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Abstract: The exogenous application of salicylic acid prevents plant damage caused by various
abiotic stresses (drought, high and low temperatures, salinity) and helps plants to build resistance to
biotic stresses (pathogens). Acetylsalicylic acid, which is a synthetic salicylic acid derivative, has the
same properties. In the face of climate change and a greater likelihood of extreme weather events,
the use of these acids can significantly help to ensure proper growth and development of plants,
especially sensitive species, even under stress conditions. The problem, however, is choosing the
right dose (concentration) and time of application, and individual species sensitivity. The aim of the
study was to assess the effect of acetylsalicylic acid on the growth and yield parameters of spring
wheat. A field trial was carried out in 2013 and 2014 at the Institute of Plant Protection—National
Research Institute in Poznan (Poland). The experiment was established on spring wheat cv. ‘“Tybalt’,
in four replications. Acetylsalicylic acid was tested in two concentrations: 0.3 and 0.5 mM. Each
concentration was applied to the crop twice at growth stage BBCH 29 (end of tillering) and 7 days
afterwards, and at growth stage BBCH 37 (flag leaf just visible) and 7 days afterwards. The study
evaluated 12 traits of the crop, including plant height, chlorophyll content in the flag leaf, length of
the ear, and quality and quantity parameters of the yield. The study showed that both the selection
of the appropriate concentration and the time of acetylsalicylic acid application have a significant
impact on the growth and development of the wheat. The acetylsalicylic acid increased the amount
of chlorophyll in the leaves, the number of grains in the ear, the mass of a thousand grains, and
grain yield. The present study did not confirm significant differences between the acetylsalicylic
acid concentrations. The concentration of 0.5 mM proved more effective only for such traits as plant
height and protein content in the grain. The study showed that it is not the concentration but the
time of acetylsalicylic acid application that is more important for the growth of the wheat. Although
there were no significant differences between the effects of earlier and later application time on plant
height or chlorophyll content, most of the structural and qualitative parameters of the yield (number
of grains in the ear, grain density, grain hardness, protein, gluten and starch content) were better after
later application of acetylsalicylic acid (GS BBCH 37).
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1. Introduction

Wheat, maize and rice make up the largest share of the world’s agricultural crop production.
Together, these three crops provide food for over 4.5 billion people. The area devoted to wheat
production alone covers 220 million ha [1-3]. Recently, more and more attention has been given to

Agronomy 2020, 10, 1918; d0i:10.3390/agronomy10121918 www.mdpi.com/journal/agronomy


http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0001-8082-9342
https://orcid.org/0000-0003-2793-7074
https://orcid.org/0000-0001-9373-7703
https://orcid.org/0000-0002-0588-7355
http://www.mdpi.com/2073-4395/10/12/1918?type=check_update&version=1
http://dx.doi.org/10.3390/agronomy10121918
http://www.mdpi.com/journal/agronomy

Agronomy 2020, 10, 1918 2 of 19

the impact of climate change on arable crops. Climate change and the higher frequency of extreme
weather events will, undoubtedly, have an enormous impact on crops in the future. However, due to
variable plant-environment interactions, it is difficult to predict the extent of yield losses [4,5]. It is
believed that in the dry areas of Central Europe, periods of drought and heat stress will be the factors
that limit crop yields to the greatest extent, especially if they occur during the critical periods of the
crop growth cycle [1,6].

Wheat production depends largely on climatic and environmental conditions. Therefore, new
wheat cultivars are expected to be more adaptable to any extreme weather conditions, while maintaining
high- and good-quality yields [5,7]. During the growing season, plants are often exposed to occasional
periods of drought. In the case of wheat, there is a linear reduction in yield along with a decrease in
water availability. However, an overlap of several types of abiotic stress (drought, high temperature,
salinity) can cause an even more dramatic drop in productivity. Water stress causes a drastic
reduction in transpiration, leading to dehydration of tissues, damage to the photosynthetic apparatus
and disruptions in plant metabolism [2,8]. Wheat needs water throughout the entire growth and
development period, but when a water shortage occurs in the post-anthesis phase, crop losses can
reach 30%, and during flowering and grain filling, these losses can even reach 58-92% [8,9].

Various adaptive agronomic strategies are introduced to minimize yield losses. Such strategies
include the selection of appropriate cultivars, crop rotation, changes in soil cultivation, shift of sowing
dates, proper selection of fertilizers and plant protection products [6]. In addition to farming and
agricultural methods, increased attention is being paid to various natural or synthetic substances
which can reduce the periodic impact of abiotic stress factors on crops. When applied to plants, these
substances enhance processes stimulating the plant’s resistance to biotic (e.g., pathogens) and abiotic
(inanimate nature factors) stresses. These substances, which are usually used in small amounts, can
effectively protect the plant against stresses by enhancing its assimilation capacity, increasing the
surface of leaves and root mass, improving the photosynthetic apparatus, etc. The scientific literature
describes the beneficial effects of numerous substances, e.g., x-tocoferol, polyamines, L-ascorbate,
glutathione, glycine betaine, putrescine, arginine, L-cysteine, glycine, spermine, spermidyne, hydrogen
peroxide, silicone, alginic acid, polyphenols, trehalose, and yeast extract [10-24].

Compounds with a bio-stimulating effect in the regulation of plant development include phenolic
acids, i.e., salicylic acid and its derivatives—acetylsalicylic acid and methyl salicylate [25]. Salicylic
acid is a popular, organic, and easily available compound found in vascular plants. Organic acid
metabolism plays a fundamental role at the cellular level, including energy production, the formation
of amino acid biosynthesis precursors and the modulation of the plant response to environmental
factors. The amount of naturally occurring organic acids in a plant depends on the species, age and
tissue type. Their content in certain plants may be up to 100 times greater than in others, and often
such differences occur within one family [26]. The highest amounts of salicylic acid are found in
inflorescences of thermogenic plants and in plants infected with necrotizing pathogens [27].

Salicylates are produced primarily in mitochondria and stored mainly in vacuoles [28]. They play
a significant role in regulating plant development and interactions with other organisms, and in the
response to environmental stresses, including biotic stress e.g., pathogens [29,30]. They effectively
protect plants against the harmful effects of high and low temperatures, salinity, heavy metals, UV
radiation, ozone and water stress [31]. They are found in many agriculturally important plant species,
such as rice, crabgrass, barley and soybean. Salicylates occur even in 1 pg-g~! of fresh mass. When
released to the rhizosphere, they exhibit an allelopathic effect by inhibiting the growth of neighboring
plants [30,32].

The exogenous application of salicylic acid has a positive effect on plants, improving their
resistance to low and high temperatures and also to drought stress by protecting cell membranes and
the photosynthetic apparatus against destruction [25,33]. The effects of salicylic acid are relatively well
known from the biochemical and physiological standpoint, but there are still doubts concerning the
most effective method of administering it to plants (e.g., soaking seeds, foliar application or as an
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ingredient of the medium) and the most effective concentration (dose) [34]. It has been shown that
even when used in small amounts (less than 1 mM), salicylic acid affects the metabolism of plants by
activating the immune mechanisms. There are reports that salicylic acid increases the amount and
quality of essential oils in basil and marjoram [25,35], improves maize productivity under conditions
of temperature stress, and reduces damage to barley cell membranes. It also effectively prevents
damage to bean, tomato, and maize crops caused by low temperatures, and by salt stress in the case of
orange and mandarin [13,33,36,37]. Moreover, it has been reported that salicylic acid increases the
accumulation of Cu, Co, Fe and Zn in sunflower shoots and roots. It also has a significant effect on
IAA, GA and ABA plant hormones in sunflower, wheat and peas [38—40]. Wheat plants obtained from
seeds soaked in salicylic acid demonstrate greater activity of antioxidant enzymes [34,41]. Salicylates
used in rapeseed increase the concentration of glucosinolates [32]. Many authors pointed out that
the effect of salicylic acid on plants depends largely on the concentration used [36]. A decrease in
chlorophyll content was observed with an increased salicylic acid concentration in wheat, mung bean
and barley leaves [42,43]. However, there are studies in the scientific literature suggesting that higher
concentrations of salicylic acid may be toxic to plants [44—46].

Acetylsalicylic acid is not a natural product but a synthetic compound (trade name: Aspirin),
which easily degrades to salicylic acid and has the same effect as the latter. Its undoubted advantage is
its easy availability and low price.

The aim of the present study was to determine the effect of acetylsalicylic acid on morphological
and physiological traits, as well as on the amount and quality of spring wheat yield. The research
hypothesis is that the foliar application of acetylsalicylic acid has a positive effect on wheat plants,
but the effect depends on the concentration used and the time of application. Studies carried out
so far on the exogenous application of salicylic acid and its derivatives have primarily focused on
the concentrations of these compounds. Meanwhile, there are no reports related to the impact of the
crop’s growth stage on the effectiveness of acetylsalicylic acid, and the interaction between the time of
application and the concentration used. The advantage of the present study is that the experiments
were carried out under field conditions, which resulted in a natural crop response.

2. Materials and Methods

2.1. Trial Conditions

The field experiments on spring wheat were conducted in the years 2013 and 2014 at
the experimental station in Winna Goéra (52°12°17” N 17°26’48” E), the Institute of Plant
Protection—National Research Institute in Poznan (Poland). The spring wheat cultivar ‘Tybalt’
was chosen for the experiments, which, according to the characteristics provided by the breeding
company (Wiersum Plantbreeding B.V.), is one of the highest-yielding spring wheat cultivars in Poland.
Due to its good resistance and consistent yielding, which is not encountered in other cultivars, “Tybalt’
accounts for over 24% of the entire spring wheat market in Poland.

Spring wheat was sown on 8 April 2013 and 10 April 2014, at a sowing density of 200 kg-ha™,
thus obtaining 400 seeds per 1 m?. In the first year of the study, the forecrop was winter barley, and in
the second year, it was sugar beet. The experiment was conducted in grey-brown podzolic soil, with
pH of 5.6-5.8 and an organic matter content of 0.93-1.4%, depending on the year of the study. Mineral
fertilization was used: N 140 kg-ha~!, P,Os 540 kg-ha~! and K,O 60 kg-ha~!. Plant protection against
weeds, diseases, and pests was used in the entire experiment according to the recommendations for
wheat. The crop was harvested on 16 July 2013 and 20 July 2014.

2.2. Experimental Set-up

The experiment was conducted in 4 replications. The area of each plot was 16.5 m?, and the
inter-row width was 12.5 cm. Two concentrations of acetylsalicylic acid (ASA) were analyzed. ASA was
applied in a dose of 5 I'ha~!. The experimental design included: control (untreated) plots; treatments
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of ASA in a concentration of 3 mM applied at growth stage BBCH 29 (end of tillering)—T1, and then
7 days after the first treatment—T2; treatments of ASA in a concentration of 5 mM applied at growth
stage BBCH 29 (end of tillering)—T1, and then 7 days after the first treatment—T2; treatments of ASA
in a concentration of 3 mM applied at growth stage BBCH 37 (flag leaf just visible, still rolled)—T3,
and then 7 days after the first treatment—T4, and treatments of ASA in a concentration of 5 mM
applied at growth stage BBCH 37 (flag leaf just visible, still rolled)—T3, and then 7 days after the
first treatment—T4.

2.3. Characteristics of the Preparation

ASA was used as a preparation of acetylsalicylic acid > 99.0% (synonym: 2-acetoxybenzoic
acid, O-acetylsalicylic acid, ASA, aspirin) produced by Merck (Merck & Co., Kenilworth, NJ, USA);
linear formula: 2-(CH3CO,)CcH4CO,H; molecular weight—180.16; form—powder; color—white; pKa
(25 °C) 3.5; mp 134-136 °C (lit.); solubility—H,O: 10 mg/mL at 37 °C (lit.), H,O: 3 mg/mL at 25 °C (lit.),
ethanol: 50 mg/mL.

2.4. Spraying Parameters

Treatments were conducted using a bicycle-mounted Victoria sprayer equipped with TeeJet 110
02 VP sprayers (TeeJet Technologies, Wheaton, IL, USA) using 200 dm? of spray liquid per ha, with an
operating pressure of 0.3 MPa. The temperature during the applications varied between 15 and 20 °C,
depending on the time of application and the year of the study.

2.5. Observations

During the growing season, the height of the plants and the chlorophyll content in the flag leaf
were assessed. The height was measured before the harvest, in a sample of 25 plants from each
experimental plot. The chlorophyll content was measured in 30 randomly selected flag leaves from each
plot using a Chlorophyll Meter SPAD-502Plus produced by Konica Minolta (Tokio, Japan). The area
for a single measurement was 2 mm X 3 mm. Harvesting was performed with a Wintersteiger plot
combine. Next, the following parameters were determined: mass of a thousand grains, number of
grains per ear, grain density; and qualitative characteristics of the yield: protein, gluten, and starch
content, sedimentation index, and grain hardness. The number of grains per ear was calculated based
on a sample of 25 ears collected from each plot. The mass of a thousand grains and grain density
were both measured based on a 1 kg sample from each plot. Grain density was measured using a
cylinder bulk density meter, and the qualitative analysis was carried out with an Infratec TM 1241
grain analyzer produced by Foss (Hillerod, Denmark).

2.6. Weather Conditions

Weather data were obtained from the Meteorological Station in Winna Goéra (52°12'17” N
17°26’48” E). Weather conditions were analyzed using the Selyaninov hydrothermal coefficient (HTC)
calculated by applying the formula by G. Selyaninov: HTC= 10X x/X t; where ¥ x means the monthly
sum of precipitation and X t means the sum of temperatures in a given decade (ten days) of the month.
In this paper, the sum of air temperatures > 0 °C was considered, which differs from Selyaninov’s
original HTC [47].

Weather conditions differed in the two study years (2013 and 2014), as presented in Table 1.
The differences were recorded in the sowing period and during the initial growth of wheat. The first
decades of April 2013 were very humid, whereas the same period in 2014 was marked by a considerable
precipitation shortage (drought). In both years of the study, the third decade of April, and the first and
second decades of May saw a shortage of precipitation. The Selyaninov coefficient (HTC) calculated
for these periods indicated drought conditions. The situation changed in the third decade of May,
when heavy precipitation was recorded in 2014 and HTC denoted a very humid period. In June 2014,
during the ear development period, the hydrothermal conditions were highly conducive to the further
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development of the crop. On the other hand, throughout the entire period of intense wheat growth,
ear development and grain formation in 2013 (third decade of May and entire June), the weather
conditions were adverse and HTC indicated an ongoing period of drought.

Table 1. Selyaninov hydrothermic coefficient in months during the vegetative seasons of wheat.

Month/Decades

April May June
I II III Mean 1 II II Mean 1 II III Mean

2013 21 25 0.0 1.5 01 05 01 0.2 0 03 01 0.1
2014 01 01 02 0.1 04 04 32 1.3 19 13 37 23

0-1.3—water deficit; 1.31-1.6—adequate water supply; >1.61—excessive water supply.

Year

2.7. Statistical Analysis

The significance of differences was assessed with Tukey’s confidence half-interval at a significance
level of p = 0.05. All statistical analyses for the study were carried out in R version 3.6.2 [48].

3. Results

3.1. General Influence of Acetylsalicylic Acid on Wheat

The analysis of variance revealed that some of the traits studied were more sensitive to the
concentration of ASA and others to the time of application (Table 2). However, the effect of ASA varied
considerably for individual years and times of application. This variation is presented in Figure 1.
The PCA biplot shows the trait distribution for each of the treatments studied (concentration, time of
application and year). The plot clearly shows that individual areas do not overlap, which denotes a
very high variability of the results obtained. The plot also demonstrates that 2014 (the second year
of trials) was a year when ASA had a markedly stronger effect on wheat. Most of the traits studied
are grouped in or aim towards the areas which cover this very year (areas G, H, I, ]). A particular
focus should be placed on area H, which denotes ASA concentration of 0.3 mM in the first application
(T1/T2). This area groups such traits as ear length, mass of a thousand grains, grain density, protein
content, sedimentation index, and yield. These are the traits most significantly influenced by ASA.

Table 2. ANOVA test for plant height, ear length, chlorophyll content, number of grains per ear, grain
density, mass of thousand grains, grain yield, sedimentation index, grain hardness index and protein,
gluten and starch content in grains of wheat.

Experimental Factor = Df Sum Sq Mean Sq F value Pr (>F)
Plant height
Years 1 570 570 35.256 <0.0001 ***
Terms of treatment 2 602.2 301.1 18.623 <0.0001 ***
Concentrations 1 116.3 116.3 7.192 0.0111 *
Residuals 35 565.9 16.2 - -
Ear length
Years 1 9.604 9.604 53.75 <0.0001 ***
Terms of treatment 2 3.088 1.544 8.641 0.0009 ***
Concentrations 1 0.09 0.09 0.505 0.4818
Residuals 35 6.254 0.179 - -
Chlorophyll content
Years 1 2265 2265 1.512 0.227
Terms of treatment 2 68202 34101 22.758 <0.0001 ***
Concentrations 1 4584 4584 3.059 0.089

Residuals 35 52446 1498 - -
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Table 2. Cont.

Experimental Factor = Df Sum Sq Mean Sq F value Pr >F)
Number of grains per ear
Years 1 90.6 90.6 76.159 <0.0001 ***
Terms of treatment 2 97.75 48.88 41.085 <0.0001 ***
Concentrations 1 6.39 6.39 5.372 0.0264 *
Residuals 35 41.64 1.19 - -
Grain density
Years 1 80.37 80.37 55.411 <0.0001 ***
Terms of treatment 2 62.26 31.13 21.462 <0.0001 ***
Concentrations 1 0.02 0.02 0.014 0.907
Residuals 35 50.77 1.45 - -
Mass of thousand grains
Years 1 240.15 240.15 228.899 <0.0001 ***
Terms of treatment 2 89.15 44.57 42.485 <0.0001 ***
Concentrations 1 0.98 0.98 0.937 0.34
Residuals 35 36.72 1.05 - -
Yield
Years 1 10.496 10.496 851.231 <0.0001 ***
Terms of treatment 2 1.07 0.535 43.405 <0.0001 ***
Concentrations 1 0.037 0.037 3.011 0.0915
Residuals 35 0.432 0.012 - -
Sedimentation index
Years 1 1180.5 1180.5 391.595 <0.0001 ***
Terms of treatment 2 151.4 75.7 25.108 <0.0001 ***
Concentrations 1 8.3 8.3 2.754 0.106
Residuals 35 105.5 3 - -
Grain hardness index
Years 1 31.49 31.49 9.212 0.00452 **
Terms of treatment 2 137.54 68.77 20.118 <0.0001 ***
Concentrations 1 3.42 3.42 1 0.3241
Residuals 35 119.64 3.42 - -
Protein content in grain
Years 1 23.562 23.562 46.561 <0.0001 ***
Terms of treatment 2 14.27 7.135 14.1 <0.0001 ***
Concentrations 1 3.445 3.445 6.808 0.0133 *
Residuals 35 17.712 0.506 - -
Gluten content in grain
Years 1 30.62 30.625 44.664 <0.0001 ***
Terms of treatment 2 37.58 18.79 27.404 <0.0001 ***
Concentrations 1 0.32 0.32 0.467 0.499
Residuals 35 24 0.686 - -
Starch content in grain
Years 1 246.41 246.41 172.973 <0.0001 ***
Terms of treatment 2 14.25 7.13 5.002 0.0123 *
Concentrations 1 0.56 0.56 0.393 0.5351
Residuals 35 49.86 1.42 - -

6 of 19

Df: Degrees of freedom; Sum Sq: Sum of squares; Mean Sq: Mean square; F value: The value of the F statistic;
Pr (>F): Probability of rejecting the null hypothesis. Levels of significance are as follows: *, p <0.05; **, p < 0.01 and

% p < 0.001.
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25 0.0 25
E Dim1 (69.1%)

Figure 1. PCA biplot showing the interaction between individuals (1, 2, ... , 40) and selected traits. A:
Control-NN-2013; B: ASA3-T1/T2-2013; C: ASA5-T1/T2-2013; D: ASA3-T3/T4-2013; E: ASA5-T3/T4-2013;
F: Control-NN-2014; G: ASA3-T1/T2-2014; H: ASA5-T1/T2-2014; I: ASA3-T3/T4-2014;]: ASA5-T3/T4-2014.
PH-plant height; EL-ear length; CH-chlorophyll; NG-number of grains per ear; MTG-mass of thousand
grains; Y-yield; P-proteins in grain; G-gluten in grain; S-starch in grain; Sl-sedimentation index;
GH-grain hardness index; GD-grain density.

Figure 2, which only shows PCA for ASA concentrations (years and times of application are
combined), indicates that the concentration of 0.5 mM had the greatest impact on wheat. Area ASA
5 denoting ASA concentration of 0.5 mM covers all the traits (arrows). When comparing times of
application (Figure 3), one can notice that this parameter strongly determined the impact of the
experimental factors on wheat. The plot only pertains to times of application (years and concentrations
have been combined). PCA shows that it was the later time of application that determined such traits
as chlorophyll content, plant height, mass of a thousand grains, and grain density. From Figure 4,
where cases are grouped by years, we can conclude that the results for the variables, such as plant
height, ear length, thousand grains mass, number of grains per ear, grain density, sedimentation index,
gluten and protein content in ears, and the grain yield are greater for the year 2014 (the second year
of research) than for 2013. From this biplot, we can see the strong positive correlation between these
traits (arrows).
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Figure 2. PCA biplot showing the interaction between concentrations of acetylsalicylic acid (ASA) and
selected traits in spring wheat broken down by terms of application (T1/T2, T3/T4). PH-plant height;
EL-ear length; CH-chlorophyll; NG-number of grains per ear; MTG-mass of a thousand grains; Y-yield;
P—proteins in grain; G-gluten in grain; S-starch in grain; SI-sedimentation index; GH-grain hardness

index; GD-grain density.

Term

[#]

TT2

El T3m4

0
Dim1 (69.1%)

Figure 3. PCA biplot showing the interaction between terms of application (T1/T2, T3/T4) and selected
traits in spring wheat with the distinction of acetylsalicylic acid concentrations. PH-plant height;
EL-ear length; CH-chlorophyll; NG-number of grains per ear; MTG-mass of a thousand grains; Y-yield;
P-proteins in grain; G-gluten in grain; S-starch in grain; SI-sedimentation index; GH-grain hardness

index; GD-grain density.
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Years

[#] 2013

2014

]
Dim1 (69.1%)

Figure 4. PCA biplot showing the interaction between concentrations of acetylsalicylic acid (ASA3,
ASAD5) used in two terms (T1/T2, T3/T4) and selected traits in spring wheat analyzed in both years.
PH-plant height; EL-ear length; CH-chlorophyll; NG-number of grains per ear; MTG-mass of a
thousand grains; Y-yield; P-proteins in grain; G-gluten in grain; S-starch in grain; SI-sedimentation
index; GH-grain hardness index; GD-grain density.

3.2. Plant Height (PH) and Ear Length (EL)

When comparing the traits analyzed in the two years of the study, it was demonstrated that in 2014,
both plant height and ear length were greater by 10-12% on average (Table 3). Both concentrations
increased the PH in both times of application, but the concentration of 0.5 mM had a better effect. ASA
increased the PH by 15%. The effect of ASA on PH did not differ between the earlier and later time of
application. When comparing all experimental factors (concentration x time of application x year) in
the context of PH, it was observed that there were no significant differences in wheat height between
the ASA concentrations and times of application studied either in the first or second year of the study
(Figure 5A).

Ear length was affected not by the ASA concentration used but by the time of application (Table 3).
It was demonstrated that ASA used at stage T3/T4 significantly influenced EL, extending it by 7%.
Figure 5B shows that the effect of ASA on NG in 2014 was more consistent compared to 2013, as there
were no differences in EL between the treatments studied. In 2013, values similar to those obtained in
2014 were observed for both ASA concentrations applied in the later time of application (T3/T4).
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Table 3. Influence of acetylsalicylic acid on morphological traits, chlorophyll content in leaves and yield parameters of wheat.
Trait Concentration Term of Application Year
rai
Control ASA3mM ASA5mM Control T1/T2 T3/T4 2013 2014

Plant height (cm) 7075+ 6.63¢c  77.75+636b  8156+459a 70.75+6.63b 7794+576a 81.38+546a 7410+623b 81.65+536a

Ear length (cm) 8.56 +0.71a 8.82+0.75a 8.93 £ 0.66 a 856 +0.71b 859+0.72b 9.15+055a 8.32+0.59b 9.30 +0.38 a
Chlorophyll content (SPAD) 470.8 £+ 63.64b 556.6 +35.83a 580.6 +30.59a 470.8 £63.64b 5539 +37.84a 5833 +2512a 541.5+74.67a 556.6+31.86a
Number of grains per ear (pcs.)  24.6 £1.62b 26.8+2.27a 27.7+243a 246+1.62c 26.0+2.15b 28.6+1.84a 252+201b 283+191a
Mass of thousand grains (g) 33.81+3.16b 3597+299a 3633+291a 3381+316b 3485+317b 3745+195a 3323+229b 38.13+1.19a
Grain density (kg~hl_1) 764 +184a 776+249 a 776+212a 764 +1.84b 76.3+2.08b 789 +1.68a 76.0+1.90b 788 +152a
Grain hardness index 4031 +092b 41.67+325ab 4232+266a 4031+092b 40.07+273b 4393 +156a 40.78+320b 4255+186a
Yield (tha™') 2.83+0.52b 3.09+0.55a 3.16 £ 0.58 a 2.83+0.51c 3.00 £ 0.58 b 325+052a 2.55+0.20b 3.57+020a
Sedimentation index 4570+ 621b  48.14+573a 49.16+643a 4570+621b 4693 +509b 5038 +6.51la 42.63+203b 5349 +3.13a
Protein content in grain (%) 11.95+0.88 ¢ 1291 £1.24b 1356 +1.05a 1195+ 0.88c 12.89+1.29Db 1358 +098a 1221+110b 13.75+0.81a
Gluten content in grain (%) 3185+151b 3334+142a 3354+14la 31.85+151b 3262+1.19b 3426+1.09a 3225+143b 3400+1.10a
Starch content in grain (%) 6739 +234a  66.06+294b 6580+293b 6739+234a 66.07+255b 6579 +328b 6871+1.01b 6374+154a

ASA—acetylsalicylic acid; T1—application at GS BBCH 29; T2—application 7 days after T1; T3—application at GS BBCH 37; T4—application 7 days after T3. Mean values + SD with
different letters in the rows (Control, ASA 3 mM, ASA 5 mM; Control, T1/T2; T3/T4; 2013, 2014) are significantly different according to Tukey’s test at p < 0.05.
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Figure 5. (A) Plant height (PH); (B) ear length (EL); (C) chlorophyll content (CH); (D) number of grains
per ear (NG) of wheat: concentrations (ASA3, ASA5) *terms of applications (T1/T2, T3/T4) *years (2013,
2014). Boxes: the interquartile range. Lines across the boxes: the average of the values. The line above
and below the vertical dashed lines: the maximum and minimum values. Boxes of the same color
indicate a group of similar objects. The letters a, ab, b, ... indicate similar objects in order of highest
average value. A = ASA3 *T1/T2 *2013; B = ASA5 *T1/T2 *2013; C = ASA3 *T1/T2 *2014; D = ASA5
*T1/T2 *2014; E = ASA3 *T3/T4 *2013; F = ASA5 *T3/T4 *2013; G = ASA3 *T3/T4 *2014; H = ASA5
*T3/T4 *2014.

3.3. Chlorophyll in the Flag Leaf (CH)

ASA had a significant effect on the chlorophyll content in the flag leaf of wheat. Irrespective of
the study year, the amount of CH increased as a result of ASA application by 18% for 0.3 mM and
by 23% for 0.5 mM compared to non-treated plants (Table 3). There were also significant differences
between the time of ASA application. When ASA was applied at stage T1/T2, the content of CH in
the flag leaf increased by 18%, whereas at stage T3/T4, it increased by 23%. As for the years of the
study, the plants had generally more CH (12%) in 2014 than in 2013. When analyzing the effect of all
experimental factors (concentration, time of application, year), no differences were observed between
0.3 and 0.5 mM concentrations used at the later stage (T3/T4), and the concentration of 0.5 mM applied
at the earlier stage (T1/T2) in 2013 (Figure 5C). On the other hand, a significantly lower CH content
was recorded when ASA 0.3 mM had been applied at stage T1/T2 compared to other treatments in
2013. In 2014, the effect on CH content was very consistent, and the experimental treatments studied
did not differ significantly.
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3.4. Number of Grains (NG) and Mass of a Thousand Grains (MTG)

The second year of the study (2014) was also more favorable to wheat in terms of the number of
grains per ear and the mass of a thousand grains (Table 3). The NG per ear that year was higher by 12%
compared to 2013. As for MTG, it increased by 15% in 2014 compared to 2013. ASA concentrations
of 0.5 and 0.3 mM caused an increase in NG by 13% and 9%, respectively, compared to the control.
A later time of application (T3/T4) had a better effect on NG (14% increase) compared to T1/T2 (6%
increase). There were no significant differences for NG between the two times of application, but MTG
increased by approximately 6-7% in both these times compared to the control.

The statistical analysis of the experimental factors indicated that with regard to NG, there were no
differences between ASA 0.3 and 0.5mM applied at T1/T2, and ASA 0.3 mM and ASA 0.5 mM applied
at T3/T4 in the two years of the study (Figure 5D). Time of application was not a dominating factor for
NG. The highest NG was observed for the treatment that involved ASA 0.5 mM applied at T3/T4 (2014).

Varying conditions in the two years of the study strongly determined MTG. The analysis of the
experimental factors demonstrated that ASA 0.3 and 0.5 mM applied at T1/T2 did not have an effect on
MTG in 2013 (Figure 6A). An increase in this value was observed for ASA applied at T3/T4, irrespective
of the concentration used. In 2014, there were no significant differences in the effect of ASA between
the two concentrations at T3/T4 and 0.5 mM at T1/T2.
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Figure 6. (A) Mass of thousand grains (MTG); (B) grain density (GD); (C) grain hardness (GH); (D) yield
(Y) of wheat: concentrations (ASA3, ASA5) *terms of applications (T1/T2, T3/T4) *years (2013, 2014).
Boxes: the interquartile range. Lines across the boxes: the average of the values. The line above and
below the vertical dashed lines: the maximum and minimum values. Boxes of the same color indicate a
group of similar objects. The letters a, ab, b, ... indicate similar objects in order of highest average
value. A = ASA3*T1/T2 *2013; B = ASA5 *T1/T2 *2013; C = ASA3 *T1/T2 *2014; D = ASA5 *T1/T2 *2014;
E = ASA3 *T3/T4 *2013; F = ASA5 *T3/T4 *2013; G = ASA3 *T3/T4 *2014; H = ASA5 *T3/T4 *2014.
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3.5. Grain Density (GD) and Grain Hardness (GH)

Grain density and grain hardness were the least variable traits as regards the study years,
ASA concentrations, and times of application. Although the study showed that GD and GH were
significantly higher in 2014, that value was only 4%. In the case of GD, there were no significant
differences between the ASA concentrations. A higher value of GD was observed only for the later
time of ASA application, i.e., T3/T4 (3% increase) (Table 3).

As for GH, a 5% increase was observed for ASA 0.5 mM. Moreover, T3/T4 proved to have a more
positive impact on this trait (9% increase). The analysis of the experimental factors in the context of
GD clearly shows an almost complete lack of variability in the ASA effect on this trait for individual
treatments (Figure 6B). The exception is ASA (both concentrations) applied at T1/T2 in 2013. These
treatments resulted in considerably lower GD values.

The data on grain hardness (Figure 6C) clearly show that there were no significant differences in
the value of the grain hardness between the concentration of ASA 0.3 mM and 0.5 mM (the both years)
and the term of application of T3/T4 and the term T1/T2 (only in 2014). In 2013, the lowest values of
grain hardness were obtained for both concentrations of ASA in the application term T1/T2.

3.6. Yield (Y)

The analysis of variance revealed that more favorable weather conditions were conducive to
higher yield in 2014. The yield of wheat that year was 28% higher than in 2013 (Table 3). Both ASA
concentrations had a positive effect on the yield 9% and 12% yield increase was observed for ASA
0.3 mM and ASA 0.5 mM, respectively, compared to the control treatments. A similar correlation was
demonstrated for the times of application. At T1/T2, the yield increased by 6%, and at T3/T4 by 15%
(Table 3). Wheat yielding for individual treatment was more consistent in 2014 (Figure 6D). In this year,
ASA 0.5 mM (T1/T2) had the same effect on the yield as ASA 0.3 mM and 0.5 mM at T3/T4. In 2013,
similarly higher yielding was obtained for treatments involving ASA application at T3/T4. A lack of
significant differences was also observed between ASA 0.3 mM and ASA 0.5 mM at T1/T2—these were
the treatments that resulted in the lowest yield.

3.7. Sedimentation Index (SI), Protein (P), Gluten (G) and Starch (S) in Grains

The analysis of variance revealed differences in the sedimentation index between the years of
study. Irrespective of the other factors (ASA concentration and time of application), the index was
higher by 20% in 2014 compared to the value recorded in 2013. ASA did not have a strong effect
on this trait, increasing SI by 5-9% compared to the control (Table 3). T3/T4 proved to have a more
positive effect on the index, which increased by 10% at that time of application. In 2013, there were
no differences in SI values between the treatments studied. Such differences were observed in 2014
(Figure 7A). The highest values were recorded for both ASA concentrations applied at T3/T4. T1/T2
was less favorable for this trait, but there were no differences between the ASA concentrations either.

In 2014, the content of protein and gluten was higher by 11% and 5%, respectively, compared to
2013, but in 2014 there was observed decrease in starch content by 8%. The P content increased by
8% after ASA 0.3 mM application, and by 14% after ASA 0.5 mM (Table 3). T3/T4 proved to have
a more positive effect on this trait, as it resulted in a 14% increase. The P content increased by 8%
after ASA application at T1/T2. Changes in the P content were mostly determined by the year of the
study (Figure 7B). The G content increased by 5% after ASA application (for both concentrations), and
significant differences were observed only for T3/T4 (8% increase). The analysis of the experimental
factors demonstrated that ASA 0.3 mM applied at T3/T4 had the strongest effect on this trait in 2013
(Figure 7C). In 2014, the highest content of G was observed after the following treatments: ASA 0.5 mM
T1/T2, ASA 0.3 mM T3/T4, and ASA 0.5 T3/T4. The S content was the only trait negatively affected by
ASA. Both concentrations and both times of application decreased the S content (by 2%). The analysis
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of interactions between the experimental factors did not show any significant effect of the study year
on this trait (Figure 7D).
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Figure 7. (A) Sedimentation index (SI); (B) protein (P); (C) gluten (G); (D) starch (S) content of wheat
grains: concentrations (ASA3, ASA5) *terms of applications (T1/T2, T3/T4) *years (2013, 2014). Boxes:
the interquartile range. Lines across the boxes: the average of the values. The line above and below
the vertical dashed lines: the maximum and minimum values. Boxes of the same color indicate a
group of similar objects. The letters a, ab, b, ... indicate similar objects in order of highest average
value. A = ASA3*T1/T2*2013; B = ASA5 *T1/T2 *2013; C = ASA3 *T1/T2 *2014; D = ASA5 *T1/T2 *2014;
E = ASA3 *T3/T4 *2013; F = ASA5 *T3/T4 *2013; G = ASA3 *T3/T4 *2014; H = ASA5 *T3/T4 *2014.

4. Discussion

The present study was conducted over two years which differed in terms of hydrothermal
conditions during the critical stages of wheat growth and development. Although 2013 saw more
favorable humidity conditions in the first stage of vegetative growth compared to 2014, the subsequent
months were classified as very dry. This was reflected in the parameters studied, whose values were
much lower in 2013 compared to 2014. However, the hydrothermal conditions in the second year of
the study cannot be regarded as perfect, as the drought conditions lasted for nearly half of the wheat
growing season. Yet, the difference between the study years pertained to the wheat growth stages
when such adverse conditions occurred and to the duration of water shortage. In the second year of
the study, drought affected the earlier stages of wheat growth and was definitely shorter compared to
2013. In the first study year, on the other hand, drought occurred in growth stages that are critical for
yielding, and lasted from booting until harvest. As a result, the difference in wheat yield between the
two years was over 1 thal.

Biotic and abiotic stress accompanies every plant growing in natural conditions. It is estimated
that due to abiotic stressors (drought, high temperature, salinity), crop yields can be a dozen or so
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times lower compared to yields from a crop affected by unfavorable biotic stressors (weeds, pathogens
etc.) [49]. Spring wheat is very sensitive to water shortage, but the effects of drought depend on its
intensity and duration. Given the short growing period of spring wheat, the greatest threat to this
crop is a long-term drought lasting over a considerable part of its growth and development period.
Long-term drought causes a large reduction in the yield, stemming from disrupted plant growth and
development, and often irreversible metabolic changes in the plant. Water is essential in the initial
growth stages of spring wheat (tillering, booting), but the most adverse consequences for this crop arise
when drought occurs during its flowering and filling stage. A major problem faced by contemporary
plant agriculture is that climate change increases the likelihood of extreme weather events, which
include prolonged droughts [50,51].

The individual resistance of particular plant species or cultivars (introduction of resistant cultivars)
or the use of appropriate chemical agents allow for minimizing or even preventing the effects of factors
that are detrimental to plants [15,52,53]. The available research on the impact of salicylic acid on
plants confirms that this compound entirely reduces the drought-induced decline of auxin levels in
the plant. Thus, it has a positive effect on shoot and root mass, flower bud regeneration, flowering,
and tuber formation [25-27]. Plants naturally contain very small amounts of salicylic acid. Studies
have shown that SA is an organic acid, the amount of which differs depending on the crop species and
even particular tissues. Biosynthesis, transport, and accumulation of organic acids in plants increase
dramatically under stress conditions [28,29].

A study by Kaydan et al. [49] conducted on wheat under salt stress conditions showed that SA
contributes to an increase in the shoot and root mass, the content of chlorophyll a and b in leaves,
osmotic potential and the K+/Na+ ratio in plants. In turn, a study of sunflower plants demonstrated that
the content of chlorophyll and carotenoids may decrease by as much as 64% in plants cultivated under
drought conditions, and the use of SA considerably reduces this risk. It was confirmed that in sunflower,
SA increases Cd, Pb and Ni accumulation in roots, Cd and Ni accumulation in shoots, shoot length,
root mass, the content of chlorophyll, carotenoids and proteins in leaves, and the amount of sugar,
phenols, and antioxidant enzymes [38]. Other studies showed that SA has an impact on plant growth
(shoot and root mass), essential oil content in plants (basil and marjoram), oil quality, and carbohydrate
and amino acid content. It also increases the content of proline, micro- and macro-elements, and
polyamines (spermidine, putrescine) [35].

The present study demonstrated that the SA derivative acetylsalicylic acid (ASA) also has a
positive influence on the morphological (plant height, ear length) and physiological (chlorophyll
content) parameters of wheat, as well as on the structure and quality of the yield. These findings are
consistent with other studies on the effect of ASA on crops [38,54]. Some authors emphasized that the
effects of exogenous SA application may be more dependent on plant species and cultivar compared to
those exerted by other substances. Salicylic acid occurs in every plant and its amount depends not
only on the plant growth stage (as is the case with phytohormones) but also environmental conditions.
In the case of endogenous salicylic acid, additional application of this substance may be toxic to the
plant [32,54,55]. It has been hypothesized that a high concentration of SA may cause oxidative stress in
plants, especially through hydrogen peroxide accumulation [34].

Therefore, it is of key importance to establish an effective but at the same time non-toxic
concentration of SA or ASA. The present study tested two concentrations of ASA: 3 and 5 mM.
However, other researchers suggested that in the case of wheat, the effective ASA concentration is
1072 mol/L [49]. As for salicylic acid applied on wheat seedlings, the most effective concentration is
0.05 mM. Such concentration prevented a decrease in IAA and cytokinin levels and reduced ABA
accumulation under drought and salt stress conditions [39]. In the case of basil and marjoram, the
optimum concentration is 0.4 mM [35]. Studies on maize showed that the SA concentration beneficial
for this crop is 0.5 mM [56].

The present study did not confirm significant differences between the ASA concentrations used.
The concentration of 0.5 mM proved more effective only for such traits as plant height and protein
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content in the grain. On the other hand, the study showed that it is not the concentration but
the time of ASA application that is more important for the growth of this plant. There were no
significant differences between the effects of an earlier and later ASA application time on plant height or
chlorophyll content. However, most of the structural and qualitative parameters of the yield (number
of grains in the ear, grain density, grain hardness, protein, gluten and starch content) were better after
later application of ASA (GS BBCH 37). The present study shows that foliar ASA application may be
particularly beneficial to the growth and development of wheat that was subject to drought stress in
the initial stage of the growing period. Due to the scarcity of field research on salicylic acid, the present
study also has a practical dimension.

The available scientific literature points to the considerable usefulness of salicylic acid and its
derivative, acetylsalicylic acid, in counteracting stress consequences in plants. However, a major
research problem is determining the dosing and growth stage that would allow for safe application of
these substances. The use of SA and ASA in weak plants that already grow under stress conditions may
prove to be an additional stressor. Another problem is the fact that due to the genotypic distinctiveness
of plants, which determines their specific phytohormone composition, the concentration (dose) and
optimum time of application may depend on the individual traits of a given species and cultivar.
Another factor determining the effect of these substances on a plant may be its overall condition (vigor).
Thus, research on these compounds should be extended to particularly include field studies which, in
contrast to studies in controlled conditions, do not exclude environmental interactions.

5. Conclusions

Contemporary agricultural sciences need the highest possible number of studies on crop adaptation
to the changing climatic conditions. Climate change and the related, increasing occurrence of abiotic
stresses, including drought, will create new possibilities for the use of substances which in extreme
conditions may help to preserve a constant level of yields from key crops. Wheat is one of the most
important crops in the world. At the same time, it is very sensitive to water shortage in its critical
growth stages. Acetylsalicylic acid is a relatively inexpensive substance which, when used in small
concentrations, may significantly contribute to limiting yield losses, especially in drought conditions.
In our study, we found that the acetylsalicylic acid at a concentration of 0.5 mM is much more favorable
for wheat compared to the concentration 0.3 mM. It significantly increases the yield of the crop and is
particularly beneficial when is used in the flag leaf growth stage. Acetylsalicylic acid has a positive
influence on the morphological and physiological processes in wheat, and substantially improves the
qualitative and quantitative properties of this crop.
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