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Based on an analysis of factors that determine the effectiveness of herbicides, a
hypothesis was proposed, that the join use of an enzyme inhibitor and an inhibitor
of the synthesis of this enzyme’s coenzyme should result in a synergistic interac-
tion. To test this hypothesis, a field experiment was conducted in winter wheat
crops to study the interaction effect when using a mixture of the herbicide
diflufenican, an inhibitor of phytoene desaturase, and herbicide tolpyralate, an
inhibitor of hydroxyphenylpyruvate dioxygenase, as the latter is involved in the
synthesis of plastoquinone, which is a coenzyme for phytoene desaturase. It was
found, that interaction between tolpyralate and diflufenican was additive with
respect to broadleaf species, and synergistic with respect to grass species. It was
concluded, that although the join use of an enzyme inhibitor and an inhibitor of
the synthesis of this enzyme’s coenzyme does not absolutely guarantee a synergis-
tic interaction, the absence of antagonism and presence of additive or synergistic
interactions for plant species with contrasting levels of resistance to the individual
components indicates the potential for creating anti-resistance herbicide composi-
tions using this algorithm.
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The emergence of herbicide-resistant weed biotypes is a consequence of the
selection pressure created by herbicides [1]. It is evident that to combat
resistance, this pressure must be reduced, particularly through the inte-
grated use of herbicides with different mechanisms of phytotoxicity [2].
However, the current range of herbicides limits the possibilities for crea-
ting effective anti-resistance formulations. One of the requirements for
selecting components of such formulations is the nature of their interac-
tion. To achieve high protection efficiency, the interaction of the compo-
nents must be synergistic. At the same time, synergistic interaction has only
been achieved in a formulation designed to protect maize crops [3]. In for-
mulations developed for protecting winter wheat and sunflower crops, the
interaction was merely additive [4, 5]. Therefore, it is generally accepted
that solving the resistance problem requires the development of new her-
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bicides with mechanisms of action different from those currently available.
However, this task has not yet been successfully addressed [6, 7]. A possi-
ble factor is the uncertainty of selection criteria for potential action sites
that would ensure the high effectiveness of new herbicides. Various
approaches for selecting such sites are proposed, but their validity has not
yet been experimentally confirmed [8, 9].

Studies using proteomics and metabolomics methods to examine the
effects of herbicides on plants have shown that inhibition of certain
enzymes by herbicides leads to increased expression of genes encoding the
action sites of these herbicides. This increase occurs particularly under the
influence of herbicides that inhibit acetolactate synthase (ALS) [10],
acetyl-CoA carboxylase (ACC) [11, 12], 5-enolpyruvylshikimate-3-phos-
phate synthase (EPSPS) [10, 13, 14], and protoporphyrinogen oxidase
(PPO) [15]. These data indicate that plants have negative feedback systems
aimed at compensating for the effects of herbicide exposure. At the same
time, an analysis of the mechanisms of action of the most effective herbi-
cide classes revealed that peculiarities of these herbicides is lack or disrup-
tion of these feedback systems [16].

Specifically, it has been established that inhibition of ALS enzyme
activity by some herbicides is accompanied by damage to the ALS coen-
zyme thiamine diphosphate. At the same time plants lack a mechanism for
restoring the thiamine diphosphate pool [17]. Similarly, the absence of
negative feedback is also observed with herbicides that inhibit hydrox-
yphenyl-pyruvate dioxygenase (HPPD). This enzyme is involved in the
synthesis of plastoquinone, which serves as a coenzyme for phytoene desa-
turase, which is a key enzyme in the biosynthesis of carotenoids [18]. In
this case, exposure to HPPD inhibitors does not alter the expression of the
gene encoding this enzyme [11]. It is likely that because the role of coen-
zymes in enzymatic reactions is limited to their reversible transformation,
plants do not require strict control over their pools. As a result, plants lack
the feedback mechanism necessary to compensate for coenzyme losses
caused by herbicides.

Thus, enzymes involved in coenzyme synthesis are promising herbi-
cide action sites. Since combating resistance requires not only the creation
of new herbicides but also the development of anti-resistance herbicide
compositions based on them, the question arises: what kind of interaction
might occur when an enzyme inhibitor is combined with an inhibitor of
that enzyme’s coenzyme synthesis? The high efficacy of ALS-inhibiting
herbicides, where enzyme activity is simultaneously inhibited and the coen-
zyme pool is reduced [17], suggests that such combinations may result in
synergistic interactions. In this case, the parallel search for enzyme
inhibitors and inhibitors of the synthesis of their coenzymes could be a uni-
versal approach for discovering new herbicides and developing anti-resis-
tance herbicide compositions based on them.

This hypothesis can be tested by studying the interaction effect when
a mixture of a phytoene desaturase inhibitor herbicide and an HPPD
inhibitor is applied, since HPPD inhibition blocks plastoquinone synthesis,
which is a coenzyme for phytoene desaturase. Until now, such mixtures
have not been studied because herbicides from these classes are selective
for different crops: phytoene desaturase inhibitors, such as diflufenican, are
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used in winter wheat crops, while HPPD inhibitor herbicides until recent-
ly have been used exclusively in maize crops. However, the new HPPD
inhibitor herbicide, tolpyralate, has proven to be selective for winter wheat.

So the aim of our work was to study the interaction effect in a mix-
ture of the phytoene desaturase inhibitor diflufenican with the HPPD
inhibitor tolpyralate in field experiment in winter wheat crops.

Materials and methods

Experiments were conducted in the fields of the research farm of the
Institute of Plant Physiology and Genetics of the National Academy of
Sciences of Ukraine (Glevakha village, Fastiv district, Kyiv region,
50°16'N, 30°18'E). The experiments were carried out in winter wheat crops
of the Snihurka variety (predecessor mustard).

The following herbicides were used in the studies: Diflufenican
(diflufenican, 500 g/L), and SL-573 1000D (tolpyralate, 100 g/L).
Herbicide treatment was carried out in spring at the stage of tillering in
winter wheat (BBCH 24). Spraying with herbicides was carried out using a
knapsack rod sprayer with compressed air, pressure 0,4 MPa, rod length —
3 m, number of nozzles — 6, distance to the target — 50 cm, speed — 5
km/h, working fluid consumption — 300 L/ha. The area of the experi-
mental plot was 15 m? (3x5 m), experiments were performed in four repli-
cations, the plots were placed randomly. Each experiment included a con-
trol variant (without herbicides).

Weed accountings were performed before herbicide treatment, 28 and
70 days after treatment (DAT). The effectiveness of herbicides was assessed
for each weed species separately by reducing the number in treated areas
compared to control [19], taking into account the visual assessment of the
degree of suppression of herbicide-treated plants compared to the condi-
tion of these plants in control (weight and linear dimensions, leaf chloro-
sis, etc.). The degree of visual suppression was expressed as a percentage:
0 % — no signs of herbicide action, 100 % — complete death of weeds of
this species. The effectiveness of weed control was calculated by formula:

E (%) = 100 — B, K, (1 — E, / 100) 100 / (B, K,) (1),

where E (%) — the effectiveness of controlling of a particular species of
weeds, taking into account the level of weediness and visual assessment of
herbicide action; K; — the number of weeds per 1 m? in the first account-
ing in control plot (initial weediness), K, — the number of weeds per 1 m?
in the control plot during the second (third) accounting, B, — the num-
ber of weeds per 1 m?2 in the first accounting in the treated plot (initial
weediness), B, — the number of weeds per 1 m? in the second (or third)
accounting at the treated plot, E; — visual assessment of the herbicide
action (the level of damage or the degree of suppression of weed plants
expressed (in %) visually compared to plants of the same species in the
control plot).

The effect of herbicide interaction in mixtures was determined by the
Colby method [20] by comparing the actual and expected inhibitory effect
of the herbicide mixture. The expected effect of the mixture was calculat-
ed by formula:
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E,, = E, + E,(100 — E})/100 2),

where E,, — the expected effectiveness of the mixture of herbicides, E,
and E, — the values of the effectiveness, respectively 1 and 2 components
of the herbicides mixture.

The crop selectivity of herbicides was assessed by biometric measure-
ments and phenological observations carried out in 7 days after herbicide
treatment, and at each weed accounting.

Statistical processing of the results was performed by analysis of vari-
ance (ANOVA) using the Tukey (HSR) test. The results were presented as
mean and standard errors (x+SE). Differences between data were consid-
ered significant at p < 0.05.

Results and discussion

The experiment was established on April 11, 2024. At the time of treatment
was sunny weather, air temperature — 20 °C, wind — 4 m/s. The surface
of the soil was wet, and surface of leaves was dry. The scheme of the expe-
riment is given in Table 1.

An inspection of the crops seven days after treatment, and during sub-
sequent weed assessments showed that when used separately, the herbicides
tolpyralate and diflufenican had little to no negative impact on the culti-
vated plants. However, when the mixture of tolpyralate and diflufenican
was applied, distinct signs of phytotoxicity were observed on the leaves in
the form of yellow spots at both seven and fourteen days after treatment.
By 28 days after treatment, the phytotoxic effects on winter wheat had sig-
nificantly diminished, and by the end of the wheat growing season, the
symptoms had practically disappeared (Table 2).

A pre-treatment assessment revealed that winter wheat field was
infested with annual broadleaf weeds, including scentless chamomile
(Matricaria inodora L.) (3 plants/m?), cornflower (Centaurea cyanus L.)

TABLE 1. Scheme of field experiment

Treatment Application rate
Herbicide Active substance By herbicide | By active substance
Control — _ _
SL-573 1000D + Trend 90 tolpyralate 0.2 L/ha + 0,2 L/ha 20 g/ha
Diflufenican diflufenican 0,2 L/ha 100 g/ha
SL-573 1000D + Diflufenican + tolpyralate + 0.2 L/ha + 0,2 L/ha + 20 g/ha + 100 g/ha
+ Trend 90 + diflufenican + 0,2 L/ha

TABLE 2. Phytotoxic effect (%) of herbicides on winter wheat 7, 14, 28 and 70 days after treatment
(DAT)

Treatment 7 DAT 14 DAT 28 DAT | 70 DAT
SL-573 1000D + Trend 90 0.8%0.5 0 0 0
Diflufenican 0.5+0.2 0 0 0
SL-573 1000D + Diflufenican + Trend 90 812 101 3+1 0
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(2 plants/m?), and field pansy (Viola arvensis L.) (10 plants/m?). During
the final assessment, the field pansy had completed its growth cycle, but
the appearance of the annual grass weed common windgrass (Apera spica-
venti (L.) Pal. Beauv.) (2 plants/m?) was noted.

The values of the effectiveness of controlling dicotyledonous weeds
with tolpiralate and diflufenican were close to 50 % (Table 3), which allows
the correct application of the Colby method for evaluating the interaction
effect. Calculations of the expected effect of the mixture of tolpyralate and
diflufenican indicated that the expected effect on broadleaf weeds did not
significantly differ from the actual effect, indicating an additive interaction
between the herbicides. At the same time, despite the practically negligible
effect of tolpyralate and diflufenican on the grass weed common windgrass,
the effectiveness of controlling this weed with the mixture turned out to be
quite high, which indicates a synergistic interaction (Table 4).

Thus, the conducted experiment did not provide definitive results
regarding the potential of creating anti-resistance herbicide compositions
by join use of enzymes inhibitors and inhibitors of the synthesis of coen-
zymes of these enzymes. On the one hand, it was established that creating
herbicide compositions according to this algorithm does not guarantee syn-
ergistic interaction, as the interaction between tolpyralate and diflufenican
concerning broadleaf weeds was additive. However, on the other hand, the
interaction concerning grass weeds proved to be synergistic. The increased
phytotoxic effect of the mixture on winter wheat also indicates a synergis-
tic enhancement for grasses when tolpyralate is combined with diflufeni-
can. Therefore, the nature of the interaction may vary for different plant
species.

Nevertheless, the fact that no antagonism was observed, even in very
contrasting plant species in terms of resistance to the components, and that

TABLE 3. Efficacy of herbicide control (%) at 28 and 70 days after treatment (DAT)

28 DAT 70 DAT
Treatment Matricaria | Centaurea Viola Matricaria | Centaurea Apera
inodora cyanus arvensis inodora cyanus spica-venti

SL-573 1000D +
+ Trend 90 45+3 3545 60£8 60£5 60+3 10£2
Diflufenican 40+5 15+3 7545 3045 2015 S5+1
SL-573 1000D +
+ Diflufenican + 6516 45%5 85+£5 75£5 65+3 85+5

+ Trend 90

TABLE 4. Actual and expected effects (%) of the mixture of herbicides tolpiralate and diflufenican on
dicotyledonous and grass weeds 28 and 70 days after treatment (DAT)

28 DAT 70 DAT
Effect Matricaria | Centaurea Viola Matricaria | Centaurea |Apera spica-
inodora cyanus arvensis inodora cyanus venti
Actual 6516 45+5 85+5 755 65+3 85+3
Expected 6710 45+10 90+10 72110 68+8 155
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interaction was either synergistic or additive, supports a positive assessment
of the prospects for the joint application of enzyme inhibitors and
inhibitors of the synthesis of coenzymes for creating anti-resistance herbi-
cide compositions.
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YU MOXE CITIJIbHE 3ACTOCYBAHHS [HTIBITOPA ®EPMEHTY TA
IHI'IBITOPA CUHTE3Y KO®EPMEHTY 1IbOI'O ®EPMEHTY BYTU
YHIBEPCAJTbHUM AJITOPUTMOM CTBOPEHHS AHTUPE3UCTEHTHUX
TEPBIIMIHUX KOMITO3MIIIN?
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Ha nincraBi aHasizy YMHHUKIB, SKi AeTepMiHYIOTh e(EeKTUBHICTb Aii repOiluaiB, OyJio BUC-
JIOBJIEHO TirnoTe3y, 110 MPU CIHIBHOMY 3aCTOCYBaHHi iHribiTopa mMeBHOro (epMeHTy Ta
iHribiTOpa CHHTE3y KOGEPMEHTY 11bOro hepMeHTY B3aEMOlisl Ma€ OYTU CUHEPTiYHOW. 3 Me-
TOIO MEPEBiPKM 1Ii€l TIMOTE3U B YMOBaX IOJbOBOIO AOCHILY B MOCIBi 03UMOI IMIIEHUIIi BUB-
yaan e@ekT B3aEMOJIl MiJ yac 3aCTOCYBaHHSI CcyMillli repOiuumy iHridiTopa ¢itoeHaecarty-
pasu nudiaydeHikaHy 3 iHriGITOpOM TigApoKCcUbEHUTipyBaTAiOKCUTeHAa3U TOJIipasaToM,
OCKIiJIbKM OCTaHHiil Oepe ydyacTh y CUHTE3i MUIAaCTOXiHOHY, SIKUii € KohepMeHTOM (iToeHae-
catypasu. byjgo BcTaHOBJEHO, LIO y CyMilli Toimipanaty 3 AudaydheHiKaHOM B3aEMOJis
aJUTHBHA 1110JI0 ABOJOJbHUX BUIIB i CUHEPriyHA 1IOM0 3JaKOBUX BUIIB pOCIUH. 3pobJeHO
BHCHOBOK, 110 XO4a CITiJIbHE 3aCTOCYBaHHSI iHribiTOpa (hepMeHTY Ta iHTibiTOpa CUHTE3y KO-
¢epMeHTy 1bOro (GepMeHTY He € aOCOJIIOTHOI TapaHTIEId CHUHEPriyHOI B3aEMOII,
BiICYTHiCTh QHTaroHi3My Ta HasBHiCTb alUTMBHOI ab0 CHMHEPriyHoi B3a€EMOMii 110J0 KOH-
TPACTHUX 3a CTYNEHEM CTiMKOCTi IO Jil OKpeMUX KOMIIOHEHTIB BUJiB POCIWH, € CBiTYEH-
HSIM TI€PCIIEKTUBHOCTI CTBOPEHHSI aHTUPE3UCTEHTHUX KOMIIO3UIIiil TepOilluaiB 3a UM ajl-
TOPUTMOM.

Kniouosi caosa: repOoiuuan, pe3auCTeHTHICTh, B3a€EMO/Iis.
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