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Abstract
The influence of exogenic hormones (indole-3-acetic acid (IAA), abscisic acid (ABA) and kinetin)
on defense reaction of wheat (Triticum aestivum L.) calli to the bunt agent Tilletia caries (D.C.) Tul.
& C. Tul. was studied. ABA and kinetin induced the oxalate oxidase activity, increased the Н2О2
level, decreased germination of fungi teliospores and induced on calli the occurrence of dense
sites non-infected by pathogen. On the contrary, IAA led to the decrease of oxalate oxidase activity,
loosening of calli and increase germination of bunt agent teliospores and growth of fungi mycelium, besides stimulated rhizoids formation of wheat calli. Probably, the accumulation of Н2О2 in
wheat calli under the influence of kinetin and ABA connected with activity of oxalate oxidase is
one of the factors increasing defense reaction of wheat to bunt agent.
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1. Introduction
Plant hormones are naturally occurring substances that at low concentration control various stages of plant
growth and development and formation of defense reaction against different forms of stress factors [1] [2]. The
hormonal regulation of plant defense reaction for a long time has been of great interest for scientists. However,
the detailed investigations were devoted to the balance of hormones in plants infected by pathogens causing
leaves, stems, or roots diseases [1] [3]. In contrast, the data on effect of bunt agents on plants hormonal balance
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are very scarce [4]-[6].
The sharp and repeated activation of oxidoreductases which localized in plant cell wall and plasmalemma and
regulate the level of reactive oxygen species (ROS) is important stage in the plant defense. ROS are considered
as secondary messengers, starting the cascade of plants defense reactions, mediating the lignification of a plant
cell wall [7] and besides showing biocide properties. So ROS can suppress the growth of microorganisms by
inducing hypersensitive destruction of host cells in the infection zone.
Co-cultures of plant cells with pathogen can serve as a suitable model for studying mechanisms of defense
reactions development. We produced such culture on the basis of wheat calli and mycelium of the bunt agent T.
caries [6]. Moreover, we are found distinctions in the infection development on different calli sites. So the fungi
successfully develop in the intercellular space of loosely located parenchyma-like cells and don’t infect the
zones of the organized growth of calli [8]. Salicylic acid is one of the most effective inductors of plant defense
reaction and it can hinder bunt agent spores germination on calli and also contribute to the occurrence of dense
sites on calli surface [6]. The accumulation of Н2О2 takes place due to oxalate oxidase activation took place in
these calli [8]. These data have suggested an idea about similarity of some mechanisms of induction of morphogenetic and defense reaction of plant cells and participation of Н2О2 in the given processes. We also revealed
morphological distinctions between wheat calli to bunt agent correlation with level wheat plant resistance. Calli
of susceptible wheat samples were characterized by the presence of a small amount of dense sites but calli of resistant samples there were more dense sites and it correlated with the speed of fungi spore germination and mycelium growth.
The aim of this work includes the study of the influence of exogenic IAA, ABA and kinetin on the morphology of wheat calli and its defense reaction to T. caries, connected with accumulation of Н2О2 under oxalate oxidase activation.

2. Materials and Methods
2.1. The Cultivation of Wheat Calli on the Medium with Hormones
The unripe germs of wheat Triticum aestivum L. (cv. Znitsa (susceptible) and Zarya (resistant) were isolated on
the 12 - 15 day after the flowering of plants and used for receiving calli. The analysis of field resistance of wheat
to the bunt agent showed that infestation of cv. Znitsa was up to 42%, and cv. Zarya—8%. So, we can assume
that the cv. Znitsa is susceptible and cv. Zarya was resistant to T. caries. The isolated germs were planted on the
Murasige & Skoog medium (MS) and were cultivated in darkness at 26˚C. The formed calli with the mass of
200 ± 10 mg were replanted on fresh medium without hormones after 30 days. In the experiment the wheat calli
were cultivated in the presence of 2 mg/l IAA or ABA or 0.2 mg/l kinetin.

2.2. Receiving of Wheat Calli Co-Culture with the T. caries
A part of wheat calli on the 3-rd day after the final passage on experimental medium was infected with the
spores of T. caries. Infection press was 80 - 100 spores per calli. For initiation of germination of fungi spore
the wheat calli were cultivated for 3 day at 10˚C. The degree of calli resistance to T. caries was demonstrated
on the speed of spores’ germination and by the area of calli surface covered with fungi mycelium 20-day after
the inoculation of the calli. In the course of experiment on wheat calli we observed the appearance of dense
parts and rhizoids. The calli not treated by the hormones and uninfected with pathogen were used as control
ones.

2.3. The Hormone Level Analysis
Quantitative estimation of zeatin, IAA and ABA was carried out by the enzyme immunoassay as described earlier in detail [9]. The hormones were being extracted with 80% ethanol for 14 - 16 h at 0˚C - 4˚C (the ratio of
plant material and ethanol was 1:10, w/v). After centrifuging at 3500 g for 20 min, the supernatant fraction was
transferred to petri dishes and ethanol was evaporated under airflow to a water residue; an aliquot of the latter
was used for zeatin content determination. IAA and ABA were extracted from the water residue by ethyl ether
and methylated with diazomethane. Then the ether was evaporated under airflow, the dry residue was dissolved
in 80% ethanol, and IAA and ABA content was determined.
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The enzyme was extracted with the use of 0.05 M succinate buffer, pH 3.8 (SB) by the procedure offered in the
work of M. Vuletić, & V. G. Sukalovich [10]. For this purpose calli were homogenized in SB, the extract was
being centrifuged for 20 minutes at 10,000 g on centrifuge 5415 К (Eppendorf, Germany). The sediment was
washed repeatedly with SB after that ionic-connected with cell walls fraction was extracted from the sediment
by 1 M NaCl.
The oxalate oxidase activity was defined on the 10-th day after inoculation of the calli with spores of pathogen. The reaction mix for measuring the oxalate oxidase activity contained 50 mkl of the extract, 100 mkl SB,
2.5 mM of oxaloacetic acid (Reachim, Russia), 0.08% (о)-phenilendiamine (Reachim, Russia) and 15 Сс/ml
commercial peroxidase of horseradish (Sigma, USA). Optical density of oxidized (о)-phenilendiamine was estimated at 490 nm on the device for ELISA “Benchmark Microplate Reader” (BioRad, USA). Unit of enzyme
activity corresponded to the quantity of the oxidized substratum, or optical density ΔА per 1 min. For comparative analysis the activity was expressed in relative units per 1 g of crude weight.

2.5. Detection of Н2О2
The presence of Н2О2 in calli was defined on the 12th day after the infection with using xylenol orange on the
device for ELISA “Benchmark Microplate Reader” (BioRad, USA) at OD560 [11]. To 100 µl of extract we
poured 1ml of a reagent containing 100 µM xylenol orange, 250 µM salt of Mor and 100 mM solution of sorbitol in 25 mM sulfuric acid [11]. The absorption of xylenol orange complex was defined 45 minutes later after
centrifuging. Standard solutions of Н2О2 from 1 up to 100 mkM were used to construct calibration curve. The
level of Н2О2 was expressed in a mkM per 1 g of crude weight.

2.6. Statistical Processing
Experiments were performed in triplicate with at least four recordings each; each treatment was performed with
20 calli. Means and their standard deviations are presented in figures.

3. Results
3.1. The Influence of Hormones on the Morphology of Wheat Calli
The control calli of susceptible to the bunt agent cv. Znitsa were characterized as poorly irrigated, loose, large
globular formations having a small amount of dense sites (on the average 2 - 3 per calli) (Figure 1(I-а)). ABA
and kinetin led to two fold increase of quantity of dense sites with the reduction of the area of loose calli (Figure
1(I-b)). Kinetin promoted appearance of rhizoids in the calli. The influence of IAA led to loosening of calli and
promoted rhizogenesis (Figure 1(I-d)).
The control calli of cv. Zarya represented dense, globular formations (Figure 1(I-e)). Infection provoked individual rhizogenesis in them. In calli of wheat cv. Zarya bunt agent spores germinated on 9-day after inoculation. Moreover, 3 weeks after inoculation bunt agent mycelium covered only 10% of the surface of calli of resistant cv. of wheat (Figure 1(II-e)). The total sum of the received data showed that one of the factors of calli
resistant to bunt agent is their high structured morphology.

3.2. The Influence of Hormones on the Growth of Wheat Calli
The infection of wheat calli with bunt agent provoked rhizogenesis (Figure 1(II-a)), which was possibly connected with the ability of the pathogen to produce auxin-like derivatives [6]. The hormones changed defense
properties in calli. So, if in the control calli the fungi spores sprouted on the 7th day after inoculation in IAAtreated calli it occurred already on the 5th day, and with ABA and kinetin just only on the 8th day. The mycelium
of fungi grew on control calli and on the calli cultivated in the MS with IAA was fast enough and on the 20th
day after infecting the fungi mycelium covered approximately 40% - 50% of its surface (Figure 1(II-а)). Both
ABA and kinetin slowed down the distribution of mycelium in a calli and by the appointed time mycelium
covered only about 20% of calli surface (Figure 1(II-b)). Thus, IAA promoted the growth of bunt agent while
ABA and kinetin, on the contrary, limited substantially distribution of the mycelium. Perhaps, the increase of
wheat calli resistance was caused by the occurrence of dense sites on calluses surface and the decrease of loo-
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Figure 1. The influence of hormones on the morphology and resistance to the
bunt agent of wheat calluses of T. aestivum cv. Znitsa (a)-(d), T. aestivum cv.
Zarya (e): I―non infected calluses; II―infected calluses; a―calluses on MS
medium; b-d―calluses on medium with ABA (b), kinetin (c) and IAA (d).
Arrow shown: M―fungi mycelium; d.s.―dense sites; r―rhizoids. 20 day after inoculation.

sening. To check this assumption we investigated the morphology and the development of the defense response
in resistant wheat grades calli.

3.3. Change of Н2О2 Level in Wheat Calli under the Influence of Hormones and Infection
with T. caries
The Н2О2 is a signal molecule participating both in systemic acquired resistance and in morphogenesis processes
under normal conditions. Our task was to reveal the connection between Н2О2 level, the structure of wheat calli
and their resistance to the fungi. In intact calli of resistant wheat the presence of Н2О2 was the highest―23.1 ±
1.8 mM/g in comparison with 15.0 ± 0.9 mM/g in calli of susceptible wheat cv. Znitsa (Figure 2). In the infected calli of cv. Zarya the increase of Н2О2 content was about 53%, but in calli of cv. Znitsa only 26%, as
compared with the control level (Figure 2).
IAA led to the increase of the level of Н2О2 by 35% in wheat calli of cv. Znitsa (Figure 2). At the same time
in calli cultivated on the MS with ABA the content of Н2О2 exceeded the control variant by 45%, and with kinetin―by 57% (Figure 2). Thus, at the presence of ABA and kinetin the accumulation of Н2О2 in calli was much
intensive, than cultivated on IAA. Limitation of pathogen growth could be caused by the increase of the Н2О2
content in susceptible wheat calli under the influence of hormones.

3.4. Change of the Oxalate Oxidase Activity in Wheat Calli under Influence of Hormones
and Infection with T. caries
Significant changes in the level of Н2О2 could be connect with the activity of the enzymes bound with cell wall
[12] and changes of the biochemical component of apoplast, including oxalate oxidase [13]. Control calli of resistant wheat were characterized by higher oxalate oxidase activity both in cytoplasmic and ionic-bound with a
plant cell wall fraction of enzyme in comparison with susceptible calli (Table 1). Under infection the increase of
oxalate oxidase activity in susceptible calli was observed only in a cytoplasmic fraction of the enzyme. In calluses developed from resistant wheat oxalate oxidase activity raise both in cytoplasmic and ionic-bound with
cell wall fractions (Table 1).
The presence of ABA and kinetin led to the induction of oxalate oxidase activity in both fractions of enzyme,
but these hormones induced that enzyme activity especially in the ionic-bound fraction in susceptible wheat calli
of cv. Znitsa (Table 1). So, in calli under the influence of kinetin the oxalate oxidase activity in cytoplasmic
fraction rose 1.5 times, in ionic-bound fraction it rose almost 2 times (Table 1). The stimulating effect of ABA
was lower and the oxalate oxidase activity in cytoplasmic fraction of protein rose only 1.3 times, and in ionic-bound with a cellular wall―1.5 times (Table 1).

3.5. Change of Hormone Level in Wheat Calli Infected with T. caries
In the Figure 3(a) shows that the infection of calli with T. caries almost immediately induced IAA accumulation,
that was probably related to the high content of auxins in the pathogen teliospores [5]. Figure 3(b) presents
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Table 1. The influence of hormones on oxalate oxidase activity in wheat calluses infected with spores of bunt agent T. caries
(12th day after inoculation).
The enzyme fraction(unit/g crude weight)
Content of cultural MS medium

Control
Freely soluble

Infected

Ion-binding with cell wall

Freely soluble

Ion-binding with cell wall

cv. Znitsa (in field condition susceptible to bunt agent)
MS

15.9 ± 0.8

0.98 ± 0.06

21.3 ± 1.9

0.63 ± 0.04

IAA, 2.0 mg/l

11.3 ± 0.5

0.79 ± 0.04

14.5 ± 0.8

0.58 ± 0.03

Kinetin, 0.2 mg/l

26.2 ± 1.7

1.32 ± 0.08

30.9 ± 2.7

1.21 ± 0.07

ABA, 2.0 mg/l

20.1 ± 1.4

1.14 ± 0.05

27.8 ± 1.6

0.93 ± 0.05

cv. Zarya (in field condition resistant to bunt agent)
MS

18.9 ± 1.2

1.09 ± 0.05

29.6 ± 1.9

1.64 ± 0.09

Figure 2. The change of Н2О2 level in wheat calluses of cv. Znitsa and cv.
Zarya were cultivated with hormones (a) and (b) infected of bunt agent spores:
1―calluses of cv. Znitsa on MS medium; 2 - 4―calluses of cv. Znitsa on MS
medium with hormones (IAA (2), kinetin (3) and ABA (4)); 5―calluses of cv.
Zarya on MS medium. 12th day after inoculation.

temporal changes of the cytokinin content in the calli grown on the MS medium and infected with the bunt pathogen. We observed a gradual decrease in the cytokinin level in the control calli. The infection with T. caries
led to sharp transient accumulation of cytokinins during the initial phases of co-culturing (3rd day). By the 6th 9th day, cytokinins content was relative to the control value; however, on the 15th day of the experiment it was
possible to observe gradual accumulation of this hormone. The infection led to gradual growth of ABA content
in wheat calli. By the 15th day of co-culturing, the level of ABA increased more than fourfold as compared with
the control ones (Figure 3).

4. Discussion
Hormones are one of the most effective regulators of various physiological and biochemical reactions in plants.
It is supposed that by means of the system of hormonal regulation in plant cells coordination of reactions against
various adverse external influences takes place. It is known that many pathogenic fungi are capable to synthesize
and secrete hormone-like compounds into the plant tissues [1] [14], which certainly influence the formation of
plant defense.
Processes of organized growth of calli are adjusted by the parity of concentration of the basic groups of hormones―auxins, cytokinins and ABA. For example, the quantity of morphogenetic centers in calli of wheat can
increase greatly under the influence of exogenous ABA. Similar reaction is observed in presence of salicylic acid in the cultural medium of wheat calli [8]. Probably it can be connected with the initiation of ABA accumula-
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Figure 3. The effect of infection with T. caries on endogenic levels of IAA (a),
cytokinins (b) and ABA (c) on wheat calluses of cv. Znitsa (1, 2) and Zarya (3,
4). ng/g crude weight. 1, 3―Control (MS medium); 2, 4―T. caries (MS medium). 12-day after inoculation.

tion in these conditions [2] [6]. We also revealed that ABA and kinetin promoted the formation of zones of organized growth. At the same time, the presence of IAA in cultural medium led to the loosening of calli. Perhaps, a
result of loosening of calli the intensity of pathogen growth under these conditions was higher than in the calli
growing on medium with ABA and kinetin. It is possible to assume the following mechanisms of IAA participation in the decrease of the resistance of wheat calli. In our experiments, the infecting of calli with fungi T. caries,
as well as the influence of IAA caused formation of rhizoids in them. It is interesting that mycorrhizal infection
inducing the accumulation of auxins in host tissues, also promotes the formation of roots [15]. The defining role
of IAA in these processes is proved also on plants of tobacco with IAA deficient [16]. Apparently, in the calli
infected with bunt agent the formation of rhizoids is associated with the ability of this fungi to produce auxins
[6], similar to wide-spread ability of many other biotrophs and hemibiotrophs to produce of IAA [17] [18].
In this work, we used wheat calli co-cultured with biotrophic fungus bunt pathogen T. caries as a model for
studying host-pathogen interaction. Earlier we demonstrated that the invasion by this fungus of wheat calli led to
their hypertrophied growth due to the increase of cell size [5]. We also noted that the infected calli rapidly accumulated fresh weight throughout all the time of this experiment. The role of cytokinins in the development of
host-pathogen relationship is still far from being clear. On the one hand, cytokinins can enhance plant contraction to pathogens by its participation in the expression of some defense genes [2] and also by promoting antifungal alkaloid synthesis [19]. On the other hand, there are many data confirming negative regulation of the defense response by cytokinins. These hormones can suppress chitinase activity, the formation of active oxygen
species, and phytoalexin synthesis [20]. In this context, analysis of temporal changes in cytokinin content in the
calli infected with pathogen is of special interest. The results obtained showed the ability of T. caries to induce
cytokinin accumulation in calli at the early stages of co-cultivation [6]; probably this phenomenon is connected
with the presence of cytokinins in fungal teliospores [4].
ABA with wide spectrum of physiological activities also plays an important role both in plant life and plantpathogen interaction [21]. Its protective anti-stress action has special significance. In fact, this hormone is believed to play the key role in switching cell functional activity from the normal to the so-called “stress program”
when affected by the adverse environmental factors. ABA evokes synthesis of more than ten stress and pathogen-induced proteins and other protective substances [6] [22]. It is important to emphasize that such plant responses are induced by both exogenous and endogenous ABA; the level of the latter can increase significantly in
response to the external factors. There are many data accentuating significant accumulation of ABA in plant tissues infected with the agents of various diseases [23], including the results obtained by using seedlings infected
with T. caries [5].
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Successful development of T. caries and suppression of defense response in plants of wheat, caused by decrease in oxidation degree of phenol compounds is shown to be bound with the inhibition of plant peroxidase
activity by exogenic auxins [24]. The suppression of the protective response could be also promoted both by the
downturn of the intensity of lignification processes in the infected calli, and by Н2О2 generation in the zone of
fungi growth. Such low Н2О2 generation in barley mutant forms makes them rather susceptible to fungi B. sorokiniana [25], and inhibition of Н2О2 production in calli leads to the suppression of the organized growth
processes [26] and to the decrease of the plant defense potential [8].
T. caries in wheat calli spreads in intercellular space of loosely located parenchyma-like cells [8]. Possibly
condensation of plant tissues and strengthening of the plant cell wall is an important component of the increase
of calli resistance to the pathogen. As it is known, differentiation of cells is accompanied by growth inhibition,
mediated by accumulation in a cellular wall of lignin [27].
According to modern point of view, a cellular wall is a complex and multifunctional system. Besides, a wellknown basic function of cellular walls, their participation in the definition of the direction and speed of cell
stretching, in the interaction of cells inside the tissue and identification of “strange” cells, pathogens, in particular, in the formation of water and ionic-binding properties of tissues, is now established. Then, it is interesting to
understand, why in the plants of tobacco infected with tobacco mosaic virus, or in the wheat infected with the
powdery mildew agent [28], the increase of the sizes of the intercellular space of mesophyll is observed, which
accordingly, weakens the level of intercellular interaction in the defeated site of a leaf and promotes infection
distribution. From the results received in this work, it is evident that defense action of ABA and cytokinines is
connected with the reduction of the quantity of potentially defeated cells of a calli and with the initiation of formation of cell zones with organized growth. Auxins, on the contrary, as it is known, can “loosen” cell walls,
promoting fungi growth.
Oxalate oxidase plays an important role in updating of a cell wall and formation of intercellular mutual relations [12] [29]. At the same time, induction of oxalate oxidase activity, especially in the protein fraction of a cell
wall leads to accumulation of Н2О2 and to strengthening of lignin synthesis in immediate proximity to the pathogen. Consolidation of a cellular wall and increase of activity of enzymes-generators of Н2О2, were also
shown in the process of cultivating of wheat calli on the medium with addition of the defense inductors [8].
It is known that under the influence of cytokinins and ABA there is an induction of genes of PR-proteins in
plants, including oxalate oxidase and besides there is the strengthening of lignification at fungi pathogenesis
[30]. Hence, the oxalate oxidase activation in the infected plant tissues under the influence of kinetin and ABA is
one of the reasons of hydrogen peroxide accumulation and it can be a decisive factor in the initiation of the organized growth in calli. One of the proofs of the inducing role of Н2О2 in the processes of morphogenesis is the
data on suppression of somatic embryogenesis in calli by the inhibitors of Н2О2 production and, in particular, by
the inhibitors of oxalate oxidase.
Success in the protection against adverse factors of environment including pathogens depends on realization
of anti-stress programs of cells involving cytokinins, starting the expression of genes of PR proteins [31]. Increase of calli resistance to bunt agent can be caused by cytokinins participation in the saturation of cellular wall
by xylanases, polyphenol oxidases, peroxidases and other defense related proteins.
The results of the experiments testify that ABA and kinetin initiate in wheat calli formation of dense sites, resistant to fungi and IAA promotes calli loosening and increase the number of rhizoids. Occurrence of dense sites,
strengthening of rhizogenesis under the influence of hormones mediated the increase of Н2О2 level in calli. It is
possible to assume that the metabolic ways leading to the accumulation of this compound are different. So, the
increase of Н2О2 concentration in the case with ABA and kinetin addition caused by oxalate oxidase activity in a
cell wall, but in the case with IAA higher Н2О2 level is possibly connected with peroxidase inhibition under its
influence [32]. In the first case, the increase of Н2О2 concentration stimulated wheat calli resistance to bunt
agent, and, in the second, leads to the decrease of their defense properties. The received results make it reasonable to conclude, that hormones participate in the formation of plant cells resistance to bunt agent at the expense
of regulation of pro/antioxidant systems enzymes activity, assisting not only Н2О2 accumulation in the infected
zone, but also its utilization during the subsequent defense reaction.
Wheat calli infection with pathogen teliospores results in a substantial increase of IAA content in the susceptible wheat (Figure 3). Cytokinin content increases both in the resistant and susceptible plants, and this increase
is observed itself throughout the entire experiment.
In the infected seedlings of susceptible wheat, ABA content increased considerably as compared to the control
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level. At the same time, in the resistant forms of wheat, the content of this hormone transiently increases on the
third day; however, by the end of the experiment, it was already considerably below that of the control level.
We showed that the level of hormones in pathogenic system of wheat―susceptible host and bunt agent―pathogen differs considerably from the resistant hosts. These differences manifest themselves in the changes of
hormone content and growth indices. Comparison of our data on the changes of IAA level in the susceptible calli
with other scientist’s data on other plant-pathogen systems suggests that increase of the auxin level favors the
invasion of plants by pathogenic fungi [3]. An increased ABA content maintained for a long time can also be regarded as a virulence factor [21]. At the same time, short-term changes in the ABA content seem to be a signal
for triggering of the incompatibility factors, which inhibit pathogen growth in plant tissues. The infected calli of
both wheat species are characterized by cytokinin content increase. Therefore, cytokinin synthesis may be induced in plants by the pathogen [4] or synthesis by pathogen itself [1]. However, it must be emphasized that in
the resistant wheat cells the level of cytokinins content is higher than in susceptible calli that testifies to their
involvement in plant cells immune reaction [25]. For example, there is an information about negative influence
of cytokinins on feeding of plant tissues by insects [33] and their stimulatory effect on plant defense reaction
against biotic and abiotic stressors [34] [35].
Thus, increase of the hormone level observed in the calli infected with bunt pathogen can be of both fungal
and plant origin. In this case, during fungal pathogenesis, switching-on/switching-off effect of plant defense
mechanisms will depend on the one hand on hormone concentrations and their temporal changes, and other hand
on the balance between hormones and other physiologically active compounds.
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