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ABSTRACT. Introduction: The tree Prosopis nigra is native 
to the Western Chaco phytogeographic region, affected 
by the application of glyphosate in the surrounding crops. 
Objective: To determine the impact of simulated 
glyphosate drift on growth, photosynthesis and oxidative 
stress in P. nigra seedlings. Methods: We simulated drift 
in seedlings at doses of 0, 200, 400 and 800 g a.e. ha-1 of 
glyphosate. We also measured gas exchange and 
modulated fluorescence emission of chlorophyll a. 
Results: Glyphosate reduced biomass, photosynthetic 
rate, and stomatal conductance. Doses of 400 and 800 g 
a.e. ha-1 glyphosate produced photoinhibition. The 
electron transport rate was sensitive to glyphosate, and it 
decreased at all doses of the herbicide. Glyphosate 
generated oxidative stress, and produced damage to 
membranes, because of the accumulation of H2O2 and O2

.. 
Conclusions: Glyphosate reduces growth and 
photosynthesis in these seedlings. The inhibition of 
photosynthesis is due to stomatal closure, and alterations 
in the photochemical stage, associated with oxidative 
stress. 
 
 
 
Keywords: Chaco plants, herbicides, photosynthesis, 
antioxidants, ecophysiology. 

 
 

RESUMEN. “Crecimiento, fotosíntesis y estrés oxidativo 
del árbol Prosopis nigra (Fabaceae) en deriva simulada de 
glifosato”. Introducción: el algarrobo negro (P. nigra) es 
un árbol nativo de la región fitogeográfica del Chaco 
Occidental, afectada por la aplicación de glifosato en los 
cultivos circundantes. Objetivo: Determinar el impacto de 
la deriva simulada del glifosato, sobre el crecimiento, la 
fotosíntesis y el estrés oxidativo en plantines de P. nigra. 
Métodos: Se simuló la deriva en plantines, con dosis de 0, 
200, 400 y 800 g a.e. ha-1 de glifosato. También medimos 
intercambio gaseoso y emisión de fluorescencia 
modulada de la clorofila a. Resultados: El glifosato redujo 
la biomasa, la tasa fotosintética, y la conductancia 
estomática. Las dosis de 400 y 800 g a.e. ha-1 glifosato 
produjeron fotoinhibición. La tasa de transporte de 
electrones fue muy sensible al glifosato, y disminuyó en 
todas las dosis del herbicida. El glifosato generó estrés 
oxidativo, y produjo daño en membranas, debido a la 
acumulación de H2O2 y O2

.-. Conclusiones: El glifosato 
reduce el crecimiento y la fotosíntesis enestos plantines. 
La inhibición de la fotosíntesis se debe al cierre 
estomático, y alteraciones en la etapa fotoquímica, 
asociadas al estrés oxidativo. 
 
Palabras clave: algarrobo negro, herbicidas, fotosíntesis, 
antioxidantes, ecofisiología.  

 

The “algarrobo negro” (Prosopis nigra) is a species of forest importance, native to the 
phytogeographic region of Western Chaco. The wood has excellent technological characteristics and 
is used in the manufacture of fine furniture. The fruits are fit for human consumption, and they are 
also used as fodder (Giménez & Moglia, 2003). It inhabits arid and semiarid regions, in ecosystems 
that are very sensitive to anthropic intervention. These areas have been subjected to intense 
deforestation to introduce agricultural crops to which high doses of glyphosate are usually applied 
(Felker, 2009). The agrochemicals applied to agricultural crops are carried by the wind towards the 
native bush, a phenomenon known as drift (Meloni et al., 2019). The impact of glyphosate drift on 
the growth and physiology of P. nigra is not known. 

Glyphosate (N-phosphonomethyl glycine) is a broad-spectrum systemic herbicide. It acts 
inhibiting the enzyme 5-enolpyruvylshikimate-3-phosphate synthase, responsible for the synthesis 
of chorismate. Such compound is an intermediary in the aromatic amino acid synthesis pathway 
(Alcántara de la Cruz, Barro, Domínguez-Valenzuela, & De Prado, 2016). 
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Although the mechanism of action of glyphosate is known, in some species it has produced 
damage without affecting the concentration of aromatic amino acids. This observation would 
indicate that glyphosate could interfere with other physiological processes (Serra et al., 2013). It has 
been demonstrated that glyphosate has a short half-life, rapidly transforming into 
aminomethylphosphonic acid (AMPA), which can compete with glycine in the synthesis of 
chlorophyll, and with other compounds that are essential in plant metabolism (Gomes et al., 2014). 
Thus, in some species glyphosate decreased the photosynthetic rate, although there are many 
discrepancies about the mechanism involved. In Lupinus albus, glyphosate decreased the 
assimilation of CO2 through Rubisco assimilation, without affecting stomatal conductance (De María 
et al., 2006). In glyphosate-sensitive soybean cultivars, this herbicide reduced the abundance of 
proteins associated to photosystem II, inhibiting the photochemical stage of photosynthesis 
(Vivancos et al., 2011). In Phaseolus vulgaris, glyphosate inhibited photosynthesis due to stomatal 
closure, whereas the photochemical stage was not altered (Olesen & Cedergreen, 2010). 

The analysis of chlorophyll a fluorescence constitutes a sensitive and non-destructive 
method for the evaluation of the changes produced in the photochemical stage of photosynthesis. 
Recently, it has been used to assess damage to the photosynthetic apparatus under various 
environmental stress conditions, such as extreme temperatures (Zushi, Kajiwara, & Matsuzoe, 
2012), drought (Gomes et al., 2012), salinity (Meloni, Silva, Ledesma, & Bolzón, 2017) and herbicides 
(Sousa, Farías, Shock, & Bacarin, 2014). The detection of glyphosate-sensitive fluorescence variables 
can be an important tool for the early detection of damage in forest species.  

Under stress conditions, the energy absorbed by photosynthetic pigments that is not used 
to produce ATP and NADPH usually leads to the formation of reactive oxygen species (ROS; Sousa 
et al., 2014). These ROS, such as hydrogen peroxide (H2O2) and the superoxide radical (O2

.-), can 
cause significant damage at cellular and molecular levels. Among these damages, lipid peroxidation, 
alterations in cell membranes and degradation of proteins and chlorophyll stand out (Paiva et al., 
2019).  

The aim of this work was to quantify the effect of glyphosate drift on the growth, 
photosynthesis and oxidative stress in P. nigra seedlings. 
 

MATERIALS AND METHODS 
 

Plant materials: All the experiments were conducted under greenhouse conditions in the 
experimental field of the Universidad Nacional de Santiago del Estero (27°45'S, 64°18'W), Argentina. 
One-year-old P. nigra seedlings were grown in 10 L pots containing a substrate consisting of loamy 
soil and mulch (in 1:1 ratio). Pots were watered daily to maintain soil moisture close to field capacity, 
replacing water losses by evapotranspiration. 

Doses of 0, 200, 400 and 800 g a.e. ha-1 glyphosate produced by Monsanto Argentina under 
the trademark Roundup® Full II were applied. The herbicide was applied so that it did not reach the 
upper third of the seedlings (Tuffi Santos, Meira, Ferreira, Sant’Anna-Santos, & Ferreira, 2007). A 
backpack sprayer equipped with a handheld boom consisting of two flat fan nozzles TT110,02, 
spaced 0,5m apart, 250kPa pressure and water volume of 200Lha-1 was used. During the application, 
the air temperature was 22°C and the relative air humidity was 60%. 

The greenhouse presented the following environmental conditions: minimum temperature 
12°C, maximum temperature 33°C, average relative air humidity 47% and maximum photosynthetic 
photon flux density (PPFD) 1400μmol m-2s-1.  

Thirty days after the application of the herbicide, gas exchange and chlorophyll a 
fluorescence emission were measured. Samples were collected for the quantification of aerial 
biomass and chemical determinations 
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Gas Exchange and chlorophyll a fluorescence measurement: Gas exchange measurements 

were performed using an infrared gas analyzer in an open system (IRGA-LCpro+ System ADC, 
BioScientific Ltd.). A leaf chamber for Arabidopsis leaves was used, under conditions of artificially 
saturated light (1000μmol m-2s-1) and ambient CO2 concentration. The following variables were 
measured: net photosynthesis (A), stomatal conductance (gs) and intercellular CO2 concentration 
(Ci). Carboxylation efficiency (A/Ci) was calculated from these variables. Measurements were 
performed on the first fully expanded leaf, between 9:00 and 11:00a.m. 

Chlorophyll a fluorescence emission measurement was made on the same leaves where gas 
exchange was measured, using a modulated Imaging- PAM fluorometer. Before the measurements 
were made, leaves were kept in darkness for 30min and covered with aluminum foil. The 
fluorescence emitted by the leaves was captured by a CCD camera. Minimum (F0) and maximum 
(Fm) fluorescence measurements were made; from these values, the maximum photosystem II (PSII) 
quantum yield, Fv/Fm = (Fm-F0)/Fm was calculated (Genty, Briantais, & Baker, 1989). Then, leaves were 
illuminated with saturating pulses of light to obtain the values of the effective quantum yield of PSII 
(YII) and the quenching of regulated (YNPQ) and non-regulated (YNO) non-photochemical 
dissipation. The YII was used to estimate the apparent electron transport rate, ETR=YII . PAR . Aleaf . 
0.5 (Bilger, Schereiber, & Bock, 1995). In this equation, PAR is the flow of photons incident on the 
leaves, Aleaf is the fraction of incident light absorbed by the leaves and 0,5 is the fraction of excitation 
energy directed towards PSII (Laisk & Loreto, 1996). 

 
Chemical determinations: The concentration of H2O2 was determined by the method 

proposed by Zhou, Diwu, Panchuk-Voloshina and Haugland (1997), measuring the oxidation of 
Amplex Red through the production of resophurin. The absorbance at 560nm was read, and the 
results were expressed in μmol g-1 FM.  

The content of O2
.- was quantified through the approach described by Elstner and Heupel 

(1976), measuring the formation of NO2
-
, from hydroxylamine in the presence of superoxide. 

Absorbance was read at 530nm, and the results were expressed in nmol min-1 g-1 FM. 
The concentration of malondialdehyde (the product of lipid peroxidation) was quantified 

spectrophotometrically through the technique introduced by Cakmak and Horst (1991). An 
absorption coefficient of 155mM-1 cm-1 was used, and the results were expressed in nmol MDA g-1 
FM. 

Membrane damage was measured according to Cerqueira, Silviera, Carvalho, Cunha and 
Lima (2019). Leaflets were incubated 24h in test tubes containing 10mL of distilled water at 25°C. 
Subsequently, the electrical conductivity (L1) was measured. Then, the material was incubated at 
95°C for 1h and cooled in an ice bath until it reached 25°C. The electrical conductivity (L2) was 
measured again. Membrane damage (MD) was calculated by the following equation: MD = (L1/L2) 
* 100. It was expressed in percentages. 

 
Experimental design and statistical analysis: The experiments were arranged in a 

completely randomized design with six replicates. The experimental unit consists of a pot containing 
a P. nigra plant. Data were analyzed with ANOVA and Tukey test (P <0,05). 
 

 
 
RESULTS 
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Algarrobo negro growth was significantly inhibited by all the doses of glyphosate. At the end 
of the assay, the seedlings treated with doses of 200, 400 and 800 g a.e. ha-1 glyphosate had an 
aerial biomass 23, 53 and 69% lower than the control (Fig. 1). 

 

 
Fig. 1. Dry matter in P. nigra seedlings under simulated glyphosate drift. Values represent the means ± SD of six 

replicates; when labelled with different letters, they are significantly different (Tukey test; P < 0.05). 

 
The photosynthetic rate also decreased as the doses tested increased (Fig. 2A). With the 

dose of 800 g a.e. ha-1 glyphosate, net photosynthesis was 69% lower than in the untreated control. 
A similar trend was observed in the stomatal conductance (Fig. 2B). 

The internal CO2 concentration decreased 15 and 47% with respect to the control in the 
plants treated with 200 and 400g a.e. ha-1 glyphosate, respectively (Fig. 2C) No significant 
differences were observed between the Ci values of the seedlings treated with 400 and 800g a.e. 
ha-1 glyphosate. In agreement with the previous result, carboxylation efficiency was significantly 
reduced at the doses of 400 and 800 g a.e. ha-1 glyphosate, evidencing a non-stomatal inhibition of 
photosynthesis (Fig. 2D). 

The variables of modulated fluorescence were very sensitive to the stress generated by 
glyphosate. YNPQ gradually decreased at all doses of the herbicide (Fig. 3A), whereas YNO followed 
an opposite trend (Fig. 3B). The electron transport rate was strongly reduced by glyphosate; at the 
highest dose, it registered a 92% decrease with respect to the control (Fig. 3C). In contrast, the Fv/Fm 
ratio only decreased in the plants treated with 400 and 800 g a.e. ha-1 glyphosate (Fig. 3D). 
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Fig. 2. Photosynthesis (A), stomatal conductance (B), internal CO2 concentration (C), and carboxylation efficiency (D), in 

P. nigra seedlings under simulated glyphosate drift. Values represent the means ± SD of six replicates; when labelled 
with different letters, they are significantly different (Tukey test; P < 0.05). 

 
 

 
Fig. 3. Quenching of regulated non-photochemical dissipation (A), quenching of non-regulated non-photochemical 

dissipation (B), apparent electron transport rate (C) and maximum photosystem II quantum yield (D) in P. nigra seedlings 
under simulated glyphosate drift. Values represent the means ± SD of six replicates; when labelled with different letters, 

they are significantly different (Tukey test; P < 0.05). 
 

Doses of 200 and 400g a.e. ha-1 glyphosate incremented the production of ROS, increasing 
the concentrations of H2O2 and O2

.- (Table 1). Consequently, oxidative stress was produced, which 
was evidenced by the accumulation of malondialdehyde and the damage to cell membranes. 
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TABLE 1 
Membrane damage, lipid peroxidation (MDA), hydrogen peroxide and superoxide content in P. nigra leaves under 

simulated glyphosate drift. 
 

Glyphosate 
(g a.e. ha-1) 

H2O2 

(μmol g-1 FM) 
O2

.- 

(nmol min-1 g-1 FM) 
MDA 

(nmol g-1 DM) 
Membrane damage 

(%) 

Control 
200 
400 
800 

11,33 ± 0,92 a 
11,95 ± 1,46 a 
21,06 ± 2,11 b 
29,14 ± 1,79 c 

10,84 ± 3,20 a 
11,21 ± 2,67 a 
32,66 ± 4,19 b 
61,17 ± 3,54 c 

36,11 ± 3,41 a 
34,85 ± 4,93 a 
49,13 ± 4,15 b 
56,09 ± 3,57 c 

32,63 ± 2,21 a 
33,01 ± 3,25 a 
50,18 ± 1,19 b 
65,42 ± 2,13 c 

Values represent the means ± SD of six replicates; when labelled with different letters, they are significantly different 
(Tukey test; P < 0.05). 
 

DISCUSSION 
 

All the tested doses of glyphosate reduced growth and photosynthesis in P. nigra seedlings 
(Fig. 1; 2A). The decrease in the photosynthetic rate coincided with a stomatal closure. (Fig. 2B) 
However, at doses of 400 and 800ga.e. ha-1 glyphosate, the Ci values remained constant (Fig. 2C), 
and A/Ci decreased (Fig. 2D). These results indicate that at the dose of 200g a.e. ha-1 glyphosate, 
photosynthesis was inhibited due to stomatal closure and the concomitant decrease in Ci. In 
contrast, at doses of 400 and 800 g a.e. ha-1 glyphosate, photosynthesis was inhibited by a non-
stomatal component. 

The behavior of the modulated fluorescence emission variables confirms an inhibition of 
photosynthesis due to non-stomatal components. Thus, for example, the herbicide produced a 
decrease in YNPQ values (Fig. 3A). Under adverse conditions, plants activate stress suppression 
mechanisms such as dissipation of excess energy as heat (YNPQ). This variable is related to the 
thermal dissipation that occurs through the xanthophyll cycle (Niyogi, Björkman, & Grossman, 
1997). Therefore, the decrease in YNPQ values may be due to a decrease in carotenoid 
concentrations, as it was observed in glyphosate-treated Arachis hypogaea plants (Radwan & Fayez, 
2016). 

The decrease in YNPQ was accompanied by an increase in YNO (Fig. 3B), which was not 
sufficient to mitigate the negative effects of the herbicide, expressed in the decrease in the electron 
transport rate (Fig. 3C). This variable manifested a strong reduction, mainly in the doses of 400 and 
800g a.e ha-1 glyphosate, which shows an alteration in the photochemical stage of photosynthesis. 

The involvement of the photosystem limits the maintenance of electron transport and 
decreases the production of ATP and NADPH (Ashraf & Harris, 2013). These products are necessary 
for the fixation of CO2 in the Calvin cycle; therefore, their deficiency inhibits photosynthesis (Dupraz 
et al., 2016). 

Doses of 400 and 800g a.e. ha-1 glyphosate also reduced Fv/Fm values (Fig. 3D). This response 
indicates that there was either damage on the reaction center of PSII or limitation in the transfer of 
excitation energy from the antenna complex to the reaction centers (Yuan et al., 2013). 

The impact of glyphosate on photosynthesis differs among woody species. Carvalho, Duke, 
and da Costa (2018) observed that doses from 18 to 720g a.e. ha-1 glyphosate produced significant 
decreases in A and gs, in Eucalyptus x urograndis clones GG100 and C219. Similarly, in Eucalyptus 
urograndis clones CLR383 and CLR384, 86.4 g a.e. ha-1 glyphosate produced a decrease of 27 and 32 
% in A with respect to the control, respectively (Santos, Tuffi-Santos, Alfenas, Faria, & Sant’anna-
Santos, 2019). In Olea europea, glyphosate did not affect net photosynthesis values, stomatal 
conductance or chlorophyll a fluorescence emission variables (Cañero et al., 2011). In Salix 
miyabeana cultivar SX64, glyphosate produced decreased stomatal conductance, YNPQ and Fv/Fm 
(Gomes et al., 2014). 
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Photoinhibition, demonstrated by the decrease in Fv/Fm values, may be due to the 
production of ROS, which damages the reaction center of PSII (Huang, Zhang, & Cao, 2010). Reactive 
oxygen species are generated in plant cells, even under optimal physiological conditions. However, 
often under unfavorable conditions, there is an imbalance between the rate of ROS production, and 
the antioxidant systems of the cell. In these situations, an oxidative stress is produced (Corpas, 
Barroso, Palma, & Rodríguez-Ruiz, 2017). In agreement with this observation, doses of 400 and 800 
g a.e. ha-1 produced significant increases in the concentrations of H2O2, O2

.- and malondialdehyde 
(Table 1). Consequently, the selective permeability of the membranes was altered. 

Plant species have different antioxidant, enzymatic and non-enzymatic systems. Therefore, 
their response to glyphosate varies according to the species considered. Glyphosate inhibited the 
photosynthesis of Salix miyabeana by producing oxidative stress, with increases in the 
concentrations of H2O2 and malondialdehyde (Gomes et al., 2014). Zhong, Zhonghua, Jun and Chai 
(2018) attributed the high sensitivity to glyphosate of Hydrilla verticillata to the oxidative stress 
generated after exposure to the herbicide. Contrarily, the damage generated by glyphosate in 
soybean cultivars sensitive to this herbicide was not related to oxidative stress, since the plants 
showed low concentrations of MDA (Moldes, Medici, Abrahão, Tsai, & Azevedo, 2008). 

In conclusion, glyphosate reduces growth and photosynthesis in P. nigra seedlings. The 
inhibition of photosynthesis is due to stomatal closure and alterations in the photochemical stage. 
At doses of 400 and 800 g a.e. ha-1, glyphosate produces photoinhibition. The latter effect is 
associated to membrane damage produced by the accumulation of ROS. 
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