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The key to high productivity of plants, especially cereals, is to control lodging of cereals. Among the derivatives of acylcyclo-
hexadiones (ACHD), highly effective retardants have been invented, which are widely used in modern crop production to control the
lodging of cereals, mainly winter wheat, spring and winter wheat, winter, spring and hybrids of barley. The mechanisms of influence
of ACHD derivatives — trinexapac-ethyl and prohexadione-Ca on plants and features of their application in technologies of cultiva-
tion of cultivated plants are considered. By using a composition of ACHD derivatives with a number of agrochemicals, enhancement
of retardant activity is achieved. Given the identified varietal variability of the effectiveness of the use of ACHD derivatives in ce-
reals, it is advisable to conduct registration and post-registration studies primarily on varieties that occupy the largest sown areas in
the country. The peculiarities of ACHD derivatives’ influence on stem components as the main one, along with the flag leaf, carbon
pool for grain filling in the ear and possible reasons for the lack of productivity increase of grain crops due to ACHD derivatives are
VictorSchwartau@gmail.com  also considered. This class of substances continues to be widely studied in the world and remains among the most promising for the
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development of new agrochemicals and drugs.
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Introduction

The “Green Revolution” has significantly increased the yields of ce-
reals in the world. Increase in the production of high-quality grain is an
important trend in the development of crop production and increases its
profitability (Morgun et al., 2010, 2015; Reynolds, 2012; Pinera-Chaves
etal., 2020). An important element of wheat cultivation technologies is the
prevention of lodging, which significantly reduces crop productivity and
grain quality. On high nutrition backgrounds, with the application of nit-
rogen fertilizers, especially in combination with waterlogging and low
insolation, the wheat stalk may stretch and lose strength. Crops are also
affected by weeds and fungal damage to stems and roots. Therefore, an
important condition for increasing the productivity of winter wheat is to
counteract lodging, including short-stem varieties in crops with a yield of
7-9 t/ha and more. This can be achieved through selection of varieties and
with the help of growth regulators. With increasing doses of nitrogen
fertilizers for high-yielding short-stemmed and medium-growing varieties
of cereals, the use of retardants to combat crop lodging is part of crop
production technologies (Berry, 2004; Espindula, 2009; Morgun, 2010;
Miroshnichenko et al., 2017). Lying down occurs by breaking the inter-
nodes of the basal part of the stem, the displacement of the plant from a
vertical position at an angle to the soil surface, under the influence of vari-
ous factors. To reduce lodging susceptibility and increase yields, it is im-
portant to introduce dwarf alleles into the main crops, as semi-dwarf plant
varieties have a thicker wall and a larger stem diameter, which helps to
solve lodging problems and increase yields (Morgun et al., 2010; Pifiera-
Chavez et al., 2020). Identification of dwarfism genes has shown that
encoded proteins inhibit the action or production of GA (Hedden, 2003).
But if the height of the plants is too short, the yield decreases. The resis-
tance of plants to lodging depends not only on the length but also on the
structure of the stem. Exogenous use of growth inhibitors to reduce inter-
node length and reduce lodging affects the endogenous content of hor-
mones, which play an important role in increasing plant productivity and
stem resistance to lodging (Berry & Spink, 2012). Growth inhibitors are
now widely used to control plant height and prevent crop lodging. Their
use also helps to mitigate the effects of adverse environmental conditions

that lead to lower yields. They alter metabolism by controlling hormonal
status and thus regulating the growth of various plant organs.

Ukraine has traditionally conducted research to create a new genera-
tion of PGR (synthetic and natural), including primary screening of these
substances, research on their physicochemical, physiological and toxico-
logical properties and implementation results in agricultural production.
Analysis of literature data on the use of PGR of synthetic and natural
origin indicates the viability of this technological measure in agriculture.
The number of PGRs registered in Ukraine, which currently exceeded
100 items, rather indicates methodological inaccuracies. Thus, in the la-
boratory, a large number of organic and inorganic compounds on unbuf-
fered growth media with low osmotic pressure exhibit the properties of
PGR, mainly effective stimulants, but this effect is not reproduced in field
production conditions. The lack of reproducibility of many stimulants in
the field which researchers try to position as PGR is due to the complexity
of the processes of regulating the growth and development of plants in
ontogenesis, where the action of one substance in ultra-low concentrations
is compensated. For example, many years of experience in large-scale
production and use of gibberellic acid in the former USSR did not lead to
increased yields.

Problems with the use of retardants on the Ukrainian market are per-
sistent recommendations to prohibit the introduction of retardants - acyl-
cyclohexadione (ACHD) at night, the lack of restrictions on their applica-
tion in arid conditions, which indicates insufficient justification of these
recommendations. It should also be mentioned that the world’s leading
pesticide companies, which together spend tens of millions of dollars a
day on research, have registered only a few retardants in Ukraine and
detailed recommendations for their use. Among the innovative drugs
should be noted retardants of the class of ACHD derivatives.

Retardants — synthetic growth and development regulators of inhibi-
tory type with antigibberelin mechanism of action, blocking the synthesis
or physiological action of synthesized gibberellin, are able to slow plant
growth, usually without causing phytotoxicity (Sang-Kuk & Hak-Yoon,
2014; Rademacher, 2016). Retardants are a large group of chemical com-
pounds of different structures, united by common genetic, physiological
and morphological effects and mode of action. These substances are able
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to affect the morphogenesis of plants (Altintas, 2011; Yang et al., 2016;
Kuryata & Shataliuk, 2020), regulation of growth processes, by shortening
and thickening the stem, reducing the tendency to lodging, to enhance root
growth (Kasem & Abd El-Baset, 2015; Carvalho et al., 2016; Espindula
etal,, 2010; Hu et al., 2017; Zhang et al., 2017a; Berry & Spink, 2012), to
increase the photosynthetic ability of plants (Zagonel & Femandes, 2007;
Sakr, 2009), to influence the accumulation of nutrients in plants (Virych
etal., 2012; Schwartau et al., 2018), to increase plant productivity and their
resistance to adverse environmental factors (Matysiak, 2006; Berti et al.,
2007; Shekoofa & Emam, 2008; Hu et al., 2017; Zhang et al., 2017b;
Makoveychuk et al., 2018; Mykhalska et al., 2019).

Gibberellins are a large group of diterpenoid carboxylic acids, very
common in higher plants. Some of them function as endogenous growth
regulators, phytohormones synthesized in young plants that grow inten-
sively, control various aspects of plant growth and development, such as
elongation of plant stems, increase in the number of internodes, induction
of flowering, sex regulation, stimulation of seed germination, etc.
The plant synthesizes a large number of forms of GA, but a small part of
them, such as GA1 and GA4 are biologically active and perform the
above functions. Concentrations of these substances are determined by the
rate of their synthesis and decontamination (Ross & O'Neill, 2001; Da-
viére & Achard, 2013; Hedden & Sponsel, 2015).

Gibberelic acid (GA) in higher plants is synthesized by terpencyclas-
es, cytochrome-Pys-monooxygenases and 2-oxoglutarate-dependent di-
oxygenases, which are localized in the plastids, endoplasmic reticulum
and cytosol, respectively. The concentration of biologically active GA in
the places of their action is precisely regulated (Hedden & Thomas, 2012).
GA transport in plants is due to recently identified proteins from the NPF
and SWEET families. Active GA1, for example, in pea stalks is synthe-
sized from GA20, the enzyme that catalyzes this stage (GA-3-oxidase-
PsGA3ox1), encoded by the Mendel LE gene (Ross et al., 2000). Auxin
promotes the biosynthesis of active gibberellin by increasing the mRNA
level of the stem length gene (Ross & O’Neill, 2001). Gibberellins interact
with auxin by regulating stem elongation by regulating GA synthesis
(O’Neill & Ross, 2002).

The main catabolic pathway for GA is the 2-B-hydroxylation reac-
tion, which is catalyzed by C19 and C20-GA2 oxidases (GA20xs), which
inactivate endogenous bioactive GA by influencing GA-dependent plant
development processes (Sakamoto et al., 2004). GA promotes normal root
development, preserving their morphology, due to the placement of cor-
tical microtubules, cellulose microfibrils and other factors. Cross-links
between plant hormones have also been found in signal transduction,
mainly in aboveground organs. GA and indolyl-3-acetic acid (IAA) inhi-
bit gene expression by degrading gene-repressing proteins through the
ubiquitin-mediated proteasomal system. Another result of the interaction
of GA and IAA in growth regulation is an increase in the level of GAl
with IAA. Because the final biochemical steps of growth regulation occur
in cell walls, cross-interactions during cell wall formation and modifica-
tion are also possible (Tanimoto, 2005).

Most modemn retardants are inhibitors of gibberellin biosynthesis.
First of all, these are onium compounds: chlormequat chloride, mepiquat
chloride, chlorophonium and AMO-1618, which inhibit the conversion of
geranylgeranyl pyrophosphate to ent-kauren. Subsequent conversion to
ent-caurenate is catalyzed by cytochrome-P-450 dependent monooxyge-
nases. Substances containing N-heterocycles: ancimidol, flurprimidol, tet-
cyclasis, paclobutrazole, uniconazole-P, and inabenfide inhibit the same
enzymes of ent-kauren and ent-kaurenate formation. ACHDs effectively
block GA biosynthesis pathways, reduce the content of active gibberellins
GA1 and GA4, and are widely used in modern crop production (Evans,
1999; Matysiak, 2006). ACHD inhibits the final stages of GA biosynthe-
sis, namely hydroxylation of GA20 in GA1. Trinexapac-ethyl, prohex-
adione-Ca, and daminoside inhibit predominantly 3p-hydroxylation and
the formation of highly active gibberellins from inactive derivatives (Ra-
demacher, 2000; Morgun et al., 2010; Rademacher, 2010, 2016). This is
confirmed by detailed studies (Evans et al., 1999), which found that the
structure of the prohexadione molecule is similar to 2-oxoglutaric acid,
which is a co-substrate of deoxygenases that catalyze the hydroxidation of
late stages of GA biosynthesis. Therefore, the primary site of action of
calcium prohexadione may be 3B-hydroxylation. As a result of the use of
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prohexadione there is a decrease in the level of accumulation of GA1
(highly active PGR), which causes the accumulation of its predecessor —
GA20 (inactive).

Inhibitors of gibberellin synthesis are divided into three classes, each
of which interrupts one of the three stages of gibberellin synthesis.
The first class includes compounds of quaternary ammonium (chlorme-
quat chloride or CCC, mepiquat chloride and AMO-1618) and phospho-
nium (chlorochloride), which block the synthesis of entcaurenes from
geranylgeranyldiphosphate. AMO-1618 and CCC specifically inhibit the
activity of copalyldiphosphate synthase and, to a lesser extent, n-kauren
synthase. The second class consists of nitrogen-containing heterocyclic
compounds such as ancimidol (pyrimidine), tetracyclases and triazole-
type compounds (paclobutrazole and uniconazole). These compounds
inhibit the oxidation of ent-kauren to ent-kaurenic acid by P45, monooxy-
genases in stage 2 of gibberellin biosynthesis.

The third class includes ACHDs, which inhibit 2-oxoglutarate-de-
pendent dioxygenases in stage 3 of gibberellin biosynthesis (Rademacher,
2000, 2016; Srivastava, 2003).

ACHD:s are easily absorbed through the leaf surface and move acro-
petally, basipetal movement is limited. They can be effective both when
introduced at the beginning of the plant in the tube, and in the phase of the
flag leaf, when the growth of the last sub-ear internode is activated. During
this period, all the elements of the ear are already laid, so the use of ACHD
derivatives does not have a pronounced negative impact on plant produc-
tivity (Espindula, 2009; Morgun, 2010, 2015).

It is known that the mechanism of action of phytohormones is closely
related to changes in the content of inorganic elements in plants (Mar-
schner, 1995; Chen, 1998; Bray, 2000; Battal, 2004; Marschner, 2012).
GA stimulates plant growth and development, namely seed germination,
transition from vegetative to generative development, from juvenile to
formed leaf, determines the course of the generative phase and grain de-
velopment along with the interaction of various environmental factors —
light, temperature and water (Hedden, 2016). The relationship between the
manifestation of biological activity of GA and the content of a number of
trace elements in plants, including iron (Bray et al., 2000; Rademacher,
2000; Battal, 2004) is known. For example, changes in the content of ions
in plants due to the action of the derivative ACHD trinexapac-ethyl on
winter wheat (Virych et al., 2012).

Application of high doses of nitrogen fertilizers to maximize plant
productivity potential, excess moisture, crop density, pests and diseases,
etc., leads to elongation and loss of mechanical strength of plant stems,
which prevents yields obtaining the expected quality and complicates their
collection (Berry et al., 2004-2019; Shekoofa & Emam, 2008; Zhang
etal,, 2017b). For spring wheat in Argentina, it was found that lodging
depends on plant height, ear weight and size of the basal part of the stem
(Mirabella et al., 2019). Berry & Spink (2012) determined that little work
is devoted to the mechanisms of wheat lodging. The authors hypothesized
that yield losses during lodging could be predicted by a decrease in crop
photosynthesis due to changes in its architecture. In this case, in fact, only
retardants are a tool to achieve the target height of plants. Derivatives of
ACHD, in particular dominoside, prohexadione-Ca and trinexapac-cthyl,
cause growth retardation, block 3-B-hydroxylation, inhibiting the forma-
tion of highly active GA from inactive precursors (Rademacher, 2000,
2016). Inhibition is the result of competition with a natural co-substrate, 2-
oxoglutarate, at the active site of hydroxylases, which are involved in later
stages of gibberellin biosynthesis (GA) (Brown et al., 1997). Thus, pro-
hexadione-Ca and trinexapac-ethyl slow down the vegetative growth of
apple, tomato, sorghum, wheat and rapeseed. These compounds effective-
ly block GC biosynthesis pathways, reducing the content of active gibbe-
rellins GC1 and GC4 (Rademacher, 2000; The Pesticide Manual, 2018).
Due to the structural similarity between ACHD derivatives and 2-oxa-
glutaric acid, which is a co-substrate for dioxygenases, GA metabolism is
blocked. Enzymatic kinetics data show a high affinity of retardants for 2-
oxaglutarate. Hydroxylation at position 3f3 (eg, the formation of GA1 with
GA20) and at position 2f (e.g., the conversion of GA1 to GAS) are the
main targets of ACHD. Decreased plant growth is accompanied by a
decrease in biologically active forms — GA1 and its metabolite GA8 and
an increase in GA20 and other precursors of GA1 (Rademacher, 2000,
2016; Srivastava, 2003).

Biosyst. Divers., 2020, 28(4)



Features of action of the acylcyclohexadione retardants

In modern crop production, trinexapac-ethyl and prohexadione-cal-
cium quickly replace the use of known retardants of the ethylene-
producing class, in particular, ethephon. The active substances of ACHD
derivatives are free acids of trinexapac and prohexadione. Prohexadione is
formed almost immediately after dissolving the calcium salt of the retar-
dant in water. In compositions with ammonium sulfate, the activity of
prohexadione-Ca in aqueous solutions increases with increasing levels of
the active substance — acid in the presence of ammonium ion, as well as
with the removal of calcium ions from the solution after the formation of
insoluble calcium sulfate. Instead, trinexapac is formed after deesterifica-
tion of ethyl. If weather conditions and the condition of plants limit the
values of hydrolytic activity of plant tissues, the formation of the biologi-
cally active metabolite — trinexapac acid and, accordingly, the display of
retardant activity can be delayed in time. In this case, the receipt of the
retardant to the plants in the form of ether is insensitive to increased activi-
ty in the presence of ammonium ions. With the introduction of prohex-
adione-Ca compositions with trace elements, a decrease in the activity of
the retardant may be observed due to the inhibitory effect of divalent and
trivalent metals on the supply of pesticide in the form of acid.

There are differences in the use of modem retardants in the phases of
development. Ethephon is used mainly at an earlier date, in the middle of the
tillering phase, and at lower temperatures. If wheat and a number of other
cereals — rice, oats react to the use of ethephon, then barley is insensitive to
the retardant. In general, ACHD derivatives are used in later phases and their
use is possible at elevated temperatures, both in wheat and barley varieties.

An underdeveloped root system can limit the ability of plants to use
water and nutrients, as well as increase their risk of lodging shortly before
harvest. Under the action of these derivatives of the ACHD class there is
also increased branching of the root system (Morgun et al., 2010). The use
of growth regulators, inhibitors of gibberellin formation, can promote
better rooting and consolidation of plants in the soil, increase their root
system, only by inhibiting cell elongation, without interfering with the
mitotic process, stimulating tillering and avoid lodging (March et al.,
2013). The use of ACHD derivatives promotes the development of the
root system of wheat, which is a factor in improving the efficiency of
moisture and nutrients.

Prohexadione-Ca and trinexapac-ethyl (Benetoli da Silva et al,, 2011)
are used to strengthen the structure of the wheat stem by reducing plant
height and increasing the wall diameter (Matysiak, 2006; Simmons et al.,
2017), which leads to increased plant productivity (Pricinotto et al., 2015;
Trethewey et al.,, 2016; Koch et al., 2017a; Pinheiro et al., 2018). Timely use
of retardants can help increase wheat yields by redistributing dry matter at
moderate levels of lodging (Shekoofa & Emam, 2008). The increase in grain
yield is the result of morphological changes in plant architecture (Kong et al.,
2013; Wang et al., 2016), which are becoming increasingly adapted to better
use of environmental resources, increase in cell numbers and chlorophyll
content in flag leaves (Ervin & Koski, 2001; Pal et al., 2005; Zagonel &
Fernandes, 2007), and prolongation of photosynthetic activity.

Trinexapac-cthyl [(4-cyclopropyl-a-hydroxymethylene) -3,5-dioxy-
cyclohexanmethyl carboxylic acid ester] was discovered in 1982. Trinexa-
pac-ethyl delays cell elongation at the end of the mevalonic acid pathway
by inhibiting hydroxylation of GA20 to physiologically active GA1 and
the regulatory enzyme 3-B-hydroxylase (Adams et al., 1992; Rademacher
et al,, 1992; Fagemess et al., 1998, 2004; Hedden & Thomas, 2012).
Trinexapac-ethyl reduces the activity of gibberellins, in particular GA1, by
reducing the activity of the enzyme GA20-3B-hydroxylase, which pre-
vents cell elongation, shortens the internodes, increases stem diameter and
reduces lodging (Chastain et al., 2014). Inhibition of the activity of this
enzyme is probably due to competition between the growth regulator and
2-oxoglutarate for the co-substrate Fe%/ascorbate-dependent dioxygenase
(Adamsetal., 1992).

The active substance trinexapac-ethyl, which is part of commercial
retardant preparations, is used in agriculture to prevent lodging of cereals
in a wide range of developmental stages, from the beginning of tillering to
the formation of the flag leaf. Trinexapac-cthyl ester is easily absorbed by
the plant through the leaf surface, where it is hydrolyzed to the active form —
an acid derivative that moves to the meristems of plants, including the

root. With the use of trinexapac-ethyl, root growth inhibition correlates
with the effect of slow shoot growth. Due to the esterase activity of plant
tissues, which requires time and the magnitude of activity of which de-
pends on temperature and light, the formation of active trinexapac acid
occurs. It interacts with GA12-aldehyde and blocks the biosynthesis of
gibberellic acid. It is known that treatment of plants with trinexapac-ethyl
can maintain or increase yields, both by reducing or avoiding lodging of
crops (Matysiak, 2006; Benetoli da Silva et al., 2011) and the develop-
ment of the root system, providing better rooting, which gives the ability
to absorb nutrients and water more efficiently (Beasley et al., 2005), which
makes plants less sensitive to stress caused by high temperatures, drought
(Heckman et al., 2001; Heckman et al., 2002; McCann & Huang, 2007,
Xu & Huang, 2011; Elansarya & Salem, 2015) or salinization (Sattar
etal., 2019). The effect of trinexapac-ethyl on the development of the root
system is important under the conditions and application of the retardant in
the autumn. At the same time, the best levels of overwintering of highly
sensitive varieties, in particular Mediterranean varieties, are observed.

Under salt stress, the use of trinexapac-ethyl in wheat slightly im-
proves plant growth and provides dark green leaf colour by increasing
chlorophyll content and mesophilic cell density (Sattar et al., 2019), incre-
ases CO, fixation and the formation of new non-structural carbohydrates
(Ervin & Zhang, 2007). Slow degradation of chlorophyll content also
increases the efficiency of photosynthesis of plants, which increases their
resistance to stress (Arghavani et al., 2012). Wheat seedlings under salt
stress and trinexapac-ethyl treatment had increased antioxidant activity of
enzymes (superoxide dismutase, catalase, peroxidase, ascorbate peroxi-
dase) (Sattar et al., 2019), probably due to the lower content of malonic
dialdehyde (Chen et al., 2009). Trinexapac-ethyl promotes the formation
of osmotic adaptation, a phenomenon associated with the accumulation of
soluble substances and inorganic ions, which lead to increased survival of
plants under salt stress (Elansarya & Salem, 2015; Koch etal., 2017b).

The use of ACHD improves the condition of the stem, prevents lod-
ging and increases yields (Hu et al., 2017). The use of trinexapac-cthyl
helps to reduce plant height, increase the content of chlorophyll in the
leaves, diameter and thickness of the stem (Zagonel & Fernandes, 2007),
increases crop yields (Shekoofa & Emam, 2008). High concentrations of
trinexapac-ethyl can reduce grain yield (Espindula et al., 2009). Such
anatomical features of the stem structure as strength, wall thickness of the
basal internode, diameter, its filling with forming tissues, increase in lignin
content, as well as plant height are the main features that are important for
strengthening plants and their resistance to lodging (Islam et al., 2007;
Sameri et al., 2009; Wiersma et al., 2011). Trinexapac-cthyl increases the
proportion of sclerenchyma and parenchyma, wall thickness and density,
as well as stem diameter, and reduces its length, which contributes to the
resistance of plants to lodging (Zhang et al., 2017a). It is believed (Okuno
etal., 2014) that gibberellin inhibitors reduce plant height and thus shift the
center of gravity, which helps to avoid lodging of plants. Trinexapac-ethyl
has a longer effect on inhibiting gibberellin biosynthesis, leading to a
reduction in plant internode length (Zagonel et al., 2002).

Trinexapac-ethyl, one of the most widely used PGRs on lawn grasses
in the world, is used to reduce the frequency of mowing lawn grasses, as it
reduces their height and growth rate, improving the quality of the lawn
(Heckman et al., 2001a, 2001b, 2002; Beasley et al., 2005; Pornaro et al.,
2017). Trinexapac-ethyl inhibits cell elongation by inhibiting processes at
the end of the mevalonic acid synthesis pathway by stopping the conver-
sion of GA20 to GA1. Treatment of lawn grasses with trinexapac-ethyl
produces a more intense green colour of the leaves, due to the increase in
their concentration of chlorophyll and the density of mesophilic cells
(Heckman et al., 2001a; Heckman et al., 2005; Baldwin et al., 2006;
McCullough et al., 2006; Xiao-ying et al., 2009), and more compact leaf
blades that reduce evaporation (Ervin & Koski, 2001) and increased leaf
weight (Heckman et al.,, 2001), as well as increased stem density in the
lawn, improved tillering (Fagemess & Yelverton, 2001; Beasley et al,
2005), which helps reduce moisture evaporation from the soil. Trinexa-
pac-cthyl is easily absorbed through the leaf surface of plants, while the
roots absorb only a small amount (Fagermess & Penner, 1998). Thus,
inhibition of root growth when using trinexapac-ethyl correlates with the
effect of slow stem growth. However, in our experiments to determine the
effectiveness of trinexapac-ethyl on Smuglyanka winter wheat sprouts,
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which were obtained in the laboratory on 0.9% agar, no differences bet-
ween the action of the retardant through the root system or through the
leaves were found. Therefore, the differences observed by the authors
(Fagemess & Penner, 1998) may be related to the interaction of trinex-
apac-ethyl with soil degradation, including with soil microorganisms.

The use of nitrogen in the use of trinexapac-ethyl does not increase
the leaching of nitrates in lawn grasses, but increases the restoration of
their fertility (Fagemess et al., 2004).

The growth regulator shortens the internodes and stem length of
plants, improves seed quality, and promotes faster and better harvesting
(Borm & van den Berg, 2008; Rolston et al., 2010; Chastain et al., 2014).
The use of trinexapac-ethyl increases the yield of seeds of annual and
perennial grasses (Zapiola et al., 2006; Chynoweth et al., 2014; Chastain
etal,, 2015; Trethewey et al.,, 2016).

The use of trinexapac-ethyl can have a positive effect on plant resis-
tance to various stresses, including heat and drought (Bian et al., 2014),
due to its effect on increasing the photosynthetic capacity associated with
increased chlorophyll content and photochemical efficiency and hydration
support cells. At the same time, the improvement of the sowing architec-
ture is considered as a key factor of lodging resistance (Feng et al., 2019;
Khobra et al., 2019). Slow degradation of chlorophyll content under salini-
ty conditions increases the efficiency of photosynthesis of plants, which
increases their resistance to stress (Arghavani et al., 2012). Trinesapac-
ethyl, which is used in spraying the leaves, promotes the accumulation of
fresh and dry biomass, pigments (chlorophyll and carotenoids) in the lawn
grass (Sakr, 2009), increases the content of proline and the activity of
enzymes (superoxide dismutase, catalase, peroxoroxidase) in wheat
shoots under salt stress (Sattar et al., 2019) and in drought, reduces the
amount of malonic aldehyde (Sheikh Mohammadi et al., 2016), reducing
oxidative damage to cell membranes. It also promotes the formation of
osmotic adaptation, a phenomenon associated with the accumulation of
soluble substances and inorganic ions, which lead to increased plant sur-
vival under salt stress (Elansarya & Salem, 2015; Koch et al., 2017b).

The use of trinexapac-ethyl on some types of lawn grasses at low salt
loads contributes to an increase in root mass, which may be one of the
adaptive mechanisms, with an increased absorption surface of the root
water absorption increases. However, treatment of lawn grasses with
trinexapac-ethyl under high salt load can lead to a decrease in the content
of P, K, Mg and Ca in plant tissues (Baldwin et al., 2006).

The use of trinexapac-ethyl alone and in combination with nitrogen
on lawn grasses in shady conditions promotes better grass growth and
increased levels of chlorophyll b in leaf tissues (Qian & Engelke, 1999;
Steinke & Stier, 2003; Bunnell et al., 2005; Nangle et al., 2012). Trinexa-
pac-ethyl had a positive effect on lawn grasses grown under conditions of
low photosynthetic photon flux (PPF) (Qian & Engelke, 1999; Goss et al.,
2002; Steinke & Stier, 2003; Bunnell et al., 2005).

The use of trinexapac-ethyl may be negative, as it shows structural
similarity to 2-oxoglutaric acid (Rademacher, 2014). It is believed that the
use of trinexapac-ethyl affects the content of flavonoids resulting from the
inhibition of 2-oxoglutaric acid, a co-substrate for oxygenases that catalyze
the metabolism of gibberellin at a late stage and the formation of light-
absorbing flavonoids (Rademacher, 2000). Decreased flavonoid levels
with trinexapac-ethyl may be associated with damage at higher light inten-
sities than in shady conditions. This can be explained by the slight phyto-
toxic effect that may occur after the use of trinexapac-ethyl (Wiecko &
Couillard, 1997). The production of flavonoids is induced by high red
light, ultraviolet light can inhibit their formation (Buchholz et al., 1995).
Plants with low flavonoid content have the ability to absorb ultraviolet-B,
which leads to photodamage to the leaves (Lau et al., 2006).

In long-term experiments of CIMMYT and other leading scientific
centers of the world, in experiments on phenotyping of varieties (Xiao
etal., 2015; Pifiera-Chavez et al., 2016; Shah et al., 2019) and the root
system of plants (Dreccer et al., 2020) traits are identified that can distin-
guish genotypes with low levels of lodging and high productivity.

Prohexadione-Ca (3,5-dioxo-4-propionylcyclohexanecarboxylate cal-
cium) was developed jointly by BASF (Limburgerhof, Germany) and
Kumiai Chemical Industry (Tokyo) (Kim et al., 2007; The Pesticide Ma-
nual, 2018). Its molecular structure is similar to trinexapac-ethyl (Rade-
macher, 2000). It, like trinexapac-ethyl, inhibits the late stages of GA

biosynthesis, namely, blocks 3B-hydroxylation of GA20 in GAl, can
cause resistance to bacterial infections of apple and pear leaves caused by
Erwinia amylovora and Venturia inaequalis (McGrath et al., 2009; Paul-
son et al., 2005), by inhibiting flavanone-3B-hydroxylase and flavonol
synthase, which causes changes in flavonoid metabolism. Due to the
similarity of the structure of prohexadione and trinexapac to 2-oxygluta-
rate, ACHDs increase resistance by inhibiting iron (II), 2-oxyglutarate-
dependent dioxygenases (eg, flavanone-3p-hydroxylase, and flavonol
synthase), which play an important role in flavonoid biosysnsesis (Puhl
etal, 2008) and acted as competitive inhibitors of 2-oxyglutarate-
dependent enzymes in the pathway of gibberellin biosynthesis. Prohex-
adione-Ca, like trinexapac-ethyl, can act as an inhibitor of ethylene synthe-
sis (Rademacher, 2000, 2014). The substance is freely absorbed through
the leaf surface and moves acropetally, basipetal movement is limited.
Drugs whose active ingredient is prohexadione-Ca are characterized by
good retardant action and a wide range of phases and application tempera-
tures. The use of the drug in the direction of reducing the height of the
plant and strengthening the straw is effective in the phases from the begin-
ning of the plants in the tube and to the flag leaf, when there is growth of
the sub-ear internode. Reducing the height of plants, including by inhibi-
ting the growth of the last interode, reduces the wind exposure of crops
and increases resistance to lodging. Prohexadione-Ca can also be used
from the middle of the tillering phase to increase the tillering of plants.

Prohexadione-Ca, like trinexapac-ethyl, is widely used to control the
vegetative growth of plants, which prevents lodging and helps maintain
plant productivity (Na et al., 2011; Pinheiro et al., 2018), accelerates har-
vesting. The use of growth inhibitors can increase grain yield not only by
reducing lodging, but also by increasing the absorption of solar radiation,
changing stem diameter, leaf size and stimulating root growth (Pricinotto
et al,, 2015), as well as erectility of plants and leaves (Virych et al., 2012).
Treatment of trinexapac-ethyl wheat plants does not have a negative effect
on the chemical composition, germination and energy of seed germination
and the emergence of seedlings (Koch et al., 2017a, 2017b). It was found
that the use of trinexapac-ethyl reduces the negative impact on wheat
seedlings of salt stress by improving growth, water metabolism, chloro-
phyll content (Sattar et al., 2019).

It was found (Vavilala et al., 2014) that daminozide selectively inhi-
bits KDM2/7-dimethylase (Rose et al., 2012). For example, daminozide,
as a prohexadione-like analogue of 2-oxoglutarate and PGR, has been
banned due to its effects on human health. The Environmental Protection
Agency classifies prohexadione as a low-risk pesticide due to its low
toxicity and limited resistance to the environment due to photo- and mic-
robial degradation (Paulson et al., 2005; Choi et al., 2011). Although it
meets the criteria of reduced environmental risk for pesticides, for prohex-
adione, in our opinion, it is necessary to establish clear “maximum resi-
dues” to ensure its safe use in food production.

Prohexadione-like structures are more active than methyl or ethyl et-
hers, probably due to a higher degree of similarity to 2-oxaglutaric acid.
Long acyl side chains lead to increased inhibitory activity compared to
shorter ones. Note that too long chains are phytotoxic to intact plants.
Thus, ethyl or cyclopropyl substituents are likely to be optimal. In addi-
tion, esters are better absorbed by the leaves after spraying than ionized
forms, and are easier to produce.

The role of calcium in the activity of trinexapac-ethyl

Calcium ions are considered as a universal regulator of many reac-
tions in cells involved in the conduction of various signals that carry out
the primary action — hormones, pathogens, light, gravitational and stress
reactions, and so on. Ca’" ions are important as a secondary mediator in
each of the signal transduction systems known to plants. Calcium is an
effective regulator of metabolic processes in all cells where there are sys-
tems that respond to small changes in its concentration (Schwartau et al.,
2014). Using inhibitory analysis, the participation of Ca’" in signal trans-
duction into the cell and the regulation of growth processes controlled by
gibberellic acid are investigated. The main intracellular mediator of signal
transmission from GA is the Ca/Ca-calmodulin system. Changes in the
concentration of cytoplasmic Ca’" allow us to determine the features of
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the mechanisms of action of trinexapac-ethyl on wheat cells and the plant
body as a whole (Schwartau et al., 2014).

Free cytosolic calcium in the plant cell at rest is maintained at a low
level (about 100-200 nm). The increase in the concentration of cytoplas-
mic Ca®" oceurs in response to the stimulus, and then quickly returns to
baseline. On the other hand, the level of Ca*" in the cell wall (apoplast) and
some organelles (vacuoles and endoplasmic reticulum) is 3—4 orders of
magnitude higher than cytosolic Ca>". With increasing concentrations of
intracellular calcium, activation of various protein kinases and phospholi-
pases takes place. That is, Ca* regulates not only the activation of amylase
during seed germination, but also photosynthetic and energy processes in
plant cells.

‘When comparing the fluorescence of the apical zone of intact winter
wheat seedlings treated with trinexapac-ethyl with control, there was a
decrease (by 36-52%) in the amount of free cytosolic calcium, indicating
a possible inactivation of calcium transport systems in the cell and a de-
crease in synthesized gibberellin acid.

Gibberellin acid transmits its signals to the cell through receptors that
are indirectly linked to the calcium/calmodulin system. In the control a
fairly significant level of cytosolic calcium and its uniform distribution
throughout the cell was observed. In the experimental variants, the main
amount of intracellular calcium was localized in vacuoles, which are cal-
cium depots of the cell, resulting in a sharp drop in the level of fiee cyto-
plasmic calcium. In this case, energy-dependent calcium channels, which
pump calcium into the depot or release it into the intercellular space, pro-
bably worked actively. Because trinexapac-ethyl blocks the synthesis of
gibberellic acid, the Ca/Ca-calmodulin system breaks down and releases
4Ca* ions per molecule of calmodulin, which can lead to an increase in
cytoplasmic Ca>".

It is suggested (Gilroy et al., 1993) that GA alters the flow of Ca®" in
the plasmalemma. The mechanism is unknown, although it is hypothe-
sized that the GA receptor directly or indirectly regulates the membrane
calcium channel, possibly through a heterotrimeric G protein. Ca®* is also
released from intracellular depots. There is a close association between
auxins and gibberellins (Ross et al., 2000). As the synthesis of GA is dis-
turbed, the synthesis of auxins may increase. The auxin signaling system
is associated with Ca”", so an increase in cytoplasmic Ca?" is possible.

Thus, under the action of trinexapac-ethyl on the roots of winter
wheat seedlings, an increase in calcium in vacuoles is observed, possibly
due to the activation of Ca®"/H'-pumps and Ca*-ATPases. Thus, redu-
cing the amount of free cytoplasmic calcium in the intact roots of winter
wheat by processing their trinexapac-ethyl can help in understanding the
mechanism of'its action on plants.

The results of the studies revealed the effect of trinexapac-ethyl on
root meristematic cells and a decrease in the activity of the concentration
of cytoplasmic Ca®" in cells. This can reduce the level of cell metabolism
and its sensitivity to external influences, which reduces the mitotic index
of tissue and increases resistance to adverse conditions that we see in the
external, visually identified, morphological characteristics of plants.

Influence of ACHD derivatives on productivity of cereals

The key to the feasibility of using retardants is to increase crop pro-
ductivity to control lodging. However, even on semidwarf varieties of
winter wheat, which practically do not lodge, for example — Smuglyanka,
the use of retardants of the ACHD class leads to increased productivity.
Atthe same time, the efficiency of trinexapac-cthyl when added to the
BBCH30 phase is often higher in comparison with the use in the
BBCH37 phase. From the experience of field tests,it is expedient to apply
the maximum dose of trinexapac-ethyl — 150 g/ha, both once in BBCH30
and by dividing the dose of retardant into two applications. When apply-
ing the dose of trinexapac-ethyl, from 50% and more is administered in
the first spraying.

For the first time in our experiments, we found the effectiveness of
trinexapac-ethyl in the autumn on Mediterranean wheat variety Zimoyar-
ka in the 20112012 season. In further experiments, the effectiveness of its
application on semidwarf varieties of winter wheat was established. Ac-
cording to numerous studies in all soil and climatic zones of Ukraine, the
use of trinexapac-ethyl in the autumn for half of its dose (50-75 g/ha)

enhances the development of the root system to +12-25% of dry matter,
promotes the development of the secondary root system, increases the
tillering ratio by 0.16-0.88, promotes the growth of sugars in the tillering
nodes up to 6% on dry matter, better prevents lodging in the second half of
the growing season. All this improves the winter hardiness of plants, resis-
tance to lodging and adverse weather conditions in the spring, in particular
due to the earlier and more powerful development of the nodular root
system. Numerous examples from farms in recent years, especially with
intensive cultivation technology, confirm the feasibility of using trinexa-
pac-cthyl in the autumn on high-yield varieties. This approach is beco-
ming more popular every year and is used on tens of thousands of hectares
of intensive varieties of winter wheat and winter barley in Ukraine (Du-
brovin, 2020, personal communication).

It should also be noted that in intensive technologies for growing bar-
ley hybrids on both dryland and under irrigation, the use of trinexapac-
ethyl promotes enhanced root system development, post-overwintering
condition and the effectiveness of controlling crop lodging in the second
half of the growing season. Therefore, with the introduction of winter
barley hybrids into production, a component of the technology is the in-
troduction of trenexapac-ethyl in doses of 50-75 g/ha in autumn.

The effect of ACHD derivatives on promoting the development of
the root system may increase the accumulation of biologically important
metals, especially potassium (Vyrich et al., 2012) with a corresponding
increase in the efficiency of plant nutrients in crops. Increasing the accu-
mulation of potassium, as the main inorganic osmotic in plant cells under
the action of trinexapac-ethyl, is important to increase frost and winter
hardiness of crops.

An important feature of the action of ACHD derivatives is the effect
on the level of tillering of cereals in crops. With the predominance as
precursors of late crops: sunflower, soybean and comn, it is important to use
ACHD derivatives to enhance productive tillering.

In the regions of Ukraine, primarily in the grain belt, prohexadione-
Ca is widely used in highly effective composite preparations of retardants
in winter wheat crops in late sowing, where in the autumn there was li-
mited or no productive tillering, as well as in crops which were thinned out
during the winter in order to increase the number of lateral shoots. In this
case, prohexadione-Ca with mepiquat chloride is used during the period of
culture development from three leaves to the middle of tillering (BBCH
13-25). With high levels of nitrogen nutrition, from Ny 1oy and above, to
prevent lodging of crops, prohexadione-Ca" mepiquat chloride should be
applied once in the phase of the beginning of plants in the tube (BBCH
30-32) or at the appearance of a flag leaf (BBCH 37-39). When applying
Ni1o-150, and more in some fields, as well as on crops of tall varieties of
winter wheat, it is advisable to use a double application of retardant: the
first in the phase of the beginning in the tube BBCH 30-32, the second —
during the appearance of the flag leat BBCH 37-39.

The influence of ACHD derivatives on the development of the root
system, the number of productive shoots, the levels of chlorophyll accu-
mulation can also increase the efficiency of the use of moisture and nu-
trients by plants in crops. However, an important feature of the action of
ACHD derivatives is the formation of a thickened cell wall of the plant,
which in tum leads to counteracting the lodging of the plant in the crop.
In this case, for this thickening of the cell wall, the plant spends additional
carbon pools with a corresponding restriction of its redistribution in the
generative organ.

It should be noted that the vast majority of modemn wheat varieties
have a hollow core of the stem (Pask et al., 2012; Reynolds et al., 2012;
Bainsla et al., 2020). In this case, the parenchymal cells of the stem core in
a number of varieties are important for the accumulation of high levels of
assimilates with subsequent redistribution of the pool of assimilates from
stem to ear. The solidity of the stem is a hereditary trait, and the levels of
solidity of the stem can change at high temperatures or water deficiency.
Also, the levels of wheat solidity are associated with the development of
culture resistance to Cephus cinctus Norton (Hymenoptera: Cephidae)
(Hayat et al., 1995; Bainsla et al., 2020). Thus, the limited influence of
ACHD derivatives on the productivity of cereal crops in numerous expe-
riments, primarily in the absence of moisture, may be varietal-specific and
may be related to the peculiarities of the effect of retardants on the solidity
of stem internodes of individual varieties. Of course, the study of the effect
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of ACHD derivatives on the level of carbon accumulation in the stems
with subsequent redistribution to the ear on the main varieties and hybrids
used in production requires additional research.

Conclusions

Control of lodging of crops of cereals and other crops is an important
component of achieving high productivity and profitability of agricultural
production. ACHD retardants are widely used in modem crop production.
Derivatives of this class are promising in the treatment of a number of
diseases, including cancer, and the detoxification of a number of substan-
ces in bacteria. Therefore, in addition to retardant activity and numerous
morphological and physiological effects, their study in the direction of
regulating the metabolism of xenobiotics is promising, especially when
used in compositions with other pesticides and agrochemicals. It should be
noted that this class of retardants continues to be studied by numerous
laboratories in the world and remains among the most promising for the
creation of new highly effective agrochemicals. Regarding the established
differences in the effectiveness of ACHD retardants in different varieties
and hybrids, this area requires further extensive research on production.
Given the high varietal variability of the effectiveness of the use of ACHD
derivatives in cereals, it is advisable to conduct registration and post-regist-
ration studies on varieties that occupy the largest sown areas in the count-
ry. Also, the issues that need to be studied in more detail include finding
out the impact of ACHD derivatives on the productivity of cereals. When
controlling lodging, the influence of ACHD on the productivity of crops
of cereals, primarily barley and wheat, is obvious. However, the effect of
ACHD derivatives on stem contraction, especially on the reduction of the
upper, subcortical, internodes, can reduce carbon pools, which are redistri-
buted to the generative organs with a corresponding decrease in producti-
vity. This effect can be especially pronounced in the absence of moisture
in the second half of the growing season.

The authors express deep gratitude to the specialists of the Experimental Agricultural
Station of the Institute of Plant Physiology and Genetics of the National Academy of
Sciences of Ukraine (Kyiv region), Syngenta and BASF for many years of coopera-
tion and assistance in conducting experiments.
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