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1. Introduction
Treatment with bioactive products may induce a resistance 
in plants to infection. According to the definition common in 
the medical sciences, an immunomodulator is a compound 
that interacts with the immune system and upregulates 
or downregulates the host response (Tzianabos, 2000). 
However, sometimes the effects of immunomodulators 
are unstable or even ambiguous, thereby preventing their 
widespread use in plant protection (Ozeretskovskaya and 
Vasyukova, 2002). Treatment with a high concentration of 
salicylic acid (SA), a classic resistance inducer, stimulated 
susceptibility to late blight in potato (Vasyukova et al., 1996). 
Moreover, induced resistance with low concentrations of SA 
was replaced with sensitivity after a certain period of time. 
Paradoxically, the treatment of initially resistant plants 
with some adaptogens can reduce their adaptive potential 
(Gudkovskii et al., 2002). Applying stress protectors 
upregulated or downregulated plant resistance in leaves of 
different ages or infected with different pathogens (Smolin 
and Saveliev, 2007; Khairullin et al., 2009). A prerequisite 
for effective disease control mediated by induced resistance 
is the use of “appropriate elicitors at the right time and at the 
right frequency for responsive crop cultivars” (Walters et al., 
2013). However, this is not always easy to put into practice.

The direction of immunomodulation of exogenous 
bioactive products seems to depend on the physiological 
status of plant and is controlled  by  plant hormones. A 
considerable number of microbial pathogens produce 
phytohormones and could manipulate plant defenses 
(Kazan and Lyons, 2014; Shen et al., 2018). A considerable 
number of pathogenic microorganisms are capable of 
producing cytokinins (Hu and Rijkenberg, 1998; Chanclud 
et al., 2016). Treatment with exogenous cytokinins may 
simulate the natural modulation of cytokinin metabolism 
in infected plants. However, experimental data on 
immunomodulation with these substances have been 
contradictory. Thus, a cytokinin may be either a negative 
(Cole et al., 1970; Edwards, 1983; Vizarova, 1987) or a 
positive (Levin, 1984) regulator of plant susceptibility. 
Recent studies have shown that exogenous application of 
cytokinins or a change in their concentration in transgenic 
plants can have an ambiguous immunomodulating effect 
due to influencing the SA pathway of resistance (Argueso 
et al., 2012; Naseem et al., 2014, 2015; Arnaud et al., 2017). 
In this case, cytokinin-activated B-type response regulators 
(ARRs) stimulate the SA pathway, including the expression 
of specific markers similar to PR1 (Choi et al., 2010; Jiang 
et al., 2013). In contrast, A-type regulators, which are also 
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activated by cytokinins, reduce resistance to pathogens 
due to downregulation  of  SA-dependent responses. In 
addition, the activation of cytokinin signaling can reduce 
innate immunity to Pseudomonas syringae in Arabidopsis 
by inhibiting accumulation of the flagellin receptor FLS2 
(Hann et al., 2014).

At least some of the problems may be studied in the 
framework of the complex concentration curve. Dose-
response curves for different processes are usually 
described by a monotonic increasing or decreasing 
function. However, multiphase dose-responses with 
opposite effects for low and high doses are also common 
in animals and plants (Calabrese and Blain, 2009). Some 
concentration effects were described with an optimum 
(bell-shaped or U-shaped) curve. For enzymatic reactions, 
U- or inverted U-shaped dose-response curves appear as 
the result of a 2-site model of substrate inhibition in which 
one binding site is inhibitory (Hutzler and Tracy, 2002).

Indole acetic acid in growth medium stimulated 
colonization of a resistant tobacco callus by Phytophthora 
parasitica, but development of the fungus sharply decreased 
when the phytohormone was outside the optimal range 
(Haberlach et al., 1978). Other examples of such dose-
responses are the effect of kinetin and kinetin-riboside 
on amaranthine accumulation (Vallon et al., 1989), and 
cytokinin action on indole acetic acid oxidase in tobacco 
callus tissues (Lee, 1971).

A dose-response curve with 2 optimum concentrations 
was obtained for the action of epibrassinolide on the 
growth of wheat roots (Shakirova et al., 2002). Inhibition of 
Magnaporthe grisea appressoria by hydrogen peroxide had 
the main maximum at 10 mM and one or two peaks at 10–8 
to 10–6M or less (Aver’yanov et al., 2007). Some elements 
of a dose-response with several extremes were present in 
the action of pectinase and chitosan on electrolyte leakage 
from cells, metabolic efficiency, phenolic content, and 
catalase in the callus of winter oilseed rape (Plazek et 
al., 2003). There were multiple local extremes on dose-
response curves of the action of 6-benzylaminopurine 
and kinetin on chlorophyll content in barley leaves 
(Schistad and Nissen, 1984). Earlier, the author observed 
dose-response for cytokinin immunomodulation in the 
powdery mildew–wheat plant pathosystem, which had 
a resistance region flanked by two regions of increased 
susceptibility (Babosha, 2009, 2012). Similar cytokinin 
dose-response curves were obtained for the number of 
normal appressoria and for the size of halos induced by 
the powdery mildew fungi at the sites of entry (Babosha 
et al., 2009).

Two metabolic processes with substrate inhibition 
connected in series were suggested to produce 
concentration curves of complex shape (Gurevich, 2001). 
Positive and negative feedback loops are quite common 

in hormonal regulatory systems (Vlot et al., 2009), and 
should manifest themselves in complex concentration 
dependencies for a variety of bioactive compounds. The 
fact that they have rarely fallen into the field of view of 
previous researchers could be explained by technical 
problems, the need for a large number of trials with 
different concentrations, and the difficulty of statistical 
validation of the effects. 

A mathematical model that reproduced multiphase 
dose-response curves of different shapes including 
curves with two maxima and minima has been developed 
(Babosha, 2009). According to this model, even minor 
changes in the values of cytokinin supply or degradation 
may promote unpredictable changes in the shape of 
the dose-response curve. A numerical simulation 
demonstrated the possibility of a shift along the X-axis 
of one of the peaks and gradual transformation of curves 
with a maximum of resistance to curves with a maximum 
of susceptibility. Experimental  verification  of  the  model 
showed similar variations in the shape of zeatin dose-
response curves after changes in mineral nutrition or 
simultaneous treatment with thidiazuron.

There are investigations that have also demonstrated 
dramatic changes in the shape of the dose-response 
curve. Normal callus tissue of Arabidopsis and each of 
several hormone autonomous tumor lines of tobacco and 
Arabidopsis displayed a unique set of growth responses 
to exogenously supplied growth regulators, ranging from 
monotonous decreasing dose-response curve to a curve 
with a maximum (Hansen and Meins, 1986; Campell and 
Town, 1991).

Though numerous reports have attributed monotonous 
dose-response inhibition to cytokinins in root growth, a 
plateau-like region in the middle part of the concentration 
curve has been observed in several studies (Plakidou-
Dymock et al., 1998; Kuroha et al., 2002). The inhibition 
of the growth of Arabidopsis seedlings by chitosan also has 
a plateau-like region on the concentration curve (Lopez-
Moya et al., 2017). The low concentration of chitosan, which 
corresponded to the plateau-like region, simultaneously 
promoted maximum expression of the auxin transport 
gene PIN1 and the auxin signaling gene ARF1. Such 
a region was also inherent for cytokinin inhibition of 
tobacco seedlings of the wild type (Werner et al., 2001). 
However, overexpression of the cytokinin oxidase genes 
from Arabidopsis thaliana resulted in partial resistance 
of transgenic roots to cytokinin and the disappearance of 
the plateau-like segment on the inhibition curve (Werner 
et al., 2001). On the contrary, the dose-response curve 
for cytokinin inhibition in roots of wild-type Arabidopsis 
had no plateau-like region (To et al., 2004). Multiple 
insertion mutants with T-DNA insertions in 6 of the 
type-A Arabidopsis cytokinin response regulators (ARRs) 
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were constructed and showed progressively increasing 
sensitivity to cytokinin. The appearance of the plateau-like 
region was correlated with simultaneous loss-of-function 
of both arr3 and arr4 alleles. Interestingly, the T-DNA 
insertion mutant that affected the RPN12a subunit of 
the Arabidopsis regulatory particle demonstrated the 
unexpected ability of cytokinin to stimulate the elongation 
of mutant roots at low concentrations (Smalle et al., 2002).

Plants are known to exist in unstable environments. 
Abiotic stress or elicitors of pathogen origin may induce 
protective reactions. Thus, some degree of induced 
resistance is usual for plants under field conditions 
(Walters et al., 2013). SA accumulates in plant tissues 
following pathogen infection and induces SA-mediated 
defense signaling pathways (Gaffney et al., 1993). Early 
synthesized stress compounds should affect metabolism 
of cytokinins and, accordingly, the shape of concentration 
curves for various manifestations of the activity of 
exogenous cytokinins. Such a situation could be modeled 
when a plant is exposed to mixtures of zeatin and additional 
immunomodulators.

The objective of this study was to investigate 
concentration-response dependences of some bioactive 
substances and zeatin in wheat leaves infected with 
powdery mildew.

2. Materials and methods
2.1. Plant material and growth conditions
Wheat seeds (Triticum aestivum L. ‘Zarya’) were germinated 
in rollers of filter paper in Knop’s solution. Seedlings were 
cultivated in greenhouse conditions at 20–25 °C under 
natural illumination from the end of February to June with 
additional illumination (3400 lx, 16-h photoperiod).
2.2. Pathogen inoculation
Two-week-old plants were inoculated with the pathogen 
Blumeria graminis f. sp. tritici (formerly Erysiphe graminis 
f. sp. tritici) by gently shaking infected plants over the 
seedlings. A special modification of the inoculation 
procedure using several new bunches of infected plants 
provided a uniform infection, as described in an earlier 
study (Babosha, 2009). Only the first true leaves of 
seedlings were used to count numbers of colonies as they 
have the most equalized initial susceptibility. 
2.3. Treatments with inducers
Immediately after inoculation, bunches of seedlings in 
filter paper rolls were placed in Knop’s solution with the 
addition of the test substances. For the first 2 days of 
treatment, the experimental plants were placed in a moist 
chamber.

The stock solution of zeatin (Sigma) was prepared 
by dissolving 1 mg in 1 mL of 96% ethanol. Plant 
oligoadenylates (POAs) were synthesized from ATP 
using a plant enzyme preparation immobilized on dsRNA 

cellulose, followed by removal of most unreacted ATP on a 
DEAE-cellulose column and collecting the fraction eluted 
with 0.4 M NaCl, as described earlier (Babosha et al., 1991). 
POA stock concentration (4 mkM) was estimated from the 
ATP extinction coefficient. The stock solution of salicylic 
acid (SA) in distilled water (6 mg/mL) was neutralized 
with NaOH to prevent an effect on the pH value of culture 
medium.

As the quantity and quality of conidial inoculum were 
constant in the same experiment because of the inoculation 
method, the surface density of colonies represents 
estimates of plant susceptibility in experimental variants. 
Total numbers of colonies were counted on 7.5-cm-long 
segments of abaxial and adaxial sides of the leaf, and leaf 
widths were measured using a binocular microscope 5–7 
days after inoculation. For each treatment, an average value 
for the surface density of colonies was obtained from 8–20 
leaves (15–30 leaves in the control). The sums of values on 
the abaxial and adaxial sides of leaves were expressed as 
mean numbers of colonies per cm2 or as a percentage of 
the average value of control cases.
2.4. Statistical analysis
ANOVA was performed, followed by Newman–Keuls, 
Dunn, or Dunnett post hoc tests. The visual extreme point 
of a complex dose-response dependence was marked 
as statistically significant if there was at least one point 
simultaneously on both the ascending and descending 
branches (for higher and lower concentration, rightward 
and leftward on the abscissa), which had a statistically 
significant difference from the ordinate extremes at P 
< 0.05 (Babosha, 2012). An unpaired t-test as a softer 
estimation and Newman–Keuls or Dunn tests as a stricter 
estimation of reliability for these comparisons were used. 
MS Excel 2003 and S-Plus software were used for statistical 
computations.

3. Results
Obviously, the internal physiological state of plants 
and powdery mildew inocula varies. This may result in 
concentration curves with a slightly different shape and 
with a different general direction of immunomodulation 
when treated with exogenous substances. Several typical 
zeatin curves in Figure 1 demonstrate the main varieties 
in the form of cytokinin concentration curves, which we 
observed earlier among more than 70 curves obtained 
with different cytokinins and with changing experimental 
conditions.

Line 1 in Figure 1 represents a dose-response curve 
with a region of increased resistance flanked by 2 regions 
of increased susceptibility. However, on a similar curve 
(line 4) with 2 maxima of susceptibility, there is no 
immunomodulating activity at the minimum point 
between them. Two of the curves were observed entirely 
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in the regions of positive (line 3) or negative (line 2) 
immunomodulation. Despite the high variability, the 
shape of the curves had a statistical justification in 
each independent experiment (Figure 1). Most of the 
visual extreme points had significant differences from 
untreated controls or from the points of higher and 
lower cytokinin concentration. Thus, the treatment with 
cytokinin may result in both a significant increase and 
a significant decrease in plant resistance in the same 
(line 1) or in different experiments (lines 2 and 3). All 
of the concentration dependences were nonlinear and 
nonmonotonic and had a minimum of relatively increased 
resistance flanked either with distinct maxima or with 
regions of relatively higher susceptibility.

The results of 3 independent experiments for testing the 
activity of SA in our model system are presented in Figure 
2. The immunomodulatory effect of the substance strongly 
depended on the concentration. The dose-response curves 
were not monotonous and were similar in shape to zeatin 

curves. Visual minima at 20 µM SA were observed in all 
3 experiments. Additionally, all of the curves had 2 visual 
maxima of varying degrees of severity at the same or similar 
concentrations of SA. All 3 extremes of the upper curve were 
separated from adjacent points with significant differences 
(unpaired t-test). A nearly 2-fold increase in the number 
of pathogen colonies compared to untreated controls was 
observed at the maxima. On curve 2, there was a minimum 
at 20 µM SA that was statistically different from the points of 
higher and lower concentration when a Newman–Keuls test 
was used for multiple comparisons. Only this concentration 
of SA showed significant inhibition of powdery mildew 
colonies when compared with the untreated control. SA 
concentrations exceeding this level had no significant 
inhibition and even showed a nonsignificant stimulating 
effect. On the contrary, all of the concentrations of SA in 
experiment 3 were inhibitory, but their value did not exceed 
statistically significant levels. Thus, the differences in the 
general direction of immunomodulation in independent 
experiments were associated with different general positions 
along the Y-axis of similar concentration curves.
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Figure 1. Variability of dose-response curves of zeatin for the 
number of powdery mildew colonies (percentage of untreated 
control) obtained in different experiments. Wheat seedlings were 
placed on Knop solutions supplemented with different amounts 
of zeatin immediately after inoculation. The mean numbers of 
colonies per cm2 in control leaves (100%) were 1.0, 53.8, 0.7, and 
24.1 for curves 1–4, respectively. LSD values (least significant 
difference at P = 0.05) expressed in percentage of corresponding 
control values were 100.8, 54.2, 362.5, and 42.9 for curves 1–4, 
respectively. The filled markers designate data points significantly 
different from untreated controls at P < 0.05 according to Dunnett 
tests. The large markers designate significant extremes according 
to Newman–Keuls tests at P < 0.05.
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Figure 2. Effect of salicylic acid (SA) on the number of powdery 
mildew colonies (percentage of untreated control ± SE). Wheat 
seedlings were placed on Knop solutions supplemented with 
fixed amounts of SA immediately after inoculation. 1, 2, 3: 
Results of 3 independent experiments. The mean numbers ± 
SE of colonies per cm2 in control leaves (100%) were 5.1 ± 0.5, 
86 ± 3, and 1.5 ± 0.3 for curves 1–3, respectively. The separate 
points with ordinates 100% on the left show the error values in 
untreated controls (percentage). The filled markers designate 
the data points that are significantly different from untreated 
controls at P < 0.05 according to Dunnett tests. The large marker 
designates a significant extreme according to the Newman–
Keuls test at P < 0.05. The asterisks designate extreme points 
significantly different from the other points with both higher and 
lower concentrations according to unpaired t-test (P < 0.03).
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 Inhibition of powdery mildew development was 
also observed after wheat seedlings were placed in Knop 
solution supplemented with different amounts of POAs. 
The dose-response curves showed a nearly U-shaped form 
(Figure 3) with significant inhibiting effects on colony 
densities at the points of visual minima. The mean numbers 
of pathogen colonies in the points of visual minimum and 
maximum on curve 1 were statistically different from the 
values at higher and lower concentrations according to the 
unpaired t-test. Thus, curve 1 demonstrated some signs of 
a more complex shape. However, the stimulation in the 
putative maximum was not significant when compared 
to the untreated control. The visual minimum on curve 2 
(10–10 to 10–11 М) included 2 experimental points, which 
were both significantly different from the untreated 
control. In this test, most of the putative ascending branch 
of the minimum seems to be outside the investigated 
concentration range. 

Changes in the form of the immunomodulation curve 
of zeatin in the presence of fixed amounts of SA are shown 
in Figure 4. The single-agent dose-response dependence 
for zeatin in this experiment was defined with one peak 
curve. However, upon treatment with a high enough 
concentration of SA (100 µM), a curve with 2 maxima and 
minima was observed. The first maximum appeared to be 
the same as the other two curves but shifted to the right. 
The second one was new.

SA alone at 20 µM induced resistance, consistent with 
the data in Figure 2. However, in combination with zeatin, 
this concentration loses its activity. There were no essential 
differences in the number of powdery mildew colonies 
between the points of dose-response curves of zeatin with 
or without 20 µM SA. Furthermore, 100 µM SA without 
cytokinin produced only a nonsignificant decrease (Figure 
2, line 3, and Figure 4) or increase (Figure 2, lines 1 and 2) 
of plant susceptibility to the pathogen. However, 100 µM 
SA showed strong upregulation of susceptibility at 1 and 
3 µM zeatin when compared to the data of concomitant 
zeatin concentrations without SA. One may suppose 
that the experimental model with the application of 
exogenous cytokinin represents the physiological status 
of the plant with increased cytokinin concentrations. 
Thus, immunomodulation activity of SA may depend on 
cytokinin regulation. 

Subsequent experiments with mixtures of zeatin and 
POAs were carried out in 2 variants: 1) 16/8 h of light/
dark cold fluorescent illumination (Figure 5A); 2) natural 
illumination (the end of February–March) alone (Figure 
5B). Change in illumination served as an additional agent 
for producing variations in plant physiological status. 

In these experiments, seedlings treated with POAs 
(0.04–4 nM) alone showed sensitivity to infection varying 
in range from increased susceptibility to increased 

resistance. A dose-response curve of colony numbers 
for exogenous zeatin alone looked like a curve with a 
minimum under insufficient natural illumination and 
like a resistance zone flanked by two regions of increased 
susceptibility under additional illumination (Figures 5A 
and 5B, line 1). Thus, in the first experiment, induction of 
susceptibility generally dominated, and in the second one, 
resistance to the infection increased. 

On simultaneous treatment with an incremental range 
of POA amounts, more or less gradual changes of the 
curve shape were observed. The expressiveness of some 
peaks also changed.

1) Under additional fluorescent illumination (Figure 
5A), the dose-response curves of cytokinin alone or in 
combination with small amounts of POAs looked like 
curves with minima flanked by maxima on the left and 
a region with relatively higher susceptibility on the right. 
Increasing POA concentrations caused the shift of the left 
peak position to the right and increasing susceptibility 
at 4.5 µM zeatin. Treatment with POAs at the greatest 
concentration resulted in a curve with only one well-
expressed maximum at 1 µM zeatin.

2) Under natural illumination (Figure 5B), the 
U-shaped concentration curves of zeatin with visual 
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Figure 3. Effect of plant oligoadenylates (POAs) on the number of 
powdery mildew colonies (percentage of untreated control ± SE). 
Wheat seedlings were placed on Knop solutions supplemented 
with different amounts of POAs immediately after inoculation. 1 
and 2: Results of 2 independent experiments. The mean numbers 
of colonies ± SE per cm2 in control leaves (100%) were 1.6 ± 
0.2 and 69.7 ± 6.1 for upper and lower curves, respectively. The 
separate points with ordinates 100% on the left show the error 
values in untreated controls (percentage). The filled markers 
designate the data points significantly different from untreated 
controls at P < 0.05 according to Dunnett tests. The large marker 
designates a significant extreme according to the Newman–
Keuls test at P < 0.05. The asterisks designate extreme points 
significantly different from other points with both higher and 
lower concentrations according to unpaired t-test (P < 0.02).
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minimum transformed to curves with a minimum and 
at least one maximum when POAs were added. Both 
extremes on each of these curves were well expressed 
and significantly different from the points on both the 
ascending and descending branches. The ordinates of 
all 3 minima and one of 3 maxima on the curves with 
the addition of POAs were significantly different from 
untreated controls. 

4. Discussion
The results obtained indicate that all examined substances 
are active as immunomodulators in the  model  system 
used. The dose-response functions for POAs and SA 
were not monotonic, and in some respects they closely 
resembled complex concentration dependence for 
cytokinins. They were multiphase and had 1–3 extremes 
varying in magnitude. Application of SA and zeatin 
produced trials with both significant upregulation and 
downregulation of plant susceptibility (Figures 1 and 2). 
With the simultaneous use of two immunomodulators, it 
is possible to consider the effect of fixed amounts of one of 
them on the concentration dependence of the other. 

In the present study, the combined action of SA or 
POAs and zeatin resulted in similarly ranging dose-
response curves of zeatin (Figures 2, 4, and 5). The 
number of extremes, their positions on abscissa axes, and 

peak-to-peak values varied. Additional illumination not 
only changed the shape of the dose-response curves but 
also strongly increased the number of powdery mildew 
colonies upon treatment with zeatin, thereby displacing 
concentration curves almost entirely above the level of 
untreated control seedlings. 

Salicylates are known to be hormonal regulators of 
disease resistance (Raskin, 1992; Uzuner et al., 2017). 
Cytokinin-activated transcription factor ARR2 interacts 
with SA response factor TGA3 in Pr1 activation and 
promotion of plant immunity (Choi et al., 2010). SA 
regulates many aspects of plant growth and development 
(Vlot et al., 2009), but its activity in cytokinin tests is not 
known. However, salicylate-induced changes in cytokinin 
metabolism may affect the cytokinin dose-response curve.
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Figure 4. Effect of SA on the shape of dose-response curves of 
zeatin for the number of powdery mildew colonies (the mean 
numbers ± SE of colonies per cm2). The wheat seedlings were 
placed on Knop solutions supplemented with 0 (1), 20 (2), and 
100 (3) µM SA in combination with fixed amounts of zeatin 
immediately after inoculation. The filled markers designate the 
data points significantly different from untreated controls at P 
< 0.05 according to Dunnett tests. The large marker designates 
a significant extreme according to the Newman–Keuls test at P 
< 0.05.
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Figure 5. Effect of 0 (1), 0.03 (2), 0.3 (3), and 3 (4) nM POAs on 
the shape of dose-response curves of zeatin for the number of 
powdery mildew colonies (the mean numbers ± SE of colonies 
per cm2). A – Additional 16/8 h light/dark cold fluorescent 
illumination; B – natural illumination. The filled markers 
designate data significantly different from untreated controls at 
P < 0.05 according to Dunnett tests. The large marker designates 
a significant extreme according to the Newman–Keuls test at 
P < 0.05. The asterisks designate extreme points significantly 
different from points with both higher and lower concentrations 
according to unpaired t-test (P < 0.02).
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POAs seem to be plant analogs of animal 
2’,5’-oligoadenylates (2-5А). POAs have biological 
properties similar to those of 2-5А, but different chemical 
structures (Cayley et al., 1982). 2-5А mediates antiviral 
action of interferon in animal tissues (Samuel, 2001) and 
shows antiviral activity in several plant tests (Devash et al., 
1984). 2-5А treatment was used for plant virus elimination 
by meristem tip culture (Konovalova, 1990). Application 
of POAs also improved survival and morphogenesis of 
potato meristem explants, with increased frequency of 
virus eradication (Babosha et al., 2002). The authors 
observed both positive and negative immunomodulation 
with POAs in virus-infected potato plants.

2-5А and POAs, as well as human interferon, were 
shown to have cytokinin-like activity in cytokinin 
bioassays (Tal’yanskii et al., 1987; Ladygina and Babosha, 
1996). Because interferon and 2-5A are very different 
in structure from cytokinins, these compounds are not 
strictly supposed to be cytokinins and their activity was 
due to their influence on cytokinin synthesis (Tal’yanskii 
et al., 1987). Indeed, the use of interferon and 2-5A in 
optimal and relatively low concentrations resulted in a few 
times increase of cytokinins in tobacco leaves. However, 
a further increase of interferon concentration had an 
opposite effect (Kulaeva et al., 1992). 

Correlations between cytokinin-like and antivirus 
activity for some other compounds are a surprising finding 
in this field (Matolcsy et al., 1968). It has been observed 
that cytokinins can exert an antistress effect, and vice versa, 
many stress protectors manifest cytokinin properties in 
some bioassays (Zhyrmunskaja et al., 1989; Lukatkin et al., 
2007). It can be assumed that the antistress activity of a 
certain class of plant adaptogens is due to their influence 
on the shape of the dose-response dependence for the 
immunomodulatory activity of endogenous cytokinin. 

In the case of independent action on pathogen 
infection, additional immunomodulators in combination 
with zeatin should produce a parallel shift of the whole 
cytokinin or the immunomodulator dose-response curves 
on the effect scale (a response-additive model). Dose-
response curves that were similar in shape but located at 
different levels on the vertical axis were obtained in several 
independent experiments with the use of cytokinin (Figure 
1) and SA (Figure 2), and in experiments with different 
lighting (Figure 5). However, in neither the experiments 
of Figures 4 and 5 nor in our other experiments were such 
displacements observed when trying to modify the shape 
of the zeatin concentration curve using bioactive additives. 

Another type of additivity may originate from 
cytokinin-like properties of POAs. Additional quantities 
of cytokinin should produce a parallel shift of the whole 
concentration curve on the dose scale to the left without 
changes in its shape (a dose-additive model). On the 

contrary, the addition of substances with anticytokinin 
activity, apparently, is capable of shifting the curve to the 
right. Similar shifts to the left or to the right are expected 
for suitable induced changes in initial levels of endogenous 
cytokinins. 

Despite POAs also being compounds with cytokinin-
like activity, their action as an additional portion of 
cytokinins could only partially explain the experimental 
data. In the case of POAs, we observed only individual 
maxima or minima shifting while others did not move. 
Treatment with POAs and SA also changed peak-to-peak 
values and promoted the appearance of additional maxima, 
making fundamental changes in the shape of the cytokinin 
concentration curve. These data are consistent with earlier 
findings with the effect of thidiazuron, which has innate 
cytokinin activity but causes a substantial alteration in the 
shape of the dose-response curve for zeatin and exhibits 
little or no positive or negative additivity with zeatin action 
(Babosha, 2009). 

The level of endogenous cytokinins is known to 
depend on illumination (Hammerton et al., 1998). 
Changing in illumination in our tests affected the shape 
of zeatin immunomodulation curves and displaced them 
on the ordinates axis. However, the simple summation 
of endogenous and exogenous phytohormones should 
produce only a horizontal shift of the curve along the 
abscissa axis. Taking into account the stimulating effect 
of SA in Figure 4 observed at higher concentrations of 
cytokinins, it is possible that curve 1 in Figure 2 with the 
predominantly pathogen-stimulating activity of SA could 
be obtained by using the experimental plants with higher 
average values of cytokinins or relevant activity of protein 
regulators of cytokinin response. However, even if so, the 
mechanism of the displacement on the effect axis is more 
complex than a simple summation of the effects of SA and 
cytokinins.

In spite of an apparent diversity of dose-response 
curves, there was regularity in their variations. The obtained 
dose-response curves for cytokinins and some other 
immunomodulators may be arranged into 3 basic groups: 
1) curves with a susceptibility maximum (line of 4 nM 
POA in Figure 5b); 2) curves with a resistance maximum 
(Figure 3, line 2 in Figure 1); 3) more complicated curves 
with a susceptibility minimum flanked by 2 susceptibility 
maxima (or regions of increased susceptibility) and 
derivatives from the last type. All of the observed 
modifications seem to have the same origin. Incremental 
amounts of additives produced gradual changes in dose-
response curves of zeatin. Combinations of different levels 
of illumination and of POA concentrations also produced 
U- or inverted U-shaped dose-response curves of zeatin 
and a number of transition forms (Figure 5). Similar 
variability in the shape of dose-response curves was 
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observed in Figure 1 in independent experiments under 
very similar conditions due only to their natural variation.

As physiological status directly or indirectly depends 
on phytohormones and, in particular, on cytokinins, 
exogenous treatments with different cytokinin 
concentrations might simulate different in vivo hormonal 
and physiological statuses of a plant. The activation of 
plant defense reactions by exogenous and endogenous 
elicitors mediates changes in the resistance to pathogens or 
tolerance to abiotic stresses. Supposing that microbes and 
microbial elicitors are an inherent part of the plant’s natural 
environment, the results of simultaneous treatments with 
immunomodulators and cytokinin to some extent may 
reflect a variability in plant resistance specified by different 
biological and physiological conditions in the intact plant. 
Both the complex nature of the dose-response curves 
and the variability of the shape of these curves could be 
suggested as reasons for previously noted differences 
in experimental data regarding immunomodulation in 
plants. Due to this mechanism, at least some types of 
resistance inducers have the innate ability for bidirectional 
immunomodulation. Thus, for practical usage of some 
immunomodulators, stability of their dose-response in 
variable conditions should be studied. 

On the other hand, nonlinearity and the complex 
multiphase nature of dose-response may cause a kind of 

random-number generator that produces unpredictable 
changes in the physiological and immunological status 
in plants when metabolism is modified through local 
microbial elicitation or abiotic stresses. This variability in 
susceptibility to pathogens may apparently be generalized 
on the level of the individual plant and individual cell. The 
peak-to-peak values of susceptibility in these cases should 
even be above the average variations commonly obtained 
in experiments. Experimental concentration curves seem 
to be a result of averaging dose-responses that are very 
different in shape inherent to the individual plants and cells. 
The more diverse the experimental plants, the smoother 
and less detailed the obtained dose-response curves 
should be. One may hypothesize that such variability in 
individual responses plays an important role in stabilizing 
plant–pathogen interactions. Heterogeneity in plant-host 
susceptibility gives an opportunity for pathogens to find 
vulnerable plant cells among a population of relatively 
resistant plants. Conversely, certain susceptible plants get 
a chance to survive severe infection.

Acknowledgment
This work was supported by the Program of Fundamental 
Scientific Research of the State Academies of Sciences 
of the Russian Federation (institutional research project 
№118021490111-5).

References

Argueso CT, Ferreira FJ, Epple P, To JPC, Hutchison CE et al. (2012). 
Two-component elements mediate interactions between 
cytokinin and salicylic acid in plant immunity. PLoS Genetics 
8: e1002448. doi: 10.1371/journal.pgen.1002448

Arnaud D, Lee S, Takebayashi Y, Choi D, Choi J et al. (2017). Regulation 
of reactive oxygen species homeostasis by cytokinins modulates 
stomatal immunity in Arabidopsis. Plant Cell 29: 543-559. doi: 
10.1105/tpc.16.00583

Aver’yanov AA, Lapikova VP, Pasechnik TD, Kuznetsov VLV, Baker 
CJ (2007). Suppression of early stages of fungus development 
by hydrogen peroxide at low concentrations. Plant Pathology 
Journal 6: 242-247. 

Babosha AV (2009). Regulation of resistance and susceptibility 
in wheat powdery mildew pathosystem with exogenous 
cytokinins. Journal of Plant Physiology 166: 1892-1903. doi: 
10.1016/j.jplph.2009.05.014

Babosha AV (2012). Specific features in the dose–response dependence 
of the zeatin effect on wheat susceptibility to powdery mildew. 
Biology Bulletin 39: 534-541. doi: 10.1134/S1062359012060027

Babosha AV, Boiko VV, Morozova ZR (2002). Effect of plant 
oligoadenylates on viral infection and antistress and 
growth-regulating properties in potato plants grown in 
vitro. Russian Journal of Plant Physiology 49: 399-405. doi: 
10.1023/A:1015557422223

Babosha AV, Ryabchenko AS, Avetisyan TV (2009). Effect of 
exogenous cytokinins on dynamics of development and 
differentiation of infectious structures of the pathogen of 
wheat powdery mildew. Cell and Tissue Biology 3: 387-396. 
doi: 10.1134/S1990519X09040117

Babosha AV, Trofimets LN, Ladygina ME (1991). Oligoadenylates 
and oligoadenylate synthetase of potato plants in defensive 
responses against virus pathogens. Doklady Botanical Sciences 
Akademiia Nauk SSSR 313/315: 45-47. 

Calabrese EJ, Blain RB (2009). Hormesis and plant biology. Environmental 
Pollution 157: 42-48. doi: 10.1016/j.envpol.2008.07.028

Campell BR, Town CD (1991). Physiology of hormone autonomous 
tissue lines derived from radiation-induced tumors of 
Arabidopsis thaliana. Plant Physiology 97: 1166-1173. doi: 
10.1104/pp.97.3.1166

Cayley PJ, White RF, Antoniw JF, Walesby NJ, Kerr IM (1982). 
Distribution of the ppp(A2’p)nA-binding protein and interferon-
related enzymes in animals, plants, and lower organisms. 
Biochemical and Biophysical Research Communications 108: 
1243-1250. doi: 10.1016/0006-291X(82)92133-7

Chanclud E, Kisiala A, Emery NR, Chalvon V, Ducasse A et al. 
(2016). Cytokinin production by the rice blast fungus is a 
pivotal requirement for full virulence. PLoS Pathogens 12 (2): 
e1005457. doi: 10.1371/journal.ppat.1005457



BABOSHA / Turk J Bot

306

Choi J, Huh SU, Kojima M, Sakakibara H, Paek KH et al. (2010). The 
cytokinin-activated transcription factor ARR2 promotes plant 
immunity via TGA3/NPR1-dependent salicylic acid signaling 
in Arabidopsis. Developmental Cell 19: 284-295. doi: 10.1016/j.
devcel.2010.07.011

Cole JS, Desiree L, Fernandes DL (1970). Changes in the resistance of 
tobacco leaf to Erysiphe cichoracearum DC induced by topping, 
cytokinins and antibiotics. Annals of Applied Biology 66: 239-
243. doi: 10.1111/j.1744-7348.1970.tb06430.x

Devash Y, Gera A, Willis DH, Reichman M, Pfleiderer W et al. (1984). 
5’-Dephosphorylated 2’,5’-adenylate trimer and its analogs: 
Inhibition of tobacco mosaic virus replication in tobacco 
mosaic virus-infected leaf discs, protoplasts, and intact tobacco 
plants. Journal of Biological Chemistry 259: 3482-3486. 

Edwards HH (1983). Effect of kinetin, abscisic acid, and cations 
on host-parasite relations of barley inoculated with Erysiphe 
graminis f. sp. hordei. Journal of Phytopathology 107: 22-30. 
doi: 10.1111/jph.1983.107.1.22

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G et al. (1993). 
Requirement of salicylic acid for the induction of systemic 
acquired resistance. Science 261 (5122): 754-756. doi: 10.1126/
science.261.5122.754

Gudkovskii VA, Kashirskaya NYa, Tsukanova EM (2002). Effects 
of various phytoimmunocorrectors on fruit and soft fruit 
cultures. Applied Biochemistry and Microbiology 38: 280-285. 
doi: 10.1023/A:1015435811454

 Gurevich KG (2001). Low doses of biologically active substances: 
effects, possible mechanisms, and features. Cell Biology 
International 25 (5): 475-484. doi: 10.1006/cbir.2000.0640

Haberlach GT, Budde AD, Sequeira L, Helgeson JP (1978). 
Modification of disease resistance of tobacco callus tissues 
by cytokinins. Plant Physiology 62: 522-525. doi: 10.1104/
pp.62.4.522

Hammerton RD, Nicander B, Tillberg E (1998). Irradiance-
induced alterations of growth and cytokinins in Phaseolus 
vulgaris seedlings. Plant Growth Regulation 25: 63-69. doi: 
10.1023/A:1005934301027

Hann DR, Domínguez-Ferreras A, Motyka V, Dobrev PI, Schornack 
S et al. (2014). The Pseudomonas type III effector HopQ1 
activates cytokinin signaling and interferes with plant innate 
immunity. New Phytologist 201: 585-598. doi: 10.1111/
nph.12544

Hansen CE, Meins F Jr (1986). Evidence for a cellular gene with 
potential oncogenic activity in plants. Proceedings of the 
National Academy of Sciences of the United States of America 
83: 2492-2495. doi: 10.1073/pnas.83.8.2492

Hu GG, Rijkenberg EHJ (1998). Ultrastructural localization of 
cytokinins in Puccinia recondita f.sp. tritici-infected wheat 
leaves. Physiological and Molecular Plant Pathology 52: 79-94. 
doi: 10.1006/pmpp.1997.0136 

Hutzler JM, Tracy TS (2002). Atypical kinetic profiles in drug 
metabolism reactions. Drug Metabolism and Disposition 30: 
355-362. doi: 10.1124/dmd.30.4.355

Jiang CJ, Shimono M, Sugano S, Kojima M, Liu X et al. (2013). Cytokinins 
act synergistically with salicylic acid to activate defense gene 
expression in rice.  Molecular  Plant-Microbe  Interactions 26: 
287-296. doi: 10.1094/MPMI-06-12-0152-R

Kazan K, Lyons R (2014). Intervention of phytohormone pathways 
by pathogen effectors. Plant Cell 26: 1-26. doi: 10.1105/
tpc.114.125419

Khairullin RM, Minina TS, Irgalina RSh, Zagrebin IA, Urazbakhtina 
NA (2009). Effectiveness of new endophytic strains Bacillus 
subtilis in increasing of wheat steadiness to illnesses. Vestnik 
of Orenburg State University 2: 133-137 (in Russian with an 
abstract in English).

Konovalova GI (1990). Application of virus inhibitors for elimination 
of potato infection using the method of tissue culture. Vestsi 
Akademii Navuk BSSR Seryya Biyalagichnykh Navuk 6: 70-72 
(in Belarussian with an abstract in English). 

Kulaeva ON, Fedina AB, Burkhanova EA, Karavaiko NN, Karpeisky 
MYa et al. (1992). Biological activities of human interferon and 
2’-5’ oligoadenylates in plants. Plant Molecular Biology 20: 383-
393. doi: 10.1007/BF00040598

Kuroha T, Kato H, Asami T, Yoshida S, Kamada H et al. (2002). A 
trans-zeatin riboside in root xylem sap negatively regulates 
adventitious root formation on cucumber hypocotyls. Journal 
of Experimental Botany 53: 2193-2200. doi: 10.1093/jxb/erf077

Ladygina ME, Babosha AV (1996). The action of human interferon 
in potato and tobacco leaves, possible ways of regulation of 
the antiinfection activity. In: Lyr H, Russell PE, Sisler HD, 
editors. Modern Fungicides and Antifungal Compounds, 
Reinhardsbrunn Symposium. Andover, UK: Intercept Ltd., pp. 
527-534.

Lee TT (1971). Cytokinin-controlled indoleacetic acid oxidase 
isoenzymes in tobacco callus cultures. Plant Physiology 47: 181-
185. doi: 10.1104/pp.47.2.181

Levin IM (1984). Effect of phytohormones on development of brown 
rust on isolated wheat leaves. Soviet Plant Physiology 31 (2): 
286-290.

Lopez-Moya F, Escudero N, Zavala-Gonzalez EA, Esteve-Bruna D, 
Blázquez MA et al. (2017). Induction of auxin biosynthesis 
and WOX5 repression mediate changes in root development in 
Arabidopsis exposed to chitosan. Scientific Reports 7 (1): 16813. 
doi: 10.1038/s41598-017-16874-5.

Lukatkin AS, Gracheva NV, Grishenkova NN, Dukhovskis PV, 
Brazaitite AA (2007). Cytokinin-like growth regulators 
mitigate toxic action of zinc and nickel ions on maize seedlings. 
Russian Journal of Plant Physiology 54: 381-387. doi: 10.1134/
S1021443707030132

Matolcsy G, Hammady ME, Kiraly Z (1968). Correlation between 
the cytokinin-like activity and the inhibitory action on 
TMV infection of some pyrimidine antimetabolites. 
Acta Phytopathologica et Entomologica Hungarica 3: 399-405. 

Naseem M, Kaltdorf M, Dandekar T (2015). The nexus between 
growth and defence signalling: auxin and cytokinin modulate 
plant immune response pathways.  Journal of Experimental 
Botany 66 (16): 4885-4896. doi: 10.1093/jxb/erv297



BABOSHA / Turk J Bot

307

Naseem M, Wölfling M, Dandekar T (2014). Cytokinins for immunity 
beyond growth, galls and green islands. Trends in Plant Science 
19: 481-484. doi: 10.1016/j.tplants.2014.04.001

Ozeretskovskaya OL, Vasyukova NI (2002). The use of elicitors 
for protection of cultured plants demands caution. Applied 
Biochemistry and Microbiology 38 (3): 277-279. doi: 
10.1023/A:1015483727383

Plakidou-Dymock S, Dymock D, Hooley R (1998). A higher plant 
seven-transmembrane receptor that influences sensitivity to 
cytokinins. Current  Biology 8: 315-324. doi: 10.1016/S0960-
9822(98)70131-9

Plazek A, Hura K, Zur I (2003). Reaction of winter oilseed rape callus 
to different concentrations of elicitors: pectinase or chitosan. 
Acta Physiologiae Plantarum 25: 83-89. doi: 10.1007/s11738-
003-0040-1

Raskin I (1992). Salicylate, a new plant hormone. Plant Physiology 
99: 799-803. 

Samuel CE (2001). Antiviral actions of interferons. Clinical 
Microbiology Reviews 14: 778-809. doi: 10.1128/CMR.14.4.778-
809.2001 

Schistad IJ, Nissen P (1984). Cytokinin-induced retention of 
chlorophyll in senescing barley leaves: complexity of dose 
response. Physiologia  Plantarum 61: 566-570. doi: 10.1111/
j.1399-3054.1984.tb05171.x

Shakirova FM, Bezrukova MV, Aval’baev AM, Gimalov FR (2002). 
Stimulation of wheat germ agglutinin gene expression in 
root seedlings by 24-epibrassinolide. Russian Journal of Plant 
Physiology 49: 225-228. doi: 10.1023/A:1014805724231

Shen Q, Liu Y, Naqvi NI (2018). Fungal effectors at the crossroads 
of phytohormone signaling. Current Opinion in Microbiology 
46: 1-6. doi: 10.1016/j.mib.2018.01.006

 Smalle J, Kurepa J, Yang P, Babiychuk E, Kushnir S et al. (2002). 
Cytokinin growth responses in Arabidopsis involve the 26S 
proteasome subunit RPN12. Plant Cell 14: 17-32. doi: 10.1105/
tpc.010381

 Smolin NV, Saveliev AS (2007). Influence of growth regulators on 
contamination of winter rye Puccinia recondite and Blumeria 
graminis f.sp. secalis. Scientific Journal of the Kuban State 
Agrarian University 27 (3): 1-15 (in Russian with an abstract 
in English).

Tal’yanskii ME, Malyshenko SI, Kaplan IB, Lozhnikova VN, Dudko 
ND et al. (1987). Induction of the cytokinin-like activity in 
Amaranthus caudatus plants treated with human interferon and 
(2’,5’)-oligoadenilates. Doklady Botanical Sciences Akademiia 
Nauk SSSR 292/294: 29-31.

To JPC, Haberer G, Ferreira FJ, Deruère J, Mason MG et al. (2004). 
Type-A Arabidopsis response regulators are partially redundant 
negative regulators of cytokinin signaling. Plant Cell 16: 658-
671. doi: 10.1105/tpc.018978

Tzianabos AO (2000). Polysaccharide immunomodulators as 
therapeutic agents: structural aspects and biologic function. 
Clinical  Microbiology  Reviews 13: 523-533. doi: 10.1128/
CMR.13.4.523

Uzuner U, Sağlam A, Kadıoğlu A (2017). Salicylic acid: molecular 
basis of stress resistance in plants. In: Nazar R, Ibal N, Khan 
N, editors. Salicylic Acid: A Multifaceted Hormone. Singapore: 
Springer, pp. 163-199. 

Vallon U, Graf JA, Kull U (1989). Influence of calcium and calcium 
and calmodulin antagonists on the cytokinins-induced 
amaranthin accumulation in Amarantus tricolor. Journal of 
Plant Growth Regulation 8: 81-92. doi: 10.1007/BF02025276

Vasyukova NI, Gerasimova NG, Chalenko GI, Ozeretskovskaya OL 
(1996). Induction of local and systemic potato tuber resistance 
to Phytophthora infestans by salicylic acid. Doklady Botanical 
Sciences Akademiia Nauk SSSR 346: 10-12.

Vizarova G (1987). Possible role of cytokinins in cereals with regard to 
the resistance to obligate fungus parasites. Biologia Plantarum 
29: 230-233. doi: 10.1007/BF02876835

Vlot AC, Dempsey DMA, Klessig DF (2009). Salicylic acid, a 
multifaceted hormone to combat disease.  Annual Review 
of Phytopathology 47: 177-206. doi: 10.1146/annurev.
phyto.050908.135202

Walters DR, Ratsep J, Havis ND (2013). Controlling crop diseases 
using induced resistance: challenges for the future. Journal of 
Experimental Botany 64: 1263-1280. doi: 10.1093/jxb/ert026

Werner T, Motyka V, Strnad M, Schmulling T (2001). Regulation 
of plant growth by cytokinin. Proceedings of the National 
Academy of Sciences of the United States of America 98: 
10487-10492. doi: 10.1073/pnas.171304098

Zhyrmunskaja NM, Ovsyannikova TV, Shapovalov AA, Baskakov 
YuA (1989). Interrelation between the antistress activity 
and cytokinin like properties of synthetic biologically 
active compounds. Physiology and Biological Chemistry of 
Cultivated Plants 21 (5): 446-451 (in Russian with an abstract 
in English).


