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Abstract: Tomatoes are often grown in proximity to other crops such as grain, which can increase
their susceptibility to herbicide drift and subsequent crop. Therefore, the objective of this study was
to evaluate the effect of simulated herbicide drift on tomato plants. Treatments were established
ina 10 x 3 + 1 factorial scheme using a completely randomized design with four replications. The
first factor consisted of ten herbicides, while the second was composed by three subdoses (1/4, 1/16,
and 1/32) along with an additional treatment without herbicide application. The herbicides 2,4-D,
dicamba, glyphosate, saflufenacil, oxyfluorfen, and isoxaflutole caused injury levels greater than
20% or reductions in plant biomass greater than 30% at the lowest subdose. Increasing the subdose
resulted in a corresponding increase in injury level and a reduction in biomass. Tomato exposed to
hexazinone, diuron, nicosulfuron, and diquat at a subdose of 1/64 exhibited low injury levels and
biomass reductions. However, at other subdoses, these herbicides caused significant plant damage.
Among the herbicides tested, the auxinic herbicides, particularly dicamba, presented a higher risk
for the tomato crop. The documentation and description of the visual symptoms caused by each
herbicide applied to tomatoes will aid producers to identify drift problems in the field.
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1. Introduction

The tomato plant is native to the Andes and exhibits adaptability to diverse regions
and significant genre variability. Tomatoes are part of the Solanaceae family, which also
includes peppers and bell peppers [1].

Tomatoes are among the most consumed vegetables in Brazil, ranking ninth in global
production and first among South American countries [2]. However, between 2016 and
2020, the area planted with tomatoes decreased by 18.94%, from 64,296 to 52,117 ha, and
the annual productivity also declined by 11.16% between 2017 and 2020, from 4.225 to
3.753 million tons [3]. This reduction in tomato cultivation is primarily due to competition
with the grain sector. Despite the recent decline, Hortifruti Brasil anticipates a recovery in
2022 compared to 2021, with a 9.7% increase in the planted area and 21.3% growth in the
industry. This growth is driven by a shortage of pulp stocks at the start of the year [4]. The
competition for cultivation areas between the tomato and grain sector implies that these
crops are often grown in proximity to each other. This proximity can expose tomato crops
to problems associated with herbicide drift from areas cultivated with grains.

Herbicide drift refers to the deviation of spray molecules from the target area due to
wind action [5]. Drift is a significant problem in agriculture as it reduces the effectiveness of
herbicide applications and puts crops in neighboring areas at risk [6]. For instance, the drift
of 2,4-D and dicamba onto ‘Ponkan’ tangerine seedlings (Citrus reticulata) caused significant
injury levels, leaf loss, and reduced chlorophyll content in the leaves [7]. Drift of fomesafen
onto sugar beet crops resulted in reductions in morphological variables such as plant height,
root length, and biomass, as well as physiological variables such as photosynthetic rate,
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stomatal conductance, transpiration rate, and total leaf chlorophyll content [8]. Glyphosate
drift in coffee crops caused damage characterized by chlorosis and narrowing of the leaf
blade, in addition to a reduction in plant height, leaf area, and root dry matter [9]. Drift can
decrease productivity and affect crop morphology [10].

According to Takeshita et al. [11], herbicides that reach the soil are subject to physical-
chemical processes that regulate their environmental fate, including the persistence of
herbicide molecules in the soil. Bioassays with plant species that are sensitive to the
herbicide being studied, easy to cultivate, and fast growing can be used to evaluate this
persistence [12]. Marchesan et al. [13] tested several species as bioindicators of the herbicide
atrazine and found that tomatoes and radishes were the most sensitive species.

Tomato is a highly herbicide-susceptible crop, particularly to auxinics, and similar to
the aforementioned crops, it is vulnerable to severe damage from herbicide drifts. Therefore,
further studies are necessary to assess the impact of different herbicides on tomatoes in the
context of drift. The aim of this study was to evaluate the effect of simulated herbicides
drift at sublethal doses on tomato plants. The findings of this study will serve as a basis
for agricultural producers and professionals to gain knowledge and identify the damage
caused by herbicide drift, leading to improved management of these resources.

2. Materials and Methods
2.1. Site and Plant Material Description

The study was performed from April to May 2022 in a greenhouse located at the De-
partment of Agronomy (DAA) and the Integrated Weed Management (IWM) Laboratory of
the Federal University of Vigosa, Vigosa, MG, Brazil (altitude: 648 m; latitude: 20°45'144" S;
longitude: 42°52'53"” W).

The tomato cultivar utilized in the study was Atila, a hybrid of the saladette type. It
has indeterminate growth, is rustic and vigorous, highly productive, and displays high
sequential fruit set up to the pointer. These characteristics made it easy to handle in the
greenhouse. Seedlings were acquired from the Semearte company (Coimbra, MG, Brazil),
with approximately 3—4 fully expanded leaves.

The tomato seedlings were transplanted into 250 mL plastic pots filled with substrate
Tropstrato HT Hortaligas (Composition: Pine Bark, Vermiculite, PG Mix 14.16.18, Potassium
Nitrate, Simple Superphosphate, and Peat). Following transplanting, the seedlings were
acclimatized for 15 days before treatment application.

2.2. Experimental Design and Treatments

The experimental design consisted of a randomized blocks with four replications. The
treatments followed a 10 x 3 + 1 factorial scheme. The first factor included ten herbicides
with different modes of action (2,4-D, dicamba, glyphosate, saflufenacil, oxyfluorfen, hex-
azinone, diuron, diquat, nicosulfuron, and isoxaflutole), and the second factor comprised
three levels of simulated drift, which were equivalent to 1/16D, 1/32D, and 1/64D of the
highest label dose (D) recommended in the field, in addition a control treatment (Table 1).

The simulated herbicides drift was performed in an outdoor environment outside
the greenhouse between 8 and 9:30 am using a backpack sprayer pressurized with CO,,
operating at a constant pressure of 294.2 kPa, equipped with a bar containing two TT
110.02 nozzle models spaced 50 cm apart, adjust to deliver a spray volume154 L ha~!. The
application was carried out at a height of 50 cm above the plant canopy. At the time of
application, the temperature was 21 °C, the relative air humidity was 94%, and the wind
speed was 0.3 m/s, according to the National Institute of Meteorology, at station A510
located in Vigosa, MG, Brazil [14]. The seedlings used in the study had approximately
67 tully expanded leaves. After the application of treatments, the pots were placed on
benches inside the greenhouse and left without irrigation for 6 h to ensure herbicide
absorption. Daily irrigation was provided to maintain optimal soil moisture conditions and
prevent substrate waterlogging.
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Table 1. Herbicides and dose ratios derived from the highest label dose applied.

Dose Ratio
Modes of Action Commercial Name Name of a.i. Highest Highest Dose g of gofaiora.e/ha
ora.e. Commercial Dose a.iora.e./ha
1/16 1/32 1/64
Synthetic auxin U46 BR 24D 35L/ha 2345 146.56 73.28 36.64
4 Atectra Dicamba 15L/ha 720 45 225 11.25
Enolpyruvylshikimate-3-
phosphate synthase Roundup Original Glyphosate 6.0L/ha 2220 138.75 69.38 34.69
(EPSPs) inhibitor
Protoporphyrinogen oxidase Heat Saflufenacil 200 g/ha 140 8.75 4.38 2.19
(PPO) inhibitors Goal BR Oxyfluorfen 6.0L/ha 1440 90 45 22.5
Hexazinona D Hexazinone 3.0kg/ha 39 2475 1238 619
Photosystem II (PSII) inhibit i
otosystem [T (PSTD inbibitors  Diuron NORTOX Diuron 64L/ha 3200 200 100 50
Photosystem I (PSI) inhibitors Reglone Diquat 3.5L/ha 60 43.75 21.88 10.94
Acetolactate synthas Nicosulfuron :
(ALS) inhibitors NORTOX 750WG Nicosulfuron 80 g/ha 700 3.75 1.88 0.94

Carotenoid biosynthesis
[4-hydroxyphenylpyruvate Provence 750 WG Isoxaflutole 350 g/ha 262.5 16.41 8.20 4.10
dioxygenase (HPPD)] inhibitors

a.i. = active ingredient; a.e. = acid equivalent.

2.3. Assessments of Symptoms, Injury Level, and Dry Mass

The symptoms caused by simulated herbicide drift were monitored and documented
using a photographic approach. A mini photographic studio was set up with black craft
paper background and a digital camera (EOS Rebel T3i, with 18-135 mm IS optical kit,
CANON, Canon, Huntington, NY, USA) mounted on a tripod. Photos were taken in
daylight on the first day after application (DAA) and repeated daily until 7 DAA, and then
at 14 and 21 DAA. The photographs were selected, edited, and organized according to the
herbicide, mode of action, and dose ratio used.

At 21 DAA, the level of injury was assessed by visual observations, and scores were
assigned on a scale ranging from 0 (normal plants) to 100 (dead plants) according to the
modified EWRC [15] scale. For the evaluation of 2,4-D and dicamba, the scale by Wells
et al. [16] was used since these herbicides have characteristic symptoms that differ from the
other modes of action (as showing in Table 2).

Table 2. Scale used to evaluate the injury level caused by the simulated drift of 2,4-D and dicamba on
the tomato crop.

Injury Level Characteristics
0 No effect; normal plant
10 Slight wrinkling of terminal leaf leaflets
20 Curving of terminal leaflets, slight wrinkling of second-leaf leaflets, normal growth rate
30 Leaflets of two shell-shaped terminal leaves, terminal leaf expansion slightly suppressed
40 Malformation and growth suppression of two terminal leaves, terminal leaf size less than

half that of the control. New axillary leaves develop at a substantially reduced rate
No terminal leaf expansion, size of second leaf half of control. Axillary leaf buds unable to
open and develop
60 Small terminal growth, terminal leaf necrosis, and apparent axillary bud. Chlorosis and
necrosis in clusters of axillary leaves
70 Terminal bud dead, substantial growth of heavily malformed axillary shoots
Limited axillary shoot growth, leaves present at the time of treatment chlorotic with

50

80 . .

slight necrosis
90 Plant dying, leaves predominantly necrotic
100 Dead plant

Source: Wells et al. [16].

At 21 DAA, the dry mass (DM) of tomato plants was determined by harvesting them
and placed them in paper bags for drying in an oven (FANEM, model 320-SE, Sao Paulo,
Brazil) for 72 h at 65 °C. The weight was measured on an analytical scale model AY220
(SHIMADZU, Kyoto, Japan) to determine the total DM. The total DM was calculated as a
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percentage of the control DM (plants that did not receive the herbicide), with the control
being assigned a value of 100%.

2.4. Statistical Analysis

Statistical analyses and graphs were performed using Sisvar software (version 5.6.)
and SigmaPlot® (version 13.0 for Windows, Systat Software Inc., Point Richmond, CA,
USA), respectively. The data obtained were analyzed using the F-test of variance analysis
(ANOVA). When significant, the results were submitted to the Tukey’s test (p < 0.05) to
compare the means between the different simulated drifts.

3. Results
3.1. Effects of Simulated Drift Caused by Synthetic Auxin Herbicides

The simulated drift of 2,4-D and dicamba on tomato plants resulted in comparable
symptoms, which included unusual plant growth, such as stems and petioles twisting,
leaf wilting, epinasty, brittle stems that caused phloem blockage, and chlorosis. These
symptoms were visible from 1 DAA of the simulated herbicides drift, and their severity
increased with time, regardless of the dose ratio used. Examples of these symptoms are
illustrated in Figures 1-4.
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Figure 1. Symptoms evolution in tomato plants due to simulated 2,4-D drift at dose ratios 1/16D,
1/32D, and 1/64D (146.56, 73.28, and 36.64 g a.e. ha~1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drift.
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Figure 2. The effects of simulated 2,4-D drift with a close-up view show injuries in tomato plants.
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Figure 3. Symptoms evolution in tomato plants due to simulated dicamba drift at dose ratios 1/16D,
1/32D, and 1/64D (45, 22.5, and 11.25 g a.e. ha~1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drift.
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Figure 4. The effects of simulated dicamba drift with a close-up view show injuries in tomato plants.

3.2. Effects of Simulated Drift Caused by EPSPs-Inhibiting Herbicides

The symptoms induced by the simulated glyphosate drift in tomatoes are characterized
by chlorosis in young leaves, followed by necrosis (Figures 5 and 6). On the first day after
exposure to the simulated herbicide drift at all applied dose ratios, no symptoms were
observed, and they only began to appear from 2 DAA onwards.
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Figure 5. Symptoms evolution in tomato plants due to simulated glyphosate drift at dose ratios
1/16D, 1/32D, and 1/64D (138.75, 69.38, and 34.69 g a.e. ha~1, respectively) of the recommended
dose (D). Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A)
and top view (B) of tomato plants affected by simulated drift.
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Figure 6. The effects of simulated glyphosate drift with a close-up view show injuries in tomato
plants.

3.3. Effects of Simulated Drift Caused by PPO-Inhibiting Herbicides

The simulated drift of saflufenacil and oxyfluorfen in tomatoes resulted in similar symp-
toms characterized by the browning of young leaves, small white spots on leaves, and necrosis
(Figures 7-10). These symptoms were observed on 1 DAA of the simulated herbicides drift, and
they gradually worsened over time. All applied dose ratios showed the described symptoms.
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Figure 7. Symptoms evolution in tomato plants due to simulated saflufenacil drift at dose ratios
1/16D,1/32D, and 1/64D (8.75, 4.38, and 2.19 g a.i. ha=1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drif.
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Figure 8. The effects of simulated saflufenacil drift with a close-up view show injuries in tomato
plants.
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Figure 9. Symptoms evolution in tomato plants due to simulated oxyfluorfen drift at dose ratios
1/16D, 1/32D, and 1/64D (90, 45, and 22.5 g a.i. ha~1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drift.
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Figure 10. The effects of simulated oxyfluorfen drift with a close-up view show injuries in tomato plants.

3.4. Effects of Simulated Drift Caused by PSII-Inhibiting Herbicides

The simulated drift of hexazinone and diuron in tomatoes causes similar symptoms
characterized by chlorosis on leaf edges that progresses to the leaf center (Figures 11-14).
Symptoms started appearing on the third day after exposure to the simulated herbicide drift
in all applied dose ratios. The symptom was milder in the lowest simulated drift of 1/64.
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Figure 11. Symptoms evolution in tomato plants due to simulated hexazinone drift at dose ratios
1/16D, 1/32D, and 1/64D (24.75,12.38, and 6.9 g a.i. ha—1, respectively) of the recommended dose
(D). Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and
top view (B) of tomato plants affected by simulated drift.
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Figure 12. The effects of simulated hexazinone drift with a close-up view show injuries in tomato plants.
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Figure 13. Symptoms evolution in tomato plants due to simulated diuron drift at dose ratios
1/16D, 1/32D, and 1/64D (200, 100, and 50 g a.i. ha~1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drift.
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Figure 14. The effects of simulated diuron drift with a close-up view show injuries in tomato plants.

3.5. Effects of Simulated Drift Caused by PSI-Inhibiting Herbicides

The symptoms caused by simulated diquat drift in tomatoes are characterized by a
wet leaf appearance, yellowing, and necrosis (Figures 15 and 16). It was already possible
to observe these symptoms on 1 DAA of the simulated herbicide drift in all applied dose
ratios. However, in the lowest simulated drift of 1/64, the symptoms were less severe.
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Figure 15. Symptoms evolution in tomato plants due to simulated diquat drift at dose ratios 1/16D,
1/32D, and 1/64D (43.75, 21.88, and 10.94 g a.i. ha~1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drift.
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Figure 16. The effects of simulated diquat drift with a close-up view show injuries in tomato plants.

3.6. Effects of Simulated Drift Caused by ALS-Inhibiting Herbicides

No symptoms were observed in all applied dose ratios due to the simulated nicosul-
furon drift in tomato plants (Figure 17). The plants developed normally, similar to the
control treatment, as shown in Figure 17.
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Figure 17. Symptoms evolution in tomato plants due to simulated nicosulfuron drift at dose ratios
1/16D, 1/32D, and 1/64D (3.75,1.88, and 0.94 g a.i. ha™1, respectively) of the recommended dose (D).
Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and top
view (B) of tomato plants affected by simulated drift.
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3.7. Effects of Simulated Drift Caused by HPPD-Inhibiting Herbicides

The symptoms caused by simulated isoxaflutole drift in tomatoes are characterized by
albino young leaves followed by necrosis (Figures 18 and 19). The onset of symptoms was
observed 1 DAA of the simulated herbicide drift in all applied dose ratios.

Isoxaflutole A
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Figure 18. Symptoms evolution in tomato plants due to simulated isoxaflutole drift at dose ratios
1/16D, 1/32D, and 1/64D (16.41, 8.20, and 4.10 g a.i. ha1, respectively) of the recommended dose
(D). Evaluations were made from 1 to 7, 14, and 21 days after application (DAA). Front view (A) and
top view (B) of tomato plants affected by simulated drift.

Figure 19. The effects of simulated isoxaflutole drift with a close-up view show injuries in tomato plants.
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3.8. Effect of Simulated Herbicides Drift on Tomato Plants

There was an interaction observed between the degree of tomato injury and the dose
ratios of the same herbicide to the control at 21 DAA for the herbicides dicamba, glyphosate,
saflufenacil, oxyfluorfen, diuron, and diquat. On the other hand, 2,4-D, hexazinone, nico-
sulfuron, and isoxaflutole showed no significant interaction or difference between the dose
ratios (Figure 20).

ah

B 1/64D
222 132D
B 1/16D

Herbicides

Figure 20. Injury level at 21 days after application (DAA) in relation to the control treatment, under
different herbicides subdoses in the simulated drift of 2,4-D (146.56, 73.28, and 36.64 g a.e. ha—1),
dicamba (45,22.5,and 11.25 g a.e. hafl), glyphosate (138.75, 69.38, and 34.69 g a.e. hafl), saflufenacil
(8.75,4.38,and 2.19 g a.i. ha™1), oxyfluorfen (90, 45, and 22.5 g a.i. ha~1), hexazinone (24.75, 12.38,
and 6.19 g a.i. ha~'), diuron (200, 100, and 50 g a.i. ha~'), diquat (43.75, 21.88, and 10.94 g a.i. ha™1),
nicosulfuron (3.75, 1.88, and 0.94 g a.i. ha~') and isoxaflutole (16.41, 8.20, and 4.10 g a.i. ha™!).
The subdoses correspond to the proportion of 1/16D, 1/32D, and 1/64D of the commercial dose,
respectively. The simulated drift doses with equal lowercase letters between herbicides and equal
uppercase letters between the simulated drift dose proportions do not differ among themselves by
Tukey’s test (p < 0.05). The ICs represents the dose that causes 50% injury.

At 21 DAA, there was no difference in injury level with increasing dose ratios in
simulated 2,4-D drift, indicating a consistent injury level of approximately 70% regardless
of subdose (Figure 20). However, with the dicamba herbicide, the injury level increased
as the dose proportions applied increased, reaching approximately 95% control in the
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simulated drift of 1/16D, suggesting greater tomato sensitivity to this herbicide (Figure 20).
This result is evident when comparing the DM reduction with the control in the largest
simulated 1/16D drift of 2,4-D and dicamba, which presenting values of ~70% and ~90%,
respectively (Figure 21). Based on the applied subdoses of 2,4-D and dicamba, a safe
exposure level for tomatoes could not be established. The injury levels caused by the lowest
dose of 1/64 of both herbicides were >60%, which severely compromised crop development
and could result in significant reductions in productivity. This impairment is evident since,
at this dose, the DM reduction was ~50% (Figure 21).

B 1/64D
7 1132 D

B 116D

Herbicides

Figure 21. Dry mass (DM) reduction (%) at 21 days after application (DAA) in relation to the
control treatment, under different herbicide subdoses in the simulated drift of 2,4-D (146.56, 73.28,
and 36.64 g a.e. ha~1), dicamba (45, 22.5, and 11.25 g a.e. ha™1), glyphosate (138.75, 69.38, and
34.69 g a.e. ha~1), saflufenacil (8.75, 4.38, and 2.19 g a.i. ha-1), oxyfluorfen (90, 45, and 22.5 g a.i.
hafl), hexazinone (24.75, 12.38, and 6.19 g a.i. hafl), diuron (200, 100, and 50 g a.i. hafl), diquat
(43.75,21.88, and 10.94 g a.i. ha~1), nicosulfuron (3.75, 1.88, and 0. 94 g ai. ha~—1) and isoxaflutole
(16.41,8.20, and 4.10 g a.i. ha™!). The subdoses correspond to the proportion of 1/16D, 1/32D, and
1/64D of the commercial dose, respectively. The simulated drift doses with equal capital letters do
not differ from each other by Tukey’s test (p < 0.05). The GR5 represents the dose that causes a 50%
DM reduction.

There was an interaction observed between the level of tomato injury and glyphosate
dose ratios, wherein there was a progressive increase in injury levels as the applied doses
ratios increased, reaching ~90% injury at the 1/ 16D dose ratio, indicating a high sensitivity
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of tomato plants to this herbicide (Figure 20). This finding is supported by Figure 21, which
shows an ~90% reduction in DM at the 1/16D dose ratio. However, when evaluating the
dose ratios, a significant reduction in both injury levels and DM reduction was observed.
At the 1/32 dose ratio, injury levels were ~55% with a DM reduction of ~65%, and at the
1/64 dose ratio, injury levels were ~20% with a DM reduction of ~50% (Figures 20 and 21).

Saflufenacil showed a difference in the injury level observed at 21 DAA among the
three-dose ratios. The injury level increased as the applied subdoses increased, although all
values remained below 50%, and the reduction in DM was less than 60% (Figures 20 and 21).
In contrast, oxyfluorfen did not show a difference in injury level between the subdoses
of 1/32D and 1/64D, but there was a difference between these subdoses and simulated
drift of 1/16D. At the 1/16 dose ratio, the injury level and DM reduction was ~60%
(Figures 20 and 21). Thus, oxyfluorfen caused more damage than saflufenacil. This finding
is supported by Figure 21, which shows that all oxyfluorfen applied dose ratios result in
greater DM reduction compared to all saflufenacil dose ratios.

There was no difference in the injury level among the applied dose ratios of hexazinone
at 21 DAA. The obtained values were <10% (Figure 20). However, diuron showed a
difference in the injury level in the highest dose proportion of 1/16D, reaching values
of ~25%. In the other subdoses, there was no difference in the injury level, presenting
values < 10% (Figure 20). The highest simulated drift of 1/16D showed that diuron values
were higher than hexazinone, indicating greater tomato sensitivity to this herbicide. This
result is evident when comparing the DM reduction to the control, with hexazinone and
diuron presenting values <40% and ~60%, respectively (Figure 21). For diquat, there was
no difference in the injury level observed at 21 DAA in the dose ratios of 1/32D and 1/64D,
which were close to 10% (Figure 20). However, when comparing these subdoses with
the simulated 1/16 drift, there was a difference in the injury level, with a value > 20%
(Figure 20). This difference in the injury level was also observed in the DM reduction,
where the dose of 1/16D presented a value greater than 50%, while in the other subdoses,
values were proximally to 25% (Figure 21).

Nicosulfuron did not cause any injury level, regardless of the applied dose ratio.
However, all dose ratios of nicosulfuron caused a reduction in DM. The DM reduction
values observed in the dose ratios of 1/16D, 1/32D, and 1/64D were >20%, ~20%, and
~10%, respectively (Figure 21). Although there was a reduction in DM, injury levels and
DM reduction did not significantly affect the crop development.

The injury level of isoxaflutole did not differ among the three dose ratios, all of which
were <20% (Figure 20). However, there was a reduction in DM in all applied dose ratios,
with a reduction ~50% in the simulated drift of 1/16, and reductions of ~20% in the
subdoses of 1/32D and 1/64D (Figure 21).

At 21 DAA, none of the applied herbicides at simulated drift doses caused 100% injury
level to tomato plants. On the other hand, the herbicides that caused the most damage
to tomato plants at the highest dose ratio of 1/16 were 2,4-D, dicamba, glyphosate, and
oxyfluorfen, showing values higher than ICs, (herbicide dose that provides 50% control).
Dicamba and glyphosate caused injury levels proximally to 90% of control in the simulated
drift of 1/16 (Figure 20). However, saflufenacil, hexazinone, diuron, nicosulfuron, diquat,
and isoxaflutole showed values lower than ICsy and caused less damage. Nicosulfuron
did not cause any injury at any dose ratio, indicating that this herbicide did not affect
tomato plants.

At 21 DAA, none of the applied herbicides at any dose ratio resulted in a 100%
reduction in DM. However, dicamba and glyphosate had DM reduction values close to 90%
(Figure 21).

The herbicides that caused the greatest reduction in tomato DM at the highest dose
ratio of 1/16 were 2,4-D, dicamba, glyphosate, saflufenacil, oxyfluorfen, and diuron, with
values exceeding the GRsg (herbicide dose that provides 50% reduction in DM) (Figure 21).
Therefore, hexazinone, nicosulfuron, diquat, and isoxaflutole caused less damage with
values below theGRsp. Among these herbicides, the synthetic auxin herbicides (2,4-D and
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dicamba) and the EPSPs-inhibiting herbicide (glyphosate) caused the greatest reduction
in DM.

4. Discussion

Tomatoes are susceptible to herbicide drift. This susceptibility is superior for particu-
larly to certain modes of action such as auxinic herbicides [4]. According to Xu et al. [17],
synthetic auxin herbicides cause similar symptoms characterized by changes in plant
growth, even in small amounts. The effects of these herbicides are divided into three stages
in the plant: stimulation of abnormal growth and gene expression, inhibition of growth
and physiological responses, and senescence and cell death [7,18]. The most common plant
symptoms under the effects of these herbicides are epinasty, stem and branch curvature,
and growth arrest with meristem chlorosis, followed by necrosis [19,20]. Our results ob-
tained in this study are consistent with those found by Meyers et al. [21], where dicamba
drift negatively affected tomato plants and compromised fruit productivity. In addition,
Warmund et al. [4] reported that tomato cultivars treated with herbicide 2,4-D and dicamba
can produce less total and marketable yield than their respective non-treated control. For
most cultivars studied, dicamba-treated plants had less marketable yield than 2,4-D-treated
plants in the greenhouse.

Glyphosate is another herbicide that can cause significant damage to tomato crops,
even at low doses. According to Duke [22], glyphosate is a systemic herbicide that has a
total action and is moderately absorbed by the cuticle, requiring approximately 6 h without
rain after application. Symptoms of glyphosate drift on tomato plants include meristem
yellowing and necrosis, and plant death may occur 7-30 days after application. However,
with the advent of transgenic plants, glyphosate is no longer used in a non-selective way
and has become an option for selective weed control in these crops [19]. Nevertheless, drift
of this herbicide can still significantly reduce tomato crop yields, as observed in the study
conducted by McNaughton et al. [23], which reported a reduction of almost 90% in tomato
plant yields due to glyphosate drift.

PPO inhibitors are globally significant herbicides. They can penetrate young plants
through their roots, stems, and leaves, and their activity relies on light availability [24].
These herbicides cause necrosis in leaves, which appear as droplets from the spray due to
their limited movement within the plant [24]. At least one herbicide belonging to this mode
of action is registered for use in all crops with large cultivated areas in Brazil, underscoring
the significant importance of these herbicides in Brazilian agriculture [25]. The symptoms
caused by these herbicides are characterized by chlorosis (browning) between the veins
and at the leaf margins, which progresses from the margins towards the center of the leaf,
leading to generalized necrosis [26]. The accumulated chlorosis is primarily observed at
the leaf margins due to the herbicide’s translocation via the xylem [27]. In addition to
drift, it is essential to exercise caution with PPO inhibitor residues in the soil because these
herbicides have residual activity and can cause damage to tomato plants even without
direct spraying [28,29].

Symptoms from PSI-inhibiting herbicides develop within a few hours of treatment,
with affected leaves appearing wet due to the degradation of the plasma membrane. Within
two days, the affected areas become necrotic [30]. Unlike other herbicides, diquat does
not have a residual effect on the soil and is a non-selective herbicide, allowing for its use
primarily in crop desiccation and pre-harvest for grains [11]. It is important to emphasize
that herbicide drift resulting from spraying in the late afternoon or at night may have an
enhanced effect due to greater absorption of the herbicide in the absence of light [31].

ALS-inhibiting herbicides are active in the soil and are non-volatile due to their
low vapor pressure. The death of treated plants can occur within two weeks, and these
herbicides are effective against both narrow and broadleaf [32]. According to Zhou et al. [33],
growth stops 7-10 days after herbicide application, and interveinal chlorosis develops or
becomes purple in susceptible plants. The application of nicosulfuron alone did not result
in any observed injury. However, it is worth noting that tank-mixing with other herbicides
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can result in reduced tomato yields. For example, Boyd and Dittmar [34] reported reduced
yields when nicosulfuron was tank-mixed with rimsulfuron.

Herbicides that inhibit carotenoid biosynthesis (HPPD) do not affect old leaves that
were formed before application, as they do not affect pre-existing carotenoids, symptoms
are observed only on young leaves [35]. The most visible symptoms of these herbicides
are completely white foliage followed by necrosis. The tomato crop is very sensitive to
isoxaflutole and can suffer more than 50% injury in the presence of subdoses starting at
15 ga.. ha~1[36]. Ttis important to note that seed treatment with safeners is currently
available to induce resistance to carotenoid-inhibiting herbicides, and it is an important
tool for the safe use of these herbicides [37].

5. Conclusions

Among all the herbicides studied, auxinic (2,4-D and dicamba), glyphosate, and
oxyfluorfen posed the highest risk to young tomato plants, with dicamba and glyphosate
causing more damage at the highest simulated drift of 1/16. In contrast, saflufenacil,
hexazinone, diuron, nicosulfuron, diquat, and isoxaflutole were found to cause less damage,
with no direct impact on the initial vegetative phase of the crop.

Exposure of tomato crops to herbicide drift is a cause for concern as even lower doses
of simulated drift can pose risks to the crop, which may directly impact productivity.
The symptomatology data combined with a quantitative analysis of the injury levels and
biomass accumulation in this study can provide valuable knowledge to producers. This
can help them identify problems caused by simulated drift, as well as to assess the extent
of impairment to their crop. This is an important parameter in property planning and helps
to identify the herbicide responsible for the symptoms observed.

Author Contributions: Conceptualization, B.A.d. PM., M.G.d.S.B. and K.EM.; methodology, B.A.d. PM.,
M.G.d.S.B. and G.A.d.PF. validation, B.A.d.P.M., M.G.d.S.B. and K.EM.; formal analysis, B.A.d.PM.,
M.G.d.S.B. and A.d.C.L,; investigation, B.A.d.PM., M.G.d.S.B. and G.A.d.P.F,; resources, B.A.d.PM.,
M.G.d.S.B.,, G.A.d.PF and A.d.C.L.; data curation, B.A.d.PM. and M.G.d.S.B.; writing—original draft
preparation, B.A.d.PM., M.G.d.S.B., G.A.d.PF. and K.EM.; writing—review and editing, B.A.d.P.M.,
M.G.d.S.B.,, G.A.d.PF. and K.EM,; visualization, B.A.d.PM., M.G.d.S.B., G.A.d.PF. and K.EM.; su-
pervision, B.A.d.PM., M.G.d.S.B., K.C.M. and K.EM,; project administration, B.A.d.PM., M.G.d.S.B.,
K.C.M. and K.EM,; funding acquisition, M.G.d.S.B., A.d.C.L. and K.EM. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Bergougnoux, V. The history of tomato: From domestication to biopharming. Biotechnol. Adv. 2014, 32, 170-189. [CrossRef]

2. FAO (Food and Agriculture Organization of the United Nations). FAOSTAT. Available online: https://www.fao.org/faostat/en/
#data/QI (accessed on 27 February 2023).

3. IBGE (Brazilian Institute of Geography and Statistics). Sidra. Available online: https://sidra.ibge.gov.br/tabela/5457#resultado
(accessed on 17 January 2023).

4. Warmund, M.R.; Ellersieck, M.R.; Smeda, R.J. Sensitivity and Recovery of Tomato Cultivars Following Simulated Drift of Dicamba
or 2,4-D. Agriculture 2022, 12, 1489. [CrossRef]

5. Miller, PC.H. Spray drift and its measurement. In Application Technology for Crop Protection; Matthews, G.A., Hislop, E.C., Eds;
CAB International: Wallingford, UK, 1993; pp. 101-122.


http://doi.org/10.1016/j.biotechadv.2013.11.003
https://www.fao.org/faostat/en/#data/QI
https://www.fao.org/faostat/en/#data/QI
https://sidra.ibge.gov.br/tabela/5457#resultado
http://doi.org/10.3390/agriculture12091489

Agrochemicals 2023, 2 168

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Hilz, E.; Vermeer, A.W.P. Spray drift review: The extent to which a formulation can contribute to spray drift reduction. Crop Prot.
2013, 44, 75-83. [CrossRef]

da Silva Brochado, M.G.; Mielke, K.C.; de Paula, D.F.; Laube, A.ES.; Alcantara-de la Cruz, R.; Gonzatto, M.P.; Mendes, K.F.
Impacts of Dicamba and 2,4-D Drift on ‘Ponkan’ Mandarin Seedlings, Soil Microbiota and Amaranthus retroflexus. J. Hazard. Mater.
Adv. 2022, 6, 100084. [CrossRef]

Li, X.; Du, J.; Song, B.; Zhang, X.; Riaz, M. Fomesafen Drift Affects Morphophysiology of Sugar Beet. Chemosphere 2022, 287,
132073. [CrossRef]

Franca, A.C.; Carvalho, EP; Fialho, C.M.T.; D’Antonino, L.; Silva, A.A.; Santos, ].B.; Ferreira, L.R. Deriva Simulada Do Glyphosate
Em Cultivares de Café Acaia e Catucai. Planta Daninha 2013, 31, 443-451. [CrossRef]

Haring, S.C.; Ou, J.; Al-Khatib, K.; Hanson, B.D. Grapevine Injury and Fruit Yield Response to Simulated Auxin Herbicide Drift.
HortScience 2022, 57, 384-388. [CrossRef]

Takeshita, V.; Mendes, K.E.; Alonso, E.G.; Tornisielo, V.L. Effect of organic matter on the behavior and control effectiveness of
herbicides in soil. Planta Daninha 2019, 37, €019214401. [CrossRef]

Mehdizadeh, M.; Mushtaq, W.; Siddiqui, S.A.; Ayadi, S.; Kaur, P; Yeboah, S.; Tampubolon, K. Herbicide residues in agroecosys-
tems: Fate, detection, and effect on non-target plants. Rev. Agric. Sci. 2021, 9, 157-167. [CrossRef] [PubMed]

Marchesan, E.D. Selecao de espécies bioindicadoras para uso em bioensaios de lixiviagao e persisténcia de atrazina no solo. Pestic.
Rev. Ecotoxicologia Meio Ambiente 2011, 21, 47-54. [CrossRef]

INMET (National Institute of Meteorology). Available online: https:/ /mapas.inmet.gov.br/ (accessed on 19 January 2023).
EWRC (European Weed Research Council). Cite of methods in weed research. Weed Res. 1964, 4, 88.

Wells, M.L.; Prostko, E.P.; Carter, O.W. Simulated Single Drift Events of 2,4-D and Dicamba on Pecan Trees. HortTechnology 2019,
29, 360-366. [CrossRef]

Xu, J.; Liu, X.; Napier, R.; Dong, L.; Li, J. Mode of action of a novel synthetic auxin herbicide halauxifen-methyl. Agronomy 2022,
12,1659. [CrossRef]

Grossmann, K. Auxin Herbicides: Current Status of Mechanism and Mode of Action: Auxin Herbicides. Pest Manag. Sci. 2010, 66,
113-120. [CrossRef] [PubMed]

Todd, O.E.; Figueiredo, M.R.A.; Morran, S.; Soni, N.; Preston, C.; Kube$, M.E; Gaines, T.A. Synthetic auxin herbicides: Finding
the lock and key to weed resistance. Plant Sci. 2020, 300, 110631. [CrossRef]

Duke, S.0. The history and current status of glyphosate. Pest Manag. Sci. 2017, 74, 1027-1034. [CrossRef]

Meyers, S.L.; Arana, J.; Woolam, B.C.; Vargas, N.; Rodriguez, L.; Cardona, L. Dicamba Residue Persistence in Processing Tomato.
Weed Sci. 2022, 70, 603-609. [CrossRef]

Duke, S.O. Glyphosate: Uses Other Than in Glyphosate-Resistant Crops, Mode of Action, Degradation in Plants, and Effects on
Non-target Plants and Agricultural Microbes. In Reviews of Environmental Contamination and Toxicology; Knaak, ].B., Ed.; Springer:
Cham, Switzerland, 2020. [CrossRef]

McNaughton, K.E.; Sikkema, P.H.; Robinson, D.E. Response of Processing Tomato to Simulated Glyphosate Drift Followed by
In-Crop Metribuzin Application. Weed Technol. 2012, 26, 757-762. [CrossRef]

Gunsolus, J.L.; Curran, W.S. Herbicide Mode of Action and Injury Symptoms; Cooperative Extension Service, U.S. Department of
Agriculture: Washington, DC, USA, 1991; pp. 1-21.

MAPA (Ministério da Agricultura, Pecuaria e Abastecimento). Formulacao de Agrotoxicos Para Suporte Fitossanitario. Available
online: https:/ /www.gov.br/agricultura/pt-br/assuntos/insumos-agropecuarios/insumos-agricolas/agrotoxicos /arquivos /
manual-de-procedimentos-para-registro-de-agrotoxicos.pdf (accessed on 26 January 2023).

Wakabayashi, K.; Boger, P. General Physiological Characteristics and Mode of Action of Peroxidizing Herbicides. In Peroxidizing
Herbicides; Boger, P., Wakabayashi, K., Eds.; Springer: Berlin/Heidelberg, Germany, 1999. [CrossRef]

Preston, C.; Wakelin, A.M. Resistance to Glyphosate from Altered Herbicide Translocation Patterns: Resistance to Glyphosate
Owing to Altered Translocation. Pest Manag. Sci. 2008, 64, 372-376. [CrossRef]

Pekarek, R.A.; Garvey, P.V.; Monks, D.W.; Jennings, K.M.; Macrae, A.W. Sulfentrazone Carryover to Vegetables and Cotton. Weed
Technol. 2010, 24, 20-24. [CrossRef]

Rahman, A.; Dowsett, C.; Trolove, M.; James, T. Soil residual activity and plantback periods for the herbicides saflufenacil and
topramezone. N. Z. Plant Prot. 2014, 67, 298-303. [CrossRef]

Dan Hess, F. Light-Dependent Herbicides: An Overview. Weed Sci. 2000, 48, 160-170. [CrossRef]

Brian, R.C. Darkness and the activity of diquat and paraquat on tomato, broad bean and sugar beet. Ann. Appl. Biol. 1967, 60,
77-85. [CrossRef]

Stankiewicz-Kosyl, M.; Haliniarz, M.; Wrochna, M.; Obrepalska-Steplowska, A.; Kuc, P.; Lukasz, J.; Winska-Krysiak, M.;
Wrzesiniska-Krupa, B.; Pula, J.; Podsiadlo, C.; et al. Occurrence and Mechanism of Papaver rhoeas ALS Inhibitors Resistance in
Poland. Agriculture 2022, 13, 82. [CrossRef]

Zhou, Q.; Liu, W.; Zhang, Y.; Liu, K.K. Action mechanisms of acetolactate synthase-inhibiting herbicides. Pestic. Biochem. Physiol.
2007, 89, 89-96. [CrossRef]

Boyd, N.; Dittmar, P. Evaluation of Postemergence-Directed Herbicides for Purple Nutsedge (Cyperus rotundus) Control in
Fresh-Market Tomato. Weed Technol. 2018, 32, 260-266. [CrossRef]

Moran, G.R. 4-Hydroxyphenylpyruvate dioxygenase. Arch. Biochem. Biophys. 2005, 433, 117-128. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cropro.2012.10.020
http://doi.org/10.1016/j.hazadv.2022.100084
http://doi.org/10.1016/j.chemosphere.2021.132073
http://doi.org/10.1590/S0100-83582013000200023
http://doi.org/10.21273/HORTSCI16317-21
http://doi.org/10.1590/s0100-83582019370100110
http://doi.org/10.7831/ras.9.0_157
http://www.ncbi.nlm.nih.gov/pubmed/36911369
http://doi.org/10.5380/pes.v21i0.25937
https://mapas.inmet.gov.br/
http://doi.org/10.21273/HORTTECH04265-19
http://doi.org/10.3390/agronomy12071659
http://doi.org/10.1002/ps.1860
http://www.ncbi.nlm.nih.gov/pubmed/19823992
http://doi.org/10.1016/j.plantsci.2020.110631
http://doi.org/10.1002/ps.4652
http://doi.org/10.1017/wsc.2022.46
http://doi.org/10.1007/398_2020_53
http://doi.org/10.1614/WT-D-12-00015.1
https://www.gov.br/agricultura/pt-br/assuntos/insumos-agropecuarios/insumos-agricolas/agrotoxicos/arquivos/manual-de-procedimentos-para-registro-de-agrotoxicos.pdf
https://www.gov.br/agricultura/pt-br/assuntos/insumos-agropecuarios/insumos-agricolas/agrotoxicos/arquivos/manual-de-procedimentos-para-registro-de-agrotoxicos.pdf
http://doi.org/10.1007/978-3-642-58633-0_6
http://doi.org/10.1002/ps.1489
http://doi.org/10.1614/WT-08-157.1
http://doi.org/10.30843/nzpp.2014.67.5729
http://doi.org/10.1614/0043-1745(2000)048[0160:LDHAO]2.0.CO;2
http://doi.org/10.1111/j.1744-7348.1967.tb05924.x
http://doi.org/10.3390/agriculture13010082
http://doi.org/10.1016/j.pestbp.2007.04.004
http://doi.org/10.1017/wet.2018.10
http://doi.org/10.1016/j.abb.2004.08.015
http://www.ncbi.nlm.nih.gov/pubmed/15581571

Agrochemicals 2023, 2 169

36. Nelson, E.; Penner, D. Sensitivity of Selected Crops to Isoxaflutole in Soil and Irrigation Water. Weed Technol. 2005, 19, 659—-663.
[CrossRef]

37. Ahrens, H,; Lange, G.; Miiller, T.; Rosinger, C.; Willms, L.; van Almsick, A. 4-Hydroxyphenylpyruvate Dioxygenase Inhibitors
in Combination with Safeners: Solutions for Modern and Sustainable Agriculture. Angew. Chem. Int. Ed. 2013, 52, 9388-9398.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1614/WT-04-203R.1
http://doi.org/10.1002/anie.201302365

	Introduction 
	Materials and Methods 
	Site and Plant Material Description 
	Experimental Design and Treatments 
	Assessments of Symptoms, Injury Level, and Dry Mass 
	Statistical Analysis 

	Results 
	Effects of Simulated Drift Caused by Synthetic Auxin Herbicides 
	Effects of Simulated Drift Caused by EPSPs-Inhibiting Herbicides 
	Effects of Simulated Drift Caused by PPO-Inhibiting Herbicides 
	Effects of Simulated Drift Caused by PSII-Inhibiting Herbicides 
	Effects of Simulated Drift Caused by PSI-Inhibiting Herbicides 
	Effects of Simulated Drift Caused by ALS-Inhibiting Herbicides 
	Effects of Simulated Drift Caused by HPPD-Inhibiting Herbicides 
	Effect of Simulated Herbicides Drift on Tomato Plants 

	Discussion 
	Conclusions 
	References

