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Abstract: Nicosulfuron and topramezone are herbicides with different mechanisms of
action, and are recommended for weed control in maize (Zea mays L.). The objective of
this study was to evaluate and compare the effect of both herbicides, at increasing doses of
0,1x and 3x, equivalent to 0, 60, and 180 g ai ha~! for nicosulfuron, and 0, 33.6, and 100.8 g
ai ha~! for topramezone, on physiological and agronomic characteristics in 29 maize lines,
including S, S3 and Sy, using an alpha-lattice incomplete block design. The cluster analysis
divided our genotypes into two groups for both herbicides, based on their higher or lower
fresh weight. The results showed a reduction in the SPAD index for both herbicides at
7 days after application, and nicosulfuron caused a reduction in the green matter weight of
33.4%. Similarly, nicosulfuron caused a delay and a reduction in its doses, after an initial
increase, for all the agronomic variables, female flowering (FF), male flowering (MF), plant
height (PH), ear height (EH), and grain weight (GW), in doses of 60 and 180 g ai ha—!, while
topramezone only affected PH (1 x-3x) and EH (3x). When comparing the applications
of both herbicides on the maize genotypes, a difference in female and male flowering of
5.09 and 4.86 days, respectively was observed. A differential response and greater damage
to nicosulfuron were observed in maize genotypes, with respect to topramezone applications.
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1. Introduction

Maize (Zea mays L.) is a crop of great importance in the world, characterized by its high
productivity and high export volumes. It is cultivated in more than 170 regions globally,
and its main production areas are regions of North and South America [1]; however, as with
all crops, one of the main problems in producing this cereal is weed competition, which
can cause yield losses of 18 to 65% [2-5]. To avoid considerable losses in maize yield due
to weeds, it is necessary to keep the crop free of weeds within six weeks after planting [6],
and selective herbicides, such as nicosulfuron and topramezone, applied postemergence,
are used for this purpose [7-9].

Topramezone [3-(4,5-dihydro-isoxazol-3-yl)-4-methanesulfonyl-2-methyl-phenyl]
(5-hydroxy-1-methyl1H-pyrazol-4-yl)methanone is an inhibitor of the enzyme
4-hydroxyphenyl-pyruvate dioxygenase (4-HPPD), which impacts carotenoid biosynthe-
sis, causing bleaching chlorosis in susceptible plants [10-12]. On the other hand, nico-
sulfuron inhibits the enzyme acetolactate synthase (ALS) or acetohydroxyacid synthase
(AHAS), a precursor of the production of essential amino acids such as valine, leucine and
isoleucine [13]; its inhibition in plants causes deformation, yellowing and necrosis [14].
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Nicosulfuron (2-[[[[(4,6-dimethoxy-2-pyrimidinylJamino]carbonyl]amino]sulfonyl]-
N,N-dimethyl-3-pyridinecarboxamide) is a herbicide widely used in agriculture, and it
has been shown that it can cause damage to some hybrids and lines of maize [15-18]. On
the other hand, some studies indicate that topramezone applications do not cause severe
damage to maize [19]. There are several studies about phytotoxicity in maize [20-23];
however, there are few precedents with which to compare the effect of both herbicides
on different maize genotypes, which is why the objective of this study was to evaluate
and compare the effect of nicosulfuron and topramezone on different Mexican maize
lines postemergence.

2. Materials and Methods

Twenty-nine Mexican maize genotypes from the genetic breeding program of the
Colegio de Postgraduados, consisting of lines from S, to S4, were evaluated (Table S1).

2.1. Field Experiment

This experiment was established in incomplete blocks under an alpha-lattice design,
in a row irrigation system, where two herbicides (nicosulfuron and topramezone), and
three doses of each herbicide (the control, the commercial dose and triple the commercial
dose) were evaluated on 29 maize lines, with two replications. Each experimental unit
consisted of furrow measuring 3 m long by 0.80 m wide, with an approximate popula-
tion of 41,667 plants ha~!. The experiment was conducted in the spring of 2021, in the
experimental field of the Colegio de Postgraduados, Campus Montecillo. After sowing,
Atrazine herbicide (Gesaprim® Calibre90; Syngenta, Wilmington, DE, USA) was applied
pre-emergence at a rate of 2 kg ha~!. At 18 days after planting, the insecticide Lamb-
dacyhalothrin (Karate Zeon® 5 CS; Syngenta, Brussels, Belgium) was applied to control
insects, mainly Spodoptera frugiperda, at a dose of 300 cc ha~!. Before the application of the
treatments, thinning was carried out, leaving one plant per planting point every 30 cm; the
harvest stage of the experiment was carried out 175 days after planting.

2.2. Application of the Treatments

When the plants of the maize lines had three to four true leaves, nicosulfuron was
applied at increasing doses of 0 (the control), 60 (the commercial dose) and 180 g ai ha~!
(three times the recommended commercial dose); similarly, for the herbicide toprame-
zone, increasing doses of 0 (the control), 33.6 (the commercial dose) and 100.8 g ai ha~!
(three times the recommended commercial dose) were applied. The treatments were ap-
plied with an electric sprayer (Pandora; Taizhou, China) calibrated to spray at a rate of
180 Lha™".

2.3. Variables Evaluated
2.3.1. SPAD Index

The relative chlorophyll content (SPAD index) [24] was evaluated at 7 and 21 days
after the application of the treatments, using an atLEAF® meter (CHL STD; atLEAF®;
Wilmington, DE, USA). Measurements were taken from the center of the leaf laminae,
avoiding measuring the leaf veins.

2.3.2. Fresh Weight

At 21 days after the application of the treatments (DAT), the fresh weight (FW) of the
genotypes under study was evaluated. Three plants were cut from the center of the furrow of
each experimental unit and placed in mesh bags that had been previously labeled; the fresh
samples were immediately weighed on a balance (esnova®; Model TH-II; Capacity 10 kg x 1 g).
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2.3.3. Agronomic Variables

The variables plant height (PH) and ear height (EH) in centimeters were evaluated, and
the average of three randomized plants in competition was obtained from each experimental
unit 110 days after planting; PH and EH were measured from the ground to the top node
before the male ear and to the insertion node of the first ear, respectively. Days to male
flowering (MF) and female flowering (FF) were taken from all plants of each experimental
unit, from germination until 50% of the plants released pollen and presented turgid stigmas,
respectively. The weight of 200 grains in grams (WG) was also obtained, and 200 corn
kernels from each experimental unit (WG) were weighed on a balance (esnova®; Model
TH-II; Capacity 10 kg x 1 g).

2.4. Statistical Analysis

Two analyses of variance (p < 0.05) were performed with the data obtained. The first
one was an individual analysis and was performed within each herbicide (nicosulfuron
and topramezone), and the second one was a combined analysis of variance and was
performed across both herbicides (nicosulfuron + topramezone) using the generalized linear
mixed model with the Proc Glimmix command of the SAS® OnDemand for Academics
online software (https:/ /www.sas.com/es_mx/software/on-demand-for-academics.html)
(accessed on 20 February 2022). For mean comparisons, the LSMeans command of the same
software was used, with a specific probability (p < 0.05). The average fresh weight for each
herbicide, corresponding to its doses and genotypes, was used for the cluster analysis, and
data were scaled. The hierarchical clustering method was applied using Euclidean distance
and a complete linkage approach. The doses evaluated included 0, 1x and 3 x for each
herbicide. The analysis was performed using the “hclust” function of the R software [25].
The optimal number of clusters (K) was determined using the “NbClust” package [26],
and a dendrogram was generated with the “factoextra” package using the “fviz_dend”
function [27].

3. Results
3.1. SPAD Index

The results of the greenness index at 7 DAT showed a decreasing trend for progressive
doses of the herbicides nicosulfuron and topramezone. The reduction in the greenness
index under commercial doses was 8.3 and 3.4% compared with that under the control
doses. This trend of reduction was further exacerbated in the triple doses of both herbicides,
with decreases between 18.3% (nicosulfuron) and 14.6% for topramezone compared with
the untreated controls. The trend of observations at 21 DAT continued in the same way for
the herbicide nicosulfuron, with a reduction in the index by 6.2% in its commercial dose and
23.3% in its triple doses; however, the herbicide topramezone showed a lower reduction
in the SPAD index in its commercial dose; this decreased by only 0.5% and 3.1% in its
triple dose compared with its control dose (Figure 1).
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Figure 1. SPAD index percentage at 7 and 21 DAT in maize lines according to the effect of increasing
doses of ALS and 4-HPPD-inhibitory herbicides. Averages followed by a common letter are not
significantly different.

3.2. Fresh Weight

The results of the combined analysis of variance showed significant differences
(p < 0.05) between nicosulfuron and topramezone for the fresh weight variable. The
average fresh weight was higher in lines in which topramezone was applied (631.7 g)
compared with those in which nicosulfuron was applied (420.7 g) (Figure 2).
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Figure 2. Comparison of means (LsMeans) of herbicides of the generalized mixed model applied in
maize lines for fresh weight. Means followed by a common letter are not significantly different at a
probability of 0.05.

The results also showed that all lines presented differences in fresh weight, with
line 28 (Criollo del Mezquital Sy) having the highest fresh weight for both nicosulfuron
and topramezone (683.6 and 951.8 g); however, line 3, Zacatecas 58 S;) was the most
affected by nicosulfuron (202.8 g). Regarding topramezone applications, the lowest fresh
weight was obtained in line 16 (Mexico grupo 10 S3) (325.1 g) (Figure 3A). Cluster analysis
grouped the genotypes into two groups based on their fresh weight for both herbicides.
For nicosulfuron, 48.3% were grouped in the lowest fresh weight group and 51.7% in the
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highest. For topramezone, 41.4% were classified in the highest fresh weight group, while
58.6% were in the lowest (Figure 3B).
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Figure 3. (A) Comparison of means (LsMeans) of the generalized mixed model in maize lines for
fresh weight by effect of nicosulfuron and topramezone. Means followed by a common letter are not
significantly different (p < 0.05). (B) Dendrogram of the 29 lines evaluated for each herbicide.

In turn, nicosulfuron presented a reduction of 9.92% in fresh weight (FW) in its
commercial dose and of 33.02% in its triple dose, compared with its control dose; however,
no significant differences in green matter weight were observed in all maize lines under
topramezone application in different doses (Table 1).

Table 1. Fresh weight in maize lines by application of increasing doses of nicosulfuron and topramezone.

Doses Nicosulfuron Topramezone

Control 491.02 SE (£)14.33 a 601.48 (£)22.92
1x 442.29 (+£)14.33 b 654.05 (£)22.92 ns
3x 328.90 (£)14.33 c 639.55 (£)22.92

SE: standard error; x: commercial doses. Means followed by a common letter are not significantly different
(p < 0.05). ns: not significant.
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3.3. Agronomic Variables

Nicosulfuron affected male (MF) and female (FF) flowering in maize lines at increasing
doses, delaying flowering by 2.19 and 2.13 days at the 60 g ai ha~! dose; this trend increased
at the 180 g ai ha~! dose, delaying MF and FF by 4.47 and 4.85 days compared with the
control dose. In contrast, both flowering periods were not affected when topramezone was
applied. Plant and ear height were affected by applications of nicosulfuron, decreasing
by 17.01 and 9.86 cm at a dose of 60 g ai ha~!. The highest dose of nicosulfuron caused a
reduction of 18.64 and 13.78 cm compared with its control dose; similarly, plant height was
affected by applications of topramezone, reducing by 9.18 and 24.82 cm at a dose of 33.6 and
100.8 g ai ha—!. However, ear height did not show differences under the commercial dose
(33.6 g ai ha™!), except with the dose of 100.8 g ai ha~!, which reduced it by 11.82 cm
compared with the control. Another variable affected by nicosulfuron was the weight of
200 grains (WG), which showed a reduction of 7.19 and 11.26% with doses of 60 and 180 g
ai ha~! compared with the control. In contrast, topramezone did not affect this variable
(Table 2).

Table 2. Response of maize lines to the effect of increasing doses of ALS and 4-HPPD inhibitor
herbicides on different agronomic variables.

Variables Doses g ai ha—1 Nicosulfuron Doses g ai ha—1 Topramezone
0 73.93 SE (£)0.76 c 0 71.76 (£)0.35
MF (days) 60 76.12 (£)0.76 b 33.6 71.1 (£)0.35 ns
180 78.4 (£)0.76 a 100.8 71 (£)0.35
0 76.96 (£)0.79 c 0 74.88 (4)0.40
FF (days) 60 79.09 (£)0.79 b 33.6 73.83 (£)0.40 ns
180 81.81 (£)0.79 a 100.8 73.88 (4)0.40
0 217.53 (£)3.94 a 0 218.06 (£)2.52 a
PH (cm) 60 200.52 (£)3.94 b 33.6 208.88 (£)2.52 b
180 198.89 (£)3.93 b 100.8 193.24 (£)2.52 c
0 129.1 (£)4.09 a 0 125.74 (£)1.90 a
EH (cm) 60 119.24 (£)4.10 b 336 123.84 (£)1.90 a
180 115.32 (£)4.09 b 100.8 113.92 (£)1.91 b
0 50.9 (£)1.53 a 0 51.05 (&)1.44
GW (g) 60 47.24 (4£)1.53 b 33.6 52.62 (4)1.44 ns
180 45.17 (£)1.53 b 100.8 50.98 (£)1.44

SE: standard error; ns: not significant. Means followed by a common letter are not significantly different (p < 0.05).

Discrepancies were observed in female and male flowering due to the effect of each
herbicide, with variations of 5.09 and 4.86 days for FF and MF; however, there were no
significant differences between herbicides for plant height (PH), ear height (EH) and grain
weight (GW) (Table 3).

Table 3. Comparison of nicosulfuron and topramezone on agronomic variables in maize lines.

Variables Herbicides Means SE Pr>F
e Am @Dt g
Mr@ay) B en 7613 (050 . 0.0204
P B s (o ia ns 07868
ey fmmem B 0w e
e e pE O e e

SE: standard error; ns: not significant. Means followed by a common letter are not significantly different (p < 0.05).
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4. Discussion

Applications with topramezone at increasing doses exhibited the least damage in
maize genotypes compared with nicosulfuron [28]. Some have authors studied phytotoxic-
ity in 60 maize genotypes by the application of different herbicides, including nicosulfuron
and topramezone at 1x and 2 x doses; their genotypes exhibited a lower degree of phyto-
toxicity with applications of topramezone, compared with that observed with nicosulfuron.
In the present study, both herbicides caused a reduction in the greenness index (SPAD)
at 7 DAT; however, at 21 DAT, the maize lines treated with topramezone recovered faster.
These results were reflected in the weight of green matter, showing that the application of
nicosulfuron reduced the weight of green matter by 33.4% with respect to applications with
topramezone. The 1x and 3x doses of nicosulfuron caused symptoms of phytotoxicity
in susceptible genotypes, such as growth arrest and necrosis, contrary to what occurred
in applications with topramezone, in which bleaching chlorosis was observed only in the
high doses, and this disappeared soon after. Also, a differential response was evidenced
in all genotypes under study. Some authors mention that the selectivity of herbicides is
mainly based on the differential metabolism between weed species and crops: susceptible
weed species have a limited detoxification capacity, while tolerant crops have enhanced
metabolism for herbicide detoxification. The metabolic half-life for nicosulfuron varies
from 1 to 5 h in tolerant plants and reaches > 20 h in susceptible plants, while the selec-
tivity of topramezone in maize has been quantified at more than 1000-fold with respect
to susceptible weed species [12,29,30]. In relation to the agronomic variables associated
with the effect of increasing doses of nicosulfuron, applications of this herbicide caused a
delay in MF and FF and a reduction in PH and EH. The same effect on PH was observed
with topramezone; however, EH was only affected when topramezone was applied at
three times its commercial dose, while FF and MF were not affected by applications of
topramezone, which could indicate the greater selectivity of this herbicide on the maize
crop. Authors such as [16] mention that tolerance and susceptibility to herbicides are
related to the genetic variability of plants and can be altered by different factors such as
mutation, selection pressure, and crossing.

5. Conclusions

Cluster analysis divided the genotypes into two groups based on their fresh weight for
both herbicides. No differences were observed when comparing both herbicides in terms
of grain weight, plant height and ear height; however, male and female days to flowering
were affected when comparing both herbicides. In terms of increasing doses, nicosulfuron
caused greater damage in our evaluated lines, contrary to applications with topramezone.
This suggests that topramezone could be an alternative in integrated weed management
due to its low toxicity in maize.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/crops5020010/s1: Table S1: List of lines studied in the
Colegio de Postgraduados improvement program.
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