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ABSTRACT

Plant response to herbicides is one of the most essential points in corn (Zea mays L.) production, especially in inbred
lines. Weed abundance is higher in corn lines comparing to hybrids. Insufficient herbicide selectivity in lines crop can be
a limiting factor for their application. Weed control today is based on Integrated Weed Management (IWM) approach, i.e.
to use all possible methods and measures for weed control and better crop fitness. In this research, sensitivity of one corn
inbred line (selection based on previous research) was tested to two sulfonylurea herbicides in treatments with and without
foliar fertilizer. Treatments included recommended and double field doses and control (no herbicide), with and without
foliar fertilizer. Herbicides and foliar fertilizer were applied as a mixture. In a 3 yr field experiment, herbicides expressed
different selectivity to the tested line. The line was further tested in controlled conditions for dose-response analyses in order
to determine variations in biomass and biochemical compounds levels. The double dose of foramsulfuron affected fresh
matter significantly (p < 0.05) with 90% decrease, compared to control. An experiment in controlled conditions showed
increased tolerance to herbicides in treatments with foliar fertilizer — according to higher effective doses (ED,y, EDx,
and EDy,) estimated, indicating higher plant tolerance to herbicides when foliar fertilizer was applied. In corn leaves the
highest herbicide dose and foliar fertilizer induced slight reduction of concentrations of free thiol groups, soluble proteins
and phytic P (to 14.1%, 9.3% and 9.9%, respectively) and increased phenolics concentration (up to 26.7%) compared to
treatment without herbicide application. Obtained results indicate positive effects of foliar fertilizer when it is applied in
mixture with herbicides, and foliar fertilizing should be considered as important strategy in obtaining higher yields.
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INTRODUCTION

Corn (Zea mays L.) is the third highest crop in sown area in the world (FAO, 2015) with sown area of 1.2 million hectares.
It is the most important arable crop in Serbia, with relatively low average grain yields of 5.1 t ha' (Statistical Office of the
Republic of Serbia, 2017). Weed management is an essential measure in growing practices, especially in corn inbred lines.
Soltani et al. (2016) reported an average of 50% yield losses caused by weeds in corn crop. Weed abundance is higher
in inbred lines crop comparing to hybrids. In general, until rows close weeds can significantly decrease yield in hybrid
crop, while in inbred lines that period is often longer and herbicide application is highly reasonable — pre-emergence, as
well as post-emergence. Corn inbred lines are homozygous, and due to inbreeding, they have lower vigour and slower
growth and development. These factors can lead to increase sensitivity to various biotic and abiotic factors, including
herbicides (Stefanovic et al., 2010). In general, corn lines are more sensitive to herbicides than hybrids, meaning lack of
herbicide selectivity can be a limiting factor for their application. In Serbia, herbicides are registered for application in
hybrids, but not particularly in inbred lines. Only with experiments in field conditions that continue minimally 2 yr, and/
or in controlled condition proper advices for producers could be given regarding herbicide application.
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Herbicides can cause visible plant damages or slow down plant development leading to decrease grain yield. In Serbia,
Stefanovic et al. (2010) reported several problems with herbicide selectivity, especially in seed corn production, such as
significant injuries, caused by post-emergence herbicides, mainly sulfonylureas. Brankov et al. (2015) also showed that
sulfonylurea herbicides caused significant visible damages and reduced growth parameters in corn inbred lines, while
triketons (bleaching herbicides, 4-hydroxyphenylpyruvate dioxygenase [HPPD] inhibitors) expressed higher selectivity.
It is evident that herbicides can cause more stress in corn lines compared to hybrids. This stress can be temporary or
permanent (de Carvalho et al., 2009) and is mainly based on production of free radicals, such as reactive oxygen species
(ROS) - oxidative stress (Tripathy and Oelmiiller, 2012). ROS could also affect photosynthetic apparatus (chlorophyll
and carotenoids concentration), decreasing photosynthetic rate and efficiency and increasing lipid peroxidation (Langaro
et al., 2017). The elevated ROS production can further alter concentration of biochemical compounds, such as soluble
proteins and antioxidants (thiolic groups of proteins, phenolics, carotenoids, etc.) having as a consequence decrease of
2 2-diphenyl-1-picrylhydrazyl free radical (DPPH) reduction potential (Garcia-Diaz et al., 2018), as well as arrest of
biosynthetic processes (de Carvalho et al., 2009; Hassan et al., 2011).

When plants requirements are optimally satisfied with essential elements it can easier overcome stressful conditions.
Optimal plant nutrition is the basis for every plant production. Plants mainly assimilate minerals through the root system
and in lesser extent via leaves. Uptake through leaves is possible due to similar histology of root and leaves stems. This
is important because plants are not able to absorb minerals from soil. If minerals are in insoluble forms, in deficiency, or
soil characteristics deplete availability, foliar fertilizers application can be one of solution for this problem (Agegnehu et
al.,2017). These chemicals may contain macro- and microelements, amino acids and growth stimulators. Foliar fertilizers
have been showed to increase plant tolerance to various biotic and abiotic factors (Bulgari et al., 2014). Negative herbicide
effects could be diminished by foliar fertilizer application (Brankov, 2016).

The aim of this research was to examine morpho-physiological response of corn line to herbicides, as well as potentially
restorative effect of foliar fertilizer, based on activity of primary non-enzymatic antioxidants.

MATERIALS AND METHODS

Experimental site

Field studies were conducted at the experimental field of the Maize Research Institute ‘Zemun Polje’ in the vicinity
of Belgrade (44°52° N, 20°20° E), Serbia, during 2010-2012, at low carbonated Chernozem (Zivkovic et al., 1972).
Winter wheat was previous crop. The tested inbred line was selected based on previous research (Stefanovic et al., 2010)
regarding lines sensitivity to various herbicides. The line belongs to the early maturity group, with mainly pronounced
susceptibility to various stressful factors. The corn inbred line was sown on 28 April in 2010 and 2011, and 3 May 2012,
with 70 cm row spacing and 25 cm between plants, with elementary plot area of 16.8 m?. The four-replicate trail was set
up according to the split-plot arrangement.

Herbicides and foliar fertilizer application

When corn plants developed 5-6 leaves (15-16 BBCH) herbicides and foliar fertilizer were applied as a mixture. Two
sulfonylurea herbicides were applied at recommended dose (RD) for use in hybrid corn, as well as in double dose (DD):
rimsulfuron (1-[4,6-dimethoxypyrimidin-2-yl]-3-[3-ethylsulfonylpyridin-2-ylJsulfonylurea, 15 and 30 g ai ha'; Tarot
25-WG, Syngenta, Basel, Switzerland) and foramsulfuron (2-[{4,6-dimethoxypyrimidin-2-ylcarbamoylsulfamoyl]-4-
formamido-N,N-dimethylbenzamide, 45 and 90 g ai ha'; Equip, BASF, Ludwigshafen, Germany). Selected herbicides
have excellent efficiency in grass weed control, but some problems with their selectivity were reported. Foliar fertilizer
(FF) (12-4-6+0.2 MgO+ME inorganic complex foliar fertilizer with secondary and micro-elements and amino acids, 12%
N,4% P,6% K,0.2% Mg,0.01% B,0.01% Cu,0.01% Mn, 0.005% Mo, 0.005% Zn, and amino acids; Activeg, Angibaud
& Spécialités, La Rochelle, France) was applied at the same corn stage in recommended dose of 4 L ha''. Applications
were made using a CO,-pressurized backpack sprayer (Bellspray Inc dba R&D Sprayers, Opelousas, Louisiana, USA)
equipped with TeeJet XR11002-SS nozzles (TeeJet Spraying Systems, Wheaton, Illinois, USA) calibrated to deliver a
spray volume of 140 L ha' of solution at 275.8 kPa.
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Bioassay in controlled conditions

This assay was conducted to test corn line sensitivity to increased doses of foramsulfuron as the less selective compared to
rimsulfuron, with and without FF application. The experiment was conducted with four replicates random block system,
repeated twice. This line was grown in a greenhouse for 10 d up to the 3-4 leaves developed (13-14 BBCH) and then
treated with rising doses of foramsulfuron, up to 6 times higher than the recommended dose. Herbicide was applied in
following doses: 0, 22.5 (H1), 45 (H2), 67.5 (H3), 90 (H4), 135 (HS), and 170 (H6) g ai ha' and with FF (FH1-FH6;
recommended dose), using a research spray chamber (Avico Praha, Prague, Czeck Republic) calibrated to deliver 93.5
L ha' with a XR11002-SS nozzle (Teelet Spraying Systems) at 414 kPa. Foliar fertilizer and herbicide were applied
as mixture. After spraying, plants were returned to greenhouse for 7 d and fresh matter (FM) and DM of aboveground
material were measured. Conditions in greenhouse were as followed: 12 h with light and 30 °C temperature and 12 h
without light with 20 °C temperature. Humidity was 65%-80% and light intensity was 44 W m™.

Data collection
Corn line response to herbicides and foliar fertilizer was observed by measuring plant aboveground FM and DM in a period
of 2-3 wk after treatments, while grain yield was measured at the end of vegetation and 14% moisture was calculated.
Under controlled conditions, at the end of experiment, FM and DM of aboveground parts were measured. After drying,
leaves were milled and samples were used for determination of following biochemical parameters: content of free thiolic
groups (PSH) by the method of de Kok et al. (1981), soluble proteins (SP) by method of Lowry et al (1951), soluble
phenolic (Phen) by the method of Simic et al. (2004) and phytic acid, expressed as phytic P (P,,). Amounts were determined
accordingly to the method of Dragicevic et al. (2011). Total chlorophyll (Chlor) and total carotenoids content (Carot), as
well as antioxidant activity, expressed as DPPH and H,O, scavenging activities, were evaluated from fresh samples. Chlor
content (chlorophyll A+B) and Carot were determined with 70% acetone extraction by the method of Saric et al. (1990).
From the same extract, DPPH scavenging activity was determined by the method suggested by Abe et al. (1998) and H,O,
scavenging activity by the method of Ruch et al. (1989). Meteorological data, precipitation totals and temperature were
presented by decades in Table 1. Temperature was expressed as growing degree days (GDDs) (Gilmore and Rogers, 1958).

Statistical analysis

Obtained data were statistically processed by ANOVA (F test), while differences between means were tested by the least
significant difference test (LSD test). Interdependence between examined parameters and applied treatments were processed
by principal component analysis (PCA). Results from the field experiment were presented with standard deviation (SD).
Results from the controlled conditions were presented as average + SD from both experimental trials. Statistical analysis was
performed by SPSS 15.0 (IBM Corporation, Armonk, New York, USA) for Windows Evaluation version. Data collected in

Table 1. Air temperatures presented in growing degree days (GDDs) and precipitation totals in Zemun Polje for 2010-
2012 growth period.

Apr May Jun Jul Aug Sep 2
2010
GDDs 1+ decade 22 10.0 9.0 13.0 139 8.6
2" decade 3.1 49 152 17.1 162 9.1
3 decade 6.1 10.3 92 13.3 13.9 73
Precipitation, mm m? 440 86.2 180.8 42 54 S51.1 4581
2011
GDDs 1* decade 45 29 132 135 132 14.6
2" decade 25 75 11.7 17.7 14.0 14.7
3 decade 6.7 10.9 12.1 114 17.0 10.6
Precipitation, mm m? 1.1 62.6 404 1074 8.9 485 2789
2012
GDDs 1* decade 25 10.8 12.5 20.0 17.8 14.1
2™ decade 2.6 49 14.7 16.0 13.7 10.0
3 decade 8.1 7.6 16.3 154 17.0 12.3
Precipitation, mm m? 64.2 66.4 17.5 30.7 58 26.0 210.6
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controlled conditions were processed by R statistics with “drc” package (R Foundation for Statistical Computing, Vienna,
Austria). Log-logistic nonlinear regression model with four parameters was used (Streibig, 1988):

Y=C+{D-C/l + Exp [Blog x—log E]}
where C and D are lower limits, E is estimated effective dose values, B is curve slope. With this model, based on FM and
DM, the line response was evaluated calculating ED,,, EDs, and EDy, values.

RESULTS

Response of corn line to rimsulfuron and foramsulfuron in field conditions

According to the obtained data, applied herbicides significantly affected corn FM (Figure 1), with intensive inhibitory
effect expressed by foramsulfuron. In the first and the second yr, significant reduction (p < 0.05) of corn line FM was
recorded in most treatments with herbicides (22%-42%), with severe decrease by both doses of foramsulfuron (more than
20%). In the third yr, FM decreased down to 90% in DD foramsulfuron treatment, in comparison to control. However, foliar
fertilizer induced significant (p < 0.05) increase in FM when applied with herbicides in the first and the third year (up to
50% and 20%, respectively), while in the second year, foliar fertilizer did not cause significant plant response on observed
parameters (p > 0.05). Similar to FM, foliar fertilizer increased corn DM in all treatments with herbicides, particularly
in the first and second years. The highest values were obtained in treatments with rimsulfuron. In the third year, positive
effects on DM were recorded only in treatments with rimsulfuron plus FF (Figure 2). Significant grain yield decrease (p <
0.05) was recorded in 2010 in DD rimsulfuron (33%) and both doses of foramsulfuron (20% and 47% respectively) and
in 2011 in DD rimsulfuron (31%) and both doses of foramsulfuron (Figure 3). Grain yield was significantly increased by
FF application (up to 40%), compared to treatments with herbicides only. In 2012, due to herbicides and environmental
impact, the lowest values of grain yield were achieved, compared to first 2 yr. In DD foramsulfuron treatment 1 mo after
herbicide application corn plants died. Also, FF did not affect grain yield, due to meteorological condition.

Response of corn line in controlled conditions

Increased doses of foramsulfuron reduced FM and DM of corn leaves, while FF when applied in mixture with herbicide,
mitigated reduction of FM and DM, compared to treatments with only herbicides. In the dose-response bioassay for FM,
estimated EDs, value was 36.4 + 1.6 g, while in FF + herbicide combination it was 47.9 + 1.9 g. Similar results were also
achieved for DM: EDs, was 39.6 + 1.6 g for herbicide treatment, while it was 53.9 + 1.41 g for herbicide + FF (Figure 4).

Figure 1. Effects of applied treatments on corn fresh matter (mean + SD).
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Figure 2. Effects of applied treatments on corn dry matter (mean +SD).
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This illustrates positive effect of applied fertilizer with herbicides. In treatment 22.5 g herbicide, higher FM and DM were
measured in treatments containing FF for 10.5%-13.0% and 9.9%-15.0%, respectively, compared to treatments without
FF. Similar results were obtained in treatment 90 g herbicide. In treatments with herbicide + FF higher values of measured

parameters were obtained 9.1%-12.3% and 7.8%-13.9%, respectively, compared to no FF treatments.

Figure 3. Effects of applied treatments on corn dry matter (mean +SD).
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Figure 4. Influence of increased doses of foramsulfuron on fresh and dry matter content in corn line leaves.
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Changes in biochemical compounds

Among all tested parameters, increased doses of foramsulfuron induced mutual and significant decrease (p < 0.05) in
concentration of SP, Phen and DPPH, while the other parameters were mainly and significantly increased (Table 2). Foliar
fertilizer significantly affected the concentration of all tested parameters, applied with herbicide. When compared to control,
foliar fertilizer increased significantly (p < 0.05) concentrations of PSH (26.2%) and SP (10.9%), while the concentrations
of other parameters varied nonsignificantly (p > 0.05). With the increasing herbicide dose + FF, concentration of P, and
Chlor significantly decreased, with slightly higher values of P, in FF treatment in comparison to control. PSH, Carot and
Chlor concentrations were mainly increased in all treatments with FF compared to treatments without FF (9.1%-14.1%;
8.0%-68.9% and 10.0%-37.1% respectively). Only H,O, reduction capacity expressed fluctuations, independently on
foramsulfuron dose, or combination herbicide + FF. nonsignificant variation in DPPH in all herbicide treatments were
recorded, whereas FF mainly induced DPPH decrease (significantly in F and FH3 treatments, compared to control). Only
in FH5 and FH6, DPPH values were increased, when compared to herbicide treatments. Results of PCA referred that
PCA1 was explained by 44.66%, PCA 2 by 30.21% and PCA 3 by 16.46%, under the influence of different foramsulfuron
doses. Phen, Carot and Chlor mainly contributed to PCA1; SP, P,,, and DPPH contributed to the second axis (PCA 2) and
capacity for H,O, reduction contributed to PCA 3 (Figure 5). In treatments with foramsulfuron + foliar fertilizer, PCA 1
was explained with 52.49%,PCA 2 with 25.31% and PCA 3 by 15.32% in total variability. What is more, Carot and Chlor
contributed positive to PCA 1, P, and capacity for H,O, reduction contributed to PCA 2, while only proteins contributed
to PCA 3 (Figure 6).

DISCUSSION

Lack of herbicide selectivity in corn seed production can cause significant yield decrease. According to previous
research, sulfonylurea herbicides induce specific damages on corn plants, especially in early FAO groups. However,
these herbicides are efficient in controlling a majority of problematic weeds (Bozic et al., 2011). In this research,
line FAO 200 maturity group responded to applied herbicides with significant injuries, especially in 2012, when
meteorological conditions were unfavourable. The damages could be characterized as irreversible (de Carvalho et al.,
2009) resulting in significant yield reduction and absence (foramsulfuron DD treatments in 2012). The explanation for
increased sensitivity could be found in alterations of biochemical compounds, such as gradual reduction of SP, Phen
and DPPH, as well as increase of PSH. This could signify the presence of oxidative stress and arrest of biosynthetic
processes (Hassan et al., 2011). Results also indicated that injuries caused by high foramsulfuron doses could be

Table 2. Content of soluble phenolic (Phen), free thiolic groups (PSH), SP (soluble proteins), total carotenoids content
(Carot), total chlorophyll (Chlor), phytic P (P,.,), and 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH) and capacity for
H.O; reduction in leaves of sensitive corn line (results present average + SD of two experimental trials).

Treatments Phen PSH SP P, Carot Chlor DPPH H.0,
pg g’ nmol g mg g %o

Control ~ 83346+944 94371073 14579+325 133+0.12 0.034£00005 0.162£0001 92.16+275 44.72+005
H1 850.11+5.03 110.03+19.36 147.88+341 188=0.16 003300005 0.150+£0005 90.11£169 40.96+0.94
H2 87038 +4.40 113.93£282 15072£552 196008 003100002 01400001 8806+128 32.53=002
H3 821.00+887 11673£598 17334+397 197002 002900001 0.125+0.000 8851209 44.71=0.11
H4 80276 +8.81 11873+1.13 164.16£4.87 199005 004700010 0.185+0.007 8770152 27.84+003
H5 77074 £881 15227847 15555146 199+002 0047+00024 0.177+0002 8877+137 4473004
H6 76985795 13749£622 16266+185 192+005 0063+00005 0.175+0.003 89.10+146 4472005
F 70520522  119.3£546 16167156 140+0.12 002000004 0045+0005 7468135 1505003
FHI 75063692  120.11£565 16367487 190£002 0035x0.0004 00500001 90.13+4.57 37.99+0.83
FH2 79342+1397 11234£565 166.11+325 188+022 0037+0.0001 00890001 8808206 41.85+045
FH3 746721894 129511372 16806390 172002 0049+00014 0.162+0006 8136+484 1450041
FH4 72536 £1636 13470 1355 17035325 1.72+001 0035+0.0005 0.130+0.020 87.60+2.84 2542+0.11
FH5 85436+3.77 14588 +4.52 14763+325 1.73+003 004800004 0.138+0.008 9886+491 20.02+0.13
FH6 88550+5.78 13071478 164.84+429 175+005 0.046+00004 0.163+0.006 92.66+256 29.82+0.28
LSD 0.05 22.68 14.70 2.50 0.11 0.001 0018 505 8.20

Treatments: Herbicide doses: 0,22.5 (H1),45 (H2),67.5 (H3), 90 (H4), 135 (H5), and 170 (H6) g ai ha' and with foliar fertilizer (F) (FH1-FH6;
at recommended dose).
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partially tied to oxidative stress, but not H,O, overproduction. This is reflected through H,O, fluctuations and slight
DPPH decrease, indicating complex role of H,O, in plant metabolism (Gill and Tuteja, 2010). High herbicide doses
did not affect photosynthetic apparatus (Chlor and Carot), which is the opposite of Langaro et al. (2017), who obtained
research with oxadiazon, pendimethalin and oxyfluorfen on rice.

Figure 5. Principal Component Analysis for soluble phenolic (Phen), free thiolic groups (PSH), soluble proteins (SP), total
carotenoids content (Carot), total chlorophyll (Chlor), phytic P (P,,), H,O, content and 2,2-diphenyl-1-picrylhydrazyl
free radical (DPPH) in maize leaves, influenced by different foramsulfuron doses.
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Figure 6. Principal Component Analysis for soluble phenolic (Phen), free thiolic groups (PSH), soluble proteins (SP),
total carotenoids content (Carot), total chlorophyll (Chlor), phytic P (P,.), H.O., and 2,2-diphenyl-1-picrylhydrazyl free
radical (DPPH) content in maize leaves, influenced by different doses of foramsulfuron + FF.
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Applied foliar fertilizer was advantageous when applied with herbicides, compared to treatments without fertilizer.
IWM considers the use of all available methods and measures for weed control, giving advantages to crop against the
weeds (Owen et al., 2014; Lamichhane et al., 2017). Accordingly, foliar fertilization can be considered as a part of IWM,
providing better crop fitness and eliminating negative environmental factors, as well as sensitivity to herbicides (Powles
and Yu, 2010). Foliar fertilizer containing amino acids and other nutrients enables their rapid entry and engaging in
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metabolism, providing faster regeneration of corn plants from herbicide stress (Brankov et al., 2017). This could increase
their competitive potential in regard to weeds (Tagour and Mosaad, 2017). Treatments with FF had 24%-27% higher
EDy, values in treatments with FF, compared to treatments with no FF, for FM and DM (from experiment in controlled
condition). This effect could be closely linked to N metabolism, due to its importance in the constitution of compounds
such as enzymes, nucleic acids, proteins, and chlorophyll, etc. Most of these compounds are intrinsic for growth and
reproductive processes (White et al., 2014). It is also important to underline that FF in combination with foramsulfuron
contributed to diminishing oxidative stress and improving biosynthesis of physiologically active compounds, such as
SP, PSH, and Carot to some extent (Dragicevic et al., 2017). Increased antioxidant response is also reflected in higher
concentration of Phen and increased values of DPPH reduction capacity, mainly in FH5 and FH6 treatments. An increased
antioxidant system activity influenced by herbicides is reported by Liu et al. (2014). Irrespective to the tendency of an
increase in Chlor concentration in treatments with foramsulfuron + FF with increased herbicide doses, generally Chlor
level was lower in foramsulfuron treatments, indicating that N fertilization could interfere with expression of herbicide
activity (Sonderskov et al., 2012).

According to PCA in treatments with increasing foramsulfuron doses, SP and P, plays an important role in free
radical scavenging (DPPH), while H,O, scavenging capacity depends on other factors. Phen and Carot are important
for chlorophyll protection. Lower foramsulfuron doses (H2) induced higher variability in Phen concentration, while
higher doses, such as H5 and H6 mainly influenced variations in PSH, Carot and to some extent Chlor concentration,
indicating the importance of non-enzymatic antioxidants in herbicide detoxification (Brankov et al., 2017; Dragicevic et
al.,2017). However, application of foliar fertilizer shifted protective mechanisms in the way that P, is important for H,O,
scavenging potential, while Carot is still the main protective factor for chlorophyll preservation. When foliar fertilizer is
applied alone or with low doses of foramsulfuron, it causes variability in H,O, scavenging capacity, while in combination
with higher foramsulfuron doses, DPPH, Phen and PSH concentrations were varied.

CONCLUSIONS

In this research, negative effects of foramsulfuron on the examined corn line were confirmed. Besides the reduction of FM,
DM and grain yield, it was confirmed that this herbicide promoted oxidative stress. Foliar fertilizer significantly affected
all observed parameters, expressing some restorative potential, such as antioxidants concentration. According to obtained
results, foliar fertilizer application together with herbicides gives higher possibilities for safer herbicide application in
corn seed production. Also, foliar fertilizing should be considered as a part of integrated weed management system.
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