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2,4-D HORMESIS EFFECT ON SOYBEAN

Hormese de 2,4-D em Soja

ABSTRACT - The hormesis effect of 2,4-D, applied at two stages of soybean
development, on the physiological components of crop yield, was investigated.
Soybean seeds of the cultivar ‘AG 3680 IPRO’ were sown in pots containing 7 L of a
substrate and kept in a greenhouse. A randomized complete block design with four
replicates was used. Eighteen treatments were tested, arranged in a split-plot scheme.
The plots consisted of two stages of herbicide application (V4 and V6), and the
split-plots were arranged by nine 2,4-D doses (0, 5, 10, 15, 20, 25, 30, 40, and 50 g ha-1).
At the time of harvest, 100 days after sowing, significant interactions between crop
development stages and 2,4-D doses were observed for the number of nodes in the
main stem (NNMS) and the number of pods per plant (NPP). Both NNMS and NPP
were not affected by 2,4-D during V6, but they increased with doses up to 20.2 g ha-1

and 22.5 g ha-1, respectively, during V4 and declined at higher doses according to a
quadratic model, thus characterizing hermetic effect. Regardless of the application
stage, the number of grains per plant and weight of a thousand grains were reduced
as doses increased. However, the grain number and grain mass per plant reached
maximum values for doses of 20.3 g ha-1 and 12.9 g ha-1, respectively. It was concluded
that 2,4-D causes hormesis effects on the soybean crop ‘AG 3680 IPRO’ pot-grown
in greenhouse conditions, regardless of the application stages herein tested.

Keywords:  Glycine max, auxin, herbicide.

RESUMO - Investigou-se o efeito hormético do 2,4-D, aplicado na soja em dois
estádios de desenvolvimento, sobre os componentes fisiológicos de produtividade
da cultura. Sementes de soja da variedade ‘AG 3680 IPRO’ foram semeadas em
vasos contendo 7 L de substrato, mantidos em casas de vegetação. Foram avaliados
18 tratamentos no delineamento em blocos casualizados, com quatro repetições,
dispostos em esquema de parcelas subdivididas. As parcelas foram constituídas
por dois estádios de desenvolvimento (V4 e V6), e as subparcelas, por nove doses
de 2,4-D (0, 5, 10, 15, 20, 25, 30, 40 e 50 g ha-1). Na colheita, aos 100 dias após a
semeadura, verificou-se interação significativa entre estádio e dose de 2,4-D para
o número de nós na haste principal (NNHP) e para o número de vagens por planta
(NDV). O NNHP e o NDV não foram afetados pelo 2,4-D em V6, mas em V4 eles
aumentaram até as doses de 20,2 g ha-1 e 22,5 g ha-1, respectivamente, segundo
modelo quadrático, declinando em doses maiores, conferindo o efeito hormético.
Independentemente do estádio de aplicação, o número de grãos por vagem e o
peso de mil grãos reduziram-se com o aumento da dose. Todavia, o número de
grãos e a massa de grãos por planta atingiram valores máximos para as doses de
20,3 g ha-1 e 12,9 g ha-1, respectivamente. Concluiu-se que o 2,4-D promove hormese
na cultura da soja ‘AG 3680 IPRO’, cultivada em vasos em casa de vegetação,
independentemente dos estádios de aplicação testados.

Palavras-chave:  Glycine max, auxina, herbicida.
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INTRODUCTION

Hormesis is the term used to designate the stimulus (beneficial effect) to the development
of an organism generated by the application of small doses (or sub-doses) of molecules, which in
normal doses would cause an inhibitory or lethal effect on these organisms (Calabrese and
Baldwin, 2002). This term, coined in 1942, is derived from the Greek word “hormo,” which means
hormone, and was first used to describe the stimulus to fungal growth generated through
application of a low concentration of antibiotics that in high concentrations suppressed the
growth of fungi (Luckey, 1991; 2006). Regarding plants, the hormetic effect can be promoted by
many substances, such as herbicides (Duke et al., 2006).

Herbicides are chemical substances capable of killing or drastically inhibiting the growth of
certain plant species (Silva et al., 2007). Herbicides have been used in agriculture since the
middle of the last century (Cobb and Reade, 2010) to control weeds in agricultural and non-
agricultural areas, in pre- or post-emergence applications, which can be selective to certain
species of plants of human interest. Although full doses are lethal or strongly inhibit the growth
of sensitive plant species, when used in small doses, they may stimulate plant development,
thus characterizing the hormetic effect (Duke et al., 2006). Some examples of herbicides that
have shown hormetic effect are glyphosate and 2,4-D.

Glyphosate, which is an inhibitor of aromatic amino acid biosynthesis, is used for post-
emergence non-selective weed control, which is applied in the total pre-planting area or directed
spray applications in perennial (Bridges, 2003) and transgenic (Monquero, 2005) crops. The
increase in productivity of bean crops (Silva et al., 2016) and the increase of the biomass in
soybean (Velini, 2008; Silva, 2014), rice (Gitti et al., 2011), and sourgrass plants (Anunciato,
2018) was observed as a result of the application of small doses of glyphosate, generally ranging
from 1.75 g ha-1 to 18.2 g ha-1.

Contrarily, 2,4-D is an auxin mimic herbicide, which is also used in post-emergence
applications for the control of non-grass weeds in grass cultures (Silva et al., 2007). The effect of
hormesis in the application of sub-doses of this herbicide was evidenced, for example, by an
increase in the leaf area in pequi plants (Tavares et al., 2017). Unlike glyphosate, the hormetic
effect of 2,4-D appears to be more easily linked with its mechanism of action, specifically with
the physiological effects of auxins on plants.

Auxins, such as the indoleacetic acid (IAA), are naturally occurring hormones in plants
(Taiz et al., 2017). At concentrations of 10-13 to 10-8 and 10-7 to 10-4 M in plant tissues, auxins
promote the growth of roots and stems, respectively, whereas, at concentrations higher than
these, they strongly inhibit the growth of these organs (Goodwin and Mercer, 1983; Taiz et al.,
2017). Therefore, 2,4-D causes hormonal imbalance in cells at high doses, with consequent
disordered tissue growth and hyponasty as the main symptoms of toxicity in plants (Silva et al.,
2007). However, it can increase the growth of the plant in sub-doses by stimulating the cell
elongation according to the Acid Growth Theory (Rayle and Cleland, 1992; Taiz et al., 2017).

In this sense, sub-doses of 2,4-D are believed to cause a hormetic effect in soybeans. Although
not generalized, this herbicide has been used to stimulate the productivity of some soybean
cultivars in some plantations in Brazil. Doses of 7 g ha-1 to 10 g ha-1 have been used in cultivars
planted in smaller stands (≈15 plants m-1) in order to promote greater development, whereas it
has not been used for the cultivars planted in bigger stands (≈22 24 plants m-1; H.V. Rocha, personal
communication). Besides promoting the cellular expansion mentioned above, this molecule also
seems to stimulate a greater floral profusion in the plant, leading to a greater number of pods per
plant or even altering other physiological components associated with the productivity of this
crop. It is known that a higher number of pods per plant may leads to a higher number of grains
per square meter, which is the main component of soybean yield (Board and Maricherla, 2008;
Van Roekel et al., 2015).

Soybean is one of the most important grain for animal and human consumption in the
world. Its cultivation covers around 125 million hectares, with the main producing countries
being the USA and Brazil (USDA, 2018). In Brazil, 35.2 million hectares of land are used for
soybean production, with a production of 120.5 million tons recorded during the 2017/2018 harvest
(Conab, 2018), and generation of an annual foreign exchange worth 33.7 billion USD
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(Agrostat, 2018). Considering this economic and social importance of soybean, the use of small
doses of 2,4-D aimed at inducing the hormetic effect may represent increases in crop productivity.
Moreover, risks of 2,4-D spray drift to sensitive soybean crop may be diminished when it is used
in 2,4-D-resistent soybean.

However, it is difficult to define the doses that are supposedly associated with the hormetic
effect. This is because supra-optimal doses of 2,4-D can cause severe toxicity in soybean plants,
leading to significant losses in productivity. Robinson et al. (2013), for example, demonstrated
that 2,4-D toxicity in soybean plants resulted in dramatically reduced seed yields. In Brazil, field
reports indicate 2,4-D toxicity in crops when they were treated with this herbicide aiming to
achieve the hormetic effect (H.V. Rocha, Personal Communication), suggesting that the responses
depend on the cultivar used. However, the stage during the vegetative cycle in which the
application needs to be made may affect the final result, since the tolerance of the soybean to
2,4-D toxicity varies with the stage of development (Slife, 1956; Wax et al.,1969; Robinson et al.,
2013). In the field, the 2,4-D sub-dose applications are done during V4 stages.

Therefore, aiming to guide the doses to be used in the field, the objective of this study was to
evaluate if 2,4-D promotes hormesis in soybean and if this effect is dependent on the vegetative
stage during its application.

MATERIAL AND METHODS

The experiment was carried out in a greenhouse with soybean plants cultivated in plastic
pots of 7 L capacity from November 2016 to March 2017. The substrate used to fill the pots
consisted of soil from B horizon, sand, and cattle manure in the proportion of 3:1:1 (v/v/v). The
soil was classified as a dystrophic red-yellow argisol of clayey texture. Its chemical and physical
characteristics are presented in Table 1. The liming and soil fertilization were performed by
adding 1.0 kg of dolomitic limestone, 0.5 kg of K2O and 5.0 kg of P2O5 m

-3 in the form of limestone,
potassium chloride, and single superphosphate, according to the general recommendation for
the substrate preparation (Ribeiro, 1999).

Five soybean seeds of the variety AG 3680 IPRO (AGROESTE®) of super-early cycle and
indeterminate growth habit were inoculated with a liquid inoculant (Biovida Soja®) at a dose of
60 mL per 50 kg of seeds, and then seeded in each pot and thinned 5 days after emergence,
leaving two plants per pot. The plants were cultivated with periodic irrigation to maintain the
soil near the field capacity. The meteorological variables, minimum, average, and maximum
temperatures, as well as relative humidity (Figure 1), were collected daily from thermometers
and psychrometers installed in a meteorological shelter inside the greenhouse.

The treatments were distributed in a randomized complete block design with four replicates.
Eighteen treatments were used, consisting of the combination of two stages of development

Table 1 - Physical and chemical characteristics of the soil used to prepare the substrate filling the pots

Granulometric analysis (%) 

Thick sand Fine sand Silt Clay 

24.20 13.92 8.36 53.52 

Chemical analysis 

pH 
P K Al3+ Ca2+ Mg2+ H+Al SB t T V M 

(mg dm-3) (cmolc dm-3) (%) 

5.8 0.6 49 0.03 0.95 0.28 1.74 1.35 1.38 3.09 43.79 2.18 

 Analyses carried out in the Laboratory of Agricultural Chemistry - BR 040, km 527, CEASA, Contagem, MG. The method used in the
granulometric analysis does not include soils of calcareous regions and soils with organic matter content greater than 5%. Granulometry -
Adapted pipette method. 65 mesh (0.22 mm). pH in water, soil water ratio 1:2.5. SB = Sum of bases; t = Effective cation exchange
capacity; T = cation exchange capacity; m = saturation index of aluminum; V= saturation index by base. Note: The calculation of SB, T, t,
m and V did not consider Na values. Extraction solution: P and K - Mehlich; Ca, Mg and Al - KCl 1 N. H + Al - pH in S.M.P.
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(V4 and V6) and nine doses of 2,4-D (0, 5, 10, 15, 20, 25, 30, 40, and 50 g ha-1). They were arranged
in a split-plot scheme, with the stages of development being allocated in the plots and the doses
in the subplots. The V4 and V6 stages were chosen based on field reports from producers (H.V.
Rocha, personal communication), who have used this technology mainly in V4 in order to stimulate
multiple stems per soybean plant. The identification of the stages was based on the number of
nodes in the main stem and in the development of the trifoliate leaf in the nodes (e.g., V4: the
fourth node in the main stem presenting the third fully developed trefoil), according to Fehr and
Caviness (1977). The application of the herbicide was done during V4 or V6 with a CO2 pressurized
backpack sprayer of precision, with a pressure 200 kPa. The spray volume of 2,4-D herbicide
was of 200 L ha-1, with the spray rod containing two 100.03 flat fan spray nozzles spaced 0.5 m
apart.

Two applications were made for phytosanitary management, the first of Priori Top® (200 g L-1

azoxystrobin + 125 g L-1 difenoconazole) at a dose of 0.3 L ha-1 to control powdery mildew (Erysiphe
diffusa) during V5, and the second application of Kraft® (36.0 g L-1 abamectin) at the dose of
0.1 L ha-1 to control red spider mites (Tetranychus urticae) during V7. In both applications, the
adjuvant Nimbus® (428 g L-1; mineral oil) was used at a dose of 0.5 L/100 L of spray.

At the end of the crop cycle, 100 days after sowing, the plants were harvested and the number
of nodes in the main stem (NNMS), as well as the physiological components of the yield: number
of pods per plant (NPP), number of grains per pod (GPP), number of grains per plant (GPL), weight
of a thousand grains (WTG), and grain mass per plant (GMP) were evaluated standardizing the
moisture content in 13%.

The assumption checking of the analysis of variance was done by the graphical analysis of
the residues (Neter et al., 1990), along with the maximum F-Test for the homogeneity of the
variances. With no transformations required, the data were submitted to the analysis of variance
and regression analysis. The regression models were adjusted by relating the variables with the
2,4-D doses, choosing models with high R2, the significance of the parameters of the equation by
the t-test, and biological logic. The Pearson correlations (p<0.01) were made with the physiological
components of the crop productivity.

RESULTS AND DISCUSSION

A few days after the application of the 2,4-D herbicide, either during V4 or V6, visual symptoms
of toxicity were observed in the shoot of the soybean plants in treatments with doses equal to or
greater than 20 g ha-1 (Figure 2). At this dose, the symptoms were mild and were characterized
by a discrete bending of the main stem relative to its vertical axis. However, strong toxicity
symptoms were observed at doses equal to or greater than 30 g ha-1, which were characterized
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Figure 1 - Variations of the meteorological conditions (relative humidity and minimum, average, and maximum temperatures)
within the greenhouse during the experimental period counted in weeks after the transplant, carried out on 11/16/2016.
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0 g ha-1 5 g ha-1 10 g ha-1 

15 g ha-1 20 g ha-1 25 g ha-1 

30 g ha-1 40 g ha-1 50 g ha-1 

Figure 2 - Effect of sub-doses of 2,4-D on the soybean cultivation at V4 stage. Symptoms such as stem bending and hyponasty
of the leaves appeared upon application of the dose 20 g ha-1, becoming evident at the dose 30 g ha-1.

by acute stem bending, leaf hyponasty, and reduced growth, as described in detail by Robinson
et al. (2013) for the soybean crop. These toxicity symptoms are typical of sensitive dicotyledonous
plants treated with auxin herbicides, since they cause a hormonal imbalance affecting protein
synthesis, osmotic regulation, and cell wall plasticity when they bind to proteins in the cell
membranes (Cobb and Reade, 2010). It is worth emphasizing that Robinson et al. (2013) showed
that soybean yield was only affected when the toxicity reached a minimum of 20%, which
coincided with the application of doses equal to or greater than 29 g ha-1 during V5.
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There was a interaction between the stage of development and the dose of 2,4-D for the
variables NNMS and NPP (Table 2). In the case of NNMS, it was unaffected by the doses of 2,4-D
when applied during V6 but responded positively to the increase of the dose of 2,4-D during V4 up
to the maximum dose of 20.2 g ha-1, declining after that (Figure 3A). Although it is not a direct
physiological component of the soybean yield, NNMS is an important variable because it is related
to the growth and productivity of the plant, considering that a trifoliate leaf is developed in each
node, in which axil a lateral bud can change into a branch or inflorescence (Müller, 1981).

Similarly, the NPP was not affected by the doses of 2,4-D applied during V6, but with the early
application (during V4), the NPP increased with the increase of the dose of the herbicide, reaching
a maximum value equal to 82 pods/plant at the dose of 20.16 g ha-1 (an increase of 27.6% in
relation to the control treatment) and declining from that point (Figure 3B). This stimulus for
greater production of pods per plant, which is one of the main components of the soybean yield
(Müller, 1981; Navarro Júnior and Costa, 2002; Board and Maricherla, 2008; Heiffig et al., 2010),
seems to represent a hormetic effect of 2,4-D. However, at the highest tested dose (50 g ha-1),
there was a reduction of 12.16% in the NPP in relation to the control treatment.

The results above corroborate the field observations, which point to a greater development
and, consequently, higher pod yield per plant when they are exposed to sub-doses of 2,4-D. Because
this herbicide is a synthetic auxin, it mimics the growth hormone auxin when it is applied in
small doses and stimulates plant growth (Allender, 1997). In this sense, considering that the
number of pods per plant is determined by the growth rate of the crop during the emergence
until R5 (Board et al., 1992; Fageria et al., 2006), the application of sub-doses of 2,4-D during
early vegetative stages may potentiate this component of the soybean yield.

The GPP number, regardless of the stages of application, was linearly reduced with the
increase of the dose of 2,4-D (Table 2; Figure 3C), indicating that it is a physiological component
of the soybean productivity that is sensitive to herbicide-induced toxicity. However, this reduction
was barely significant, reaching only 4% and 11% at the doses of 20 g ha-1 and 50 g ha-1,
respectively, in relation to the control treatment (Figure 3C). This result is consistent with the
literature, in which GPP is considered a physiological component of the soybean yield that is
weakly affected by production and/or environmental factors and shows strong genetic control
(Heiffig et al., 2010; Costa, 2013). It should be noted that the inverse correlation between GPP
and NPP, although significant, was very low (r = -0.42), indicating that the discrete reduction in
GPP was caused by other factors besides the increase in NPP. However, even with this reduction,
GPL responded positively to the increase of the dose of 2,4-D (Table 2, Figure 3D), reaching a
maximum value of 178.4 grains per plant at the dose of 20.3 g ha-1, regardless of the stage at
which the herbicide was applied. This response was certainly a reflection of the positive effects
of 2,4-D on NPP (with the correlation coefficient between NPP and GPL being of 0.80, p<0.01) and
apparently characterizes the hormetic effect, as defined by Luckey (1991; 2006).

Table 2 - Effect of sub-doses of 2,4-D applied at two stages of development (V4 and V6) on number of nodes in the main stem
(NNMS), number of pods per plant (NPP), number of grains per pod (GPP), number of grains per plant (GPL), weight of a

thousand grains (WTG), and grain mass per plant (GMP) of soybean.

Source of variation DF 
Mean square 

NNMS NPP GPP GPL WTG GMP 

Blocks 3 3.6896* 7.0930ns 0.0109ns 2.3839ns 342.8745* 9.1664ns 

Stage (A) 1 2.3472ns 8.3800ns 0.0192ns 136.7368ns 227.623** 101.5920** 

Error (a) 3 0.1453ns 19.2926ns 0.0006ns 98.1624ns 116.2044ns 8.1586ns 

Dose (B) 8 3.3418* 230.6387** 0.1107** 839.0527** 440.0720** 34.1754** 

AB 8 4.0868** 79.1248** 0.0346ns 98.7119ns 136.1033ns 7.3218ns 

Error (b) 48 1.2213 38.10307 0.0165 245.1865 92.7606 6.6773 

CV (%) – subparcel  7.32 8.42 5.51 9.20 5.98 5.51 

CV (%) - parcel  2.53 5.99 1.06 5.82 6.70 9.44 

Overall average  15.09 73.27 2.33 170.27 160.95 27.39 

DF: degrees of freedom; CV: coefficient of variation; ** and *: significant at 1% and 5% of probability, respectively, by the F-test; ns: not
significant at 5% of probability by the F-test.
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Figure 3 - Effect of sub-doses of 2,4-D applied at two stages of development (V4 and V6) of soybean plants on number of nodes
in the main stem, number of pods per plant, number of grains per pod, number of grains per plant, weight of a thousand grains,

and grain mass per plant.

Furthermore, WTG, similarly to GPP, was linearly reduced with the increase of the dose of
2,4-D, regardless of the application stages (Table 2, Figure 3E). At the dose of 20 g ha-1 (which,
according to the results stated above, stimulated NPP during V4 and GPL during V4 and V6), the
WTG reduction was only 4.4%, while at the highest tested dose (50 g ha-1), it was 11,1% when
compared to the control treatment. Despite the (discrete) inhibitory effect of 2,4-D on this variable
(WTG), and also on GPP, the increase of NPP and, consequently, of GPL stimulated by low doses of
2,4-D was responsible for ensuring a significant effect of the dose of 2,4-D on plant productivity
as expressed by GMP (Table 2, Figure 3F). This can be demonstrated by the relatively high
correlation coefficient between GPL and GMP (r = 0.72, p<0.01). Therefore, it was verified that

(A) (B)

(C) (D)

(E) (F)
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GMP increased with the increase of the dose of 2,4-D, with the maximum value of 28.75 g per plant
reached at the dose of 12.88 g ha-1 (Figure 3F), thus characterizing the hormetic effect of this
herbicide.

In the field, doses around 7 to 10 g ha-1 (slightly lower than the ones found in this study),
have been successfully used under certain circumstances. It should be emphasized that GMP is
the integrated end result of almost all other physiological components of the crop yield (except for
the number of plants per hectare (Board et al., 1992; Navarro Júnior and Costa, 2002; Fageria
et al., 2006; Costa, 2013), i.e., it represents the crop yield in this work.

Even if the above result (for GMP) occurred regardless of the application stage, soybean
cultivation was more sensitive to the toxicity and the consequent inhibition of growth resulting
from 2,4-D application during V4, since WTG and GMP were lower when the herbicide was applied
during V4, when compared to V6 (Tables 2 and 3). Therefore, 2,4-D doses that are higher than
those inducing hormetic effects seem to more strongly compromise soybean growth and
productivity when applied during V4 than during V6. In practical terms, these results suggest
that the threshold between the doses of 2,4-D that promote hormetic effects and those that
significantly toxify the culture is very narrow during V4, requiring rigor in the technology in
order to apply the correct doses. This may also explain the failures reported in the field (productivity
losses owing to 2,4-D toxicity).

There are few studies in the literature with results of hormesis caused by 2,4-D or some
other herbicide with a hormetic effect on soybeans. Tavares et al. (2017) applied sub-doses of
2,4-D on pequi seedlings and showed hormetic effects based on the leaf area, specific leaf area,
and leaf area ratio with doses of 3.3 g ha-1, 1.65 g ha-1, and 3.35 g ha-1, respectively. In a study
carried out by Silva (2014), the hormetic effect was shown on soybean crops, but with the
application of sub-doses of glyphosate. In this case, the application of 3.6 g ha-1 of glyphosate
followed by a fresh application of 3.2 g ha-1 after 14 days induced the maximum growth of the
plant shoot, probably in response to the increase in the production of amino acids. Also, Silva
(2014) verified that, for total dry mass, a dose of 7.2 g ha-1 of glyphosate, applied 14 days after an
application of an initial dose of 18.2 g ha-1, provided a more evident hormetic effect.

When taken together, the results of this study allow us to conclude that the use of a small
dose of 2,4-D (around 13 g ha-1) during V4 or V6 can lead to a significant increase in crop
productivity, confirming the hypothesis of the work. However, more trials with different soybean
cultivars are required under different growing conditions, especially in the field, with different
2,4-D formulations or other auxinic herbicides, in order to evaluate if the response found here
(hormesis) is in fact a general response of soybean to auxinic herbicides. Nevertheless, the
careful use of 2,4-D for this purpose is recommended, since excessive doses may compromise
crop productivity, especially if applied during V4.
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Table 3 - Number of nodes in the main stem (NNMS), number of pods per plant (NPP), number of grains per pod (GPP) number
of grains per plant (GPL), weight of a thousand grains (WTG), and grain mass per plant (GMP) depending on the stages of

development in which the herbicide was applied to the plant, regardless of their doses

Stage 
Overall averages of the analyzed variables(1) 

NNMS NPP GPP GPL WTG (g) GMP (g) 

V4 15.29 74.00 2.31 171.48 152.60 26.20 

V6 14.90 72.30 2.30 168.90 169.47* 28.60* 

Overall average 15.10 73.15 2.31 170.19 161.04 27.40 

 (1) The presence of * indicates a significant difference between the stages by the F-test at 5% of probability.
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