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ABSTRACT: Studies on the behavior of herbicides in the soil (sorption, leaching and persistence) can be conducted by using
biological and chemical methods. To use the biological method it is necessary to select species that present, in low concentrations
of the herbicide, an easily quantified response in a short period of time. In this research the response of nine vegetable species was
quantified in an inert substrate with different concentrations of indaziflam. The response of these species to indaziflam was quantified
at 21 days after sowing by means of visual evaluation of the poisoning symptom and the accumulation of dry weight of the plants.
All evaluated species were sensitive to indaziflam. The most sensitive species was maize, while sorghum, wheat and oat were the
most sensitive species. However, the ease of cultivation of sorghum and its rapid growth, coupled with high sensitivity to indaziflam,
make this species more suitable as a test plant for this herbicide. It is concluded that sorghum, wheat and oat can be used to detect
indaziflam residues in soils.
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Selecao de espécies vegetais indicadoras de residuos de indaziflam no solo

RESUMO: Estudos referentes ao comportamento de herbicidas no solo (sorgao, lixiviagdo e persisténcia) podem ser
realizados utilizando métodos bioldgicos e quimicos. Para utilizagdo do método bioldgico € necessério selecionar espécies
que apresentam, em baixas concentragdes do herbicida, resposta de facil quantificagdo em curto espago de tempo. Nesta
pesquisa foi quantificada a resposta de nove espécies vegetais cultivadas em substrato inerte com diferentes concentragbes
do indaziflam. A resposta dessas espécies ao indaziflam foi quantificada 21 dias ap6s o semeio, por meio de avaliagao visual
do sintoma de intoxica¢do e do actimulo de matéria seca das plantas. Todas as espécies avaliadas mostraram-se sensiveis ao
indaziflam. A espécie menos sensivel foi 0 milho, enquanto sorgo, trigo e aveia foram as mais sensiveis. Todavia, a facilidade
de cultivo do sorgo e seu rapido crescimento, aliado a alta sensibilidade ao indaziflam, fazem com que essa espécie seja a mais
indicada como planta teste desse herbicida. Conclui-se que plantas de sorgo, trigo e aveia podem ser utilizados para detectar
residuos de indaziflam em solos.

Palavras-chave: Avena sativa; bioensaios; herbicida no solo; Sorghum bicolor; Triticum spp.
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Introduction

The chemical Indaziflam (N-[(1R,2S)-2,3-dihydro-2,6-
dimethyl-1H-inden-1-yl]-6-[(1R)-1-fluoroethyl]-1,3,5-triazine-
2,4-diamine), part of the alkylazine chemical group , inhibits
cellulose biosynthesis in sensitive vegetable species (Myers et
al., 2009). This herbicide impedes the formation of the cell wall
(Brabham et al., 2014), stops the growth of the plants without
affecting the synthesis of polysaccharide polymers, indicating
that this inhibition probably occurs in the crosslinking stage of
the cellulose microfibrils. The inhibition of cell division from
the meristem tissue has also been proposed as a secondary
mode of action (Griffin, 2005). According to Kaapro & Hall
(2012), the inhibition of the deposition of crystals on the
cell wall affects cell formation, division and elongation;
however, the fully developed tissues are not affected by it.
Therefore, symptoms in sensitive plants are characterized by
the emergence absence and, if there is any, root growth is
reduced, leading the plant to reduce its shoot growth and to
its consequent death (Griffin, 2005).

In Brazil, indaziflam is registered for use in sugarcane,
coffee, citrus, pine, eucalyptus, banana, cashew, coconut,
palm oil, guava, mango and grape with its pre-emergence
application on weeds (Mapa, 2019).

The physicochemical properties of indaziflam suggest
a low soil sorption (Kd = 4.9 - 27.4 g mL?), high persistence
(T1/2> 200 days) and are unlikely to volatilize (vapor pressure
of 5.1x10° mm Hg at 25 °C) (EPA, 2010; Alonso et al., 2011).
Alonso et al. (2011), when evaluating the sorption of indaziflam
by chromatography, affirm that there is a positive correlation
between the sorption of indaziflam and the organic matter
content of several Brazilian soils, classifying them with a
moderate leaching potential.

Several techniques stand out in the identification and
quantification of herbicides in the soil, such as mass spectrometry,
radioisotopes and liquid and gas chromatography (Inoue et
al., 2002; Nunes & Vidal, 2009). As an alternative to these, the
bioassays are employed, since they are simpler and less costly.
To that end, the used vegetable species are of easy cultivation,
high growth rate (allowing quick visualization of the occurring
symptoms) and high sensitivity to the contaminant. They must
also have a wide geographical distribution (so they can be used
as indicators in other study sites) and genetic homogeneity
(standardizing the obtained responses) (Nunes & Vidal, 2009).
These characteristics are usually found in cultivated annual
species, since the breeding programs tends to select them.

In addition to its simplicity, versatility and high sensitivity,
the bioassays make detecting toxic metabolites, which may not
be detected by chemical methods, possible (Santos et al., 2013).
They also have the ability to estimate only the biologically
active fraction of the herbicide, which has direct applicability
in the field conditions. However, the results presented are
semi-quantitative and require calibration curves for each used
herbicide, indicator species and substrate. This technique
remains widely used in studies of persistence, dissipation,
leaching, biological activity and dose-response of herbicides
in soils (Nunes & Vidal, 2017; Pereira et al., 2017; Silva et al.,
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2017). Nonetheless, there are few studies with indaziflam in
tropical soils that are conducted with biological techniques.

Several species have been used as indicators of indaziflam
residuesinthe soil, such asthe cucumber (Guerraetal., 2016a),
ryegrass (Jhala et al., 2012), beet and soybean (Guerra et al.,
2016b). Guerra et al. (2014) pointed out soybean, sorghum,
maize, cucumber and beet as indaziflam indicators. However,
sorghum, maize, beet and cucumber plants did not germinate
even in the soil that received the lowest tested dosage, 20 g
a.i. ha', which makes the definition of C,, inconsistent and
also, consequently, the definition of the best indicator among
them. On the other hand, Braga (2017) reports that sorghum is
highly sensitive to indaziflam, using this species as an indicator
plant in their studies. Defining the best bioindicator species
and the best growth and/or development characteristic
enables the detection of small residues amounts.

In view of the above-mentioned, this study aimed to select
indicator species and characteristics of these plants that
facilitate the detection of indaziflam residues in the soil.

Materials and Methods

The assay was conducted in a greenhouse on the campus
from the Federal University of Vicosa, in a completely
randomized experimental design, in a factorial scheme, with
four replicates. The factors were consisted of nine vegetable
species and 10 indaziflam doses.

The vegetable species Cucumis sativus (cucumber), Glycine
max (soybean), Phaseolus vulgaris (common bean), Beta vulgaris
(beet), Helianthus annuus (sunflower), Zea mays (maize),
Sorghum bicolor (sorghum), Triticum spp. (wheat) and Avena
sativa (oat) were cultivated in inert substrate containing the
following indaziflam concentrations: 0; 0.06; 0.12; 0.25; 0.5; 1;
2; 3; 5 e 10 g ha}, taking into account that the recommendation
of the manufacturer is up to 120 g a.i. ha' (Mapa, 2019).

The plants were cultivated in a nutrient solution added to
an inert substrate (washed sand). In order to obtain it, sand
(from 0.05 mm to 2 mm) was washed in running water to
remove the impurities; and subsequently incubated in diluted
sulfuric acid (10%) for 24 hours. Afterwards, the material
was washed under running water once more, until complete
removal of the acidic residue, followed by correction of the
final pH to neutrality, by means of controlled addition of a
sodium hydroxide solution. After concluding this process, the
sand was dried in the sun (Braga, 2017).

Pots made from polyethylene, with sealed bottoms and
capacity for 100 cm?, were filled with 100 g of the inert
substrate. Thereafter, the different indaziflam doses were
applied in each pot, aided by a backpack sprayer equipped
with a bar containing two CO, pressurized 8002 spray nozzles,
calibrated at a pressure of 3 bar, applying the equivalent to
100 L ha? of the spray mixture. After applying the herbicide,
the substrate of each pot was placed in a polyethylene
bag to facilitate the herbicide homogenization. Soon after
incorporating the product into the substrate, the material was
put back into the pot and in the sequence, 10 seeds of each
indicator species were sown per pot at a depth of 1 cm.
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After sowing, the pots were normally irrigated daily
according to the need and also at every three days, with a
balanced and complete solution of macro and micronutrients,
which had the following concentrations (mg L?') from
macronutrients: 182 of N-NO,; 42 of N-NH,; 31 of P; 195 of K;
120 of Ca; 48 of Mg; 64 of S-SO,; and from micronutrients: 0.5
of B; 0.02 of Cu; 5.0 of Fe; 0.5 of Mn; 0.05 of Zn and 0.01 of
Mo, in the same way for all species.

At 21 days after the emergence (DAE) of the plants,
evaluations of the percentage of intoxication were performed,
with scores ranging from 0 to 100%, with zero implying no
symptoms and one hundred meaning the death of the plants.
The plants that survived the herbicide action were harvested,
washed in running water and separated in shoot and roots,
then taken to an oven with forced air circulation at 72 °C until
reaching constant weight, in order to determine the dry weight
of the roots, shoots and total. The dry weight accumulation
data were converted into percentage (proportionally relative
to the control treatments, which received a 100% value).

The data were subjected to the analysis of variance and
regression. The regression models were chosen with the
significance of the regression coefficients taken into account,
as well as their biological significance. Nonlinear regressions
were determined by using the exponential model of two
parameters {Y=a*[1-e"¥] and Y=a*e!™}. Where, “Y” is the
response variable; “a” is the angular coefficient; “X” in the
explaining variable; “b” is the exponential coefficient from
the insertion value of the equation in the graph produced
between the explanatory and the response variables. From
these equations, the C , was established (required dose for
reducing the characteristic by 50%) and the vegetable species
that are most sensitive to indaziflam were then defined.

Results and Discussion

All species used in the assay were sensitive to indaziflam
(Figure 1). The plants exhibited symptoms characterized by
the inhibition of germination, growth reduction and chlorosis

e SDW = Shoot dry weight

o RDW= Root dry weight
TDW=Total dry weight
INT= Intoxication

cersagraes

[ —

Figure 1. Percentage, in relation to the control, of dry weight of aerial part, roots, total and intoxication of plant species

cultivated for 21 days in inert substrate treated with indaziflam.
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in the leaf blade that later evolved into necrosis, with its
intensity variable and depending on both the evaluated
species and the applied dose (Figures 2 and 3). All evaluated
vegetable species, mono or dicotyledonous, tend to suffer
the indaziflam action due to its action in inhibiting cellulose
biosynthesis and reducing the formation of new tissues,
especially the cell wall. However, established plants are less
affected because they already have developed tissues by then
(Brabham et al., 2014).

Among the tested species, maize was the most tolerant to
indaziflam, surviving the effects even with the application of
the highest dose (10 g ha). Although it caused a reduction of
more than 80% in the accumulation of root dry weight (Figure
1). Guerra et al. (2014) also found less sensitivity of maize
to indaziflam when compared to the other tested species.
However, the sensitivity can still be considered high, since 7.0
g ha, which corresponds to less than 10% of the commercial
dose, was enough to reduce half the accumulation of shoot
dry weight from this specie.

In the evaluation of plant intoxication, the most sensitive
species, of lowest C,, were oat, cucumber, sorghum, wheat,
beet and the common bean, while for shoot dry weight the
species were oat, cucumber, sorghum and wheat and, for root
dry weight, wheat, sorghum, oat and beet (Table 1). Jeffries et
al. (2014), simulating spray drift with the application of 1.8 g
ha of indaziflam, observed injuries at rates of 20% in the bell

pepper and shoot dry weight reductions of 52% in soybean
and 43% in bell pepper, in addition to a 20% reduction in the
roots biomass of cotton, bell pepper, soybean and tomato.
Nevertheless, Dias et al. (2019) reported that beet plants did
not even emerge under the doses and sub-doses of indaziflam
studied by these authors.

Guerra et al. (2014) reported that sorghum, soybean,
sunflower and cucumber are highly sensitive to indaziflam.

The most sensitive plants considering the total dry weight
were sorghum, wheat and oat (Table 1).

Sorghum, wheat and oat are always among the most
sensitive plants, regardless of the tested dose or the
evaluated characteristic, which indicates the use potential
of these species as indicators of indaziflam residues.
Monocotyledonous plants are reported to be more sensitive
to indaziflam (Myers et al., 2009), which confirms the choice
of sorghum, wheat and oat as indicator species of the residues
from this herbicide in the soil. Amim et al. (2014) also
reported that indaziflam controls grasses better than plants
of broad leaves. These results corroborate those observed
by Kaapro & Hall (2012), which had greater control of grass
species compared to broadleaf species by indaziflam in pine
and eucalyptus plantations in Australia.

Sorghum is used in studies as an indicator of herbicide
residues (Braga et al., 2016) for showing, in addition to a great
sensitivity to them, an ease of being cultivated, high rate of

Figure 2. Indaziflam doses effect (g a.i. ha) on the growth of roots from sorghum cultivated in an inert substrate.

Figure 3. Indaziflam doses effect (g a.i. ha) on the growth of roots from sorghum cultivated in an inert substrate.

Table 1. Indaziflam doses (g a.i. ha™) responsible for reducing intoxication and accumulation of dry weight (C, ) from the shoot,

roots and the total for the different evaluated species
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roots and shoot growth, resistance to pests and diseases, easy
seed acquisition and tolerance to various abiotic conditions,
allowing its cultivation in different environments and seasons.

Among the evaluated characteristics, the shoot dry weight
is considered as the most promising one, having a greater
practicality and being able to reduce errors, such as those possible
in the root washing process. Jeffries et al. (2014) demonstrate
that the reduction in the dry weight of shoots, roots, and plant
height and injuries are at similar rates, proving an analogous
behavior among the plant organs tested in this study.

Conclusions

Sorghum, oat and wheat are the most suitable species for
detecting indaziflam residues.

The Sorghum bicolor species is recommended, prioritizing
the evaluation of the accumulation of shoot dry weight in
bioassays that seek to detect indaziflam residues.
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