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ABSTRACT

The use of auxin mimics herbicides in agriculture is widespread in a great diversity of crops. The indiscriminate use
of herbicides can cause adversteets in the plantsAmong the plant species that stand out for being highly
competitive and resistant to biotic and abiotic stresses, it is the brazilian peppertree (Schinus terebinthifolius Raddi.).
The objective of this work was to evaluate the phytotoxic and photosynthetic alteration effects of different rates
simulating the drift of the herbicides 2,4-D and Dicamba in brazilian peppertree seedlings. The experiment was carried
out in a completely randomized design with four replications. The treatments were arranged in 2 x 8 factorial design
(herbicide x doses). The factor herbicide consisted the herbicides 2,4-D and Dicamba, and, the factor doses eight
percentages of the herbicide applied. Phytotoxicity and alteration of photosynthetic and fluorescence of chlorophyll
a parameters were evaluated. Increased rate of the 2,4-D and Dicamba cause phytotoxicity to the plants, whose
Dicamba promotes greater injuries. Dicamba was the herbicide that caused the greatest damage to the photosynthetic
apparatus on brazilian peppertree plants, while for 2,4-D the plants showed higher recovery potential after herbicidal
exposure.
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INTRODUCTION in ethylene prodction (Grossmann, 2010). There is a
The use of auxin mimics herbicides in agriculture idecrease in auxin response genes, initiating a cascade of
widespread, itis being used in pre-sowing, pre-emerged&@ysmlogical responses within the plant, leading to plant
and post-emeence desiccation in tolerant cropgith ~ death in sensitive dicots.
the new traits incorporating resistance technologies to Even in less volatile formulations, the successive use
2,4-D and Dicamba molecules, the use of these herbicid¥fsthese herbicides may cause several effects. The main
is expected to increase (Barret et al., 2016). The action&ffect is drift after application, with phytotoxic effects on
these herbicides results from the inability of the plant tgusceptible plants (Mortensen et al., 2012), such as tree
metabolize them immediatelpecause they are able tospecies in native forest remnants and recovery plantations
acidify the cell wall of vegetables by the greater activitpf degraded areas marginal to areas grown using
of the proton pump d&TPase, linked to the cell membraneagrochemical to control pests.
(Senseman, 2007). Thus, the pH reduction in the apoplast In Eucalyptus plants that receive drift of Dicamba
region induced throughout the cell because of the greatiffered changes the physiological variables transpiration
activity of enzymes responsible for the loosening of cellste, internal and external CO2 concentration and stomatal
(Usepa, 2013). The main effects are alteration of the celbnductance (Silva, 202@s well drift of glyphosate also
wall plasticity alteration of the protein content and increasehanged in pbtosynthetic rates, as observed in coffee
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(Coffea arabical.) plarts. The exposure to glyphosate The experimental design was completely randomized
underdoses caused different responses in the parameteith four replications. The treatments were arranged in a
of liquid photosynthesis, transpiration and stomata& x 8 factorial design (herbicides x doses). The factor
conductance. These responses are more severe at higieebicide consisted with use of 2,4-D and Dicamba, and
doses and in newly transplanted plants (Carvethal., the factor doses consisted of rates simulating drift, i.e., O,
2012). The exposure to 2,4-D and Dicamba drift in cottod.78, 1.58, 3.18, 6.25, 12.5, 25 and 50% of the label dose,
(Gossypium hirsutum L.), on the other hand, caused injuensidered as 835.7 g a.ellaad 600 g a.i. hefor 2,4-D
ries to apples and seed-vessels, reducing yield (Smithagid Dicamba, respectivelJhese rates characterize the
al., 2017). drift that may occur in plants. The application of doses
The 2,4-D and Dicamba drift in communities ofwas carried out using a backpack sprayer pressurized with
arthropods and forest vegetation caused a change in $®,, calibrated for an application volume of 150 L*ha
population balance of several species (Egan, 2014b). equipped withAIXR 110.015 nozzles and a working
Considering the disturbance potential of herbicidgressure of 35 Ib fawith a pulverization height of 0.5m
application in both agricultural and forest areas, it isbove the plant canopyhe temperature on the
proposed to search for plant species tolerant to this tygpgplication day of herbices was 24 °C, and the relative
of stressAmong the plant species that stand out as highumidity (RU%) was around 83%, and wind with less 8 km
competitive and resistant to biotic and abiotic stresses g,
the Brazilian peppertree (Schinus terebinthifolius Raddi.). The seedling of Brazilian peppertree was cultivated at
It is a species with potential for reforestation and recovepgo-cn? plastic tubes filled with a peat-based substrate of
of degraded areas due to its wide geographical distributigphagnumand carbonized rice husk (3:1, v:v) fertilized
in the tropics and competitive and growth capacityith 6 g L'* of controlled release fertilizer (15-09-12, NPK)
(Marcuzzoet al, 2015; Roratecet al, 2017). These (Osmocote, Brazil) which is well recommend to use in
peculiarities determine its presence in the composition gfazilian peppertree (Cabreieaal, 2017). The seedlings
species in recovery projects in Souterica, as it ysed had an average of 52.3 cm in height and 5.91 mm in
produces a fast soil coverage. stem diameterconsidered of good quality and suitable
The implantation of technologies of crop tolerant t@or planting in the field (Araujet al.,2018). They were
the herbicides 2,4-D and Dicamba puts at risk the survivigépt in full sun and irrigated at 9:30, 13:30 and 16:30 hours

and the development of forest species located in arggsmicro-sprinkling (flow rate: 766 L h-1) during 15 minutes
close to crops due to the risk of drifts. Furthermore, it i) qvoid water stress.

likely that the application of these herbicides increases
under these conditions. It can be carried out from Octob212 Evaluation of phytotoxicity and physiological
to February at the post-emergence period of tolerant cropétributes
This period coincides with the establishment and initial The phytotoxicity of plants of Brazilian peppertree was
growth of seedlings of tree species such as Braziliavaluated at 21 and 28 days after the application of
peppertree cultivated in forest restoration plantations. tfeatments (DA) at a percentage scale from zero to one
case of lack of care during the application of thosgundred, where zero means the absence of injuries and
herbicides, drifts may occuin some studies, we found one hundred means plant death (Frans, 1972). The
that the injury effect of Dicamba seen to be greater thgghysiological attributes were determined at 45TDA
2,4-D in some crops (Egan et al., 2014a; Mohsenjetween 08:00 and 11:00 hours (Souza et al., 2013). For the
Moghadam & Doohan, 2015). Therefore, the objective @valuations, completely expanded leaves from the upper
this work is to evaluate the phytotoxicity and photosynird of the plants of four replications per treatment were
thetic alterations in Brazilian peppertree seedlings hysed.
applying different doses of 2,4-D and Dicamba simulating  on that occasion, the following were determined net
drifts. assimilation rate of CQXA - umol CO,m? s*), stomatal
MATERIAL AND METHODS ponductance of water vapgrs‘ (Gs - mqmmzsl),
o ] _ intercellular CQ concentratiorfimol CQ, air mot?),
Description and experimental design transpiration rate (E - mol @ m?s?), water use efficiency
The study was carried out from December 2018 ttWUE - mol CQ mol H,0"), obtained by the relation
January 2019 at the Forest Nursery of the Federaétween the amount of G@xed by photosynthesis (A)
University of Santa Maria (UFSM) in Santa Maria (RSand the amount of transpired water (E), and Rubisco
State) (29°43'15"” S and 53°43'18" W). The local climate isarboxylation efficiency (A/Ci), obtained by the relation
Cfa, humid subtropical, it characterized by well-distributetbetween the amount of C@xed by photosynthesis and
rainfalls throughout the year (Alvaresal.,2013). the internal concentration of CO’hese attributes were
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measured using a portable Infra-R&akAnalyzer (IRGA), overlapping of confidence intervals of means and the
model LI-6400 XT (Li-Cor Bioscience, United States)significance of the mean test at the doses of 25 and 50%
using a photosynthetic radiation of 1,000l m? s!, indicated that, according to the increase in the concen-
flow air volume of 40Qumols?, and CQconcentrationf  tration of herbicide that reaches the plants, these
400umol mol. differences tend to decrea8ethe evaluation at 28 DR

The fluorescence emission of chlorophgliwas both herbicides showed a similar behavior and response,
analyzed using a Junior-Pam portable modulated lightt overlapping from each other in all doses, except in
fluorometer (Véilz, Germany). Previouslthe leaves were 1.56% (Figure 1). In other hand, the estimate of the value
adapted to the dark for 30 minutes to measure the initial ED, in the equations showed that the dose needed to
fluorescence (ff and, subsequentligubjected to a pulse promote 50% of the Dicamba response was lower than in
of saturating light (10,00@mol m? s?) for 0.6 s, thus 2,4-D for both periods of evaluationafle 1), suggesting
determining the maximum quantum yield/) of the the greatest potential for damage of this herbicide in drift
photosystem Il (PSIl). The inhibition value due to thever Brazilian peppertree.
non-photochemical dissipation of the absorbed light In an experiment evaluating the effects of Dicamba
energy (NPQ) was determined in each saturation pulddft on soybeans, there was a linear behavior for herbicide

according to the equation NPQ = (F 2 )/F 2. phytotoxicity, however causing a phytotoxidedt simi-
stical vsi lar to that found in this study at low doses (Eganl.,
2.3 Statistical analysis 2014a). The simulation of 2,4-D and Dicamba drifts at

The data were analyzed using the software R (Kfferent stages of white oaR(ercus albd..) seedlings
development core team 2019) and Sigma Plot 12.3 (Systalused a greater phytotoxicity at the early stages of
software INC., United Kingdom), which it was also use@evelopment, in addition to cause injuries to the growth
to plot regression graphs. Previoustiie data were points of the plants (Samtaetial.,2008). It is noteworthy
subjected to normality test (Shapiroiky and homoge-  that this symptom was observed in Brazilian pepper tree
neity test (O'Neill-Matthewshfter verifying the statistical pjants for both herbicides already at the lowest doses
significance, the data of the phytotoxicity variable wergasted in the present stydyut mainly for the herbicide
adjusted to the logistic type regression model accordif§icamba. But in contrast, simulated drift of 2,4-D and
to the equation: Dicamba, has no negative effect on pec&arya
y=all + (xED50)b Eq. (1) illinoinensis(Wangenh.) K.Koch] yield in the nut-sizing

stage (Wllset al.,2019).
where y = phytotoxicity (%); x = dose of herbicide (% of The results of the analysis of variance showed an
registration dosep, x0 anch = parameters of the equation,interaction between the factors for the variables net
wherea is the difference between the maximum andssimilation rate of C(A), stomatal conductance of water
minimum points of the curve, E[Js the dose that provides vapors (Gs), intercellular concentration of C@i),
a 50% response of the variable, dnid the slope of the transpiration rate (E) and water use efficiency (WUE)
curve. (Table 2, Figure 2).The assimilation rate of Brazilian

Regarding the physiological attributes were adjustggeppertree plants subjected to the application of Dicamba
to the cubic type regression model according to thshowed a reduction due to the increase in herbicide do-
equation: ses in comparison to 2,4-D (Figure 2A). For this herbicide,
y = y0 + ax + bx+ of Eq. (Z)there was an increaseAfin the drift simulation at 25 e
Where y = physiological variable; y0 = intercept; x = dose

of herbicide (% of registration dose); a, b and ¢ the rate bfP/e1: Logistic type regression parameters of phytotoxicity at
change in variable. 21 and 28 days after treatment (DAdetermination coétient

(R?), values of the dose required to promote 50% phytotoxicity
RESULTSAND DISCUSSION

(ED50) of Brazilian peppertree in response to the application of
different doses of 2,4-D herbicides and Dicamba
There was no need for data transformation due to Iaﬁ‘erbicide
of normality in any variable. The Brazilian peppertree
showed phytotoxicity due to the use of the herbicides

Equation R?
Phytotoxicity at 21 DAT

2,4-D and Dicamba evaluated 21 and 28 T0e variables 24D y =100.0/1 + (x/53.98)° 0.98
of phytotoxicity at 21 and 28 DRinteraction fitted the 2/6amba y = 80.42/1 + (x/21.96)% 0.96
logistic regression model &ble 1, Figure 1)The injuries Phytotoxicity at 28 DAT

caused by Dicamba 21 DAwere greater than those?2,4-D y =100.0/1 + (x/32.719% 0.86
caused by 2,4-D at the 1.56% dose of the experiment. TRigamba y =100.0/1 + (x/14.37)* 0.87
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50% doses compared to the control without applicatioiiherefore, the Gs regulates the input flow of ,G@d
while Dicamba showed higher average only at contrelater output by the stomatagjZet al.,2017).
treatment. In a comparison among doses, we observedSo the responses of net C@ssimilation rate, the
that 2,4-D presented a higher average at 0.78; 12.5 astdmatal closure, the intercellular Cénd transpiration
50% in the relation to Dicamba fAr The net assimilation rate were due the application of Dicamba and 2,4-D
rate of CQis directly related to the C@onsumption of herbicides, but the mostly reduction of the variables it
the environment and the production of biomass from theas due to Dicamba that presented be the herbicide with
plants. The reduction of the photosynthetic rate has theore negative effects to the plants. This may be occur
consequence of lower carbon synthesis and, therefodele to the fact that they auxin-mimicking herbicides actin
less biomass production will affect the growth andeveral physiological processes, such as stimulation of
development of Brazilian peppertree plants. ethylene production, which also stimulates abscisic acid
The Gs, Ci and E parameters also showed reducedpsbduction, accumulating in the plants which in turn also
averages when the plants were subjected to Dicambimulates the synthesis of abscisic acid (ABA),
compared to 2,4-D (Figure 2 B, C and D), the increase atcumulating initially in the leaves and after will be
the dose of Dicamba caused a reduction in these variableanslocated by the plant and acting negatively on the
The 2,4-D presented higher averages at 25 e 50% of gtematal closure, limiting the net C@ssimilation rate and
doses for Gs and E, while Ci presented at 50%. Whitmnsequently reducing the biomass production of the
Dicamba reduced, the Gs and E for all doses testplants (Mercier2004).
compared to control. In higher concentrations of these The WUE in plants submitted to the application of
herbicides, cell division and the growth of meristemati®icamba did not show any differences among the doses
tissues are inhibited, accumulating photoassimilates froofi this herbicide, whereas for 2,4-D there was a reduction
the photosynthetic process (HartzleA&derson, 2018). of WUE with in the higher herbicide dose 50% (Figure
The stomatal conductance is the physiologic&lE). At comparison between doses, Dicamba presented
mechanism that indicates the opening and closing bigher WUE than 2,4-D at all doses. This may occur
stomatal, adjusting this parameter is vital to avoid watd&ecause the greater efficiency of water use is related to
loss and CQ capture, consequently affecting thethe shorter opening of the stomata, since this opening
intercellular CQconcentration as well as the transpiratioprovides CQ uptake for photosynthesis and water loss
of plants. The Ci in the leaf mesophile is reduced biyrough transpiration (Pereira-Netto, 2002), and we can
stomatal closure, with a consequent decrease in the rateserved in our results that Dicamba was the herbicide
of carbon dioxide assimilation (Jadosiial. 2005).As  reduced the Gs and Ci, due this the plants presented higher
well the transpiration process is directly related to the&/UE.
regulation of stomatal opening and closing, so the smaller The increase of variabla/Ci was higher when
the stomatal opening process, the lower will be thiacreased of herbicides doses (Figurd)3 Dicamba
transpiration of plants due to higher stomatal resistanchowed loweA/Ci compare to 2,4-D (Figure 3BA/Ci is
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Figure 1: Phytotoxicity (%) in Brazilian peppertree plants submitted to doses of 2,4-D and Dicamba at 21 (A) and 28 (B) days after
application of treatments.
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closely related to Ci andl (Machadcet al.2005). In this  target crops, generates great discussions over the use of
sense, the increase observed in the Rubisco carboxylatign-D and Dicamba (Egaal.,2014a). Our results showed
efficiency, in the present work, is due to the increasesat both herbicides caused injuries Brazilian peppertree
registered in the internal concentration of carbon dioxidsiants with a simulated drift, howeyé@icamba showed
and to the gains in the G@ssimilation rate, observed greater phytotoxicity and reduced physiological parame-
mainly when the herbicide 2,4-D was used. ters compared to 2,4-D. In a simulation of Dicamba drift in
The risk of drifts resulting from the application ofsoybean culture, there was a greater negative effect on
herbicides to other non-target crops depends on the carfesductivity compared to 2,4-D (Sileal.,2018) At low
water rate, the dose, and the exposure time of plants (Egiises, these herbicides have hormonal properties similar
& Mortensen, 2012; Henslegt al., 2012). In general, to natural auxins, it promotes plant growth; at high doses,
Brazilian peppertree plants have a greater capacity thi@apromotes overgrowth of plants, including shrinkage and
Dicamba for recovering physiological activity when thergeaf fragility, stem curling, and general abnormal growth
is a drift of 2,4-DThis probably occurred due to tARBA  (Velini et al.,2010; Grossman, 2010).
produced when these herbicides are applied. It acts by The results of the analysis of variance showed an
reducing the turgor pressure, closing the stomata iigteraction between the factors for the variables chloro-
reduce stress and, consequentylucing the photosyn- phyll a fluorescence, initial fluorescence YFmaximum
thetic activity of plants (Grossman, 2010). quantum yield (f/F, ) of the PSII, and non-photochemical
The concern about the movement of these herbicidgaenching (NPQ). The attributes,FF/F ), NPQ
out of the application target, causing phytotoxicity in nonevidenced that the increase in doses of 2,4-D and Dicamba
changed the photochemical efficiency of Brazilian
peppertree plants (Figure 3).
Table 2: Cubic type regression physiological attributes, of = The |oss of energy by Fncreased significantly at
Brazilian peppertreg in response to the application of dlfferegt_l& 6.25: 12.5 and 25% doses of the Dicamba, whereas
doses of 2,4-D herbicides and Dicamba the 2,4-D had a higher &t doses of 25 and 50% (Figure

Herbicide Equation R 3C). The doses only had differences at 1.58; 3.18; 6.25;
A (mmol CO, m?s?) 12.5 and 50%. In general, plants under the effect of

2,4-D y =9.82 - 2.86x + 0.47% 0.01@ 0.62  Dicamba showed higher values qfifr relation to those

Dicamba y =9.16 - 4.0x + 0.84% 0.05% 0.72  with simulated 2,4-D drift at 0.78; 3.18; 6.25; 12.5 and 50%
Gs (mol H,0 m2s?) of the dose. For 2,4-D the highgn#as higher at 50% of

2,4-D y=010-001x+00%0001¢ 087 delabeldose.

Dicamba y =0.13 - 0.06x + 0.02% 0.001% 0.79 Regarding this greater drift, the use of photochemical

energy in plants with 2,4-D was lower than the treatment
without application of herbicidaVith the exception of
the highest simulated drift dose, the negative effects
observed for fFunder Dicamba application were more
pronounced in relation to 2,4-D, whose greatest

Ci (mmol CO, ar ™)

2,4-D y =207.07 - 57.6x + 15.07x 1.18% 0.86
Dicamba y=267.72-13.37x + 1.33x 0.05% 0.79

E (mmol H,O m?s?)

24-D y=1.71-031x +0.15% 0.01x 083 photochemical energy losses were observed when 3.13%
Dicamba _ y =2.66 - 1.09x + 0.22x 0.01X 0.7 of the registered dose was applieg=F44.3).
EUA (mol CO, mol H,0%) The F represents the initial fluorescence, corres-
2,4-D y=5.27-1.17x + 0.382% 0.02% 0.80  ponding to the fraction of the energy absorbed by the
Dicamba  y=3.55-0.329x + 0.09% 0.01% 021 antenna complex and is not transmitted, and therefore is
A/Ci not absorbed by photosynthetic pigments (Raseher
Doses y =0.04 - 0.01x + 0.003% 0.0002%  0.89  al.,, 2000).

F, The value of Fmay increase when the centers of
24D Y = 83.15 - 0.49x + 0.08% 0.001% 077 reaction of photosystem Il are compromised or to transfer
Dicamba  y = 95.37 - 9.15x + 0.43x 0.005% 052 Ofthe e>.(C|.tat|0r'1 energy from the antenna t(? the reaction

== centers is impaired (Crwet al, 2009), so the increase of

this parameter means that both herbicides cause stress in
2,4-D y =0.64 - 0.01x + 0.0008% 0.000007%  0.59 Brazilian Peppertree plants
Dicamba__y =0.63 - 0.02x + 0.00%x 0.00002% 0.34 The increase in herbicide doses caused a significant
NPQ reduction in Fv/Fm in leaves of Brazilian peppertree. The
2,4-D  y=0.16 - 0.009x + 0.0004x 0.000008% 0.89  |owest values of Fv/Fm were observed in seedlings grown

Dicamba y = 0.14 - 0.009x + 0.00006x 0.000002X 0.79 4t the 25 e 50% doses at 2,4-D herbicide. For Dicamba in

Rev CeresVigosa, v69, n.3, p. 314-322, may/jun, 2022



Phytotoxicity and physiological changesSohinus terebinthifoliuRaddi under simulated... 319

general the increase of doses reduced Fv/Fm (Figure 3Wjhile all doses caused reductions of Fv/Fm with the use
In comparing doses, it is not found differences betweesf 2,4-D and Dicamba in comparative relation to the zero
2,4-D and Dicamba, except on 3.18% dose. On the othdwse (Figura 3D), so the use of herbicides caused a stress
hand, plants that did not receive herbicide showed tlsguation.

highest quantum vyield (0.74). For the quantum yield of The NPQ increased considerably with the simulation
FSIl, plants that are not in a state of stress, the values2,4-D and Dicamba drifts. The highest values were
should vary between 0.75 and 0.85 (Araus & Hogan, 1994tained when plants were submitted to the two highest
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Figure2: Net CQ assimilation rate (A), stomatal conductance of water vapors (Gs), intercellyleo@@ntration (Ci), transpiration
rate (E) and water use efficiency (WUE) in Brazilian Peppertree plants at 45 DAA after applying the treatments.
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doses of herbicides, represented by 25 and 50% of thied they have a reduced transfer of excitation energy from
registration dose (Figure 3E). The use of 2,4-D wathe light collecting system to the reaction center (Stirbet
proportional to the highest NPQ in relation to Dicamba& Govindjee, 2011; Schansket al.,2014). The lower
The application of 25 and 50% of the dose 2,4-D presentedergy loss of control plants evidences that, in this
higher NPQ than Dicamba. condition, there is less energy dissipation in the form of
The higher values of Flemonstrate that the seedlingdluorescence, with a consequent increase in the formation
present a greater damage in the reaction center of the RSIATP and NADPH and assimilation of carbora{Z et

2.4-D — <> — Dicamba
0.040 0.030
0.0 - " a
35 25 o
035 0.025 B

0.030- 0.020
(8] 6] b
o) 25 0.015 T
a 0.025 2
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0.78 1.56 3.13 625 125 25 50 2,40 Dicamba
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T I
0.78 156 3.13 625 125 25 50 0.78 1.56 3.13 625 12.
Daose (% of label dose) Dose (% of labeldose)

0.8 —

NPQ

0.78 156 3.13 6.25 125 25 50
Dose (% of labsldose)

Figure 3: Rubisco carboxylation efficiency (A/Ci) (A and B), fluorescengg (€), maximum quantum yield (f ) (D) and non-

photochemical quenching (NPQ) (E) in Brazilian Peppertree plants submitted to doses of 2,4-D and Dicamba at 45 DAA after
applying the treatments.
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