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Abstract: Three cytokinin derivatives (CKd) designated as RR-G, RR-O, and RR-V applied by foliar
spraying at tillering, and one compound previously described as a cytokinin antagonist (CKa)
designated as RR-P applied as a seed coating were tested in winter wheat and spring barley in
field trial experiments. The aim of the study was to examine the influence of the compounds
that were tested on the number of productive tillers, grain yield, and endogenous CK content.
With the exception of the compound RR-V, the measured parameters clearly showed the stimulatory
effects of CKd on tillering and grain yield in spring barley and winter wheat. The RR-V showed
a stimulatory effect on the number of productive tillers and yield in spring barley, but not in winter
wheat. Although in winter wheat CKa stimulated both the number of productive tillers and the grain
yield, there was an inhibitory effect in terms of the number of productive tillers observed in spring
barley. The results of the endogenous cytokinin analysis suggested, among others, the importance of
the role of isopentenyl-adenine types of cytokinins in the tillering of spring barley. In conclusion,
the cytokinin derivative compounds with an agonistic or antagonistic role showed strong potential
for application in the future development of plant growth regulators.
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1. Introduction

Wheat and barley belong to the most important cereals in the world. The harvested
area of wheat is 214 million ha and barley is 48 million hectares [1]. Maintaining yield
stability in these cereals is especially important now, when their production is repeatedly
endangered by changing climate and the subsequent environmental stresses. It has been
shown previously that the formation of productive tillers correlates linearly with the
number of ears and has a strong effect on the grain yield [2].

Tiller formation is a complicated developmental process. However, in cereals we can
recognize at least two types of tillers: Productive, which lead to the formation of ears and
thus are most important for the grain yield; and non-productive tillers [3]. The second
ones represent an example of a natural “ineffective” process that consumes the plant’s
resources but does not produce a yield at the end [4]. Such non-productive tillers often do
not survive until the end of the plant’s life. It has been demonstrated that an increase in the
number of non-productive tillers leads to a decrease in the grain yield [5-8]. The number
of productive tillers and the ratio between productive and non-productive tillers in wheat
and barley show a strong correlation with the number of ears before harvesting and grain
yield [3]. The final number of ears depends more on the maximum number of shoots
produced at the end of tillering than on the total losses of tillers [9].
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The formation of tillers is dependent on the developmental stage of the plant, nutri-
tion status, and environmental stimuli, and is driven by a complex network of hormonal
regulation [10]. Among others, the stimulation of secondary branches in plants is im-
portantly affected by the group of plant hormones called cytokinins (CK). Although CK
occur naturally in plants, the first compound with cytokinin activity was kinetin (N°-
furfuryladenine), originally isolated from autoclaved herring sperm DNA in 1955 [11].
Later, the first CK of plant origin was discovered, named zeatin, extracted from immature
corn kernels [12,13]. CK occur in plants as nucleotide, nucleoside, and nucleobase forms.
The nucleobase forms are considered to be the active forms with the ability to bind CK
receptors. CK are classified according to their sidechain configuration as either isoprenoid
CKs: N 6—(isopent—2—enyl)adenine (iP), trans-zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin
(DHZ) forms or aromatic cytokinins (meta-topolin, ortho-topolin) [14]. Whereas free bases
and ribosides represent bioactive forms (e.g., tZ and iP) and translocation forms (e.g.,
trans-zeatin riboside, tZR) [15], nucleotides and glycoconjugates represent storage and
inactivated forms [14].

The metabolism of CK in plants is regulated by a set of anabolic and catabolic enzymes
that keep endogenous CK contents in homeostatic concentrations. The enzymes responsible
for CK biosynthesis (isopentenyl transferase—IPT), activation (Lonely Guy—LOG), degra-
dation (cytokinin oxidase/dehydrogenase—CKX), the reversible inactivation of zeatin
(O-glucosyl transferases—ZOG), reactivation (p-glucosidases—GLUs), and irreversible
N-glycosylation (UDP glycosyltransferases—UGTs) have been described. IPT, which is
a rate-limiting step in CK biosynthesis [16] and CKX, responsible for most CK catabolism,
can be considered as the key metabolic regulators [17].

CKs play a role in key plant developmental processes such as cell division, root and
shoot development, lateral branching, chlorophyll synthesis, flowering, and plant senes-
cence [18,19]. They are also well known for their ability to increase plant stress tolerance [20].
All these processes may be considered as potential targets for the improvement of the grain
yield in various crops by manipulation of the plant to CK responses. Their role in promot-
ing lateral branching makes CK interesting as a potential tool to stimulate the formation
of tillers in cereals. The exogenous application of kinetin stimulated the growth of tillers
and reduced root growth in oats [21]. Similarly, the application of synthetic CK (kinetin) in
field-grown rice caused an increase in the number of tillers (34.7%), number of panicles
(38.5%), and paddy yield (21.6%) [22]. The stimulatory effects of various exogenous CK on
tiller bud outgrowth have also been shown in barley [19]. When the endogenous CK were
affected in transgenic plants, similar effects were achieved. Some authors [22] reported
a significant increase in tiller numbers as a result of the downregulation of one of the eleven
CKX (catabolic) enzymes in rice. An increase in the number of tillers and subsequently in
the grain yield was observed in barley plants with a silenced HvCKX1 gene [23]. Besides the
effect of CK in later branching, the other potential mechanisms targeting grain yield should
be considered. Since the beginning of CK research, a positive correlation between CK
levels and cell division in developing fruits has been reported [13]. CK regulates several
processes during fruit and seed development. It has been shown that cereals showed strong
and sharp peaks of CK levels immediately after anthesis [24]. In coherence with their key
role in cell division, CK stimulate sink size in the developing endosperm of wheat [25],
maize [26,27], and rice [22]. Repeated treatment of early seedlings of barley with synthetic
CK 6-benzylaminopurine (BAP) in pot experiments led to the stimulation of the seed set
and seed size and a subsequent increase in the grain yield by up to 57% [28]. In other
species, too, a positive effect of the application of CK or manipulation of the endogenous
CK level led to the prevention of flower abortion, an increased seed set, higher endosperm
size, and finally a higher yield [29]. These promising results of CK research should open
up the possibility of fine-tuning selected agronomical parameters to stabilize and increase
crop yields. Although some authors are skeptical about the agronomic potential of CK
because of its pleiotropic effects [16,29], synthetic CK compounds with different activity
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and diverse physiological effects provide a challenging opportunity to design targeted CK
treatment to affect particular plant developmental processes.

A novel derivative of 6-benzylaminopurine (BAP) 2-chloro-6-(3-methoxybenzylamino)
purine (2-CI-3MeO-BAP) in field-grown spring barley increased the grain yield, stem elon-
gation, and number of productive tillers [30]. On the contrary, the application of 2-Cl-
3MeO-BAP to winter wheat did not significantly affect either the grain yield or the number
of productive tillers [30]. The compound 6-furfurylamino-9-(2-chloroethyl)purine derived
from kinetin is another example of a highly active synthetic CK reaching 131% of the
kinetin activity in a tobacco callus bioassay. This substance showed high anti-senescence
activity, with no inhibitory effect on root growth [31]. Similarly, three other derivatives
of BAP with strong activity in CK receptor bioassays showed negligible effects in the
Arabidopsis phenotype [32]. Several novel compounds derived from 6-benzylaminopurine-
9-3-D-arabinosides (BAPAs) tested in CK bioassays showed different CK activities. None of
the compounds exceeded 31% of the activity observed for BAP in the Amaranthus bioassay,
suggesting they have only weak CK-like activity. In the tobacco callus bioassay, the highest
relative activity of the compound that was tested was 73% in comparison to BAP. In con-
trast, several of the BAPAs exhibited activity similar to or greater than that of BAP in
a wheat leaf senescence bioassay (up to 180% compared to BAP). This indicated that the
new BAPAs specifically affect the physiological processes primarily related to senescence
and/or stress without being active in the CK pathway [33].

A step further than the synthetic analogues of CK is the development of substances tar-
geted to the blocking of CK perception in plants. 6-(2-hydroxy-3-methylbenzylamino)purine
(PI-55, syn. RR-P) was the first molecule to antagonize cytokinin activity at the receptor
level. The substance was the most active compound in the senescence and tobacco bioas-
says [34]. The RR-P lost its initial high CK activity and the action was changed from
agonist to CK antagonist blocking the CREIV/AHK4 receptor and signal transfer [34-36].
The substance RR-P as an anti-cytokinin inhibited tobacco callus growth in an adequate
CK concentration [35]. The growth inhibition in this case is caused by the mechanism of
the inhibition of CK-dependent kinase (CDKs) [36]. These results clearly indicate that CK
responses and, subsequently, plant development can be differentially regulated by the
modification of the original CK structures, which suggests a high application potential of
research on CK derivatives.

The aim of our study was to examine the application potential of three cytokinin
derivatives (CKd) designated RR-G, RR-O, and RR-V and one cytokinin antagonist (CKa)
designated as RR-P in real field conditions on cereals.

2. Materials and Methods
2.1. Compounds Structures

The substance designed as RR-G (2-fluoro-6-(3-methoxybenzylamino)purine) is a hete-
rocyclic compound based on N°-substituted adenine that exhibited high CK activity [37,38]
(Figure 1).

_0 —
O: /\)
NH NH

N

F7ON N
H \\\ OH
RR-O

cl RR-V 5

Figure 1. Structures of tested compounds.
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The substance designed as RR-O is the N9-substituted derivative of kinetin (6-
furfurylamino-9-(2-chloroethyl)purine). This compound enhanced the CK activity of the
parent compound in the bioassays to a remarkable degree but had a negative effect on its
perception by CRE1/AHK4 and AHK3 Arabidopsis receptors [31].

The substance designed as RR-V is the aromatic CK derivative (6-(3-methoxybenzylamino)-9-
(B-D-arabinofuranosyl)purine) (BAPA). The compound is effective in delaying senescence
in detached leaves while having low interactions with the CK signaling pathway. [33].

The substance designed as RR-P (6-(2-hydroxy-3-methylbenzylamino)purine) antago-
nizes the endogenous CK activity at the receptor level [34]. At the molecular level RR-P
blocks the CK receptor CRE1/AHK4.

2.2. Analysis of Endogenous Cytokinins

Quantification of CK metabolites was performed in accordance with the method
described by Svacinova [39], including the method of modifications for spring barley sam-
ples [40]. The samples (20 mg FW) were homogenized and extracted in 1 mL of modified
Bieleski buffer (60% methanol, 10% formic acid - HCOOH, and 30% H,O) together with a
cocktail of stable isotope-labeled internal standards (0.25 pmol of CK bases, ribosides, N-
glucosides, and 0.5 pmol of CK O-glucosides, nucleotides per sample added). The extracts
were applied onto an Oasis MCX column (30 mg/1 mL, Waters) conditioned with 1 mL
each of 100% methanol and H,O, equilibrated sequentially with 1 mL of 50% (v/v) nitric
acid, 1 mL of H,O, and 1 mL of 1 M HCOOH, and washed with 1 mL of 1 M HCOOH and
1 mL of 100% methanol. The analytes were then eluted by two-step elution using 1 mL of
0.35 M NH;OH aqueous solution and 2 mL of 0.35 M NH4OH in 60% (v/v) methanol solu-
tion. The eluates were then evaporated to dryness and stored at —20 °C. Cytokinin levels
were determined by ultra-high-performance liquid chromatography-electrospray tandem
mass spectrometry (UHPLC-MS/MS) using stable isotope-labeled internal standards as
a reference [41]. Separation was performed on an Acquity UPLC® System (Waters, Milford,
MA, USA) equipped with an Acquity UPLC BEH Shield RP18 column (150 x 2.1 mm,
1.7 um; Waters), and the effluent was introduced into the electrospray ion source of a triple
quadrupole mass spectrometer Xevo™ TQ-S MS (Waters). Six independent biological
replicates were performed.

2.3. CK Activity Bioassays

The cytokinin activity in the bioassays was tested in a tobacco callus test [42]. The ef-
fects of the novel CKs and CKa compounds on the proliferation of cytokinin-dependent
tobacco callus were tested in concentrations of the compounds that were tested from
1x107*to1 x 107 mol-L 1.

2.4. Field Plot Experiments

Field plot experiments were performed on the winter wheat variety Turandot (Selgen
joint-stock company) during the harvest years 2016-2020 and the Etana variety (Saaten-
Union CZ, limited company) during the years 2012-2015, and the spring barley variety
Bojos (Limagrain Central Europe Cereals, limited company) during the harvest years
2012-2014 and the Francin variety (Selgen joint-stock company) during the years 2015-
2020. All the derivatives were tested according to the good experimental practice (GEP)
methodology for field trials. The sowing and harvesting plot sizes were 10 m? in five ran-
domized replications. Field testing was performed at a location at Olomouc (49.5750947 N,
17.2843269 E).

The sowing rate of the winter wheat and spring barley was 3.5 million germinated
seeds. Fertilization by nitrogen during the vegetation period was 60 + 40 + 40 kg-ha~! of
nitrogen in the case of winter wheat and 40 kg-ha~! in one term in the case of spring barley.
The field trials were not treated against fungal diseases or with growth regulators; the trials
were treated with insecticides and herbicides.
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According to the most suitable concentration in previous bioassays, CK derivatives
were applied to the winter wheat and spring barley by single foliar spraying at the begin-
ning of the tillering stage (according to Phenological Development Stages of Plants—BBCH
scale 21-25). Each of the compounds (RR-G, RR-O, RR-V) was tested over at least four
agronomic seasons (harvests). Two parameters were recorded in all samples: The number
of productive tillers (evaluated at BBCH 37-39) and grain yield per hectare. The synthetic
CK-antagonist RR-P was also tested in field-plot experiments, but the treatment was ap-
plied to the seeds by coating them before sowing. The CK antagonist was tested in spring
barley during three agronomic seasons and in winter wheat for six seasons.

We applied the derivatives (growth regulators) as seed treatment in a concentration of
10 uM and a dosage of 9 mL-kg ! of seeds (RR-P substance) and as single foliar treatment
in a dosage of 300 L per ha and a concentration of 5 uM (RR-G, RR-O, and RR-V). All vari-
ants were compared with a non-treated control in each year of testing. Harvesting was
performed with an HEGE-160 small plot combined harvester with sampling and measuring
of the moisture. Finally, the yield grains were standardized for 14% moisture.

Thirty random plants (not from borders) of each variant were used for morphological
assessment. The number of plants evaluated for morphological assessment was 30. Sin-
gle plants for root and shoot weight evaluation were removed from the plots in the stage
from 8 to 10 leaves (BBCH 18-20). Single plants for the evaluation of tillers were removed
from the plots in the stage of stem elongation (BBCH 37-39). In this stage, two types of
tillers were evaluated: 1—strong/productive tillers with the development of spikes follow-
ing and 2—weak (non-productive) tillers, with no development of spikes. Plant samples for
the analysis of cytokinins were taken 14 days after the foliar treatment by CKs substances,
at the phenological stage—the beginning of stem elongation BBCH 30-33 (15 May 2019).
Samples from the CKa (RR-P) treatment were removed from the field plots at the same
stage (BBCH 30-33). Fifteen plant shoots (stem and leaf) from each variant were used and
were homogenized before the analysis.

2.5. Statistical Analysis

Data from the experiments were statistically analyzed in software Statistica ver.
13.4.0.14. In all measured traits, the mean % compared at the control is noted in Sup-
plementary Tables S2 and S3. Data from the analysis of endogenous hormones were
analyzed using a paired Student’s t-test. Data from grain yield were compared using
a non-parametric Kruskal-Wallis ANOVA.

3. Results
3.1. CK Activity Bioassays

The results from the tobacco callus test bioassay are shown in the Supplementary File
(Figure S1). The highest activity of the RR-P substance was observed in conc. 1 x 10~ mol-L ™!
(+ 56.8% over the control); a higher concentration of the substance led to markedly decreas-
ing activity in the tobacco callus test. The activity of the RR-G substance was increased with
a rise in the concentration of the substance in the callus medium. The highest activity of the
substance was found in conc. 1 x 107° and 1 x 10~% mol-L ™1 (+437.1% or + 440.8% over
the control). The highest activity of the RR-V substance in the tobacco callus test was found
in conc. 1 x 10~* mol-L~! (+21.4% over the control). In lower concentrations, its activity
raised slightly above the control. The activity of the RR-O substance in the assay increased
from the conc. 1 x 107? to 1 x 107> mol-L~! (activity raised from 11.6% to 186.9% over the
control). A higher concentration led to a decrease in activity in the tobacco callus test.

3.2. Effect of CK Derivatives and CK Antagonist on Tillering and Grain Yield

Although the variability in particular seasons did not allow statistical significance
(for p < 0.005) in the recorded agronomical parameters to be proved, the data from particular
seasons showed clear trends (Supplementary File, Tables S1 and S2). Figures 2 and 3 show
summaries of the data from all relevant seasons for particular treatments in both crops.
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Figure 2. Results (grain yield in t-ha~! and number of productive tillers) from field plot experiments with winter wheat,
compared to the control. (A) RR-P application as seed coating, (B) RR-G, (C) RR-O, and (D) RR-V applied as foliar spraying
at the tillering stage (BBCH 21-25).
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Figure 3. Results (grain yield in t-ha~! and number of productive tillers) from field plot experiments with spring barley,
compared to the control. (A) RR-P application as a seed coating, (B) RR-G, (C) RR-O, and (D) RR-V applied as foliar
spraying at the tillering stage (BBCH 21-25).

In all the treatments of winter wheat, the mean grain yields showed increases over the
non-treated control of 2.88% (RR-O), 5.21% (RR-V) and 3.85% (RR-G) (Figure 3). In the case
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of RR-P seed treatment, the grain yield surpassed the control by 2.87% in the six years of
the field experiments. Foliar treatments with CK derivatives were associated with elevated
numbers of productive tillers in the plots treated with RR-G and RR-O. After the application
of the substances, the numbers of productive tillers increased in comparison to the control
by 8.72% and 3.05%. On the contrary, a slightly lower mean number of productive tillers
was observed in the plots sprayed with RR-V (at 2.54% less than the control). The mean
grain yields were also increased in all variants. Seed treatment with the RR-P substance
led to an increase in productive tillers over the control by 6.60%. The influence of cultivar
and harvest year at the grain yield and productive tillers number for single treatments and
controls were analyzed. The results did not show the effect of using two varieties in field
experiments. The harvest year had a more significant effect on the yield and the number of
productive tillers.

Variants of spring barley sprayed with CK derivatives in the tillering stage showed in-
creased mean numbers of productive tillers compared to the non-treated control. Grain yields
were increased by 8.46% after the application of RR-G, 7.38% after that of RR-O, and by 5.40%
after that of RR-V. The grain yield after spraying with CK derivatives showed a correlation
with the increased number of productive tillers (Figure 3).

A different course was observed in plants treated with the CK antagonist RR-P,
which was applied as a seed coating before sowing. In spring barley, productive tillers
were reduced (—7.9% compared to the control) and only a negligible effect on the grain
yield was observed in the case of RR-P treatment of the seeds. However, in winter wheat
RR-P treatment was associated with an increase in both parameters: The number of pro-
ductive tillers and the grain yield. The influence of cultivar and harvest year at grain yield
and productive tillers number for single treatments and controls were analyzed. In the
grain yield parameter, the results did not show any significant effect of variety or harvest
year. In the productive tillers number, some significant differences were found, but their
occurrence was more affected by harvested year than by the used cultivar.

3.3. Analysis of Endogenous Cytokinin Content

To study the potential effects of CKd and CKa on CK metabolism, plants were har-
vested at the stage BBCH 30-33 and the content of various CK metabolites was analyzed.
Although the total CK content in the plants sprayed with CK derivatives was lower than or
similar to the controls, important differences were observed, especially in the iP and iPR
content (Table 1). However, in the plants treated with the CK antagonist RR-P, c¢Z, cZR,
and tZR were also increased, in addition to iP and iPR.

Table 1. Cytokinin levels in pm01~g_1 FW (mean + SD; RSD = relative standard deviation; statistically
significant difference in treated plants versus control (untreated plants) in a paired Student’s ¢-test
(*, **, and *** correspond to p-values of 0.05 > p > 0.01, 0.01 > p > 0.001, and p < 0.001). (A) Total CK
content, (B) total CK O- and N-glucosides, (C) total CK bases and CK ribosides, (D) N6—(isopent—
2-enyl)adenine (iP) and N6-(isopent—Z-enyl)adenosine (iPR), (E) trans-zeatin (tZ) and trans-zeatin
riboside (tZR), (F) cis-zeatin (cZ) and cis-zeatin riboside (cZR).

A Samples Total Cytokinins
CTRL 121.79 + 16.35
RR-O 105.94 + 18.64
RR-G 90.47 + 11.10 *
RR-V 117.97 + 17.75
RR-P 95.50 + 8.68 *
CTRL 114.86 + 15.85 2.28 + 0.31
RR-O 99.62 + 18.19 2.55 + 0.32
RR-G 82.71 + 10.90 * 3.62 + 0.30 x*
RR-V 110.58 + 17.63 2.46 + 0.14
RR-P 82.33 + 8.68 * 3.45 + 0.14 **
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Table 1. Cont.

C Samples Total CK Bases Total CK Ribosides

CTRL 1.12 + 0.18 3.05 + 0.48

RR-O 1.28 + 0.23 1.88 + 0.37 *

RR-G 1.66 + 0.32 * 1.88 + 0.26 **

RR-V 1.45 + 0.17 2.90 + 0.30

RR-P 1.99 + 0.13 *Hx 7.16 + 1.14 **
D Samples iP iPR

CTRL 0.58 + 0.08 0.84 + 0.21

RR-O 0.77 + 0.16 0.50 + 0.12 *

RR-G 1.10 + 0.24 * 0.48 + 0.12 *

RR-V 0.88 + 0.20 0.67 + 0.15

RR-P 1.20 + 0.12 *xx 1.78 + 0.40 *
E Samples tZ tZR

CTRL 0.34 + 0.08 0.18 + 0.02

RR-O 0.32 + 0.08 0.16 + 0.02

RR-G 0.37 + 0.07 0.19 + 0.04

RR-V 0.34 + 0.07 0.18 + 0.02

RR-P 0.41 + 0.03 0.28 + 0.03 **
F Samples cZ cZR

CTRL 0.20 + 0.03 2.02 + 0.38

RR-O 0.19 + 0.02 1.22 + 0.24 *

RR-G 0.19 + 0.04 1.21 + 0.14 *

RR-V 0.23 + 0.03 2.06 + 0.17

RR-P 0.38 + 0.03 *xx 5.10 + 0.76 o

In all the plants treated with CK derivatives, the upregulation of iP but downregu-
lation of iPR was found. Among the CK derivatives, the highest increase in iP and also
an important decrease in iPR were observed in the plants treated with RR-G and RR-O.
However, in terms of the quantities of deactivated CKs, important differences were ob-
served in these samples. In the RR-O samples, there were decreases in the contents of
irreversibly inactivated CKs: N-glucosides and in reversible O-glucosides. On the con-
trary, the RR-G samples exhibited upregulation of N-glucosides but downregulation of
O-glucosides in comparison to the control. The samples treated with the CK derivative
RR-V showed CK levels very similar to the control plants in most of the CK metabolites that
were analyzed, with the exception of iP and iPR, as iP was elevated and iPR was decreased
with respect to the controls, similarly to the other CK derivative treatments. The situation
was clearly different in the CK antagonist samples, where dramatic elevation of most of
the CK metabolites that were analyzed was detected. The most important exception was in
the content of O-glucosides, which was downregulated in the RR-P plants in comparison
to the control (Table 1).

4. Discussion

The hormonal regulation of plant developmental stages represents a complex network
of interacting agents that is, beside its genetic background, further complicated by the nutri-
tional and environmental status of the plant. Here we present the results of a multi-seasonal
field plot experiment showing that improving the plant yield by means of substances tar-
geted to the specific hormonal pathway is reasonable and effective. Although the increase
in grain yield was not statistically significant, there was a clear trend of a positive effect of
RR-G, RR-O, RR-V, and RR-P application on grain yield (please see Supplementary File).

The testing of original CKs and CKa substances in real field conditions clearly showed
that even a single treatment (foliar or seed) may boost the number of productive tillers and
subsequently improve grain yields in wheat and barley.
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Although we did not reach the formal statistical significant differences, trends in
means showing effectivity of studied compounds were clearly visible. Testing of normality
proved that some of these data do not manifest normal distribution which is often a problem
with agronomical data, where the differences between sprayed and control variants are not
extremely dramatic and the number of repeats is limited. As the normal data distribution
is a necessary condition for parametric tests such as the t-test or ANOVA, we used non-
parametric test Kruskal-Wallis ANOVA with multiple comparisons of p-values. Non-
parametric tests are very robust; however, their sensitivity is importantly lower that
in parametric ones. For these reasons we did not reach formal statistical significance,
although compound effect was repeatedly observed in subsequent seasons. Authors were
asked to report the values of significance testing in the main text of the manuscript, rather
than in the Supplementary File. Please see Table 2 for details, but the reader is kindly
asked to see the results of particular seasons as given in Supplementary File. It is also
worth noting that the reliability of the frequentist statistical approach (p-values) has been
questioned in general [43], suggesting the necessity of re-thinking statistical approaches
toward to Bayesian modeling [44]. Looking to the raw data, we observed the same trend
per particular compounds in most of the experimental seasons.

Table 2. The Kruskal-Wallis ANOVA non-parametric test with multiple comparisons of p-values performed on harvest

yields of wheat and barley for individual seasons.

Wheat Barley
2020 Ctrl RR-O RR-V Ctrl RR-O RR-V
Ctrl 0.967 1.000 Ctrl 0.406 1.000
RR-O 0.967 1.000 RR-O 0.406 0.714
RR-V 1.000 1.000 RR-V 1.000 0.714
2019 Ctrl RR-O RR-V Ctrl RR-V
Ctrl 1.000 1.000 Ctrl 0.462
RR-O 1.000 1.000 RR-V 0.462
RR-V 1.000 1.000
2018 Ctrl RR-V Ctrl RR-O RR-V
Ctrl 0.935 Ctrl 1.000 1.000
RR-V 0.935 RR-O 1.000 1.000
RR-V 1.000 1.000
2017 Ctrl RR-P RR-G RR-O RR-V Ctrl RR-O RR-V
Ctrl 1.000 1.000 1.000 1.000 Ctrl 0.143 1.000
RR-P 1.000 1.000 1.000 1.000 RR-O 0.143 0.804
RR-G 1.000 1.000 1.000 1.000 RR-V 1.000 0.804
RR-O 1.000 1.000 1.000 1.000
RR-V 1.000 1.000 1.000 1.000
2016 Ctrl RR-P RR-G Ctrl RR-O RR-G
Ctrl 1.000 0.714 Ctrl 0.718 1.000
RR-P 1.000 1.000 RR-O 0.718 1.000
RR-G 0.714 1.000 RR-G 1.000 1.000
2015 Ctrl RR-P RR-G RR-O Ctrl RR-O RR-P RR-G
Ctrl 0.088 0.041 1.000 Ctrl 0.600 1.000 1.000
RR-P 0.088 1.000 0.831 RR-O 0.600 1.000 1.000
RR-G 0.041 1.000 0.447 RR-P 1.000 1.000 1.000
RR-O 1.000 0.831 0.447 RR-G 1.000 1.000 1.000
2014 Ctrl RR-P RR-G Ctrl RR-P RR-G
Ctrl 1.000 1.000 Ctrl 1.000 0.967
RR-P 1.000 1.000 RR-P 1.000 1.000
RR-G 1.000 1.000 RR-G 0.967 1.000
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Table 2. Cont.

2013 Ctrl RR-P RR-G
Ctrl 1.000 1.000
RR-P 1.000 1.000
RR-G 1.000 1.000
2012 Ctrl RR-P Ctrl RR-P RR-G
Ctrl 0.564 Ctrl 1.000 0.350
RR-P 0.564 RR-P 1.000 0.509

RR-G 0.350 0.509

In the Supplementary Files (Tables S2 and S3), these particular trends are clearly
visible, proving the effects of tested compounds in real field conditions. It has been shown
previously that exogenous application of CK in real field conditions affecting grain yield is
less pronounced in contrast to pot experiments in greenhouses. In our study, we observed
relatively strong effects of tested compounds ranging from +0.44% to +9.02% in the grain
yield. Exogenous application of CK oxidase/dehydrogenase inhibitors in winter wheat
and spring barley increased the grain yield at 4.0-6.6% and 0.7-6.4% over the control [45].
In addition, biostimulants containing plant hormones, increased the grain yield of spring
barley in real field conditions moderately (from 2.0% to 2.6% over the control) [46].

To widen our testing portfolio, we applied CK-derived compounds with two pre-
sumed mechanisms of action. Whereas the compounds RR-G, RR-O, and RR-V should
work synergistically with endogenous CK, the substance RR-P has previously been proven
to work as a CK antagonist. Moreover, the RR-V substance presumably works in a non-CK
mode of action, as discussed below.

A substance derived from kinetin (RR-O) has previously been described as strongly
activating the CK receptor pathway, showing strong CK activity in specific bioassays [31]
RR-G activity is shown in Figure 2. When these substances were sprayed onto the barley
and wheat plants, the number of productive tillers increased in both crops. This corre-
sponds to previous works in which compounds with CK activity were applied to crop
plants [28,30,47]. Contrary to some previous studies [48], the compounds were applied
to the crop plants only once, which represents a “close-to-application” approach. Addi-
tionally, the effective dosages of the substances were very low (approx. 4.5 g-ha™!) in
comparison with some commonly-used agrochemicals. The effects of RR-G and RR-O
on CK metabolism were demonstrated in barley seedlings. Here the preferential role
of iP types seems to occur in the response to CKd treatments. Analyses of endogenous
iP+iPR versus Z+ZR (without distinguishing between the cis or trans form) content in rice
tiller buds after treatment with nitrogen were performed [49]. On the fifth day after the
treatment, the iP+iPR content was approximately three times higher than endogenous
Z+ZR. It should be noted that in our samples the iP and iPR were measured separately
with much better detection limits [14]. The data suggests the preferential role of iP-the type
CKs in tiller formation. In our samples, the enhancement of active forms of iP was coupled
with suppression of iPR and negative or negligible effects in other metabolites, except N-
glucosides, which were elevated in the treated samples. The total amount of endogenous
CK was reduced in both RR-G and RR-O, but more pronouncedly in the RR-G samples.
The suppression of CK synthesis is perhaps caused by the feedback loop signaling mecha-
nism [50]. As the exogenous CK substances activate CK signaling, plant CK biosynthesis is
backwardly inhibited until the signal persists within the organism. The upregulation of CK
catabolism by RR-G and RR-O via irreversible N9-conjugation also follows the same logic:
To reduce excessive CK signaling in plants.

RR-V, an arabinoside derivative of BAP, was found to perform no detectable affinity
to Arabidopsis CK receptors AHK3 and AHK4 [33], suggesting that its mechanism of action
is different from those of the other two CKd compounds. This is in agreement with the
results of standard CK activity bioassays. The RR-V substance showed lower activity
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than the controls, with the exception of a senescence bioassay, where its activity was
19% higher than in the controls [33]. We presumed here that an increase in the number
of productive tillers is primarily stimulated via the CK receptor pathway [22]; however,
RR-V complicates the hypothesis. Whereas the results of the winter wheat experiment
showed a rather negative effect on the number of productive tillers, in the spring barley the
effect was clearly stimulatory. The grain yield was higher in both crops when they were
treated with RR-V. Although the effect on the yield may be in relation to anti-senescence
and anti-oxidative stress capability, the conflicting role in tillering is not easy to understand.
However, it is also possible that there is still some affinity of RR-V to CK receptors in barley,
but no affinity to CK receptors in wheat. It would be joined with the higher weight of
a thousand grains of wheat in the case of non-superabundant spike density. The anti-stress
effect of RR-V on barley tiller formation should also be considered, as many of the testing
seasons suffered from high temperatures and a lack of spring rainfall (Supplementary File,
Table S3). The differential mode of action of RR-V was also manifested in the analysis of the
endogenous CK content in barley plants. With the exception of iP-type CK metabolites, after
RR-V treatment most of the endogenous CK concentrations were very close to those of the
control plants. As this was the first time when the effect of the BAP arabinoside derivative
on endogenous CK content was analyzed, we can conclude that its minor effect on CK
metabolism is in good coherence with its presumed non-CK mode of action. It suggests
that the CK receptor pathway was not activated in the same way as in the cases of RR-G
and RR-O. Nevertheless, the stimulation of iP in barley seedlings may indicate at least
partial activation of CK perception in barley.

The last substance to be tested, RR-P, has been shown to work antagonistically against
cytokinins. Its mode of action consists of non-activating binding to the CK receptors that
block the binding site for endogenous CK. Such a block in the CK perception leads to an
insufficient feedback loop and overproduction of endogenous CK [51]. This is exactly what
we observed here; the RR-P treatment led to the overproduction of the majority of CK
metabolites. However, the total number of CK in RR-P was lower than in the control sam-
ples. This seemed mainly to be due to the lower level of O-glucosides, which represented
a major pool of CK in the plant. Perhaps via feedback regulation, the plants treated with
RR-P released reversible O-glucosides more intensively to increase the pool of free CK.
Free hormone compounds are “short-life”, non-persistent compounds [52]. It may lead to
increased CK compounds resulting from CK synthesis, but a lower total amount resulting
from the fast release of stored CK forms (O-glucosides) and rapid degradation of active CK
within the plants.

Moreover, in our experimental scheme, RR-P was applied as a seed treatment, with
the intention being to stimulate root development in young seedlings via the inhibition
of CK action. Although the effect on roots was not observed, an important improvement
in the number of productive tillers in winter wheat and the grain yield was observed.
On the contrary, in spring barley negative effects on tillering and no effect on the yield
were found. The important difference between winter wheat and spring barley is in
the duration between seed treatment and the developmental stages that were monitored
(tillering and yield). Whereas in winter wheat, it was from about five to six months
from treatment to tillering, in spring barley it was only about one or two months. It is
highly probable that after six months no active compound was present within the plants,
but the effect of the feedback loop persisted for some time and increased endogenous
CK, subsequently supporting tillering and yield. On the other hand, in spring barley
the compound may maintain its activity of blocking CK receptors, even until tiller bud
formation. This thus leads to the inhibition of tiller formation. By the time of the harvest,
the activity of the compound has probably diminished and plants can improve their
yield via elevated CK content by other mechanisms, such as increased endosperm or
sink size [29].
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5. Conclusions

We have shown in the present study that foliar application of CK-derived compounds
improved the number of productive tillers and the grain yield in winter wheat and spring
barley. A positive effect on the grain yield was also observed in an arabinoside derivative
of BAP that was expected to have a mode of action other than a CK. Blocking of the CK
receptor pathway via the application of a CK antagonist led to an increase in the number of
productive tillers and grain yield in winter wheat, but not in spring barley. Taken together,
our data shows that the modulation of cereal development using CK-derived substances
shows considerable potential for application in agricultural practice.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
395/11/1/67/s1, Figure S1: Activity and standard deviation of the tested compounds: RR-P (6-(2-
hydroxy-3-methylbenzylamino)purine); RR-G (2-fluoro-6-(3-methoxybenzylamino)purine); RR-O (6-
furfurylamino-9-(2-chloroethyl)purine), and RR-V (6-(3-methoxybenzylamino)-9-(f3-D-arabinofuranosyl)
purine in the tobacco callus bioassay. Table S1: Grain yield and number of productive tillers in winter
wheat in particular seasons (field plot trials). Seasons are marked as a year of harvest. Table S52:
Grain yield and number of productive tillers in spring barley in particular seasons (field plot trials).
Seasons are marked as a year of harvest. Table S3: Meteorological records for experimental seasons
in location Olomouc-Holice, compared long-time normal values. (A) Sums of month precipitations
[mm], (B) Monthly mean temperature (°C).
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