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Abstract
The possibility of inducing resistance to the two-spotted spider mite, Tetranychus urti-
cae Koch, in ‘Gala’ apple trees growing under optimal fertilization or nitrogen-deficiency 
conditions was investigated. The effects of jasmonic acid (JA) at 1.5 and 2.5  mM, and 
acibenzolar-S-methyl (benzothiadiazole, BTH) at 0.5 and 1.5  mM, applied separately or 
together, on the fecundity of T. urticae females in a laboratory test as well as on the popu-
lation growth of the pest in a greenhouse experiment were determined. The influence of 
both elicitors on the induction of LOX and PAL gene expression was assessed in a parallel 
experiment using real-time PCR. Jasmonic acid showed significantly higher effectiveness 
in inducing apple tree resistance to T. urticae, as compared to BTH. This was particularly 
evident in the reduction in pest numbers that was observed in the greenhouse experiment 
and was also confirmed by increased LOX gene expression after treatment with JA. BTH 
induced the expression of the PAL gene more strongly than jasmonic acid; however, this 
was not reflected in the performance of the two-spotted spider mite in the laboratory and 
greenhouse experiments. It was also found that the antagonistic effect of BTH on JA might 
lead to decreased effectiveness of the jasmonic acid used to induce apple tree resistance to 
the two-spotted spider mite. Although nitrogen fertilization stimulated the development of 
spider mite populations, the resistance induction mechanism was more effective in N-ferti-
lized plants, which was especially evident at the higher jasmonic acid concentration.
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Introduction

Spider mites, including the two-spotted spider mite, Tetranychus urticae Koch, are 
harmful pests of apple orchards, which can build up very large populations causing 
severe economic losses. Such a situation often occurs in orchards with an imbalance 
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between pests and predators as a result of incorrect management using non-selective 
pesticides. For many years, there has been a tendency in agriculture to reduce the use of 
pesticides. It relates to the increasing public awareness concerning the negative effects 
of excessive use of chemicals in agriculture on the environment and human health. With 
the increased interest in limiting the use of pesticides, the integrated pest management 
(IPM) method of suppressing populations of pathogens or pests has been developed. 
Due to the limitation in the number of active substances allowed for use in plant protec-
tion, alternative methods of controlling agrophages have been sought in recent years. 
One of them relies on inducing the natural defence mechanisms in plants.

The induction of plant resistance mechanisms to many stresses, including pathogens 
and pests, is a very complicated process. It is generally considered that salicylic acid 
(SA) and jasmonic acid (JA) with the participation of ethylene (E) are the main signal 
molecules that regulate the expression of many defence genes (Bari and Jones 2009; 
Gimenez-Ibanez and Solano 2013). Salicylic acid is regarded as a signal molecule in 
plant defence against biotroph pathogens (Bari and Jones 2009; Smith et al. 2009) and 
can thus be used in plant protection practice. For example, acibenzolar-S-methyl (ben-
zothiadiazole, BTH), a functional analogue of SA, has been commercialized and proved 
to be useful in the protection against fire blight of apple and pear trees (Maxson-Stein 
et al. 2002; Norelli et al. 2003; Sparla et al. 2004; Bazzi et al. 2006).

The first enzyme in the SA biosynthesis pathway is phenylalanine ammonia lyase 
(PAL). PAL is known to be induced by many stresses such as salinity stress, low tem-
peratures, tissue wounding and pathogen attack (Campos-Vargas and Saltveit 2002; 
Dehghan et al. 2014; González-Candelas et al. 2010; Nyaka Ngobisa et al. 2016; Pääk-
könen et al. 1998; Sayari et al. 2014; Valifard et al. 2015). Phenylalanine ammonia lyase 
converts l-phenylalanine to ammonia and trans-cinnamic acid, leading to biosynthesis 
of phenylpropanoid natural products such as lignin, pigments, flavonoids, and phyto-
alexins, via phenylpropanoid and flavonoid pathways (Solecka and Kacperska 2003). 
The PAL enzyme seems to have an important role in plant defence against herbivorous 
insects and mites. Increased expression of PAL was detected in tomato as a result of spi-
der mite feeding (Ament et al. 2004). Similarly, an increased level of PAL gene expres-
sion was observed during the feeding of aphids on Arabidopsis (Moran and Thompson 
2001).

On the other hand, there is plenty of evidence that indicates the participation of jas-
monic acid (JA) or its derivatives in triggering defence responses of different plants against 
herbivores, including spider mites (Li et  al. 2002, 2004; Omer et  al. 2001; Thaler et  al. 
2002; Bari and Jones 2009; Zhurov et al. 2014). One of the first steps in JA synthesis is 
oxygenation of alpha-linolenic acid with the participation of lipoxygenase (LOX). This 
enzyme is involved in many plant defence responses (Wasternack and Hause 2013). Ele-
vated expression of the LOX gene has been observed in T. urticae infested plants (Miyazaki 
et  al. 2014). It has also been found that exogenous jasmonic acid application causes an 
increase in the expression of the LOX gene (Porta et al. 1999; Yang et al. 2012).

Recent studies have shown that it is possible for both salicylic acid to participate in 
responses associated with pest infestation and for jasmonic acid to participate in defence 
responses associated with pathogen infection. It has been demonstrated that SA or BTH 
are involved in defence responses to phloem-feeding or piercing-sucking herbivores, e.g., 
against aphids on tomato (Boughton et al. 2006; Cooper et al. 2004) and two-spotted spider 
mites on beans and tomatoes (Choh et al. 2004; Favaro et al. 2019). On the other hand, jas-
monic acid seems to be an effective elicitor of resistance to necrotrophic pathogens (Thaler 
et al. 2004). However, the use of resistance inducers in practice poses difficulties.
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The complexity of the mechanism of resistance induction in plants is the reason why 
the effectiveness of this process cannot satisfy the expectations of growers. The results 
of the induction depend on many factors, including plant species, concentration of elici-
tor, or phenological stage of the plant. It has been found that nitrogen fertilization can 
reduce the level of secondary metabolites in plant tissues and cause increased suscepti-
bility of plants to pathogens or pests (Koricheva 2002; Herms 2002; Throop and Lerdau 
2004). The situation is complicated by the antagonistic interplay between JA and SA 
in plant defence response (Koornneef and Pieterse 2008; Smith et al. 2009; Gimenez-
Ibanez and Solano 2013). This has been demonstrated in a series of herbivore-pathogen 
systems for model plants (Thaler et al. 2012).

The aim of the experiments reported in this paper was to investigate the impact of 
JA and BTH applied to apple trees grown under the conditions of optimal fertilization 
with nitrogen and under deficiency of this component on the population of the two-spot-
ted spider mite. Additionally, we studied the mutual relationship between the applied 
defence elicitors by assessing the expression of the PAL and LOX genes encoding key 
enzymes involved in salicylic acid and jasmonic acid biosynthesis.

Materials and methods

Plant treatments

Experiments were performed in a greenhouse on 2-year-old apple trees cv. ‘Gala’ 
grafted on M.9, which were grown in 5  l containers filled with a mixture of sand and 
peat in a ratio of 4:1. The average number of leaves on the trees at the start of the 
experiments was 25. The experiments were used to study the impact of two factors: 
elicitor application and nitrogen fertilization. The elicitor factor was used in nine vari-
ants: 1.5 or 2.5 mM solution of JA (JA1, JA2); 0.5 or 1.5 mM solution of BTH (BTH1, 
BTH2); JA and BTH applied at concentrations of 1.5 and 0.5 mM (JA1BTH1) or 2.5 
and 1.5 mM (JA2BTH2); controls for JA (1% acetone; KJA), BTH (water; KBTH) and 
untreated plants (K). Bion 50 WG was used as a source of BTH. The trees were sprayed 
with the experimental solutions using a hand sprayer. The fertilization factor appeared 
in two variants: deficient (N1) and optimum (N2) nitrogen fertilization.

Each tree was fertilized with 0.5 g of potassium sulfate (52%  K2O) and 0.4 g of mag-
nesium sulfate (16% MgO) every 2 weeks. In addition, at the same intervals, the trees 
of the N2 combination were fertilized with nitrogen at a dose of 0.15 g of ammonium 
sulfate (20.8% N). Phosphorus was added once in the amount of 1  g superphoshate 
(46%  P2O5) per 5 L of the substrate. The above doses of applied nutrients and modes of 
their application corresponded with the fertilizer recommendations proposed by Wójcik 
(2018) for high-density apple orchards established on coarse-textured soil with a low 
status of both organic matter and available phosphorus, potassium and magnesium. 
Plants were irrigated depending on the moisture content of the substrate using a drip 
line system.

The trees treated in the above manner were used in the experiment on the influence 
of the elicitor and fertilization factors on the fecundity of the two-spotted spider mite 
and the development of its population. In a parallel experiment carried out on different 
apple trees, the expression of the PAL and LOX genes was analyzed.
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Development of Tetranychus urticae populations on potted apple trees

The day after treatment with elicitors, the plants were infested with T. urticae females that 
had been reared on bean plants. Ten specimens of two-spotted spider mite females were 
introduced onto each tree. After 4 weeks, all leaves from each tree were collected and the 
mites were brushed off using a mite-brushing machine (Henderson and McBurnie 1943). 
The mites (eggs as well as all other developmental stages together) were counted under a 
binocular microscope. Each of the experimental treatments was performed in 8 replicates 
(trees) and the entire experiment was performed in a completely randomized design.

Fecundity test

The leaves for the fecundity test were taken from the same trees on which the development 
of the population of spider mites was analyzed. The fecundity test was performed in an 
environmental chamber at 22 ºC, 75% relative humidity, and a 16:8  h light/dark photo-
period. Plexiglas™ breeding cages (1 cm diameter) were placed on the leaves whose stalks 
were dipped in tubes filled with water. Two-day-old inseminated females of T. urticae 
reared on bean were placed separately in cages on the lower surface of the leaf. The eggs 
laid were counted after 3 days. Each of the experimental treatments was performed in 12 
replicates (12 leaves from eight trees).

RNA extraction and gene expression analysis

For gene expression analysis, three leaves were taken from the middle part of the shoot of 
each of the eight trees belonging to the experimental combination. The analyses were per-
formed on pooled samples in three replications. Leaves were collected directly into liquid 
nitrogen, ground in liquid nitrogen, and stored at − 80 °C. The leaves were sampled 2 and 
14 days after elicitor treatment. Total RNA was extracted from the leaf samples according 
to Chang et al. (1993) and then digested with RQ RNase-Free DNase (Promega) according 
to the manufacturer’s instructions. The RNA samples were purified from the reaction mix-
ture using RNeasy Mini Kit (Qiagen) according to the protocol for RNA clean-up. Con-
centration and purity of the RNA was examined spectrophotometrically in triplicate and by 
electrophoresis in agarose gel. From each RNA sample, 1 µg was reverse-transcribed using 
M-MLV reverse transcriptase (Promega) and oligo(dT)15 primer (Promega) in a 25-µl reac-
tion volume, and the obtained cDNA samples were used in gene expression analyses.

The analysis assessed the expression of the genes encoding the lipoxygenase (LOX) and 
the phenylalanine ammonia-lyase (PAL) enzymes. The gene expression analysis was per-
formed using the quantitative real-time PCR technique. As a reference gene, the constitu-
tively expressed 18 s rRNA gene was applied (Warabieda et al. 2015). Primers for PAL, 
LOX and 18 s rRNA qRT-PCR were designed based on apple cDNA sequences available 
in GenBank (NCBI, National Center for Biotechnology Information; http://www.ncbi.
nlm.nih.gov). The accession numbers of sequences, sequences of primers and lengths of 
amplification products are presented in Table 1. Quantitative RT-PCR was carried out in 
Rotorgene 6000 (Corbett Research) using KAPA™ Sybr Fast qPCR Master Mix (Kapa 
Biosystems) in a total volume of 20 µl. Annealing temperature for all primers was 60 °C. 
The melting curves of the amplified products were analyzed at the end of each PCR, the 
analysis being carried out at 72–95 °C, with temperature raised by 1 °C/5 s. For the PCR 
efficiency calculation and generation of the standard curve (correlation coefficient > 0.99), 
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four 10-fold dilutions of cDNA were run together with analyzed samples. All qRT-PCR 
reactions were done with three technical replicates. Amplification products were addition-
ally analysed by electrophoresis in 2.5% agarose gel and commercially sequenced to con-
firm their identity/homology with respect to the original sequences. For relative quantifica-
tion, the standard curve method was applied (Larionov et al. 2005). The relative mRNA 
level of PAL and LOX was normalized with respect to the 18 s rRNA reference gene. All 
calculations were done using the Rotor-Gene 6000 Series Software 1.7.

The effect of elicitor treatment on the LOX and PAL gene expression levels was esti-
mated by comparison with the expression levels of these genes in control plants. For the 
JA and simultaneous JA and BTH (JABTH) treatments, the comparison was done rela-
tive to the KJ control (1% acetone), for the BTH treatments—relative to the KBTH control 
(water). The incidence of mutual relations between JA and BTH (antagonism, synergism, 
or lack of relation) was estimated. The influence of JA on BTH was assessed by compar-
ing gene expression in plants after the concomitant use of both elicitors (JABTH) with the 
expression of the genes after the application of BTH alone. The effect of BTH on JA was 
determined by comparing gene expression in the plants treated with JABTH versus in those 
treated with JA alone.

Statistical analysis

The results of the experiments were subjected to a two-way ANOVA (elicitor × N-fertili-
zation). For the stabilization of variance, logarithmic or Box-Cox transformation (Osborne 
2010) was used when necessary. The means were separated using Duncan’s multiple range 
test at α = 0.05. Statistical analysis was performed with  the STATISTICA v.13 program 
(StatSoft, Tulsa, OK, USA).

Results

Fecundity test

Two-way ANOVA revealed that the application of elicitors had a significant impact on the 
fertility of female spider mites  (F8,168 = 4.67, p < 0.001). On the other hand, the N-fertili-
zation factor was non-significant  (F1,168 = 0.96, p = 0.33). The least number of eggs laid 
by females of T. urticae was found on the leaves treated with jasmonic acid at 2.5 mM. 
This was particularly pronounced in the case of the leaves collected from N-deficient trees, 

Table 1  Primers used in the study

Gene Primer sequences (5′ → 3′) Product size 
(bp)

GenBank number

LOX Forward: TTC GGA ACT CCA ATC CTG GTG GAA 
Reverse: GTT GAT TGC TGC ATG ATG GGC TGA 

157 GO527734

PAL Forward: TAT CGA CCC AAT TCT GGG TTG CCT 
Reverse: ATG CAG CAT GTA AAC CGT GAC GTG 

85 X68126
MT819947

18S rRNA Forward: CGC GCA AAT TAC CCA ATC CTG ACA 
Reverse: TTG CCC TCC AAT GGA TCC TCG TTA 

125 DQ341382
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wherein the average number of eggs observed after 3 days of the experiment was 4 (Fig. 1). 
There were no significant differences between the fecundity of T. urticae females feeding 
on the leaves treated with all the other solutions of elicitors in comparison with the control 
combinations.

Because the two-way ANOVA revealed that the interaction of elicitor × N-fertilization 
was not significant  (F8,168 = 0.48, p = 0.87), in order to better illustrate the relationship 
between the elicitors and fecundity of the mites, the means for this experimental factor 
were presented in a graph. It showed that the smallest number of eggs was found on the 
leaves treated with JA2 (Fig. 2). The addition of BTH at the higher concentration resulted 
in some increase in the fecundity of female mites on apple leaves (treatment with JA2BTH2 
vs. JA2); however, the difference was not significant. The same situation was observed for 
the JA1 and JA1BTH1 treatments. On the other hand, the highest number of eggs was laid 
by mites on the leaves treated with the BTH1 solution (Fig. 2).

Influence of elicitors on the development of Tetranychus urticae populations

The treatment of plants with the elicitors had a significant impact on the development of spider 
mite populations in the experiment carried out on the potted plants  (F8,121 = 7.09, p < 0.001). 
Four weeks after spraying the trees with the elicitors, the least number of mites was found on 
the trees treated with jasmonic acid. This was particularly evident in the case of JA1 applied 
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Fig. 1  Influence of elicitors and N-fertilization on the mean (± SE; n = 12) fecundity of Tetranychus urticae 
females. Means capped with the same letter do not differ significantly (two-way ANOVA followed by Dun-
can’s test: p > 0.05). JA1, 1.5 mM solution of JA; JA2, 2.5 mM solution of JA; BTH1, 0.5 mM solution of 
BTH; BTH2, 1.5 mM solution of BTH; JA1BTH1, JA and BTH applied at 1.5 and 0.5 mM, respectively; 
JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control for JA (1% acetone); KBTH, 
control for BTH (water); K, control (plants not treated); N1, N-deficient fertilization, N2, N-optimal fertili-
zation
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to the N-deficient trees and JA2-treated trees grown at both levels of N-fertilization (Fig. 3). In 
most cases, a lower number of spider mites was found on the trees sprayed with JA only than 
on the trees treated simultaneously with JA and BTH at the corresponding concentrations. 
This was confirmed statistically for JA1 vs. JA1BTH1 for the trees fertilized with nitrogen. As 
the interaction elicitor x N-fertilization was not significant  (F8,121 = 0.91, p = 0.51), the size of 
the spider mite population was also analysed taking into account only the main effect ‘elicitor’. 
Significantly more spider mites were found on the trees treated with JA + BTH compared to 
the trees treated only with JA (Fig. 4). This indicates the inhibitory effect of jasmonic acid on 
the pest population and the weakening of this effect by BTH.

N-fertilization had a significant effect on the development of two-spotted spider mite popu-
lations  (F1,121 = 9.83, p = 0.002). The mean number of spider mites was higher on N-fertilized 
plants (86.7) than on N-deficient plants (63.7). The highest efficacy, according to Abbott’s 
(1925) formula, in limiting T. urticae populations was obtained in the case of plant treatment 
with JA2, with the highest level achieved by applying JA2 to N-fertilized trees (Table 2).
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Fig. 2  Influence of elicitors on the mean (± SE; n = 12) fecundity of Tetranychus urticae females. Means 
capped with the same letter do not differ significantly (two-way ANOVA followed by Duncan’s test: 
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JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control for JA (1% acetone); KBTH, 
control for BTH (water); K, control (plants not treated)
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Gene expression

LOX gene expression

At the first sampling time-point, 2 days after treatment, elicitor  (F8,36 = 9.63, p < 0.001) 
and N-fertilization  (F1,36 = 227.45, p < 0.001) had significant effects, as well as their 
interaction  (F8,36 = 13.54, p < 0.01). Similarly, 14 days after treatment, elicitor  (F8,36 
= 2.61, p < 0.05) and N-fertilization  (F1,36 = 2.39, p < 0.001) had significant effects, as 
well as their interaction  (F8,36 =4.12, p < 0.01).

Generally, the expression of LOX was much higher in the plants growing in N-opti-
mal conditions. In N-deficient ‘Gala’ trees, no increase in LOX expression as a result 
of JA and/or BTH treatments was detected at both sampling time-point (Figs. 5 and 6). 
Up-regulation of LOX was observed in optimally N-fertilized ‘Gala’ trees 2 days after 
spraying with 1.5 and 2.5 mM JA (6.3- and 9.8-fold increse in relative expression in 
comparison with KJA plants, respectively). The effect decreased with time; 14 days 
after JA application, LOX expression was 2.7- and 5.5-fold higher than in the control in 
the plants sprayed with 1.5 and 2.5 mM JA, respectively.
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Fig. 3  Influence of elicitors and N-fertilization on the mean (± SE; n = 08) population size of Tetranychus 
urticae infesting apple trees. Means capped with the same letter do not differ significantly (two-way 
ANOVA followed by Duncan’s test: p > 0.05). JA1, 1.5 mM solution of JA; JA2, 2.5 mM solution of JA; 
BTH1, 0.5 mM solution of BTH; BTH2, 1.5 mM solution of BTH; JA1BTH1, JA and BTH applied at 1.5 
and 0.5 mM, respectively; JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control 
for JA (1% acetone); KBTH, control for BTH (water); K, control (plants not treated); N1, N-deficient fertili-
zation, N2, N-optimal fertilization
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The treatments with BTH also affected the level of LOX mRNA, but the effect was 
weak and was significant only in the plants sprayed with 0.5 mM BTH, both 2 and 14 
days after treatment. Simultaneous application of JA and BTH on ‘Gala’ apple trees 
did not markedly change the LOX expression pattern. A significant increase in the LOX 
mRNA levels relative to the control was observed only in the optimally N-fertilized 
plants treated with JA2BTH2 (2.6- and 2.7-fold increase, 2 and 14 days after spaying, 
respectively; Figs. 5 and 6).
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Fig. 4  Influence of elicitors on the mean (± SE; n = 08) population size of Tetranychus urticae infesting 
apple trees. Means capped with the same letter do not differ significantly (two-way ANOVA followed by 
Duncan’s test: p > 0.05). JA1, 1.5 mM solution of JA; JA2, 2.5 mM solution of JA; BTH1, 0.5 mM solution 
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control for BTH (water); K, control (plants not treated)

Table 2  Efficacy of elicitors in limiting the number of two-spotted spider mites on N-deficient and N-opti-
mal apple trees according to Abbott’s formula: % efficacy = (1 – T/C) * 100, where T = number of mites on 
the treated plants and C = number of mites on the untreated plants

a In relation to untreated trees (K)

Apple trees JA1 JA2 BTH1 BTH2 JA1 + BTH1 JA2 + BTH2

N-deficient (N1) 61.0a 58.4 49.1 23.5 26.5 29.0
N-optimal (N2) 44.7 71.3 41.3 − 0.8 − 22.5 48.1
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Mutual relationship between JA and BTH in the induction of LOX gene expression

Influence of JA on BTH (BTH vs. JABTH treatments)

In the case of trees growing under nitrogen deficiency, 2 days after elicitor application, 
the expression of LOX in the plants treated with JA1BTH1 was found to be similar to the 
expression of this gene after treatment with BTH1 alone. In contrast, LOX gene expres-
sion was almost 4-fold lower after treatment with JA2BTH2 than after spraying with BTH2 
alone (Fig. 5). The expression of the LOX gene observed 14 days after the application of 
BTH was not affected by JA regardless of the concentration of the elicitors (Fig. 6).

For the trees growing in the substrate with the optimum level of nitrogen, there were 
no significant differences in the expression of LOX between the plants treated with 
BTH1 and JA1BTH1, nor between those treated with BTH2 and JA2BTH2.

Influence of BTH on JA (JA vs. JABTH treatments)

In the trees optimally fertilized with nitrogen, 2 days after treatments, the addition of 
BTH (JA1BTH1 and JA2BTH2) significantly reduced the expression of the LOX gene 
compared to the expression of this gene in the plants treated with the corresponding JA 
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p > 0.05). JA1, 1.5  mM solution of JA; JA2, 2.5  mM solution of JA; BTH1, 0.5  mM solution of BTH; 
BTH2, 1.5  mM solution of BTH; JA1BTH1, JA and BTH applied at 1.5 and 0.5  mM, respectively; 
JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control for JA (1% acetone); KBTH, 
control for BTH (water); K, control (plants not treated); N1, N-deficient fertilization, N2, N-optimal fertili-
zation
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solutions alone. The same effect was observed 14 days after treatment, but only in the 
case of JA2 vs. JA2BTH2. For N-deficient trees, no significant effect of BTH on JA with 
regard to LOX gene expression was observed at either sampling time-point (Figs. 5 and 
6).

Generally, as far as the mutual relations between JA and BTH in the induction of 
LOX gene expression are concerned, there was a more frequent occurrence of an antag-
onistic influence of BTH on JA (three cases) than of JA on BTH (one case). This nega-
tive effect of BTH on JA was particularly evident 2 days after treatment on the trees 
fertilized with nitrogen. It should be noted that no synergy between JA and BTH in 
influencing LOX gene expression was found.

PAL gene expression

The effects of the two experimental factors on PAL gene expression were significant for 
both observation dates. At the first sampling time-point, elicitor  (F8,36 = 11.10, p < 0.001) 
and N-fertilization  (F1,36 = 159.84, p < 0.001) had significant effects, as well as their inter-
action  (F8,36 = 10.49, p < 0.01). Similarly, 14 days after treatment, the effect of elicitor 
 (F8,36 = 37.08, p < 0.01) and N-fertilization  (F1,36 = 68.40, p < 0.001) were significant, just 
as that of their interaction  (F8,36 = 34.69, p < 0.01).

a a a ab
abc abc ab ab ab

f

g

f

ef

def

f

bcd
cde

abcd

0

1

2

3

4

5

6

7

8

9

JA1 JA2 BTH1 BTH2 JA1BTH1 JA2BTH2 KJ KBTH K

R
el

at
iv

e 
ex

pr
es

si
on

 o
f t

he
 L

O
X

 g
en

e

N1 N2

Fig. 6  Mean (± SE; n = 03) relative expression of the LOX gene 14 days after elicitor treatment. Means 
capped with the same letter do not differ significantly (two-way ANOVA followed by Duncan’s test: 
p > 0.05). JA1, 1.5  mM solution of JA; JA2, 2.5  mM solution of JA; BTH1, 0.5  mM solution of BTH; 
BTH2, 1.5  mM solution of BTH; JA1BTH1, JA and BTH applied at 1.5 and 0.5  mM, respectively; 
JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control for JA (1% acetone); KBTH, 
control for BTH (water); K, control (plants not treated); N1, N-deficient fertilization, N2, N-optimal fertili-
zation
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Two days after treatment, in N-deficient trees sprayed with JA2, BTH2 or JA2BTH2, 
a significant increase in the PAL mRNA level was found in comparison with the con-
trol treatments KJA, KBTH, and KJA. In the trees sprayed with BTH1 and JA1BTH1, a 
slight reduction in the relative expression of this gene in relation to the control trees was 
observed. On the other hand, in the N-optimal trees, a significant increase in PAL expres-
sion was found in the trees treated with JA2 and BTH1 (Fig. 7). Generally, at this sampling 
time-point, the expression of the PAL gene was higher in N-deficient trees than in N-opti-
mal trees.

Fourteen days after treatment, there was a clear increase in PAL gene expression in the 
trees sprayed with BTH at both concentrations, and, in contrast to the first sampling time-
point, it concerned only the N-optimal plants (Fig. 8); the level of PAL mRNA was 18- and 
22.1-fold higher in the plants sprayed with BTH1 and BTH2, respectively, as compared to 
KBTH control plants. In the other experimental combinations, no increase in PAL expres-
sion was detected at this sampling time-point.
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Fig. 7  Mean (± SE; n = 03) relative expression of the PAL gene 2 days after elicitor treatment. Means 
capped with the same letter do not differ significantly (two-way ANOVA followed by Duncan’s test: 
p > 0.05). JA1, 1.5  mM solution of JA; JA2, 2.5  mM solution of JA; BTH1, 0.5  mM solution of BTH; 
BTH2, 1.5  mM solution of BTH; JA1BTH1, JA and BTH applied at 1.5 and 0.5  mM, respectively; 
JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control for JA (1% acetone); KBTH, 
control for BTH (water); K, control (plants not treated); N1, N-deficient fertilization, N2, N-optimal fertili-
zation
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Mutual relationship between JA and BTH in the induction of PAL gene expression

Influence of JA on BTH (BTH vs. JABTH treatments)

As far as PAL gene expression is concerned, the most evident negative effect of JA on BTH 
treatments was found 14 days after elicitors application in the leaves of N-optimal trees and 
at both levels of elicitor concentrations (BTH1 vs. JA1BTH1, and BTH2 vs. JA2BTH2) 
(Fig. 8). Two days after elicitors application, the same effect was detected in the case of 
N-optimal trees treated with the lower concentrations of the elicitors (BTH1 vs. JA1BTH1) 
(Fig. 7).

Influence of BTH on JA (JA vs. JABTH treatments)

The antagonistic effect of BTH vs. JA on the PAL expression level was only found 2 days 
after elicitors application in the apple leaves sprayed with the lower concentrations of the 
elicitors (JA1 vs. JA1BTH1), regardless of the nitrogen supply (Fig. 7).

In general, as far as the interaction of JA and BTH on PAL gene expression is con-
cerned, the negative effect of BTH on JA was found in two cases, whereas that of JA on 
BTH in three cases. No synergistic effect of the BTH and JA treatments on PAL up-regula-
tion was found.
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Fig. 8  Mean (± SE; n = 03) relative expression of the PAL gene 14 days after elicitor treatment. Means 
capped with the same letter do not differ significantly (two-way ANOVA followed by Duncan’s test: 
p > 0.05). JA1, 1.5  mM solution of JA; JA2, 2.5  mM solution of JA; BTH1, 0.5  mM solution of BTH; 
BTH2, 1.5  mM solution of BTH; JA1BTH1, JA and BTH applied at 1.5 and 0.5  mM, respectively; 
JA2BTH2, JA and BTH applied at 2.5 and 1.5 mM, respectively; KJA, control for JA (1% acetone); KBTH, 
control for BTH (water); K, control (plants not treated); N1, N-deficient fertilization, N2, N-optimal fertili-
zation
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Generally, treatment of young ‘Gala’ apple trees with JA resulted in up-regulation of 
the LOX gene, and treatment with BTH resulted in up-regulation of the PAL gene, as com-
pared to the control. The induction of gene expression in the elicitor-treated trees was more 
pronounced in the plants regularly fertilized with nitrogen. The inducing effect on LOX and 
PAL expression observed in the plants sprayed with JA and BTH applied separately was 
eliminated in the plants treated simultaneously with JA and BTH, which indicates antago-
nism between the two elicitors.

Discussion

The mutual relationships between jasmonic acid, BTH and N-fertilization in the induction 
of resistance mechanisms in apple trees was analysed by determining the spider mite per-
formance as well as the expression of selected genes. The leaves collected for real-time 
PCR analyses came from trees not infested by the pest. We wanted to check how the tested 
elicitors change the expression of genes that may be related to resistance against the two-
spotted spider mite. If we had analysed the leaves inhabited by the spider mite, we would 
not be sure whether the changes in gene expression were the result of elicitors treatment 
or spider mites feeding. It is known that pests can induce plant resistance mechanisms in a 
similar, but not exactly the same way as elicitors can (Dicke et al. 1999). An open question 
is how the studied elicitors and spider mite feeding interact in the process of inducing the 
expression of various apple genes.

On the other hand, in experiments where the influence of applied elicitors on the fecun-
dity and growth of spider mite population was studied, changes in mite performance were 
proven. This must have been related to the induction of immunity in apple trees as there is 
no evidence that jasmonic acid or acibenzolar-S-methyl has a direct toxic effect on spider 
mites.

The final population size of the T. urticae in the greenhouse experiment depended on 
the plant’s defence response that occurred during the entire 4-week period of the experi-
ment. As the response of the plant changes over time, the analysis of LOX and PAL gene 
expression was therefore performed in our study at two time points, namely 2 and 14 days 
after elicitor application. On the other hand, the results of the 3-day fecundity test could be 
related only to the results of genes expression determined 2 days after elicitor application.

In contrast to the fecundity test, in the greenhouse experiment, not only the number of 
eggs, but also all developmental stages of the two-spotted spider mite were considered 
together. This approach allows a more reliable assessment of the influence of experimental 
factors on the reproductive potential of the mite, as the proportions of its various develop-
mental stages change over time.

The results of the fecundity test as well as those of the experiment conducted on pot-
ted apple trees indicated the important role of jasmonic acid in the induction of defence 
responses against T. uticae. The treatment of trees with a solution of jasmonic acid, espe-
cially at the higher concentration, diminished the performance of two-spotted spider mites 
(Figs. 1, 2, 3 and 4). The results obtained in both experiments are in agreement with the 
generally accepted opinion concerning the important role of jasmonic acid in triggering 
defence responses against herbivores (Rohwer and Erwin 2010). The negative effect of 
exogenous jasmonic acid on spider mite performance has been found in a number of stud-
ies on plants of different species (Thaler et al. 2002; Omer et al. 2001; Choh et al. 2004; 
Kawazu et al. 2012; Warabieda and Olszak 2010).
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In our study, the importance of jasmonic acid in the induction of defence responses was 
also indirectly confirmed by up-regulation of the LOX gene that was observed in the leaves 
of the trees treated with JA and fertilized with nitrogen. This was particularly unambiguous 
2 days after spraying (Figs. 5 and 6). The LOX gene belongs to the early response genes 
of octadecanoid pathway enzymes, as proved by other authors (Li et al. 2004; Heitz et al. 
1997). The LOX enzyme is crucial in the regulation of biosynthesis of jasmonates and, 
therefore, it is important in many immune responses, including plant resistance to spider 
mites (Wasternack and Hause 2013; Miyazaki et al. 2014). Our results seem to confirm the 
thesis that jasmonic acid induces the expression of LOX, which may be the cause of posi-
tive feedback and induction of the biosynthesis of JA, i.e., of itself (Feng et al. 2007; Xu 
et al. 2005).

Analyzing the mutual relationships between the elicitors in the induction of LOX 
gene expression, there were more cases of an antagonistic effect of BTH on JA than 
vice versa, i.e., JA on BTH. This antagonistic influence of BTH on JA was also evident 
in the potted plants in the greenhouse experiment. In general, the number of mites on 
the trees treated with JA + BTH was higher than on the trees treated with JA only. On 
the trees fertilized with nitrogen and treated with solutions of the elicitors at their lower 
concentrations, significantly more spider mites were observed on the JA1BTH1-sprayed 
trees in comparison with the trees treated exclusively using the lower concentration of 
JA (JA1) (Fig. 3). When the higher concentrations of the elicitors were used (JA2BTH2 
and JA2), the situation was similar, but the difference was not significant. Perhaps the 
jasmonic acid concentration factor turned out too influential in this case, masking the 
antagonistic effect of BTH. The possible effects of the concentrations of elicitors used 
simultaneously on resistance induction have been reported previously (Thaler et  al. 
2002; Mur et al. 2006). It is worth noting that, in the fecundity test, the inhibitory effect 
of BTH on resistance induction in apple by JA was not statistically proven. Perhaps it 
was influenced by the short duration of this experiment.

Some studies indicate the possibility of inducing plant resistance to pests using SA 
or BTH. This was demonstrated in pests with a piercing and sucking mouth apparatus, 
for example peach aphid (Myzus persicae) and potato aphid (Macrosiphum euphorbiae) 
on tomato (Boughton et  al. 2006; Cooper et  al. 2004). In the present study, the effect 
of BTH application on the fecundity of T. urticae females in the laboratory experiment 
was not very well pronounced. On the other hand, in the experiment with potted plants, 
fewer mites were found on the trees treated with the BTH solution at the lower concen-
tration than in the control plants (KBTH) (Figs.  3 and 4). Furthermore, a significant 
difference was found when the statistical analysis was carried out only for the elicitor 
factor (Fig. 4). It should be pointed out that in the case of the trees treated with BTH, 
the T. urticae mites were more abundant than on the trees treated with jasmonic acid, 
which was clearly evident after using the higher concentration of this compound. This 
indicates that JA, rather than BTH, has a significant role in the induction of apple resist-
ance to mites. This had also been the conclusion of other authors, e.g., in an experiment 
carried out on bean plants infested with two-spotted spider mites, in which the tested 
compounds were applied to the soil (Choh et  al. 2004). Similarly, a study conducted 
on apple trees in open field conditions demonstrated that although BTH restricted the 
population of the European red mite (Panonychus ulmi Koch), it was less effective than 
methyl jasmonate, a derivative of jasmonic acid (Warabieda 2015).

With respect to the PAL gene, the expression of which was studied in the present 
experiment, it should be emphasized that PAL, which is a key enzyme in the synthe-
sis of salicylic acid and plays an important role in SA-dependent defence to control 
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pathogens, may also be important in the defence responses against herbivores. In an 
experiment conducted on Arabidopsis, treatment of plants with BTH had not influ-
enced PAL expression within the first 3 days; however, expression of this gene signifi-
cantly increased after subsequent infection caused by Pseudomonas syringae pv. tomato 
(Kohler et  al.  2002). In contrast, an unambiguous determination of the impact of the 
elicitors used in our study on PAL gene expression was hampered because of its high 
variability depending on the sampling time-point and N-fertilization level (Figs. 7 and 
8). It is noteworthy that the high increase in relative PAL gene expression in nitrogen-
fertilized trees that was observed 14 days after spraying them with BTH solutions 
(Fig. 8) was not reflected in the parallel potted experiment. Although fewer spider mites 
were found on the trees treated with BTH than on the control trees (KBTH), the differ-
ences were not significant (Fig. 3).

Regarding the mutual relationship between BTH and JA in the induction of PAL gene 
expression, it was found that 14 days after treatments significantly lower expression of the 
PAL gene was observed on the plants treated concomitantly with JA + BTH used at the two 
tested concentrations, compared to the plants treated only with BTH. This may confirm the 
existence of antagonism between JA and BTH in the induction of the signal pathway asso-
ciated with salicylic acid, for which PAL is an essential element (Fig. 8).

It seems that due to the large variability in PAL gene expression, its measurement is not 
a good marker of apple resistance to spider mites or other pests. Similar conclusions had 
been put forward by Putthof et al. (2010) in their studies on tomato, in which they observed 
an increase in the expression of PAL after the whiteflies Bemisia tabaci and Trialeurodes 
vaporariorum were allowed to feed on the plants, but the level of expression of this gene 
was different depending on the experiment.

Our research indicates a stimulating role of nitrogen fertilization on the development 
of spider mite populations, which was particularly evident in the greenhouse experiment. 
In the fecundity test, the results were less meaningful, which could have been caused by 
too short a duration of the experiment. However, our results are a confirmation of other 
studies that indicate a stimulatory effect of nitrogen on the growth of spider mite popula-
tions (Suski and Badowska 1975; Wermelinger et al. 1985; Chow et al. 2009). This may 
result from a reduction in the level of chemical compounds associated with the constitutive 
defence of the plant (Herms 2002; Hol et al. 2003; Orians et al. 2003; Chen et al. 2008). 
On the other hand, there have been studies indicating that nitrogen fertilization can cause 
an increase in induced defenses of plants against pests (Glynn et al. 2003; Cipollini and 
Bergelson 2001). This phenomenon is confirmed in our research. Although nitrogen ferti-
lization stimulated the development of spider mite populations, the induction of resistance 
mechanisms was more effective in these plants. It was particularly pronounced in the plants 
after treatment with JA, which resulted in LOX gene up-regulation. A similar situation, 
but only at the second observation time-point, was found for the PAL gene after applica-
tion of BTH, but this was not clearly related to pest abundance. However, the increase in 
PAL gene expression may be related to enhanced resistance to pathogens, which had been 
observed in ‘Gala’ trees in our previous study, in which significant induction of PR apple 
genes (PR-1a, PR-2, PR-3) was found after treatment with BTH (Warabieda et al. 2015). 
Similarly, after application of SA, increased activity of defence-related enzymes, includ-
ing PAL, as well as elevated expression of five pathogenesis-related genes PR1, PR5, PR8, 
chitinase and β-1,3-glucanase were observed (Zhang et al. 2016).

Considering the potential use of the tested elicitors in limiting the numbers of the two-
spotted spider mite, attention should be paid to their effectiveness. Our study indicates that 
out of the experimental treatments applied, the highest efficacy was obtained after the use 
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of the higher concentration of jasmonic acid solution (JA2). However, in no case did the 
effectiveness of this elicitor exceed 80%. So, we can talk here about pest reduction rather 
than pest control.

On the other hand, the BTH solutions reduced plant infestation to a lesser extent, and 
in some cases an increase in spider mite abundance was observed, which was reflected in 
a negative value of effectiveness. The results also indicated an antagonistic relationship 
between BTH and JA. The efficacy of JA + BTH solutions in pest control was lower than 
that of the solutions containing only JA. This may indicate the need for some precaution 
when using BTH against pathogens on plants colonized by spider mites. The possibility of 
using jasmonic acid in the protection of apple trees against spider mites is also supported 
by our earlier studies, in which treatments with JA did not affect the growth and yielding of 
apple trees (Warabieda et al. 2015).

Unlike BTH, which has found commercial application, the use of jasmonic acid or its 
derivatives is problematic since they are oily substances immiscible in water. This disad-
vantage was overcome by the development of a patented method for obtaining water-solu-
ble salts. This has opened up the possibility of using jasmonic acid as plant activator also 
in combination with herbicides, pesticides, bioactive or biological seed treatment compo-
nents, and semiochemicals (Ghasemi Pirbalouti et al. 2014; Marks 2012).

Conclusions

Among the tested elicitors, jasmonic acid showed significantly higher effectiveness in 
inducing apple tree resistance to T. urticae, as compared to BTH. This was reflected 
both in the number of pests in the potted experiment and in the expression of the LOX 
gene. As far as the mutual relationship between the tested elicitors are concerned, an 
antagonism between JA and BTH was demonstrated. The antagonistic effect of BTH on 
JA may lead to decreased effectiveness of the jasmonic acid used to stimulate the resist-
ance of apple trees to the two-spotted spider mite while using BTH against pathogens. 
The study showed that it was possible to reduce the population of the two-spotted spider 
mite on apple trees by using a solution of jasmonic acid as an elicitor of resistance.
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