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The search for new combinations of herbicides with different phytotoxic mecha-
nisms, which spectra intersect, is one of the ways to prevent the emergence and
spread of herbicide-resistant weed biotypes. A limiting factor for the complex
application of certain herbicides is the effect of their interaction, as it is known that
the antagonistic nature of the interaction is more common than synergistic or addi-
tive. Consequently, the aim of our work was to study in greenhouse conditions the
effects of interaction under the complexation of herbicides of three different clas-
ses. In mixtures, there were used inhibitor of carotenoid biosynthesis diflufenican,
inhibitor of electron transport in photosystem II of chloroplasts metribuzin and
inhibitor of enzyme protoporphyrinogen oxidase (on the way of synthesis of
chlorophyll) carfentrazone. This study was conducted for determine the possibility
of using mixtures of these herbicides by application at autumn in winter wheat
crops. The results of the research showed that only in the mixture of carfentrazone
with metribuzin the interaction has signs of antagonism, and in other binary com-
binations, as well as in the ternary mixture, the interaction is additive. Taking into
account the spectra of studied herbicides action and the results of their interaction
effects determination, it was concluded that for autumn application in winter wheat
crops are promising a mixture of diflufenican with metribuzin and triple mixture
with carfenuzrazone.

Key words: herbicides, anti-resistant mixtures of herbicides, interaction effect,
antagonism, additivity, synergism.

The main issues in chemical weed control are the spread of herbicide-resis-
tant weed biotypes caused by permanent use of herbicides, and the selective
pressure caused by them [1—3]. There are currently 508 herbicide-resistant
biotypes among 266 weed species worldwide. Among them, the most com-
mon are biotypes that have a resistance to the most effective herbicides —
inhibitors of the enzyme acetolactate synthase (ALS) [4]. In the Kherson
region of Ukraine the emergence of resistant to ALS inhibitors barnyardgrass
biotype (Echinochloa cruss-galli var. cruss-galli) was detected [5].

The only way to prevent the emergence of resistance today is the rota-
tion of herbicides with different mechanisms of phytotoxicity in crops, and
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the complex use of herbicides to protect individual crops [6—8]. Herbicide
complexation is widely used to improve weed control. However, before
now in the develop of herbicidal compositions there are mainly used her-
bicides that complement each other in the spectrum of action. In order to
ensure a synergistic increase in the efficiency of weed control during com-
plexation, active substances with one phytotoxicity mechanism were wide-
ly used [9]. At the same time, to prevent resistance needed mixtures which
the components differ in the mechanism of phytotoxic action, but the
spectra of their action must intersect significantly [8]. In addition, a neces-
sary requirement is the additive or synergistic nature of the interaction of
the components of these mixtures [10].

Due to global climate change, rising average temperatures, particularly
in the autumn and winter, the control of weeds in winter wheat crops in
the autumn is especially important. The difference between autumn and
spring herbicide application is that in autumn the treatment of winter
wheat should be carried out at earlier stages of crop development. ALS
inhibitor herbicides are highly selective for wheat, so in Ukraine it is re-
commended to use several herbicides of this class for autumn application,
in particular Logran 75 WG (triasulfuron, 750 g/kg). However, the wide-
spread use of ALS inhibitor herbicides in winter wheat and other crops has
already led to the emergence of weed biotypes resistant to ALS inhibitors.
In addition, winter wheat crops can be infested with predecessor crops, in
particular sunflower or winter oilseed rape, especially hybrids resistant to
herbicides of ALS inhibitors.

Recently, preparations based on the herbicide diflufenican have been
developed for autumn application in winter wheat crops, the action of
which is due to the inhibition of the activity of enzymes of the carotenoid
biosynthesis pathway — phytoendesaturases. Company Corteva is testing a
complex herbicide in which diflufenican is used with ALS inhibitors flo-
rasulam and penoxulam. Currently, Bayer has registered a complex herbi-
cide Checker Xtend 39 WG in Ukraine, the active ingredients of which are
diflufenican and ALS inhibitors amidosulfuron and iodsulfuron [11].
Complexation of diflufenican with ALS inhibitors certainly reduces, but
does not completely rule out the possibility of herbicide resistance with this
mechanism of action. Therefore, the urgent task is to find partners for the
diflufenican among selective for winter wheat active substances of herbi-
cides with different from the inhibition of ALS phytotoxicity mechanisms.

In Ukraine, the herbicides metribuzin (Zenkor Liquid), which belongs
to the inhibitors of electron transport in photosystem II (PSII) of chloro-
plasts, and the inhibitor of the enzyme protoporphyrinogen oxidase (PPO)
[12] carfentrazone (Aurora) are allowed for use in winter wheat crops. The
possibility of complex application of diflufenican with metribuzin and car-
fentrazone depends on the nature of the interaction of these herbicides. It
is known that the phytotoxic effect of all three classes of herbicides is due
to the disorganization of photosynthesis and mediated by the formation of
reactive oxygen species (ROS) [14]. Since the action of diflufenican is to
inhibit the synthesis of carotenoids, one of the physiological functions of
which is to protect the photosynthetic apparatus from ROS damage [15],
it can be expected that the interaction of diflufenican with metribuzin and
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carfentrazone should be synergistic or at least additive. Confirmation of the
validity of this assumption is the data on the synergistic interaction of her-
bicides of carotenoid biosynthesis inhibitors from the class of hydroxy-
phenylpyruvate dioxygenase (HPPD) with herbicides inhibitors of electron
transport in PSII [16—20]. This possibility is also confirmed by the fact
that the addition of carfentrazone to the HPPD inhibitor mesotrione
increased the effectiveness of weed control [19, 21]. High weed control,
suggesting synergism or additivity, has also been observed when another
PPO inhibitor, flutiacet, was used in complex with mesotrione and
inhibitor of electron transport metribuzin (MTZ) [22, 23]. At the same
time, it should be taken into account that the mechanism of inhibition of
carotenoid synthesis by diflufenican is due to the inhibition of phytoende-
saturases and is different from the inhibition of HPPD. In addition, due to
the limited selectivity of metribuzin and carfentrazone, the application rates
of these herbicides in winter wheat crops are quite low. At the same time,
it is known that the nature of the components of herbicidal mixtures
interaction may depend on the level of phytotoxic action, and hence on the
rate of application of these components [9].

Thus, the available information does not allow us to unambiguously
determine what the interaction may be in mixtures of diflufenican,
metribuzin and carfentrazone. The appropriateness of using any combina-
tion of these active substances obviously depends on the selectivity of each
of these mixtures for crop and the nature of the interaction, which deter-
mines the effectiveness of this mixture weed control. It is obvious that these
characteristics, first of all selectivity concerning winter wheat, can be reli-
ably checked only in field experiments. However, before conducting field
trials, it is advisable to check the nature of the interaction of different com-
binations of these active substances on model objects in controlled green-
house conditions which was the aim of this study.

Materials and methods

Investigations of the effect of herbicides interaction in mixtures were per-
formed in the greenhouse conditions. The sunflower (Helianthus annuus L.,
hybrid P641.LE99, Pioneer) was selected as a model of annual dicotyledonous
weeds, resistant to herbicides of ALS inhibitors, because spontaneous so-
wing of sunflower is often problem in Ukraine, in particular in the wheat
crops.

Plants were grown in plastic pots with an area of 0.015 m2, which con-
tained 1 kg of soil (a mixture of soil and sand in a ratio of 3 : 1) under
greenhouse conditions and in a miniphytotron under fluorescent lamps
(light/dark 16/8 h). For investigation the following herbicides were used:
Zencor Liquid (metribuzin, 600 g/1, Bayer); Aurora 40 VG (carfentrazone,
400 g/1, FMC); Diflufenican (diflufenican, 500 g/1). Treatment with herbi-
cides was carried out by spraying the plants with herbicide solutions at the
stage of the first pair of true leaves. Herbicides were applied in the recom-
mended norms: carfentrazone — 16 g/ha, diflufenican — 100 g/ha,
metribuzin — 240 g/ha, calculated on the area of pots.

The phytotoxic effect of herbicides was determined by the effect on
the induction of chlorophyll fluorescence and chlorophyll content in the
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leaves. Induction of chlorophyll fluorescence was measured using a Junior-
PAM fluorimeter (WALZ, Germany) and the maximum quantum yield of
photosynthesis was determined by the ratio of variable fluorescence to
maximum (F /F_), estimated after adaptation of leaves in the dark for 20
minutes [24]. Variable fluorescence was determined by formula (1):

F,=F, —F, (D),

where F_ is the minimum level of fluorescence excited by low-intensity
light, at which the reaction centers of photosystem PSII remain open. F_
is the maximum level of fluorescence that is excited by a saturating pulse
(0.6 s) of high-intensity light, which leads to the closure of all PSII reac-
tion centers.

The content of photosynthetic pigments was determined by spec-
trophotometric method after extraction of plant material samples in
DMSO at 67 °C for 3 h [25].

The inhibitory effect of herbicides was expressed as a percentage and
calculated by formula (2):

I, (%) = 100 — F, - 100/F, ),

where I is the inhibitory effect, F, and F_ are the values of the measured
parameters in the experimental and control variants. The effect of herbi-
cide interaction in mixtures was determined by the Colby method [26] by
comparing the actual and expected inhibitory effect of the herbicide mix-
ture. The expected effect of the mixture was calculated by formula (3):

e, = 1, + L,(100 — 1,)/100 3),

where I° , is the expected inhibitory effect of the mixture of herbicides, I,
and I, are the values of the inhibitory effect, respectively 1 and 2 compo-
nents of the mixture of herbicides.

The experiment was performed in four replicates and was reproduced
independently few times. Mathematical analysis of the results of study was
performed using package «Microsoft Excel». The graphs show average va-
lues and standard errors.

Results and discussion

The efficiency of the photosynthesis process is undoubtedly an important
indicator of plant viability, so the determination of fluorescence induction
is used to assess not only damage of weeds but also herbicides selectivity
[27, 28]. Value of the F /F, varies from 0.75 to 0.85 in different non-stres-
sed plants, while a decrease in this parameter indicates inhibition of elec-
tron transport in plant chloroplasts [24]. In control sunflower plants, the
value of F /F_ was 0.8. On the 2nd day after treatment (DAT) of plants,
there was a sharp decrease in the maximum quantum yield of photosyn-
thesis under the action of MTZ, while the effect of carfentrazone and
diflufenican on the value of the parameter F /F_ was quite weak (Fig. 1).
This result is quite expected, as the action of MTZ is directly related to the
blocking of electron transport in PSII of chloroplasts. The effect of car-
fentrazone and diflufenican on electron transport is not direct, but due to
damage to chloroplasts by ROS, formed in result of inhibition of PPO and
synthesis of carotenoids by these herbicides.
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Fig. 1. Maximum quantum yield of photosynthesis (F /F, ) in sunflower leaves (model of
annual dicotyledonous weeds) under the effect of herbicides carfentrazone, diflufenican and
MTZ on the 2nd day after treatment.

Variants: 1 — control; 2 — carfentrazone (16 g/ha); 3 — diflufenican (100 g/ha); 4 — MTZ (240 g/ha);
5 — carfentrazone + diflufenican; 6 — carfentrazone + MTZ; 7 — diflufenican + MTZ; & — carfen-
trazone + diflufenican + MTZ. Error bars denote standard error

Thus, the change in the maximum quantum yield of photosynthesis is
a specific criterion of phytotoxicity for MTZ, and changes in this para-
meter can be judged on how the partners in the complex affect its phyto-
toxic effect. Under the action of a mixture of MTZ with diflufenican, and
a ternary mixture when carfentrazone was added to diflufenican and MTZ,
the value of the F /F_ parameter did not differ significantly from the vari-
ant with the use of MTZ separately (see Fig. 1). It follows that in these
variants the action of MTZ did not change, so the interaction was addi-
tive. At the same time, in the mixture of carfentrazone with MTZ there
was a tendency to reduce the inhibitory effect on electron transport, com-
pared with the action of MTZ alone, which may be evidence of antago-
nistic interaction.

An integral and most reliable criterion for assessing the phytotoxic
effect of herbicides, for which phytotoxic activity is due to the effect on the
process of photosynthesis, is the effect on the chlorophyll content [9, 29,
30]. It turned out that the fastest effect on this parameter had carfentra-
zone, because on the 3rd DAT significantly exceeded the effect of
diflufenican and MTZ (Fig. 2). However, on the 6th DAT, the effect of
MTZ significantly exceeded the effect of carfentrazone. On the 20th DAT,
diflufenican effect was insignificant, and MTZ significantly exceeded the
effect of carfentrazone.

Determination of herbicides effect on chlorophyll content confirmed
the conclusion that in the mixture of carfentrazone with MTZ the interac-
tion is antagonistic, because on the 20th DAT the expected effect signifi-
cantly exceeded the actual effect of the mixture (Fig. 3). In other combi-
nations, the expected effect was slightly higher than the actual one, but this
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Fig. 2. Inhibitory effect (%) of herbicides and their mixtures on chlorophyll content in sun-
flower leaves (model of annual dicotyledonous weeds) on 3rd, 6th and 20th day after treat-
ment.

Variants: I — carfentrazone (16 g/ha); 2 — diflufenican (100 g/ha); 3 — MTZ (240 g/ha); 4 — carfen-
trazone + diflufenican; 5 — carfentrazone + MTZ; 6 — diflufenican + MTZ; 7 — carfentrazone +
+ diflufenican + MTZ. Error bars denote relative standard error

difference was not significant. Therefore, it can be assumed that in binary
mixtures of diflufenican with MTZ and carfentrazone, as well as in the ter-
nary mixture of diflufenican with MTZ and carfentrazone, the interaction
is additive.

Thus, the obtained data did not confirm the assumption of a possible
synergistic increase of phytotoxic action under the complex application of
the herbicides which interfere on photosynthesis by different ways. This

100 % @ Actual inhibitory effect m Expected inhibitory effect
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60 r

40 |

1 2 3 4

Fig. 3. Actual and expected inhibitory effect of herbicide mixtures on the chlorophyll con-
tent in sunflower leaves (model of annual dicotyledonous weeds) on 20th day after treatment.

Variants: 1 — carfentrazone + diflufenican; 2 — carfentrazone + MTZ; 3 — diflufenican + MTZ; 4 —
carfentrazone + diflufenican + MTZ. Error bars denote relative standard error
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assumption was based on data of synergism in mixtures of HPPD inhibitors,
which are also inhibitors of carotenoid biosynthesis, with inhibitors of elec-
tron transport [16—20] and PPO inhibitors [19, 21, 22]. Another nature of
the interaction in mixtures of diflufenican with MTZ may be due to dif-
ferences in the mechanisms of blocking the carotenoids biosynthesis by
HPPD inhibitors and inhibitors of phytoendesaturases. Inhibition of
carotenoid biosynthesis by HPPD inhibitors is due to the fact that blocking
the activity of this enzyme leads to inhibition of the synthesis of plasto-
quinone, which is a cofactor of carotenoid synthesis [31].

Thus, the mechanism of synergism in mixtures of HPPD inhibitors
with inhibitors of electron transport can be determined by two factors. At
first, blocking plastoquinone biosynthesis may enhance the inhibition of
electron transport by herbicides inhibitors of electron transport, the site of
action of which is the site of binding of plastoquinone to D1 protein [14].
The second factor of synergism may be that the action of HPPD inhibitors
reduces the antioxidant protection system of plants. In addition to inhibi-
ting the carotenoids biosynthesis, the action of HPPD leads to inhibition
of the synthesis of tocopherol, which is a classic antioxidant that can block
the development of lipid peroxidation reactions [19]. In contrast to HPPD,
phytoendesaturase inhibitors are direct inhibitors of the carotenoid biosyn-
thesis pathway [32]. Thus, the synergistic enhancement of the phytotoxic
effect of electron transport inhibitors in mixtures with phytoendesaturase
inhibitors may be due to only one factor — a decrease in carotenoids con-
tent and a corresponding decrease in the activity of antioxidant protection.

However, the effect of diflufenican on sunflower plants — the model
of dicotyledonous weeds in this study — was insignificant. This action
probably did not lead to a significant decrease in the activity of antioxidant
protection, and thus in the mixture of diflufenican with MTZ the interac-
tion was additive. It is known that the nature of herbicidal mixtures com-
ponents interaction may depend on the magnitude of the phytotoxic action
of these components. In this case, for more resistant plant species with a
correspondingly small level of phytotoxic action is more likely additive and
even antagonistic interaction, and with increasing application rate and the
corresponding increase in phytotoxic action the probability of additive or
even synergistic interaction increases [9]. Therefore, it is possible that for
more sensitive to diflufenican plant species, its interaction with MTZ will
be synergistic.

Probably, the dependence of interaction effect nature on the phyto-
toxic effect level of mixture components can explain the antagonistic inter-
action in a mixture of MTZ with carfentrazone. The effect of carfentrazone
on sunflower, although developing rapidly, was even smaller than the effect
of diflufenican. Thus, in a mixture of carfentrazone with MTZ most likely
occurred cross-adaptation, when under the action of two stressors the effect
of the less strong of them reduces the effect of the next stressor [33, 34].

Thus, investigation of the interaction effects in mixtures of herbicides
has shown that signs of antagonism were observed only when using a mix-
ture of carfentrazone with MTZ. The phytotoxic effect of carfentrazone
and diflufenican mixture was rather weak and inferior to that of MTZ
alone. In addition, carfentrazone controls only dicotyledonous weed
species, so the intersection of diflufenican spectra with carfentrazone is
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insufficient to effectively prevent resistance. The binary mixture of
diflufenican with MTZ has an additive interaction and in all its characte-
ristics (difference of the sites of action and intersection of the spectra of
controlled weed species) satisfies the requirements for anti-resistant mix-
tures of herbicides. The addition of carfentrazone as a third component to
a mixture of diflufenican with MTZ increased the inhibitory effect on
chlorophyll content. Since a mixture containing three components with
different mechanisms of action is more effective than a binary mixture
from the point of view of combating resistance, the addition of carfentra-
zone to diflufenican and MTZ is quite expedient.

Summarizing the obtained data, it can be concluded that a mixture of
diflufenican with MTZ and a triple mixture with the addition of carfentra-
zone to diflufenican and MTZ are promising for use as anti-resistance
compositions when used in autumn in winter wheat crops. Final conclu-
sions about the effectiveness of these mixtures can be made in a result of
field trials.
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E®EKT B3AEMO/Iii TTPU 3ACTOCYBAHHI CYMIIIEN TEPBILIN/IIB
JTUOJIYOEHIKAHY, METPUBY3UHY TA KAPOEHTPA3OHY

B.B. IOxumyk, M.II. Paouenxo, C.K. Cumnux, €.10. Mopdepep

IncTuTyT disionorii pocaun i reneruxyu HauionansHoi akanemii Hayk YkpaiHu
03022 Kwis, Bya. BacuibkiBebka, 31/17, YkpaiHa
e-mail: yuhymuk.v@ukr.net

[Touyx HOBMX KOMOiHallili repOiliaiB i3 pi3HUMM MeXaHi3MaMM (iTOTOKCUYHOCTI, CIEeKT-
pu Aii SIKMX TepeTUHAIOThCS, € OJHUM i3 HampsMiB 3amobiraHHs BUHUKHEHHIO W
MOLIMPEHHIO PE3UCTEHTHUX 0 repOiuuaiB 6ioTumiB Oyp’siHiB. JIiIMITYIOUMM YMHHUKOM JUIST
KOMIUIGKCHOTO 3aCTOCYBaHHS MEBHUX TrepOilMmiB € eekT iX B3a€MOJii, OCKIIbKU BiloMO,
110 AHTArOHICTUYHMI XapaKTep B3a€MOJil OUTbII MOUIMPEHU, HixXK CUHEPTIYHUI YU anu-
TUBHUI. Y 3B’S3Ky 3 LIMM, METOIO Halloi poOOTH OyJI0 BUBYEHHSI B YMOBaxX BereTalliiiHOro
nociiny edekTiB B3aeMOMii MpU KOMILUIEKCYBaHHI TepOilMIiB TPhOX Pi3HMX KJaciB —
iHTibiTOpa OioCMHTE3y KapoTUHOIAIB AudaydeHikaHy, iHriOiTOpa TpaHCIIOPTY €JIEKTPOHIB Y
dorocucremi II (OC II) xmopormiactiB MeTpuOy3uHy Ta iHTiGiTOpa (epMEHTY Ha IILISXY
cuHTe3y xiopodiny nmporonopdipuHoreHokcuaasu (ITPOTO) kapbeHTpa3oHy s BU3HA-
YEHHSI MOXJIMBOCTI 3aCTOCYBaHHS CyMillleil LIuX repOillKIiB BOCEHU B MOCiBaX 03UMOI Milie-
HULi. Pe3yabraTy mociimKkeHb IMoKa3aju, L0 JIMIIE Yy cyMillli KapheHTpa3oHy 3 MeTpuoy-
3MHOM B3a€EMO/lisl Ma€ O3HAKW aHTaroHi3My, a B iHIIMX OiHapHMX KOMOiHAIlisIX, a TAKOX Y
MOTPiiiHili cyMillli B3aemMomisi € anuTUBHOO. OTXXe, BpaXyBaBILUU CIEKTPHU Jii JOCHTiIXKyBa-
HUX TepOilluaiB i pe3yabTaTh BU3HAUYE€HHS e(deKTiB iX B3a€MOJii, 3p00JeHO BMCHOBOK, IO
JUIS1 3am00iraHHs] BAHUKHEHHIO PE3UCTEHTHUX OiOTUIIB Oyp’siHiB MPU OCIHHBOMY 3aCTOCY-
BaHHi B MOCiBax O3MMOI MUICHULI NMEPCNeKTUBHUMU € cyMill audaydeHikaHy 3 MeTpuoy-
3MHOM Ta MOTpiliHa CyMilll i3 AoJaBaHHSM KapdeHTpa3oHy A0 MeTpuOy3uHy Ta IuIIy-
deHikaHy.

Knouosi cnoea: repOiuMau, aHTUPE3UCTEHTHI cyMilli repOiluAiB, edekT B3aeMoii,
aHTaroHi3M, aJIUTUBHICTb, CUHEPTIi3M.
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