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Photosynthetic performance and productivity of maize (Zea mays
L.), exposed to simulated drift of imazamox and subsequent therapy
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ABSTRACT

The use of herbicides is a traditional method for weed control in crop-producing systems. Along with the high
effective weed control, herbicides might cause phytotoxicity for crop plants, due to insufficient herbicide selectivity,
combining herbicide treatment with unsuitable meteorological conditions, long-term persistence of herbicide in the soil
or off-target transfer of the herbicide - drift. Imazamox is a selective herbicide of imidazolinone group, used to control
annual and perennial weeds in imidazolinone-resistant (IMI-R) crops. Protein hydrolysates (PHs) are a group of plant
biostimulants containing small peptides and free amino acids, reported to ameliorate plant abiotic stress tolerance,
including herbicide phytotoxicity. This report evaluates the damaging effect of simulated imazamox drift on growth,
photosynthetic performance and productivity of maize plants as well as the efficiency of foliar application by protein
hydrolysates as therapy means. The received results demonstrated that the simulated imazamox herbicide drift has a
strong inhibiting effect on maize plants. This is well illustrated by the retarded growth of maize plants, their disrupted
photosynthetic activity and productivity losses. The foliar supply of PHs to imazamox damaged maize plants ameliorates
their photosynthetic performance, growth and crop productivity.
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PE3IOME

M3nonsBaHeTo Ha xepbuumau e TpPaauLMOHEH METOoh, 3a KOHTPOJI Ha MJieBesiHaTa PacTUTE/SIHOCT MpPU MOJICKU
KynTypu. Hapen ¢ BucokoedeKTMBHUS KOHTPO/T Ha NAEBENUTE, XepOuuManTe MoraT Aa NPUYMHAT GUTOTOKCUYHOCT
Nnpu KyATYPHUTE pacTeHUsl Nopagu HedoCTaTbyHA CEJIEKTUBHOCT, TPETMPAHE MPU HEMoAXOASLIM METEOPOJIOrMYHM
YC/I0BMSA, OCTaTbYyHM KOIMYECTBa B Mo4BaTa WM MpU OT/IMTaHe Xepbuumnaa U3BbH LiesieBaTa KyaTypa - xepbuunaeH
ApndT. VMIMa3aMOKCHT € CcenekTMBEeH Xepbuump, OT rpynata Ha WMMUAA30JMHOHMTE, MpuiaraH 3a KOHTPOJ Ha
€HOrOAMLLHN U MHOTOrOAMLLIHW MJEBEAN B KOMBUHaUMs ¢ ycTonumemn xubpuam (IMI-R). MNpoTenHoBuTe XnapoamsaTtm
(PHs) ca rpyna pacTuTenHn B6UOCTUMYAHTU, ChAbpXKallM MaJIKM NenTuan u/unm cBob6o4HM aMUHOKMCESIMHK, 32
KOUTO € M3BECTHO, Ye NoA00psBaT TOJIEPAHTHOCTTA HA PACTEHMUATA KbM abUOTUYEH CTPEC, BKIIOUUTETHO XepbuumaHa
PUTOTOKCMYHOCT. HacToawoTo npoyyBaHe MMa 3a Le Aa YCTaHOBU edeKTa Ha cuMysmpaH apudT Ha xepbuumaa
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MMa3aMOKC BbpXy pacTerka, GOTOCMHTETUYHATA aKTUBHOCT M MPOAYKTMBHOCTTA Ha LLAPEBUYHMN PacTEHUS, KaKTO U Ja

OLeHU ed)eKTMBHOCTTa Ha JIMCTHOTO MNMPUJTIOXKXEHN 6MOCTVIMy}'IaHTM OT rpynarta Ha NpPOTEUHOBUTE XMNAOPOJSIN3aTUN KAaTo

TepaneBTUYHO CPEencCTBO. nOJ'Iy‘-IeHMTe PE3YNTATU MOKa3BaT, Y€ CUMYIUPAHUAT Xep6MLI,Mﬂ,eH ,D,pVICI)T OKasBa CwUJieH

MHXMBUpaL, edeKT BbpXy LLAPEBUYHUTE pacTeHus. ToBa ce BMXK[a SICHO OT MOTUCHATWUS PacTeXX Ha LapeBUYHUTE

pacTeHund, HapylleHaTa UM (bOTOCMHTeTVI‘-IHaTa AKTUBHOCT U 3ary6aTa Ha NPOAYKTUBHOCT. JlnctHoTO npuaaraHe Ha

NMPOTENHOBU XNAOPOSIN3AaTU BbPXY YBPEAEHNTE OT MMAa3aMOKC LUapeBUYHU pPaCTEHNA I'IO,EI,O6pF|Ba (bOTOCMHTETMLIHaTa 0%

aKTUBHOCT, pacTeXa 1 NPoyKTUBHOCTTA Ha Ky/TypaTa.

KnroyoBn pgymu: pactutenHm 6GMOCTUMYNAHTU, MPOTEMHOBU XMAPOAM3ATM, MMaA3aMOKC, xepbuumaeH apudT,

Lapesuua, poTocMHTE3a

INTRODUCTION

The use of herbicides is a traditional method of weed
control in crop technologies. Although modern herbicides
have increasingly selective properties, in some cases,
they can provoke toxic effects on agricultural plants
(herbicide phytotoxicity) (Cobb and Reade, 2010). Such
cases include (1) insufficient herbicide selectivity (de
Carvalho et al., 2009); (2) combining herbicide treatment
with unsuitable meteorological conditions (Jursik et al.,
2020); (3) long-term persistence of herbicide in the soil
(Chowdhury et al., 2020); (4) off-target transfer of the
herbicide - drift (Vieira et al., 2020) and others.

The herbicide drift can be characterized as either
primary or secondary movement (Bish et al., 2021).
Primary movement is an off-target drift of the herbicide
at the time of application, while secondary movement
occurs after the herbicide application. For example, vapor
drift is a form of secondary movement due to herbicide
volatilizing into the atmosphere. Both types of herbicide

drift can induce chronic or acute toxicity on non-target

crops.
Chronic phytotoxicity is visualized as growth
retardation, the appearance of chlorosis, necrosis,

various deformation symptoms and often leads to loss of
productivity. The harmful effect depends on the dose of
the assimilated herbicide, crop sensitivity, environmental
conditions and others. However, significant vyield
reduction without visible phytotoxicity symptoms has

also been observed (Janaki et al., 2017).

Imazamox is a selective herbicide of imidazolinone
group, used to control annual and perennial weeds

in imidazolinone-resistant (IMI-R) crops (Pfenning

et al, 2008). Its mechanism of action is inhibition of
acetohydrohy acid synthase (AHAS), a key enzyme in the
biosynthetic pathway of the branched-chain amino acids.
The treatment of susceptible plants with an imidazolinone
herbicide leads to growth inhibition, yellowing the
growing point (Shaner, 1991) and others. Despite high
imazamox selectivity, in some cases, it may provoke
temporary phytotoxicity even in IMI-R crops (Balabanova
et al., 2020).

The negative effects of imazamox drift have been
observed in the agronomic practice but rarely were the
subject of research experiments. Webster et al. (2016)
reported significant growth inhibition and vyield losses
caused by imazamox drift on rice. Deeds et al. (2006)
found that imazamox drift can produce injury even in
the lowest dose (1/100 of the dose used for other crops)
and nearly complete kill and yield loss of wheat at the
highest (1/3 of the dose), regardless of plant growth stage
at application. Information concerning crops sensitivity
to imazamox is scarce and for maize is fully missing.
Meanwhile, the information about maize sensitivity to
imazamox is essential from a practical viewpoint, as in
Bulgaria this crop is often sown in a neighbourhood with
IMI-R-grown sunflower.

The plant biostimulants (PBs) are a new generation
of products available on the agricultural market. EU
Regulation classifies them as fertilizing products, "the
function of which is to stimulate plant nutrition processes
independent from the product's nutrient content with
the sole aim of improving one or more of the following

characteristics of the plant or the plant rhizosphere: (a)
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nutrient use efficiency, (b) tolerance to abiotic stress, (c)
quality traits, or (d) availability of confined nutrients in
the soil or rhizosphere” (Regulation (EU) No 2019/1009).
PBs are biologically derived products containing small
peptides, free amino acids, phytohormones, vitamins,
organic acids, micro- and macronutrients, etc. They belong
to several main groups such as protein hydrolysates,
humic and fulvic acids, algae extracts, microbial products
and others (du Jardin, 2015).

Protein hydrolysates (PHs) are a subgroup of plant
biostimulants defined as mixtures of polypeptides and
amino acids produced from protein sources using partial
hydrolysis (Schaafsma, 2009). Their application has been
reported to avoid or reduce production losses caused by
unfavorable soil and environmental conditions, such as
temperature, drought and salinity (Botta, 2013; Petrozza
et al.,, 2014; Lucini et al., 2015). The database concerning
the effects of PHs on the performance, growth and
productivity of herbicide-damaged plants is very scarce.

Insufficient information about the effects of imazamox
drift on maize plants motivated us to conduct a study
aimed to: (1) establish chronic and lethal doses of
imazamox treatment on young maize plants; (2) the long-
term effect of imazamox-induced chronic phytotoxicity
on both photosynthetic performance and yield of maize
as well as (3) evaluate the efficiency of foliar application
by protein hydrolysates as therapy means.

MATERIAL AND METHODS

Field experiments were conducted in the Experimental
field of the Agricultural University of Plovdiv (Latitude
42°8'19" N, Longitude 24°48'7” E, an elevation of about
202 m above mean sea level), in 2019 - 2020. The maize
(Zea mays L.) hybrid P9241 (Pioneer Seeds Bulgaria) was

grown in the experiments.

The soil of the Experimental field is classified as
Mollic Fluvisols (Popova et al.,, 2012). The mechanical
composition is average sandy-clay, not high humus
content, and weak-alkaline reaction (pH, , = 7.3). The
content of available forms of nitrogen, phosphorus
and potassium were as follows (mg/kg): NH, - 19.3;

NO, - 16.6; P,O, - 328; K,O - 318. The soil nitrogen
content was determined according to Kjeldahl method
by distillation in apparatus of Parnas-Wagner (Tomov
et al., 2009). Phosphorus and potassium content were
measured colorimetrically (spectrophotometer Camspec
M105) and photometrically (flame photometer PFP-7),
respectively (Tomov et al., 2009).

Combined fertilization with 250 kg/ha with N:P:K
(15:15:15) + 8% SO, + 0.01% Zn (Borealis - LAT
Company, Austria) before sowing of the crop was done.
The fertilizer was distributed to the whole experimental
area with fertilizer spreader. In spring, dressing with 250
kg/ha NH, + NO, (34.4% Total N; Neochim PLC, Bulgaria)
was performed. The fertilizer was introduced in the rows
of maize with fertilizer applicator together with the first
in-row tillage.

The harvest was done with Harvester “Wintersteiger”,
Germany.

The maize seeds were sown in April for both years.
The climatic conditions during both experimental
years were favorable for the germination, growth and
development of maize plants. The average minimum and
maximum monthly temperatures and precipitation during
the vegetation period in 2020 are given in table 1.

Range-finding experiment

A small-scale field experiment with maize plants
exposed to simulated drift by the herbicide imazamox
(Pulsar Plus; BASF) was carried out in 2019. Two-factorial
experiment with 12 variants was set up. The first factor
was the time of imazamox treatment, presented by two
plant growth stages, namely the 3 - 4 leaf and a 7 -8 leaf
of maize plants. The second factor was the doses of foliar
application by imazamox, adjusted to 5, 10, 20, 40 and 50
g a.i./ha. The treatments were done by backpack sprayer
SOLO model 417 (Solo, Germany). The untreated (control)
plants were sprayed with tap water. The volume of the
applied solution was 250 L/ha. Each variant had three
replications (plots) with a size of 5 m? and approximately
30 plants. The plants were harvested at 10% leaf stage
and their growth parameters were measured.
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Table 1. Average monthly precipitation, minimum and maximum monthly temperatures (°C) during the maize vegetation in 2020

April May June July August September
T min® 3.3 5.8 11.3 14.9 21.2 13.4
T max® 19.0 28.4 30.5 31.6 32.8 29.3
Precipitation (mm) 89.1 54.1 89.9 40.8 247 1.3

Field experiments

Two field experiments (experiment 2A and experiment
2B) were conducted in 2020.

The purpose of experiment 2A was to establish the
effect of imazamox-induced chronic phytotoxicity on
photosynthetic performance and maize grain yield. The
experimental design included four variants, namely: (1)
untreated by imazamox (control) plants; (2) plants treated
by 5 g a.i. imazamox/ha; (3) and (4) plants, treated by 10
and 20 g a.i. imazamox/ha, respectively.

Experiment 2B aimed to establish whether or not the
foliar application by protein hydrolysates would improve
the photosynthetic performance and yield of imazamox-
damaged maize. The experimental design included six
variants, namely: (1) untreated by imazamox (control)
plants; (2) plants treated by 10 g a.i. imazamox/ha; (3)
plants, treated by 10 g a.i. imazamox/ha, followed by
foliar application with Naturamin® WSP (0.5 g/ha); (4)
plants, treated by 10 g a.i. imazamox/ha, respectively,
followed by foliar application with Naturamin® Plus
(2.5 L/ha); (5) plants, treated by 10 g a.i. imazamox/ha,
respectively, followed by foliar application with Terra-
sorb® (2.5 L/ha) and (6) plants, treated by 10 g a.i.
imazamox/ha, respectively, followed by foliar application
with Trainer® (2.5 L/ha). The applied protein hydrolisates
are trade products of the following firms: Daymsa, Spain
(Naturamin® WSP and Naturamin® Plus), Bioiberica,
Spain (Terra-sorb®) and Italpollina, Italy (Trainer®).

Both trials were performed by the randomized block
design in 3 replications with a plot size of 15 m2 The
herbicide treatment was applied at the 7-8% leaf of maize
plants by a backpack sprayer. The biostimulant application
in experiment 2 was made five days after the herbicidal
treatment by the same sprayer. The volume of working

solution in both experiments was 250 L/ha.

Studied parameters

Plant growth parameters

The height and fresh biomass of both roots and leaves
of 10 randomly selected maize plants from each variant
were measured 10 days after the herbicidal treatment
(range-finding experiment).

Photosynthetic pigments

Leaf gas exchange and photosynthetic pigments
content of the upper fully developed leaves were
measured: (1) 5 days after the herbicide treatment in
the experiment 2A and (2) 5 days after the biostimulant
application in the experiment 2B.

Photosynthetic pigments (Chl.a, Chl.b and total
carotenoids) in the leaves of maize plants grown in
experiment 2A were extracted in 85% acetone, measured
spectrophotometrically and calculated according to the
formulae of Lichtenthaler (1987). The total chlorophyll
content of maize plants grown in experiment 2B, was
determined by chlorophyll meter CCM-300 (Opti-

Sciences, USA).

Leaf gas exchange: The net photosynthetic rate on
the fully developed upper leaves of maize plants grown
in both experiments was determined between 10.00
and 12.00 o’clock with the open photosynthetic system
LCpro+ (ADC, Hoddesdon, UK).

Yield: The grain yield of maize was determined at
harvest. The maize grain yield was determined with a
harvester for field plot trials “Wintersteiger”. The data
from each plot was recalculated to establish the grain
yields per hectare.

Statistical analysis: Statistical analysis was performed
using analysis of variance (ANOVA). Based on ANOVA
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outcomes, a Dunkan’s test for the main comparison
at a 95% confidence level was applied. In the figures
and tables, different letters (a, b, c) indicate significant
differences between pairs of means.

RESULTS

Effects of increasing doses of imazamox on the growth
of young maize plants (range-finding experiment)

The doses of 40 and 50 g/ha imazamox were highly
toxic to the maize, the growth of plants stopped after the
treatment and red color appeared on leaf blades. Due to
the high toxicity, the treated plants died within 7-10 days
after the treatment and therefore, here are presented
results only of the lower imazamox doses (5, 10 and 20
g/ha).

The biometric parameters of the maize plants are
shown on table 2. The results from the plants treated in
the earlier (3 - 4) leaf stage show that the treatment of
the susceptible maize plants with herbicide imazamox
significantly inhibits their growth. This retardation is

most pronounced on the variant with 20 g/ha imazamox
dose with decreased plant height with 50% and root and
above ground weight with 74% and 77%, respectively.
The dose of 5 g/ha imazamox shows very weak and not
significant growth suppression. The treatment of maize in
7-8 leaf phase also had a strong inhibitory effect on the
plant vegetation. The plant height is inhibited by 20 g/ha
imazamox with approximately 50% and root and above
ground weight with 71% and 82%, respectively.

Effects of imazamox on photosynthetic performance
and productivity of maize (experiment 2A)

The content of photosynthetic pigments and net
photosynthetic rate are closely related physiological
indicators commonly used to evaluate plant performance
in normal and stress conditions (Sacramento et al., 2018).
Our results show that the simulated off-target drifts
with herbicide imazamox are causing an inhibitory effect
on the photosynthetic pigment profile. The pigments
content (Table 3) was significantly lower in imazamox
treated plants than in untreated control.

Table 2. Growth parameters of maize plants, treated with different doses of imazamox. The values represent the mean of five bio-
logical replicates, + SD. The significance levels of two way analysis of variance (ANOVA): * P=0.05, NS - not significance. LS - leaf
stage, TR - treatment. In breckets is presented the percent of the untreated control

Variants Height of plants (cm)

Weight (g)

Roots Leaves

Untreated (control) 93.0+7.62(100)

5 g/ha imazamox 89.6 £8.72(96)

Treatment at 3 - 4t |eaf age stage
21.9 +5.82(100) 101.5 £ 23.12(100)

18.0 £ 4.9 *(82) 94.2 +12.32(93)

10 g/ha imazamox

20 g/ha imazamox

Untreated (control)
5 g/ha imazamox

10 g/ha imazamox
20 g/ha imazamox

Two Way ANOVA

62.0+8.2"(66)
46.2 £2.9 <(50)

15.3+3.1°(70)

5.7 £1.7 <(26)

43.0£9.5°(42)
23.6 +4.9"(23)

103.4 + 15.7 2(100)
98.6 +6.52(95)
71.0 £ 6.5"(67)
51.4 + 9.7 <(50)

LS-*
TR-*
LSxTR- NS

Treatment at 7 - 8t |eaf age stage
23.9 +£2.62(100)
18.1 +£3.3°(76)
16.1+2.3°(67)

120 + 14.3 2(100)
90.6 + 102 (76)
45.6 +5.5(38)

6.9 £0.9 <(29) 21.2+£55¢(18)
LS - NS LS - NS
TR-* TR-*
LSxTR- NS LSxTR- NS

Values followed by different superscript letters (a, b, ¢) within columns differ significantly at P<0.05
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Table 3. Photosynthetic pigments content [mg/g FW] in maize plants, treated with different doses of imazamox. The values repre-
sent the mean of five biological replicates, + SD. In breckets is presented the percent of the untreated control

Variants Chlorophyll a Chlorophyll b

Carotenoids a/b (a+h)/k

Untreated (control) 1.78 £ 0.11 2(100) 0.52 £ 0.022(100)

5 g/ha imazamox 1.50 £ 0.01°(84) 0.56 +0.012(107)
10 g/ha imazamox 1.18 £ 0.07 < (66) 0.37 £+0.03°(71)
20 g/ha imazamox 1.19 £ 0.08 < (67) 0.38 +0.03"(73)

0.52+0.022(100) 0.52+0.022(100)  3.59 +£0.07 »(100)

0.51+0.01°(80) 2.70 £0.05°(79) 4.06 £0.002(113)
0.51 +£0.03°(80) 3.21+0.152(94) 3.02 £ 0.07 < (84)
0.52+£0.03°(81) 3.16 £0.06 2 (93) 3.00 £ 0.04 < (84)

Values followed by different superscript letters (a, b, ¢) within columns differ significantly at P<0.05

The rate of inhibition increases with increasing the
herbicide dose from 16% lower Ch a content for 5 g/ha

imazamox up to 33% for 20 g/ha imazamox.

The gas exchange of maize plants is also suppressed by
the herbicide imazamox (Figure 1A). The untreated plants
have a net photosynthetic rate of about 11 - 12 umol
CO,/m? per sec. The variants received 10 and 20 g/ha of
imazamox showed a decrease of 26% and 61% for the
treatment in 7-8 leaf stage. The transpiration rate (Figure
1B) is slightly increased by the imazamox treatment with
the higher doses of 10 and 20 g/ha.

The maize plants treated with lower (5 g/ha) doses
of the herbicide imazamox showed sligth inhibition of
growth, where a visible phytotoxicity simptoms such as
shlorosis or changes of leaf color were now seen. The
plants recieved the higher dose of 10 g/ha showed visible
simptoms like chlorosis and more emphasised growth
inhibition. These symptoms were overcomed by the

plants in different extend and time frame.

The experimental results showed a proportional
relationship between increasing the dose of the herbicide

imazamox and decreasing the yield of maize plants.
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Figure 1. Net photosynthetic rate (1A) and transpiration rate (1B) of maize plants treated with different doses of imazamox. The val-
ues represent the mean of five biological replicates, error bars = SD. Different letters (a,b,c) express significant differences (P<0.05)
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The plants recieved the lower doses recovered faster,
with slight productivity decreas, while these treated with
the dose of 20 g/ha did not recovered fully and had a
significant yield loss. In the variants treated with 10 and
20 g/ha imazamox, the negative effect was expressed
in a reduction of the yield (Figure 2) by 15% and 23%,
respectively. In the variant treated with 5 g/ha imazamox,
no inhibitory effect on yield was observed.

[
H

[t/ha]

o =B N W B U0 O o~

NT S5g/ha 10g/ha 20g/ha

Imazamox

Figure 2. Productivity (t/ha) of maize plants, treated with dif-
ferent doses of imazamox. The values represent the mean of
the three replications per treatment, error bars = SD. Different
letters (a,b,c) express significant differences (P<0.05)

Effects of protein hydrolysates on photosynthetic
performance and grain productivity of imazamox-damaged
maize plants (experiment 2B)

Based on the results obtained in the range-finding
experiment, we selected a recoverable dose, causing
moderate phytotoxicity. Therefore we studied the effect
of protein hydrolysates with the selected dose of 10 g/ha
imazamox. The gas exchange parameters of maize plants
(Table 4) also confirm the inhibition caused by a single
imazamox treatment with 21% lewer photosynthetic rate.
All the variants with the herbicide and PHs showed an
ameliorative effect in gas net photosynthesis compared
to the single imazamox treatment. The variants treated
with imazamox in combinations with various PHs showed
significantly improved photosynthetic activity with
6.3%, 8.2% and 15.3% for Naturamin WSP, Terra-sorb
and Trainer, respectively. This positive effect caused
by the additional biostimulant application was not
significant only for the treatment with Naturamin Plus.
The transpiration rate of maize plants shows a significant
decrease in only for the plants treated with imazamox.
In contrast, the untreated control and plants with PHs
supply have similar transpiration intensity.

The content of common chlorophylls was determined
with the undistructive method by using a portable
chlorophyll meter. The results confirm the inhibitory
effect of imazamox on maize plants with 19% lower
chlorophylls content in imazamox treated variants.

Table 4. Photosynthetic performance of maize plants, treated with imazamox and various protein hydrolysates (A - net photosyn-
thetic rate; E - transpiration rate; Chl. - total chlorophyll content). The values represent the mean of five biological replicates, +

SD. In breckets is presented the percent of the untreated control

A

Variants [umol CO,/m? per sec]

E Chl
[mmol H,O0/m? per sec] [mg/m?]

Untreated (control) 30.35 +0.812(100)

Imazamox (10 g/ha) 23.93+0.424(79)
Imazamox + Naturamin WSP 25.53 +1.21<(84)
Imazamox + Naturamin Plus 24.09 +0.82°(79)
Imazamox + Terra-sorb 26.04 £ 0.41 < (86)

Imazamox + Trainer 28.26 +1.13°(93)

1.25 + 0.07 2 (100) 363 +82(100)

1.12 £ 0.03 <(90) 294 +£114(81)
1.24 £0.03 % (99) 320 £5¢(88)
1.2 +0.04°(96) 345+ 10°(95)
1.21 £0.02 > (97) 312 +9¢(86)

1.23+0.03 % (98) 337 £9°(93)

Values followed by different superscript letters (a, b, c) within columns differ significantly at P<0.05
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Figure 3. Grain productivity of maize plants, treated with imazamox and various protein hydrolysates. The values represent the
mean of the three replications per treatment, error bars = SD. Different letters (a,b,c) express significant differences (P<0.05)

The ameliorative effect of PHs is different, varying
between 8.3%, 14.8%, 5.1% and 12.6% for variants
received application of imazamox and Naturamin WSP,

Naturamin Plus, Terra-sorb, Trainer respectively.

The single imazamox treatment significantly reduced
the maize productivity (Figure 2) by 16%. The additional
application of the PHs had an ameliorative effect on
imazamox-damaged maize plants with approximately
10% compared to the imazamox treated plants, where
the highest grain productivity is caused by Terra-sorb
treatment - 12.4%.

DISCUSSION

According to previous reports, the growth of

susceptible plants treated with an imidazolinone
herbicide is inhibited within a few hours of application.
In comparison, the visual symptoms might be observed
within 7 to 14 days as chlorotic meristematic areas and
followed by a slow general foliar chlorosis and necrosis
(Shaner 1991; Breccia et al. 2011) and reduction in plant
fresh, dry weight and leaf area (Bozic et al., 2012). Our
results also showed growth arrest of the imazamox
treated maize plants, which usually is more pronounced
on the plants that received a higher dose of the herbicide.
In contrast, doses over 40 g/ha have a lethal effect within

a few days after treatment. The chlorosis is directly related

to the decreased content of photosynthetic pigments,
which could be defined as a typical injury symptom of
imidazolinone treatment to susceptible (Hensley et al.,
2012; Webster et al., 2016; Garcia-Garijo et la., 2012),
but also to resistant crops (Pfenning et al., 2008; Pozniac
et al., 2004). In our previous study, we also have found
that imazamox may cause changes in photosynthetic
pigments profiling even in IMI-R sunflower hybrids
(Balabanova et al., 2016; Balabanova et al., 2020).

Similarly, the maize plants treated with different
doses of the herbicide imazamox in our experiments
also showed symptoms of chlorosis and necrosis
mostly at higher doses of treatment, which corresponds
with the abovementioned reports (Table 3). Changes
in photosynthetic parameters such as chlorophyll
fluorescence (Percival and Baker, 1991) and gas exchange
(Jimenez et al., 2015; Balabanova and Vassilev, 2015)
have been observed in treated plants. A significantly
inhibited net photosynthesis of imazamox treated IMI-S
maize plants were also found in our study (Figure 1,
Table 4), which is in line with other reports concerning
the physiological effects of the herbicide. Photosynthesis
is not regarded as a primary target of AHAS-inhibiting
herbicides, but disorders of the photosynthetic apparatus
have been reported many times. This could be the
inhibition of the AHAS enzyme activity and subsequent

JOURNAL

Central European Agriculture
ISSN 1332-9049

133


https://doi.org/10.5513/JCEA01/24.1.3668

Original scientific paper

DOI: /10.5513/JCEA01/24.1.3668

Balabanova et al.: Photosynthetic performance and productivity of maize (Zea mays L.), exposed...

violation of protein turnover. As a result, all the catalytic
reactions, including the pigment synthesis and Calvin
cycle, are disrupted. The function of proteins taking
part in the electron transport chain and transport of

photosynthetic products may be impaired.

The injury effect caused by off-target herbicide drift
depends on many factors, but mainly on the dose of
herbicide received by non-target plants and its sensitivity
to the herbicide active ingredients. The imazamox is
a selective herbicide, reported as an environmentally
friendly compound, but in the case of drift, it has an
inhibitory effect on untarget vegetation, including crop
species. Deeds et al. (2006) have reported that imazamox
applied to wheat at the flowering and jointing growth
stages at 33% of the labeled use rate reduced wheat
yield by more than 90%. An injury caused by simulated
imazamox drift on rice in two phenophases of the plants
is reported by Hansley et al. (2012). The author found
that necrosis of the flag leaf emerged by 28 days after
treatment, resulting in significantly decreased crop yield
of 53 and 28% when imazamox was applied to rice
at one-tiller and boot, respectively. Webster and co-
workers (2016) also report that 66% reduced primary rice
yield at the boot timing phase plants received averaged
over rate application of imazamox. These data indicate
that visual injury to rice is more severe when imazamox is
applied during the early vegetative growth stages. Those
previous reports also meet the results found in our study,
where the herbicide imazamox is causing a significant
inhibiting effect on maize grain productivity (Figure 2).
This decrease in the productivity of maize plants may be
expected since their gas exchange was also decreased
and photosynthesis is a process directly related to plant
productivity.

Various biostimulants have been available for the last
years. A prerequisite for this is that they are defined by
a number of improving effects such as enhancement of
growth and development by increasing the efficiency
of physiological processes within plants and increasing
stress tolerance (Nephali et al., 2020). Some studies
report on the ameliorative effect of PBs also for
herbicide-damaged crops. Soltani and colleagues (2015)

report a yield increase of winter wheat and oat after the
addition of biostimulants to post-emergence herbicides.
Panfili et al. (2019) found that biostimulants containing
vitamins, amino acids and proteins reduced the
negative effects of metolachlor on maize and increased
germination and biomass production. Furthermore,
plants treated with the herbicide in combination with
Megafol showed lower levels of lipide peroxidation and
antioxidant enzymes. In 2018 Andrade and colleagues
demonstrated that low doses of glyphosate drift resulted
in maize phytointoxication and lower plant height, while
hormone-based biostimulant provided increases in stalk
diameter, SPAD index and photosynthetic rate. But the
report shows that the presence of biostimulant did not
provide a significant ameliorative effect on the deleterious
effects caused by glyphosate in conventional corn plants.
Contrary to the abovementioned reports, Soltani and
co-workers (2016) demonstrated that the application of
biostimulants containing nutrients and organic acids to
the post-emergence herbicides did not affect soybean
crop injury and yield.

The protein hydrolysates have been reported to
positivelyimpact plants functioning under different abiotic
stress conditions, including salinity, heavy metal, thermal,
nutrient stress, and water stress (Colla et al., 2017). But the
information concerning their impact on herbicide injured
crops is far less. An increase in the nitrogen content was
found in sunflower plants damaged by imazamox after
a protein hydrolysate application (Neshev, 2020). In our
previous studies, we have found that some PHs may
have an ameliorative effect on imazamox damaged crops
such as sunflower, pumpkin, wheat and oilseed rape
(Balabanova et al., 2016; Balabanova 2021; Neshev et al.,

2020; Neshev et al., 2021a; Neshev et al., 2021b).

The mode of action of the herbicide imazamox
is inhibiting the biosynthetic pathway of branched-
chain amino acids by blocking the active center
(AHAS) (Singh, 1999).
We hypothesize that an additional supply of amino

acetohydroxyacid synthase
acid containing biostimulants, such as PH, could help
the imazamox-damaged plants overcome the growth
inhibition caused by imazamox. The results confirm the
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ameliorative effect at about 10% average of the additional
treatment with plant biostimulant protein hydrolysate
to maize plants damaged by simulated imazamox spray
drift on their photosynthetic and transpiration rate,
as well as grain productivity. However, the improving
effect is not significant for all the evaluated PBs. The
products Terra-sorb and Trainer showed a slightly higher
ameliorative effect than Naturamin WSP and Naturamin
Plus. The ameliorative effect of the PH supply could be
due to several reasons, such as the alleviation of protein
metabolism by the direct contribution of amino acids into
synthesizes of protein molecules and/or the involvement
of nutrients in various structures and reactions of a plant

cell.

CONCLUSION

The simulated imazamox herbicide drift has a strong
inhibiting effect on imizadolinone-susceptible maize
plants. This is well illustrated by the growth arrest and
disrupted photosynthetic activity of the sprayed plants.
The low imazamox dose of 5 g/ha caused a slight injury
effect on maize, which plants might overcome. The
supply of maize with 10 g/ha imazamox also had an
inhibitory but partially recoverable effect. The dose of
20 g/ha had strongly pronounced inhibitory effect on
the photosynthesis and growth of maize plant, reduced
at the range of 60% and up to 80%, respectively. In
comparison, doses over 40 g/ha had a detrimental
effect on plant growth and functioning. The additional
supply of protein hydrolysates to imazamox damaged
maize plants ameliorates plant physiology parameters
such as photosynthetic, transpiration rate and content
of chlorophylls. As a concequence of the improved
physiological state, the grain productivity of imazamox-
treated maize plants was also positively influenced up
to 14%. Based on our results we may conclude that
protein hydrolysate application on maize plants injured
by imazamox off-target transfer has improving effect on

overall plant performance.
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