supernatant was recovered by a hand pipette to place it in a new labeled 
ependorf tube. A new amount of 0.5 mL of the extraction solution was added to each ependorf tube with the 
plant sample, in order to repeat the whole procedure, and remove again the translucent supernatant and add it to 
a new labeled ependorf tube obtaining, this way, an approximately 1.5 mL of solution, which was passed 
through spinning filters of 0.45 µm (Millipore syrinx-driven filter unit). The SA assay was done on the filtering 
results using an LC Agilent chromatograph, model 1120 managed under EZChrom Elite Compact software, ver. 
3.3.0B (Agilent 2005-2008 MR) under the following conditions: the cromatograph separation was performed in 
a Phenomenex Luna C18 100 × 20 mm at 35˚C column, with two solvent gradients 100% A (94.9% H2O, 5% 
CH3CN, 0.1% CHOOH), to 100% B (5% H2O, 94.9% CH3CN, 0.1% CHOOH), using a detecting wavelength 
of 250 nm and a flow rate of 0.6 mL min−1 for 10 min. Solvent B was injected in the last minute, to later on in-
ject again solvent A to clean up the system and perform the subsequent injection for a new extraction solution. 
The injection of the extraction solution consisted of 20 µL. Each leaf sample was analyzed in duplicate. The re-
sults of SA obtained by the chromatograph in mg∙L−1 were converted to µg of SA per gram of fresh weight. 

2.5. Determination of Root and Stems and Leaf Weight 
The root weight, and the weight of the stems and leaves, was determined taking, randomly, three plants per 
treatment. For the root, the substrate was removed with running water until the particles adhered were eliminat-
ed, and it was weighed in a grain balance. Once the fresh weight was obtained, the sample was dried at 60˚C in a 
drying oven. As for the weight of stems and leaves the measuring was done directly on a triple beam balance 
(Ohaus, 2620 g). 

2.6. Experimental Design and Data Analysis 
A completely randomized experimental design was used, taking as the experimental unit one plant in one con-
tainer, and taking two plants per treatment per evaluation for SA determination, and three plants for determina-
tion of root weight and stems and leaves weight per treatment per evaluation. Each treatment consisted of 80 
replications. The data obtained were analyzed using analysis of variance, and mean´s test using Tukey’s test (α = 
0.05). The software used was SAS for Windows. 

3. Results 
3.1. Change in the Concentration over Time of Salicylic Acid (SA) in Leaves 
After the exogenous SA application the concentration reached a peak two days after the application startup 
(DAAS) and then gradually decreased to a concentration statistically equal to that of the control plants 10 days 
after application (this data are shown in Figure 1). After the second application of exogenous SA at 14 DAAS, a 
similar response to the one obtained in the first application was observed. However, with the aim of increasing 
the information obtained after this second application leaf tissues were collected not allowing the two days to 
elapse. In order to achieve the data the sampling was made at 8, 14 and 24 hours after the application, finding a 
significant response at 24 hours (15 DAAS). After this, the response was almost the same described for the first 
application. 

As far as it is concerned, the SA did not show a sensible variation in the control plants, except for the evalua-
tion of the sixth DAAS where it showed a similar change to the one showed by the treated plants (this data are 
shown in Figure 1). 

The second application made in this work showed a different result from the first one, since after reaching its 
SA peak accumulation it showed a faster decrease as compared to the first one (Figure 1). 

3.2. Change in Maximum Concentration of Salicylic Acid (SA) 
SA concentrations established in treated plants in this assay ranged from 3.0 to 8.27 µg∙g−1 fresh weight (Figure 



E. Guzmán-Téllez et al. 
 

 
2051 

1), these values exceeded almost twice the ones observed in the control plants (whose concentrations ranged 
from 1.39 to 4.9 µg∙g−1 fresh weight). 

3.3. Plant Growth 
As far as stems and leaves growth is concerned, some differences were found at 4, 12 and 15 DAAS (this data 
are shown in Figure 2), but values were similar at the end of the assay. In the absence of stress, the SA effect 
will depend on the concentration applied, and the plant species where the application is done, but sometimes no 
effect is found [9] [26]. 

4. Discussion 
4.1. Change in the Concentration over Time of Salicylic Acid (SA) in Leaves 
In sprayed leaves the SA concentration showed changes over time similar to the reported as responses to stress 
stimuli. This dynamic variation in the SA concentration in tomato leaves, induced by exogenous applications of 
this compound, is consistent with those reported by He et al. [27] when applying the red spider mite Tetrany 
 

 
Figure 1. Concentration dynamics of SA in tomato (Solanum lycopersicum 
L.) leaves in response to its exogenous application at 10−4 M (0.0138 g∙L−1). 
Mean comparison performed between the control and the treated one (SA ap-
plication) every two days. Evaluation made every two days on the third fully 
expanded young leaf. Each point is an average of two plants, with two repli-
cations each, tested on Agilent 1120 LC chromatograph under EZCrom soft-
ware. Means with the same letter are statistically equal (Tukey, α = 0.05).      

 

 
Figure 2. Growth of stem and leaves, and roots of tomato (Solanum lycoper-
sicum L.) plants in response to foliar spraying with SA 1 × 10−4 M (0.0138 
g∙L−1). Comparison of means between the control and the treated one (SA ap-
plication) every two days. Each point is an average value of three plants. 
Means with the same letter are statistically equal (Tukey, α = 0.05).          
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chus urticae (Koch) on bean leaves (Phaseolus vulgaris L.) and by Ogawa et al. [8] in Arabidopsis when apply-
ing mechanical stimuli on the leaves. The above-mentioned authors found significant increments in the concen-
tration of foliar SA, with maximum peaks at 24 hours after stimulation, to later start a concentration decrease, 
with a maximum accumulation time similar to the one found in this study. This suggests a similarity in the tem-
poral SA variation after an exogenous application and after a stress stimulus. Similarly, the inoculation of Fusa-
rium equiseti in Arabidosis [28] and tobacco necrosis virus (TNV) [29], led to increments in the SA concentra-
tion in the leaves of seedlings. The peak SA concentration appeared 18 hours after the Fusarium inoculation and 
decreased on, while for TNV inoculation it showed up four days after inoculation, equaling the concentration of 
non inoculated plants eight days after inoculation, similarly to the observed in this assay. The described modifi-
cation in SA concentration may vary depending on the organs being tested in a plant. For instance, if the inocu-
lation of the virus occurs in the tobacco (Nicotiana tabacum L.) cotyledons, instead of a increase-decrease re-
sponse in the SA concentration in the cotyledons at the time mentioned above, there is an steady rise during the 
different periods of evaluation. This phenomenon is accompanied, however, by the same behavior described for 
leaves, where the fall of the SA concentration appears after 48 hours [30]-[33]. 

Norman et al. [22] applied the SA in concentrations of 1.0, 0.1 and 0.01 mM in tobacco cell cultures, making 
a subsequent measurement of the cytoplasmic concentration of the compound. The authors found out that even 
in this situation, the SA showed a high concentration in cells for up to 24 hours when applying 1.0 mM, whereas 
for concentrations of 0.1 and 0.01 mM the permanence time of the compound in the cells was only one hour. 
The presence of high SA concentrations in leaves subjected to biotic or abiotic stress is attributed to its role as a 
signaling compound in the induction of acquired systemic resistance [21] [33] [34]. In the absence of an evident 
stress to induce the SA synthesis, and in the presence of exogenous SA applications made in this work, the ob-
served concentrations could be attributed to the balance between the residual life and the transformation, or de-
gradation, of applied SA. It is assumed that the cellular SA concentration must be kept within certain limits, at 
an appropriate level to maintain cellular redox homeostasis, according to the needs imposed by the environment, 
particularly by irradiance [35] as well as by SA interaction with other cellular activities [36]. 

The rapid change in the detectable SA amount, after the peak concentration, seems to be partially due to the 
SA transformation into its conjugated forms [27] [37] [38] mainly as glycosides of salicylic and benzoic acid, 
methylated forms, or species activated with coenzyme A [39]. Meanwhile Mustafa et al. [40] found out in Ca-
tharantus roseus (L.) cell cultures, that the SA applied to the medium, and absorbed by the cells, was metabo-
lized into 2,5-hydroxybenzoic glucoside. The same happens in Arabidopsis thaliana under mechanical stress [8] 
where O-β-D-glucosyl benzoic acid is accumulated in nearly twice the amount found in SA, i.e. 3 to 7 mM. 
Once the SA changes into its conjugated form it is supposed to form a kind of reserve that, if necessary, can be 
converted back to SA [39]. Panina et al. [41] observed the transformation of SA conjugates in free SA within 48 
h. in potato disks infected with Phytophthora infestans. 

The possible reason why the SA concentration decreased more rapidly after the second application, as com-
pared to the first one, is due to the fact that stress response induced systems are very responsive to the presence 
of the inducing compound or compounds, but a second or third application made shortly after the first one 
usually saturates the response [42]. One might think that this is the situation observed in the second application, 
and that as the response saturation increases, more rapidly is metabolized the SA in plant tissues. 

Salicylic acid has natural concentration variations arising out of development events such as different pheno-
logical stages, and flowering [43]. It is also known that constant adjustments take place in the SA concentration 
depending on the conditions of temperature and irradiance [35]. Thus, the behavior displayed by the control 
plants, in terms of variations in the foliar SA concentration, can be assumed to be normal. 

4.2. Change in Maximum Concentration of Salicylic Acid (SA) 
The maximum values found after application (at two and 15-DAAS) are similar to those reported by He et al. 
[27] on bean leaves 24 hours after stimulation with the spider mite Tetranichus urticae Koch. In this case, the 
presence of mites gave place to a maximum concentration of 12 µg∙g−1 SA of fresh weight, a value that exceeds 
the obtained with an exogenous SA application as a foliar spray. With another biological model, the infection 
with tobacco mosaic virus (TMV), Enyedi et al. [30] found out that infected cells reached 3.5 to 6.0 µg∙g−1 144 
hours after SA application in the culture medium in concentrations of 25 and 100 µM SA. In the same way, Ma-
lamy et al. [44] found an increase of 3 µg∙g−1 at 60 hours after putting tobacco plants under high temperatures, 
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while Shulaev et al. [31] assayed maximum SA concentrations in TMV infected tobacco, equivalent to 10 µg∙g−1 
fresh weight, increasing the concentration as the sample approached the site of infection (144 hours after it). On 
the other hand, Barbaus and Jacobsen [45], when applying 50 mg∙L−1 probenazole (a compound used in agricul-
tural practice for their ability to induce tolerance) in sugar beet (Beta vulgaris L.), found the highest SA concen-
tration in 3.1 µg∙g−1 fresh weight. Iwai et al. [46], applying the same compound on rice plants, found 1.5 µg∙g−1 
fresh weight, at the time of the highest accumulation. It is clear that the endogenous SA concentration values 
depend on the type of test applied, and the conditions under which it takes place, remain a constant partial 
transformation of the free SA into its conjugated forms, even if the response shows very high SA concentrations, 
and time responses as short as 30 minutes [22]. 

Even those studies reporting lower SA concentrations, as the ones obtained by Park et al. [33] and Yalpani et 
al. [38] in the order of 0.35 µg∙g−1 fresh weight, 144 hours after infecting the plants with TMV, showed the same 
response described above of SA increments in the concentration, and of a subsequent decline, presumably to in-
corporate into conjugated chemical species. 

4.3. Plant Growth 
Generally speaking, the use of SA as a foliar spray shows a benefit on the growth of the aerial parts of plants in 
situations where some stressors are present [12] [18] [20] [47]. In the case of root weight no significant differ-
ence was found after the first SA spraying, however, after the second application a lower root growth in the 
treated plants was observed. Most of the literature indicated that SA effect on root growth is positive [10] [11] 
[13] [48] [49], but in some studies like in Lian et al. [26] negative effects were found in root biomass in some of 
the applied concentrations. The authors indicated, as a probable explanation of the results, an increased deriva-
tion of the energy estimates of root defense responses induced by SA. 

5. Conclusions 
Concentration of SA, resulting of a foliar application, showed a response of accumulation and subsequent con-
centration decline similar to the one observed by induction under stress conditions. The response was consistent 
across two foliar spray events. 

Salicylic acid applied as a foliar spraying increased the foliar concentration of the compound to 8 µg∙g−1 fresh 
weight as compared with the control that showed a maximum value of 5 µg∙g−1. 

According to the results of this assay, SA applications on tomato should be performed within a minimum in-
terval of eight days in order to maintain the SA concentration related with the increase in plant tolerance to en-
vironmental stress. 
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