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Abstract

Pesticides are widely used in various crops and are associated with environmental impacts. The herbicide 2,4-D, for
example, can cause phytotoxicity in different plant species, including leguminous plants that can be used for green
manure. In this context, the present research aimed to identify the phytotoxicity of 2,4-D during the initial growth of six
terrestrial plant species, including Cajanus cajan, Canavalia ensiformis, Crotalaria juncea, Dolichos lablab, Lupinus
albus, and Mucuna pruriens. The studied plants were exposed to different concentrations of 2,4-D (from 0.8 to 4.0 mg
kg") for 14 days after the germination in control treatments. The endpoints were the germination percentage, the shoot
and root lengths, and fresh and dry biomass. Fresh and dry biomass results were interpreted in terms of the Tolerance
Index (TI), and the concentrations of 50% inhibition effect (ECs,) were calculated for germination and shoot and root
length. Four species showed germination above 87.5% for all treatments (ECs, > 4.0 mg kg™"), while this endpoint was
below 50% for C. cajan and L. albus at the highest concentrations. The growth of all species was impaired when they
were exposed to 2,4-D, with an increase in herbicide concentrations leading to a decrease in the lengths of shoots and
roots. The effect on shoot length was more pronounced for L. albus, M. pruriens, and C. cajan (ECs, < 2.0 mg kg™"). The
root length inhibition was more evident for C. cajan, C. juncea, L. albus, and D. lablab (ECs, < 1.0 mg kg™'). Swollen
roots and yellowing of leaves stood out among the qualitative symptoms of phytotoxicity. Among the tested plants, M.
pruriens was the most tolerant (TI > 60% in all treatments), standing out as the species with the most significant
potential for green manure in crops during the off-season.
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INTRODUCTION Ogura et al., 2023). Despite its relatively short half-life

(from 7 to 14 days) in soils (Starrett et al., 2000), this

The expansion of agriculture has been associated
with several environmental implications, including the
intensive use of pesticides that affect human and
environmental health (Rani ef al., 2021; Alengebawy et
al., 2021; Ogura et al., 2022a). For instance, 2,4-D
(2,4-dichlorophenoxyacetic acid) is a widely used
herbicide in various crops, including sugarcane, corn,
wheat, and soybeans, and it is one of the most consumed
pesticides in Brazil (IBAMA, 2019; MAPA, 2022). It is
an auxin-simulating herbicide used to effectively control
broadleaf weeds, leading to uncontrolled plant growth and
disrupted cell division (Pazmifio et al., 2012; Song, 2014;
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herbicide can also affect non-target plants and other
terrestrial species (Triques et al., 2021).

The toxic effects of 2,4-D on plants have already
been reported, particularly on eudicots due to its mode of
action. The herbicide caused a 74% root length inhibition
in Phaseolus vulgaris at 0.3 mg L' (Cenkci ef al., 2010),
and it substantially decreased the root length of Raphanus
sativus at 2.35 mg kg (Triques et al., 2021). However,
monocotyledons are also susceptible to the impacts of
2,4-D, as the root length inhibition was reported for
Allium cepa at 2.35 mg kg (Triques et al., 2021), and
chromosomal disturbances were detected for Triticum
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aestivum at 0.3 mg L' (Kumar, 2010) and 4. cepa from 5
to 20 mg L' (Ateeq et al, 2002). Previous studies
evidenced the effects of 2,4-D on green manure species,
highlighting that root length inhibition was a more
sensitive endpoint to assess the phytotoxicity of 2,4-D.
For Dolichos lablab and Lupinus albus, significant
decreases in shoot and root lengths were observed at
concentrations above 0.06 mg kg', while Canavalia
ensiformis exhibited a reduction in root length starting at
1.00 mg kg!' (Ogura et al., 2023). The root length of
Crotalaria juncea was significantly reduced when plants
were cultured in a solution containing 2,4-D at 0.2 mg L'
(Costa et al., 2022).

Green manure plants are relevant for soil cover
and sustainable agricultural practices by enhancing soil
fertility, suppressing weeds, and cycling nutrients (Cherr
et al., 2006; Sandhya Rani et al., 2022). Their extensive
root systems also aid in stabilizing soil structure and
preventing and they can be effectively
incorporated into crop rotation systems, given their rapid
growth, biomass production, and ease of management
(Mueller and Thorup-Kristensen, 2001; Ma et al., 2021).
In addition, these plants can also potentially uptake soil
contaminants, including pesticides (Mendes et al., 2020;
Teodfilo et al., 2020). Pesticide residues in agricultural
soils can impair their development, particularly when
considering the potential application during the
off-season, within crop rotation systems, or at the edges of
fields. The selection of the most tolerant green manure
species can improve the application of these plants for
soil cover and remediation.

erosion,

Therefore, this study aimed to assess the
phytotoxicity of 2,4-D on six green manure plant species,
cajan (pigeon pea), Canavalia
ensiformis (sugar bean pig), Crotalaria juncea (sunn
hemp), Dolichos lablab (lablab bean), Lupinus albus
(lupine), and Mucuna pruriens (velvet bean). In this
sense, we evaluated the initial plant growth under five
concentrations of 2,4-D, comparing species using the
Tolerance Index (TI) and effect concentrations. We
expected to discuss potential applications of green manure
plants, considering the effects of 2,4-D residue exposure

including Cajanus

in sugarcane cultivation soils.

METHODS

The soil of study was collected from the Center
for Water Resources and Environmental Studies at the
University of S@o Paulo (CRHEA/USP), in Itirapina,
Brazil. The site has no history of contamination, and the
soil has already been previously used and characterized in
the study by Ogura et al. (2023). The soil was manually
sieved using a metal sieve with a 4 mm opening to
remove larger particles, then placed in an oven at 60°C for
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24 h to remove fauna and moisture. Classified as Oxisol,
the study soil contains 31.9% of clay, 21.7% of silt, 46.4%
of sand, 11% of organic matter, a pH of 5.2, a cation
exchange capacity (CEC) of 3.52 cmolc kg'!, a density of
1.48 g cm?, and an electrical conductivity of 50.1 uS
cml,

The seeds of the six plant species were obtained
from Pirai Sementes® (Piracicaba, Sdo Paulo, Brazil),
including Cajanus cajan, Canavalia  ensiformis,
Crotalaria juncea, Dolichos lablab, Lupinus albus, and
Mucuna pruriens. The tests were adapted from ISO
11269-2 (ISO 2012) and were conducted under controlled
conditions of temperature (25 + 2°C), artificial light (4500
1x), and photoperiod (12h:12h). The studied commercial
formulation was DMA®806 BR (Dow AgroSciences
Industrial Ltda), with a maximum recommended dosage
of 3.5 L ha' (equivalent to 4.7 mg kg'). Five
concentrations were established below this dosage,
including 0.8, 1.6, 2.4, 3.2, and 4.0 mg kg'. All results
throughout the manuscript were expressed in terms of the
nominal concentration of 2,4-D, according to the
estimated proportion based on the manufacturer's label.

In each experimental unit (400 mL non-toxic
polystyrene plastic pots), 300 g of soil were used, with
four replicates for each concentration. Ten seeds were
planted in each pot, approximately 2 cm below the soil
surface. Due to the size of the C. ensiformis and M.
pruriens seeds, only seven were planted in each pot. The
experiments lasted 14 days after germinating at least five
seedlings in the control samples; the test was considered
valid if the germination rates in the control were above
70%. Seedlings were removed so that five plants
remained evenly spaced in the containers to maintain
adequate space for plant development. Soil moisture was
maintained three times a week at approximately 20%
through manual irrigation with distilled water. After the
exposure period, plants were removed from the soil, and
the measured endpoints were the germination percentage,
shoot and root length, and fresh and dry biomass (for
shoot and root). Fresh biomass weight was obtained
immediately after plant harvesting and the removal of soil
particles by rinsing with tap water, followed by distilled
water; the excess water was then removed with a paper
towel. Dry biomass weight was measured after plant
samples were kept in a drying oven at 80°C for 24 h. The
difference between the fresh and dry weights indicates the
moisture content in the plants.

The germination percentage was calculated from the
difference between the number of seeds planted and the
number of seedlings developed in each pot, considering
the removed seedlings. The effects of phytotoxicity on
species exposed to 2,4-D were also determined based on
the shoot and root length inhibition percentage. The
Tolerance Index (%) was obtained by ratio between the
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biomas of a given treatment and the biomass in the
control. In this case, the replicates formed a composite
sample, so the standard deviation was not calculated.
Statistical analyses were performed using the Statistica 7
software. Data normality was checked using the
Shapiro-Wilk test, and homogeneity was assessed using
the Levene test. The data underwent analysis of variance
(ANOVA), followed by Tukey's post-hoc test to consider
whether the treatments presented statistically significant
differences in plant growth (p < 0.05). The Effect
concentration (ECs,) represents the concentration of a
substance at which the growth of plants is inhibited by
50%, considering the endpoints of germination, shoot
length, and root length. Estimates were made based on
nonlinear regression using the three-parameter logistic
curve model, with a 95% confidence interval (lower and
upper limits).

The biomass production estimate for the studied
species (in t ha™) was calculated proportionally based on
data from the seed supplier. The growth of plants
subjected to each treatment was compared to the expected
biomass in the control group. The expected biomass
production provided by the supplier was as follows: 20 to
30 t ha'! for C. cajan, 20 to 40 t ha! for C. ensiformis, 40
to 60 t ha'' for C. juncea, 15 to 30 t ha for D. lablab, 20
to 30 t ha! for L. albus, and 40 to 50 t ha' for M.
pruriens. Based on these ranges, the biomass yield for
each species under the treatments
proportionally estimated, allowing the assessment of the
2,4-D influence on biomass production relative to the
expected baseline.

various was

RESULTS

The average values and standard deviation of
germination percentages are presented in Table 1. Four
species achieved germination between 87.5% and 100%,
and treatments were similar to the control even at the
highest doses (p > 0.05). However, the germination of C.
cajan decreased considerably when the plants were
exposed to all concentrations of 2,4-D (reductions of
approximately 48%, 59%, 66%, 69%, 72%, in order)
compared to the control (p < 0.05). A significant decrease
was observed for L. albus at 2.4 mg kg' and higher
concentrations (reductions of approximately 65%, 53%,
and 73%, respectively) (p < 0.05).

The shoot and root lengths of plants exposed to
2,4-D are shown in Figure 1. There was a dose-response
phytotoxicity as the increase of 2,4-D caused a significant
decrease in plant growth. All treatments for L. albus, C.
juncea, D. lablab, C. cajan, and M. pruriens differed
statistically from the control (p < 0.05). However, for C.
ensiformis, statistical differences (p < 0.05) occurred at
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2.4 mg kg' for shoots and 4.0 mg kg for shoots and
roots. In most species, the impacts on root length were
more evident than those on shoot length, except for C.
ensiformis and M. pruriens. Even though C. ensiformis
showed no impact up to 3.2 mg kg, its shoot length
showed an inhibition of 98.8% at the highest
concentration. On the other hand, other species were more
sensitive to 2,4-D. In the case of C. cajan, even at the
lowest concentration, the roots were significantly affected
(86.7% of inhibition, p < 0.05).

Table 2 presents the ECs, calculated for
germination, shoot length, and root length for the six plant
species. The ECs, for germination was 0.91 [0.21-1.61]
mg kg for C. cajan and 2.64 [2.17-3.09] mg kg™ for L.
albus. The ECs, for the germination for all the other
species was calculated to be higher than the maximum
tested concentration (> 4.0 mg kg™). The ECs, for shoot
length was 1.14 [0.90-1.38] mg kg for L. albus, 1.35
[0.18-2.52] mg kg™ for M. pruriens, 1.59 [0.93-2.25] mg
kg! for C. cajan, 2.99 [2.77-3.21] mg kg™ for D. lablab,
and 3.49 [2.85-4.13] mg kg™ for C. ensiformis. The ECs,
for the shoot length of C. juncea was above 4.0 mg kg™
On the other hand, the ECs, for C. cajan (0.001 mg kg™")
and C. juncea (0.004 mg kg™') were significantly low, and
their 95% confidence intervals were not determined. The
ECs, for root length was 0.31 [0.10-0.51] mg kg for L.
albus, 0.46 [0.33-0.59] mg kg for D. lablab, and 3.70
[3.04-4.37] mg kg for C. ensiformis, while the value for
M. pruriens was above 4.0 mg kg™'.

The TI represents the plants’ tolerance to the five
tested concentrations of 2,4-D compared to the control,
considering fresh and dry biomass (Figure 2). In this
scenario, M. pruriens produced biomass even when
exposed to 2,4-D (tolerance higher than 60% in all
treatments for both fresh and dry biomass). C. ensiformis
was tolerant in biomass production when it was exposed
to 2,4-D up to 3.2 mg kg'. On the other hand, C. cajan
and D. lablab were considered the least tolerant in terms
of biomass production. In our study, both fresh and dry
biomass values exhibited a similar pattern across different
concentrations of 2,4-D.

The expected total biomass production of the
studied species was estimated for different concentrations
of 2,4-D based on their TI values and data provided by
Pirai Sementes®. According to the manufacturer, C.
juncea and M. pruriens have the most potential for
biomass production (up to 60 and 50 t ha’', respectively).
However, considering the influence of 2,4-D on biomass
production, M. pruriens remains the most prolific biomass
producer even at the highest concentration (up to 34.87 t
ha). As it was highly sensitive to 2,4-D, C. cajan showed
the least potential for biomass production (up to only 2.74
t ha'! at the highest concentration).
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Table 1. Percentages of germination (%) of the six plant species exposed to five concentrations of 2,4-D

Pereira et. al.

Treatment 0.0 mg kg'! 0.8 mg kg'! 1.6 mg kg'! 2.4 mgkg'! 3.2 mgkg! 4.0 mg kg'!
C. cajan 72.6+22.2 375+5.0* 30.0 £ 0.0 * 25.0+5.8 * 22.5+5.0 * 20.0 0.0 *
C. ensiformis 100.0 £0.0 100.0 £0.0 100.0£0.0 100.0 £ 0.0 100.0£0.0 100.0 £0.0
C. juncea 97.5+5.0 97.5+5.0 92.5+9.6 97.5+5.0 92.5+9.6 87.5+9.6
D. lablab 100.0 £0.0 100.0 £0.0 100.0£0.0 100.0 £ 0.0 100.0£0.0 100.0 £0.0
L. albus 100.0 £0.0 97.5+5.0 100.0£0.0 35.0£58* 475+15.0 * 275+5.0*
M. pruriens 96.5+7.1 100.0£0.0 96.5+7.1 96.5+7.1 100.0£0.0 100.0£0.0
* Treatments that were statistically different from the control (p < 0.05).
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Figure 1. Average + standard deviation for shoot and root length of the plant species exposed to five concentrations of 2,4-D. a) C. cajan, b) C.
ensiformis, c) C. juncea, d) D. lablab, e) L. albus, and f) M. pruriens. Asterisks (*) denote treatments significantly different from the control (p <

0.05).
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Table 2. Effect concentrations (and the 95% confidence intervals) corresponding to 50% inhibition of germination, shoot length,
and root length for six plant species exposed to five concentrations of 2,4-D (from 0.8 to 4.0 mg kg™).

Effect Concentrations - ECs, (mg kg™')
Plant species

Germination Shoot length Root length
C. cajan 0.91 (0.21-1.61) 1.59 (0.93-2.25) 0.001 (n.d.)
C. ensiformis >4.00 3.49 (2.85-4.13) 3.70 (3.04-4.37)
C. juncea >4.00 >4.00 0.004 (n.d.)
D. lablab >4.00 2.99 (2.77-3.21) 0.46 (0.33-0.59)
L. albus 2.64 (2.17-3.09) 1.14 (0.90-1.38) 0.31 (0.10-0.51)
M. pruriens >4.00 1.35(0.18-2.52) >4.00

n.d. = not determined.
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Figure 2. Fresh and dry biomass of plant species exposed to five concentrations of 2,4-D. a) C. cajan, b) C. ensiformis, c) C. juncea, d) D. lablab, e)
L. albus, and f) M. pruriens.
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Table 3. Estimated biomass production for the studied species (t ha'), considering the data provided by the manufacturer.

2,4-D C. cajan C. ensiformis C. juncea D. lablab L. albus M. pruriens

0 mg kg! 20-30 20-40 40 - 60 15-30 20-30 40—-50
0.8 mg kg! 13.9-20.85 15.8-31.6 25.96-38.95 13.54-27.07 15.02-22.53  30.72-38.4
1.6 mg kg! 15.91 -23.87 20.01 —-40.02 22.86-3429  9.09-18.2 14.74-21.71  28.88-36.1
2.4 mg kg 6.91-10.36 21.79 - 43.58 22-33 8.02-16.04 11.86-17.78 24.47-30.59
3.2 mg kg 5.61-8.41 20.59-41.18 17.13-25.7  7.63-1526  11.23-16.84 31.31-39.14
4.0 mg kg! 1.83-2.74 4.19-8.39 13.74-206  7.66—-1533  10.85-16.28  27.9-34.87
DISCUSSION water contaminated with 2,4-D at 447 ug kg™ resulted in
45% and 17% inhibition of root length, respectively
Several factors, such as water availability, (Ogura ef al., 2022b). Interferences in plant growth may

temperature, light, and hormonal balance, control plant
germination. Silva et al (2018) observed that 2,4-D
negatively impacted soybean seed germination, reducing
the vigour and physiological quality of the seeds due to
hormonal changes. In our study, only C. cajan and L.
albus showed significant reductions (p < 0.05) in
germination (higher than 48% and 53%, respectively),
which may indicate a loss of physiological quality.
However, this endpoint was less sensitive than shoot and
root length inhibition for most of the tested species. For
shoot length, our estimated EC, for C. ensiformis, D.
lablab, and L. albus (3.49, 2.99, and 1.14 mg kg’,
respectively) were higher than the values achieved by a
previous study with the same natural soil (0.34, 0.34, and
0.68 mg kg', respectively) (Ogura ef al., 2023). For root
length, the ECs, in our study for these species (3.70, 0.46,
and 0.31 mg kg, respectively) were also higher than
those estimated by Ogura ef al. (2023) (0.98, 0.05, and
0.02 mg kg’!, respectively). These results indicate that the
effects of exposure to 2,4-D were more evident for roots
than shoots for D. lablab and L. albus, but the same
pattern was not observed for C. ensiformis.

Since the studied green manure species are
eudicots, they can be more susceptible to 2,4-D than
monocot species due to its mode of action as an
auxin-simulating herbicide (Song, 2014). For example,
Triques et al. (2021) demonstrated that the eudicot species
Raphanus sativus is more sensitive to 2,4-D (ECs, = 3.20
mg kg™") than the monocot species Allium cepa (ECs, =
6.54 mg kg"), considering their results for shoot length
inhibition in sandy soils. Nonetheless, the effects of 2,4-D
on non-target species should not be neglected, especially
considering its potential long-term effects on plant
development. Irrigation of P. vulgaris and Zea mays with

also arise from an auxin overdose in plant tissues,
disrupting homeostasis and affecting interactions with
other hormones (Grossmann, 2010).

The interaction between soil and pesticides can
be dynamic and dependent on several physical and
chemical processes, and it can significantly influence
phytotoxicity. Due to its high solubility, 2,4-D can exhibit
very high mobility in soils, with a soil sorption coefficient
(K,.) ranging from 20 to 136 (Kim ef al., 2021). It has a
relatively short half-life (from 7 to 14 days), but organic
matter can contribute to the sorption of 2,4-D in soils,
leading to the herbicide being retained for longer periods
(Starrett et al., 2000; Prado et al., 2001). Another study
indicated an enhancement in 2,4-D toxicity for R. sativus
when  soil high (80% of WHO),
consequently increasing its bioavailability (Triques ef al.,
2022). The authors estimated ECs, from 0.01 to 0.06 mg
kg' for R. sativus, which is a lower value than those
obtained for all green manure species (from 1.14 to 4.51
mg kg™).

In our study, all species suffered some visual
symptoms of phytotoxicity, especially in the roots, which
showed swelling even at lower concentrations (Figure 3).
Root length reduction, irregular growth, and swelling
were also identified by a previous study with C.
ensiformis, D. lablab, and L. albus (Ogura et al., 2023).
Constantin et al. (2007) observed
Gossypium hirsutum at 3 days after the application of
2,4-D (from 0.84 to 26.88 g ha™), including wrinkling of
the youngest leaves, purpleness of leaves and stems, and
epinasty of cotton petioles. After 14 days, they observed
yellowing and necrosis of flower buds, cracks in the stem,
and thickening of the main root and base of the stem.
Root length inhibition, swelling, and leaf yellowing were

moisture was

symptoms in
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reported in Plectranthus neochilus at concentrations above

14.28 kg ha!, but the latter was not identified in our tested
species (Ramborger et al, 2017). Moreover, swelling
roots might increase fresh biomass by retaining water,
without reflecting an actual increase in plant biomass
production.

Figure 3. Visual analysis of phytotoxic symptoms on D. lablab exposed
to five concentrations of 2,4-D compared to the control (a) and
zoomed-in views of the roots in control (b) compared to those at 2.4 mg
kg! (c) and 4.0 mg kg™ (d).

Silva et al. (2017) exposed Lactuca sativa to
various pesticides, including 2,4-D (from 0 to 900 g ha™),
and the biomass reduction was greater than 60% in all
treatments, after 10 days of application. Duarte Junior and
Coelho (2008) studied C. ensiformis, C. juncea, and M.
aterrima in a sugarcane cultivation area where the soil
fertilized and not contaminated. Under these
conditions, C. juncea exhibited the highest biomass
production, as evaluated by dry biomass. However, in our
study, M. pruriens outperformed C. juncea in terms of
tolerance to 2,4-D, resulting in higher biomass
production. Therefore, M. pruriens may be a better

was

alternative for green manure in cases where soils are
contaminated with pesticide residues.

CONCLUSION

Although all six studied species have the
potential for application in green manure, some were
more adversely affected by the phytotoxic effects caused
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by 2,4-D. Therefore, selecting the most tolerant species,
such as C. ensiformis and M. pruriens, for application in
sugarcane cultivation is the most advantageous option for
improving soil quality and consequently, crop
productivity. However, some limitations of our research
include the lack of quantification of the studied pesticide
in both soil and plants, which could provide insights into
its transport and bioaccumulation. Scenarios of
co-contamination with other pesticides or contaminants
could also enhance the toxicity of 2,4-D. Additionally, our
research was conducted under controlled laboratory
conditions, which may not fully reflect field applications
and natural environmental variations. To address these
limitations, future studies could also extend the duration
of experiments to evaluate the variation in phytotoxicity
effects over time.
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