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Graphical abstract 

 

 

Highlights 

 Glyphosate induced marked changes in leaf ultrastructure and promoted cell death 

 Transcriptional and biochemical control of photosynthesis was impaired by glyphosate 

 Glyphosate-treated plants registered a lower water use efficiency 

 The few viable cells were showed to preserve their photosynthetic potential 

 

Abstract 

This study aimed to assess the toxicity of glyphosate (GLY; 0, 10, 20 and 30 mg GLY kg-1) in 

Solanum lycopersicum L., particularly focusing on the photosynthetic metabolism. By 

combining ecophysiological, ultrastructural, biochemical and molecular tools, the results 

revealed that the exposure of tomato plants to GLY led to alterations in leaf water balance 

regulation [increasing stomatal conductance (gs) and decreasing water use efficiency (WUEi) at 

higher concentrations] and induced slight alterations in the structural integrity of cells, mainly in 

chloroplasts, accompanied by a loss of cell viability. Moreover, the transcriptional and 

biochemical control of several photosynthetic-related parameters was reduced upon GLY 

exposure. However, in vivo chlorophyll fluorometry and IRGA gas-exchange studies revealed 
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that the photosynthetic yield of S. lycopersicum was not repressed by GLY. Overall, GLY 

impacts cellular and subcellular homeostasis (by affecting chloroplast structure, reducing 

photosynthetic pigments and inhibiting photosynthetic-related genes transcription), and leaf 

structure, but is not reducing the carbon flow on a leaf area basis. Altogether, these results 

suggest a trade-off effect in which GLY-induced toxicity is compensated by a higher 

photosynthetic activity related to GLY-induced dysfunction in gs and an increase in mesophyll 

thickness/density, allowing the viable leaf cells to maintain their photosynthetic capacity.  

 

Keywords: Non-target plants; Abiotic stress; Photochemistry; Calvin cycle;Chlorophyll 

fluorometry; gas-exchange. 

 

1. INTRODUCTION 

As a result of the accelerated world population growth, as well as of the increased food and feed 

demands, agriculture is progressively more dependent on the use of chemical products to ensure 

high yield rates. According to recent data, pesticide application, increasing since 1990, has 

surpassed, on average, the mark of 2.5 kg ha-1 worldwide and it is expected that this value will 

be further aggravated in the following years (http://www.fao.org/faostat/en/#data/EP/visualize). 

From all pesticide classes, herbicides and insecticides are currently the most representative ones, 

accounting for the highest production volume [1]. Among all herbicides, glyphosate [GLY; N-

(phosphonomethyl) glycine] is the most used at the global scale, with global application rates 

exceeding 820 million kg between 1998 and 2014 

(https://www.statista.com/statistics/567250/glyphosate-use-worldwide/). 

GLY is considered as a broad-spectrum herbicide of systemic and non-selective action, 

commonly applied to leaves of weeds [2]. Regarding its mode-of-action, GLY inhibits the 

activity of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS; EC 2.5.1.19), blocking 
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the shikimate pathway and consequently the biosynthesis of aromatic amino acids and 

secondary metabolites in plants and some species of microorganisms [2]. Due to its low price, 

great efficacy, along with the development of several GLY-resistant species, such as maize and 

soybean transgenic cultivars, GLY rapidly turn into the most used herbicide worldwide. 

Additionally, GLY became regarded as the most innocuous option of weed chemical control for 

the environment, since, once in contact with the soil, it quickly degrades (DT50 in the field = 

23.79 days, http://sitem.herts.ac.uk/aeru/iupac/Reports/373.htm) into aminomethyl phosphonic 

acid (AMPA). However, GLY can remain adsorbed to clay and organic matter, lowering its 

degradation rates, which are also highly dependent on soil pH [3]. All of these factors can 

potentiate GLY, as well as AMPA, accumulation in the soil (see review by Van Bruggen et al. 

[4]), where they can persist or move to other environmental compartments. Although there are 

still few studies reporting the accumulation, fate and transport of GLY and of its degradation 

products in soils, especially in EU countries [5], residual levels of GLY and AMPA have been 

detected up to µg kg-1 and mg kg-1, reaching values up to 8 mg kg-1 in agricultural soils [6,7]. 

Besides, since GLY residues in surface waters have also reached 15 mg L-1 [8], it is expected 

that soil can present even higher amounts due to repetitive applications [9]. Thus, given the 

widespread use of GLY-based herbicides, along with data confirming its accumulation in the 

environment, there is a growing need to adequately evaluate its potential toxicity to non-target 

biota. Within this context, in the past few years, scientific evidence has been showing that GLY 

is not as safe as it was thought to be, being able to negatively affect the environment, either 

directly or through the production of AMPA, which is also toxic [10,11]. Indeed, there is 

currently a strong debate on this matter amongst the scientific community, since contrasting and 

divergent data in relation to GLY’s non-target effects have been reported, especially on animal 

species, including mammals [5]. For instance, the World Health Organization has classified 

GLY as potential carcinogenic, but, in 2017, the United States Environmental Protection 

Agency (US-EPA) stated that GLY does not represent a risk to the human health, with no 

evidence that GLY is carcinogenic [12]. Despite the great number of studies in animals, not 

much is known regarding the responses of non-target plants to GLY exposure through 
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contaminated soils/waters. Given the high application rates of GLY, this aspect is quite 

concerning, since contaminated soils can be unable to grow crops, as well as other important 

plant species. In this way, new studies addressing this issue under realistic and ecologically 

relevant concentrations of GLY are of special importance to identify the main effects of the 

environmental contamination by GLY on the growth and development of crops, produced for 

both human and animal feeding. Recent research unequivocally indicated that the presence of 

high levels of GLY greatly impaired the growth and performance of non-target plant species 

[9,13,14], affecting multiple biological mechanisms, from the oxidative metabolism to cellular 

respiration and photosynthesis (Gomes et al. [15] and references therein).  

From all the processes occurring in a plant cell, photosynthesis is crucial to ensure the 

cellular homeostasis necessary to the normal plant development [16]. Effects on photosynthesis 

may thus have major impact on plant productivity, and recent reports have shown that it is 

seriously affected by herbicides [17,18]. Although GLY’s mode-of-action does not directly 

block the photosynthetic mechanism, some authors advocate that this herbicide can affect 

photosynthesis [19–21], both indirectly, by preventing the biosynthesis of chlorophylls by the 

action of AMPA, and directly, by enhancing chlorophyll degradation (Gomes et al. 2014). 

However, using chlorophyll fluorescence approaches, inhibitory effects of GLY on the 

photosystem II (PSII) activity, electron transport rate (ETR) and non-photochemical quenching 

(NPQ) were documented (see review by Gomes et al. [15]). Yet, in the great majority of these 

studies, GLY was applied on leaves, thus not translating potential effects on non-target plant 

species exposed to GLY by soil contamination.  

Tomato plant (Solanum lycopersicum L.) is one of the main agricultural crop species 

produced worldwide, being also considered as the second most important vegetable, not only 

due to its excellent nutritional properties, but also to its antioxidant and health-promoting 

characteristics [22,23]. Besides its economic importance, tomato is also acknowledged for being 

a perfect model species for plant stress physiology studies [24]. Although S. lycopersicum is not 

directly exposed to GLY, since it is a non-target plant species, the environmental contamination 
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by this herbicide may end up affecting tomato plants’ growth, development and survival. 

Actually, recent work from our group revealed that realistic levels of GLY in the soil greatly 

impair tomato growth, by inducing severe oxidative damage in both shoots and roots after 28 

days of growth [9]. However, to the best of our knowledge, no study on the interplay between 

GLY contamination and the carbon (C) metabolism on non-target plants has been reported so 

far. In this context, the main goal of this work was to evaluate the effects of soil contamination 

by GLY, provided as RoundUp® UltraMax, on C assimilation and photosynthetic efficiency of 

S. lycopersicum L.. Since photosynthesis is a very complex mechanism, involving several 

processes from gene expression, protein synthesis and enzyme activity, to photoprotective and 

damage repair mechanisms, at the cellular level, and to gas diffusion, at the leaf level, different 

methodologies were employed to unveil the mechanism of action of this herbicide and its 

subsequent effect on non-target plants. For this purpose, 28-days soil grown seedlings exposed 

to increasing concentrations of GLY (0, 10, 20 and 30 mg GLY kg-1) were used to evaluate: i) 

the content of photosynthetic pigments and RuBisCO, ii) the ultrastructure of mesophyll cells 

and histochemical detection of cell death, iii) in vivo photosynthetic performance by chlorophyll 

fluorescence and infrared-gas analyses, and iv) the expression level of several photosynthetic-

associated genes. 

2. MATERIALS & METHODS 

2.1. Chemicals and substrate 

The herbicide RoundupUltraMax (Monsanto Europe, S.A., Belgium), a GLY-based (360 g 

GLY L-1, potassium salt) herbicide, acquired from a local supplier, was used to prepare a stock 

solution of 1 g GLY L-1, which was then diluted to achieve the tested concentrations (10, 20 and 

30 mg GLY kg-1 soil). The substrate used to grow plants was an artificial soil [pH 6.0  0.5, 5% 

(w/w) organic matter], composed by sphagnum peat, quartz sand (< 2 mm) and kaolin clay [25].  

2.2. Plant material and germination conditions 
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Seeds of S. lycopersicum L. cv. Micro-Tom, obtained from FCUP seed collection, were surface 

disinfected with 70% (v/v) ethanol, followed by 20% (v/v) commercial bleach [5% (v/v) active 

chlorine], containing 0.05% (w/v) Tween-20, for 7 min each, followed by a series of cleanup 

with distilled deionized water (ddH2O). Seeds were then placed in Petri plates containing half-

strength MS medium [26] solidified with 0.625% (w/v) agar and left to germinate in a growth 

chamber under controlled conditions (photoperiod: 16 h light/ 8 h dark; temperature: 25 ± 1 ºC; 

photosynthetic photon flux density – PPFD: 150 µmol m-2 s-1).  

2.3. Experimental setup 

At day 8, sets of 6 plantlets were transferred to plastic pots containing 200 g soil. After 

determining the maximum water hold capacity (WHCmax) of the soil, the volume of water 

required to adjust soils to 40% of its WHC was used to dilute GLY stock solution to attain the 

final concentrations of 10, 20 and 30 mg GLY kg-1 soil. A control with no GLY (CTL; 0 mg 

GLY kg-1) was also included. The concentrations herein used were selected based on a recent 

work of our group [9] and are all environmentally relevant, as previously demonstrated. For 

each treatment, four replicates (pots) were prepared, with 6 plants each. At the beginning of the 

assay, to ensure the availability of mineral nutrients, 100 mL of Hoagland solution [16] (pH 5.8) 

were added to a box placed under each pot, communicating by a cotton rope, and plants were 

grown for 5 weeks under the same conditions as described above and irrigated with ddH2O 

when necessary. At the end of this period, fully expanded leaves (2nd and 3rd) were randomly 

collected from 3 plants of each biological replicate, randomly selected, and frozen under liquid 

nitrogen (N2) for subsequent biochemical and molecular analyses or immediately processed for 

transmission electron microscopy (TEM). All the other in vivo parameters were measured in 

fully expanded leaves from at least two plants from each biological replicate. 

2.4. Biochemical assays – photosynthetic pigments and relative RuBisCO content 

Total chlorophylls (Chl a + b) and carotenoids (Car) were extracted from frozen leaf samples 

(ca. 100 mg) with 80% (v/v) acetone. After centrifugation (1400 g; 10 min) for clearing the 
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extract, the absorbance (Abs) was recorded at 663, 647 and 470 nm, and Chl a + b  and Car 

contents determined using Lichtenthaler [27] equations. 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO; EC 4.1.1.39) relative content 

was quantified as in Soares et al. [28], from a protocol originally described by Li et al. [29]. 

Briefly, after protein extraction and quantification [30], 20 µg of extract from each biological 

replicate were loaded onto a polyacrylamide gel and separated by electrophoresis under 

denaturing conditions. Then, following gel staining with BlueSafe (NZYTech©), the portions of 

the large and small subunits of RuBisCO of each sample were excised and incubated in 

formamide at 50 ºC overnight. The remaining gel was also incubated under the same conditions. 

Lastly, the Abs of the washing solution was measured at 595 nm and the relative RuBisCO 

levels expressed according to a mathematical formula [31]. 

2.5. Histochemical detection of cell viability 

Cell viability of tomato leaves was evaluated as described in Soares et al. [28]. After 4 h-

incubation in dark conditions in 0.25% (w/v) Evans Blue, leaves were boiled in 96% (v/v) 

ethanol for pigment decolorization, then, carefully rinsed with deionized water and 

photographed. The presence of blueish spots in the leaf is an indicator of the cell death.  

2.6. Gene expression analysis by RT-qPCR  

2.6.1. RNA extraction and cDNA synthesis 

Total RNA was extracted from leaf tissue (ca. 80-100 mg) with NZYol® reagent (NZYTech, 

Lda) according to, the guidelines of the manufacturer. After extraction, RNA was 

spectrophotometrically quantified at 260 nm in a µDrop Plate (Thermo Fisher Scientific) and its 

integrity assessed by 0.8% (w/v) agarose gel electrophoresis. Each RNA sample was treated 

with ezDNase enzyme (Invitrogen) to prevent any genomic DNA contamination. Then, cDNA 

synthesis was performed with SuperScript™ IV VILO™ Master Mix, using 2.5 µg RNA in a 

final volume of 20 µL. At the end, cDNAs were diluted (1:10) and stored at -20 ºC for real-time 

PCR expression analysis. 
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2.6.2. Real-time PCR (qPCR) conditions and primers 

cDNA from each experimental condition was amplified through qPCR in a CFX96 Real-Time 

Detection System (Bio-Rad®, Portugal), using the specific primers listed in Table 1. All qPCR 

reactions were performed in triplicate, using PowerUp™ SYBR™ Green Master Mix (Applied 

Biosystems) for a final volume of 20 µL, containing 1 µL of diluted cDNA. The qPCR 

conditions were as follow: 2 min at 50 ºC, 2 min at 95 ºC, followed by 35 cycles of 3 s at 95 ºC 

and 30 s at 60 ºC. At the end of each reaction, a melting curve was carried out by gradually 

increasing the temperature from 60 to 95 ºC in 0.5-s intervals, in order to ensure primer and 

amplification specificity. For normalization of the expression data, four reference genes 

previously validated and tested were used (18S - [32]; UBI and ACTIN - [33]; EF1 – Dzakovich 

et al. 2016) and the quantification of the transcript levels was executed by applying the 2ΔΔCt 

method [34]. 

2.7. Ultrastructure analysis by TEM 

Leaf samples were fixed in a mixture of 5% (v/v) glutaraldehyde and 4% (v/v) 

paraformaldehyde (PFA) and post-fixed in 2% (w/v) osmium tetroxide (OsO4), prepared in 0.1 

M sodium cacodylate buffer (pH 7.2). Then, dehydration was carried out using increased 

concentrations of ethanol, followed by embedding in EMBed-812. Finally, ultrathin sections 

were obtained using a ultramicrotome, contrasted with uranyl acetate and lead citrate, and 

observed using a Zeiss EM C10 TEM (Zeiss, Göttingen, Germany). 

2.8. Chlorophyll fluorescence analyses 

2.8.1.  Photochemical efficiency of PSII – Fv/Fm, ϕPSII and rETR 

Chlorophyll fluorescence analysis, by pulse amplitude modulated fluorometry (PAM), was 

performed in the 2nd and 3rd young fully expanded leaves of tomato plants, using a PAM-210 

fluorometer (Heinz Walz GmbH, 1997), controlled via the PAMWin software. The emitter-

detector unit comprises a red measuring light LED with short-pass filter (< 690 nm), peaking at 
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ca. 650 nm, an actinic red LED (unfiltered, peaking at ca. 665 nm), a far-red LED, with a long-

pass filter (> 710 nm, peaking at ca. 730 nm), and a PIN photodiode and dichroic filter, 

reflecting fluorescence at 90º towards the detector. Prior to the measurements, plants were dark-

adapted for at least 20 min to open all the PSII reaction centers. Then, after recording the 

minimal fluorescence (F0), a saturating light pulse (3500 μmol photons m-2 s-1, 800 ms) was 

applied to determine the maximal fluorescence yield (Fm) and calculate the maximum quantum 

yield of PSII (Fv/Fm = (Fm – F0)/Fm; [35]). In order to estimate the effective quantum yield of 

PSII (ΦPSII = (F’m - Ft)/F’m; [36]) and the respective relative electron transport rate (rETR = 

ΦPSII x PPFD; [36]), indicative of the electrons pumped through the photosynthetic chain 

under plant growth light conditions, leaves were adapted for 5 min to actinic light (AL;  128 

μmol photons m-2 s-1) and, then, a saturating pulse was applied to record F’m and Ft. 

2.8.2.  Photochemical efficiency recovery study 

After the screening of the photosynthetic yield of tomato leaves of plants under GLY 

contamination, a new PAM chlorophyll fluorometry-based study was designed to investigate 

GLY effects on the non-photochemical quenching efficiency and Fv/Fm recovery of tomato 

leaves. All the experiments were performed using an imaging chlorophyll fluorescence 

fluorometer (FluorCAM 800MF, Photon System Instruments, Brno, Czech Republic), 

comprising a control unit (SN-FC800-082, PSI) and a CCD camera (CCD381, PSI) with a f1.2 

(2.8–6 mm) objective (Eneo, Japan). Multiple samples were exposed simultaneously to actinic 

light, by using an LCD digital projector (EB-X14; Seiko Epson, Suwa, Japan), controlled as 

described Serôdio et al. [37]. Briefly, five leaf discs (≈ 2 cm) from each experimental condition 

were placed on the surface of 2 mL of water in a 24-well microplate. After 20 min of dark 

adaptation, Fv/Fm was measured as described above, and samples were exposed to saturating AL 

(1800-2100 µmol m-2 s-1) for 1 h. A saturating light pulse was then applied to record Fm’ and 

calculate the non-photochemical quenching [NPQ = (Fm – F’m)/ F’m], which corresponds to the 

fraction of light captured by Chl that is converted into heat [36]. Afterwards, the AL was 

switched off and saturating pulses were provided every 3 min to evaluate Fv/Fm recovery. 
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Images of chlorophyll fluorescence parameters were captured by applying modulated measuring 

light (< 0.1 μmol m–2 s–1) and saturation pulses (> 7500 μmol m–2 s–1) provided by red (612 nm 

emission peak, 40 nm bandwidth) LED panels. Images (512 × 512 pixels) were processed using 

FluorCam7 software (Photon System Instruments). The results were expressed as the proportion 

of Fv/Fm recovery in relation to the original value. 

2.9. Gas exchange measurements  

The evaluation of gas-exchange parameters was performed using an infrared gas analyzer 

(IRGA; LC pro+, ADC, Hoddersdon, UK), coupled to a broad light source (PPFD of 255 µmol 

m-2 s-1),   simulating the greenhouse conditions (atmospheric CO2 concentration and a PPFD of 

120 μmol photons m−2 s−1). For each of the 4 replicates, measurements were made in two plants, 

being each measurement repeated twice to assess the feasibility of the method. Net CO2 

assimilation rate (PN, µmol m-2 s-1), stomatal conductance (gs, mmol m-2 s), transpiration rate (E, 

mmol m-2 s-1), and intercellular CO2 concentration (Ci, µmol mol-1) were estimated using the 

equations developed by von Caemmerer and Farquhar [38]. Intrinsic water use efficiency 

(WUEi) was determined as follows: WUEi = PN / gs. In complement, the specific leaf area [SLA 

= leaf area (cm2) / dry mass (g)] was also calculated. 

2.10. Statistical analysis 

All biochemical, molecular and physiological evaluations were performed using 4 experimental 

replicates (n = 4), except for the ultrastructure analysis where n = 2 was considered. The results 

were expressed as mean ± standard error of the mean (SEM). The effect of different GLY 

concentrations on the parameters assessed were analyzed by one-way ANOVA, assuming a 

significance level of 0.05, after checking for the normality and homoscedasticity assumptions. 

Whenever significant differences (p ≤ 0.05) were found, Dunnet post-hoc tests were used to 

identify differences between each GLY treatment – 10, 20 and 30 mg GLY kg-1 – and the CTL. 

Correlation analyses were performed using Spearman’s test. All statistical procedures were 

executed in Prism 8 (© 2018 GraphPad Software). 
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3. RESULTS  

3.1. Biochemical determinations – photosynthetic pigments, soluble protein and 

RuBisCO 

As shown in Figure 1, Chl a + b (Figure 1a) and carotenoid contents significantly decreased 

[Chl a + b - F (3, 10) = 24; p < 0.01; Car - F (3, 11) = 21.03; p < 0.01] when tomato plants were 

exposed to the highest GLY concentration (30 mg GLY kg-1) (Dunnet: p < 0.05) to about 40 and 

50% of the control, respectively.   

Total soluble protein levels were also significantly reduced [F (3, 11) = 9.399; p = 0.0023] 

under GLY exposure, with significant changes from the control detected for all concentrations 

of GLY (Dunnet: p < 0.05), even in the lowest one (10 mg GLY kg-1) (Figure 1c).  Again, a 

GLY effect was detected in the relative content of RuBisCO [F (3, 12) = 4.345; p < 0.015] 

(Figure 1d). Although a dose-dependent inhibition was apparent, significant differences from 

the CTL were only found when plants were grown at 30 mg GLY kg-1 (Dunnet: p < 0.05). 

3.2. Cell viability assay 

The exposure of tomato plants to GLY induced losses in cell viability of leaves, as can be seen 

in Figure 2. As the blueish areas are indicative of cell death, it is also clear that this effect was 

dependent on the concentration of GLY, reaching a maximum in the plants subjected to the 

highest concentration tested (30 mg GLY kg-1). 

3.3. Foliar morphology and ultrastructure analysis by TEM 

When tomato plants were grown in the presence of increasing concentrations of GLY, 

alterations in plant growth, leaf morphology and mesophyll structure were registered. As can be 

observed in Figures 3a-b, the compound leaves of GLY-treated plants suffered profound 

changes, with less primary and secondary leaflets and with more rounded terminal leaflets at the 

highest concentration tested. The SLA was also significantly reduced [F (3, 23) = 10.76; p = 
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0.0001] upon exposure to the highest GLY concentrations (20 and 30 mg GLY kg-1), to values 

around 70% of those registered in the CTL (Figure 3c).  

The ultrastructure of tomato leaves exposed to increased concentrations of GLY (0, 10, 20 

and 30 mg GLY kg-1) are depicted in Figures 4-6. As can be observed, mesophyll cells from 

CTL plants displayed abundant and lens-shaped chloroplasts, with well-organized thylakoid 

system, along with the accumulation of multiple starch grains (Figure 4a-b). Other cellular 

organelles, such as peroxisomes and mitochondria had also their integrity well preserved 

(Figure 4c,d). However, upon exposure to GLY, substantial ultrastructural changes occurred in 

tomato leaves. As illustrated in Figures 5 and6, as GLY concentration increases, chloroplasts 

displayed a variable degree of thylakoid swelling and increased damage in thylakoid membranes 

organization, though no apparent changes in starch accumulation has been notice. However, the 

appearance of numerous plastoglobuli (PG) in response to GLY treatments was strongly 

induced (Figures 5 and 6a-b), along with an increase of peroxisomes and mitochondria 

abundance, especially in plants exposed to 30 mg GLY kg-1 (Figure 6a-d).  

3.4. Transcriptional regulation of photosynthesis-related genes 

The transcript accumulation of genes coding for PSII proteins (D1 and CP47), as well as for the 

small and large subunits of RuBisCO, was evaluated by qPCR (Figure 7). Upon exposure to 

GLY, gene expression of D1 and CP47 was strongly repressed in a dose dependent-manner and 

for all the concentrations tested [D1: (F (3, 8) = 437.4; p < 0.01 and CP47: (F (3, 8) = 530.2; p < 

0.01], reaching minimal values (up to 15% of the CTL) in plants exposed to 20 and 30 mg GLY 

kg-1 (Dunnet: p < 0.05). Concerning genes related to RuBisCO, the expression of RCBL [F (3, 8) 

= 234.4; p < 0.01] and RCBS [F (3, 8) = 43.28; p < 0.01] was also affected by GLY, but only 

under the two highest treatments (Dunnet: p < 0.05; Figure 5b). 

3.5.  Chlorophyll fluorescence analysis  
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3.5.1.  Photochemical and non-photochemical efficiency at plant growth light 

conditions  

GLY induced significant changes in leaf photosynthetic potential quantum yield and 

photosynthetic activity, as revealed by the results obtained for Fv/Fm [F (3, 26) = 18.96; p < 

0.01], PSII [F (3, 26) = 36.78; p < 0.01], rETR [F (3, 28) = 23.49; p < 0.01], and NPQ [F (3, 

24) = 19.96; p < 0.01] (Figure 8a-d). Actually, after adapting the leaves for 5 min to growth 

light conditions (AL ≈ 128 µmol m-2 s-1), GLY induced a positive response for all the analyzed 

parameters, significantly increasing PSII (up to 45%; Dunnet: p < 0.05) and rETR (up to 45%; 

Dunnet: p < 0.05) and decreasing NPQ (up to 51%; Dunnet: p < 0.05) in relation to the CTL, in 

a concentration-independent manner. 

3.5.2.  NPQ dark relaxation and Fv/Fm recovery studies 

The recovery of the maximum quantum yield following light exposure, expressed as % of the 

Fv/Fm initial values, is represented in Figure 9. The results showed that, after 1 h exposure to 

saturating high light conditions (1800-2100 µmol m-2 s-1), tomato plants exposed to GLY, 

especially those under the highest concentrations (20 and 30 mg GLY kg-1), were the ones 

showing the highest Fv/Fm recovery (respectively to 85 and 87% of the initial value), exhibiting 

a steady increment from minute 6 to the last measure (after 30 min). The CTL plants presented 

the lowest recoveries, reaching recovery values of only 70%. 

3.6.  Gas exchange measurements  

GLY exposure increased the stomatal conductance (gs) [F (3, 16) = 37.74; p < 0.01] and leaf 

transpiration (E) [F (3, 18) = 19.20; p < 0.01] in a dose-dependent manner, though significant 

differences from the CTL (Dunnet: p < 0.05) were only recorded in plants exposed to the two 

highest concentrations (Figure 10a-b). In parallel, GLY treatment also had a significant impact 

on the net CO2 assimilation rate (PN) [F (3, 17) = 149.9; p < 0.01], with increases of 2.9- 2.2-

fold in plants exposed to 20 and 30 mg GLY kg-1, respectively (Figure 8c). No differences were 
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recorded for intracellular concentration of CO2 (Ci) among groups (Figure 7d). Regarding the 

water use efficiency (WUEi) [F (3, 16) = 31.9; p < 0.05], , a significant decrease (Dunnet: p < 

0.05) of about 50% was recorded in plants under the highest concentration of GLY, in relation 

to the CTL (Figure 10e).  

4. DISCUSSION 

Due to their sessile nature, plants’ growth and development are largely dependent on their 

adaptability to an ever-changing environment, where they face constant abiotic fluctuations (e.g. 

water stress, radiation, temperature) and contact with different contaminants, such as pesticide 

residues in soil and/or irrigation water [39]. Although GLY is the most widely applied herbicide 

worldwide, comprehensive knowledge regarding its phytotoxicity to non-target species, such as 

crops, due to residual soil contamination, is still limited. Recently, our research group provided 

important clues concerning GLY effects on tomato plants, clearly showing that GLY residues in 

the soil cause oxidative stress, severely compromising plant growth after 28 days of exposure 

[9]. In this line, the present work is a follow-up study and firstly aimed to unravel the effect of 

GLY added to the soil on photosynthesis in non-target plants, using S. lycopersicum as model 

species for crops. Although the direct effects of foliar GLY application on the photosynthetic 

metabolism of target and resistant plants are relatively well described (reviewed by Gomes et al. 

[15]), studies exploring changes in the photosynthetic metabolism in response to soil 

contamination by GLY are still scarce, especially in non-target plants, where agricultural crops 

are included, and for which it is of utmost importance to assess the potential impacts on yield.  

The presence of GLY residues in the soil ended up affecting the subcellular organization of 

tomato leaves, promoting an increase of  cell death 

Although it is claimed that GLY in the soil should not represent a risk to non-target plants 

(http://www.glyphosate.eu/glyphosate-safety-profile-non-target-wildlife-and-plants), growing 

evidence has been showing the opposite for different species, such as barley (Hordeum vulgare 

L.), willow (Salix miyabeana), saltmarsh bulrush (Bolboschoenus maritimus L.), pea (Pisum 
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sativum L.) and even tomato (S. lycopersicum L.) [9,13,14,40–42]. In line with this, and 

corroborating our previous work [9], the exposure of tomato plants to increased concentrations 

of the herbicide resulted in a substantial alteration of leaf morphology and shape (Figure 3), 

greatly impairing leaf development. This GLY-induced alterations in leaf architecture were 

previously reported in Eucalyptus sp. and Arachis hypogaea L. (peanut) plants, even though in 

these studies the herbicide was sprayed onto the foliage [43,44]. As reviewed by Sukhov et al. 

[45], abiotic stressors, such as contaminants and drought, are able to generate different signals 

that can reach other parts of the plant, triggering systemic physiological adjustments. Thus, the 

observed effects on leaves’ physiological, biochemical and molecular status, can arise due to the 

production , at the root level, of hydraulic, chemical and/or electric signals, which then may 

propagate inducing alterations in leaves. However, knowing that GLY is phloem-mobile, direct 

consequences of GLY on leaves, derived from its translocation to the aerial organs, are most 

likely occurring. Based on the interference of GLY with shikimate pathway, it can be suggested 

that the observed phytotoxicity is a direct consequence of blocking aromatic amino acid and 

protein synthesis, as evidenced by our results (Figure 1c-d). In addition to the macroscopic 

symptoms, GLY exposure also resulted in substantial changes in leaf ultrastructure, especially 

in what regards to chloroplast organization and structure (Figures 5 and 6), and in a 

concentration-dependent manner. Paired with our observations, Vannini et al. [46] also reported 

that GLY promoted the occurrence of ultrastructural disturbances in the lichen Xanthoria 

parietina L., when the herbicide was applied to the nutrient solution. Upon GLY treatment, a 

growing damage of chloroplast integrity was observed, particularly in thylakoid system 

organization, being this effect accompanied by a rise of PG. According to different studies, 

these lipoprotein bodies tend to accumulate under stressful conditions, contributing to less 

damage of cellular sun-structures and to restriction of leaf surface injury [47]. Their existence is 

generally indicative of a high metabolic activity in the chloroplast, being often associated with 

stress responses and with thylakoid breakdown, but also with senescence events [48]. Moreover, 

the observed changes in PG number and size in GLY-exposed plants may reflect the metabolic 

network established between PG and thylakoids, as well as the synthesis of metabolites, such as 
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quinones and tocopherols [48], which are powerful antioxidants in plant cells [49]. This 

hypothesis makes even more sense considering the results obtained in our previous recent study, 

where shoots of GLY-treated tomato plants exhibited a prompt and efficient response of the 

antioxidant (AOX) system, limiting the peroxidation of lipids and the accumulation of reactive 

oxygen species (ROS) [9]. Supporting this, a higher abundance of peroxisomes with 

paracrystalline inclusions, indicative of catalase (CAT; EC 1.11.1.6) presence [50], was 

observed in plants exposed to the highest GLY concentration (Figure 6a,b,d). Additionally, the 

maintenance of mitochondria integrity as well as an increased number of mitochondria in leaves 

of GLY-treated plants (Figure 6c) can also reflect the high energy demand of these plants to 

counteract the negative effects of the herbicide. Despite of that, the histochemical detection of 

cell death unequivocally indicated that GLY ends up hampering cellular homeostasis, inducing 

cell death in tomato leaves, especially under the highest concentrations tested (20 and 30 mg 

GLY kg-1). Furthermore, as can be observed in Figure 6b, some mesophyll cells from plants 

grown under 30 mg GLY kg-1 were severely damaged, as evidenced by the generalized 

appearance of numerous vesicles throughout the cell and organelles. Based on this set of results, 

and in order to infer how these structural changes were related to the photosynthetic function, 

additional studies were designed to evaluate GLY’s effects on different biochemical and 

molecular attributes, as well as on photochemical and gas exchange parameters. 

GLY-induced reduction of D1, CP47 and RuBisCO genes transcription and pigment levels 

does not inhibit photochemical reactions of photosynthesis  

Photosynthesis begins with the absorption of sunlight energy by photosynthetic antenna 

pigments localized in the thylakoids [16]. Thus, stress conditions leading to variations in the 

content of chlorophylls and carotenoids may induce negative effects in photosynthesis, 

obstructing the first step of the whole process [51]. Either due to its chelating properties or by 

decreasing Mg content in plant leaves [52], one of the indirect effects of GLY on photosynthesis 

is the inhibition of photosynthetic pigments’ biosynthesis [15]. From our observations, GLY 

only led to significant reductions in total chlorophylls and carotenoids under the highest 
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concentration applied. Although quite surprising, this phenomenon may be ascribed to two 

complementary hypotheses, one related to GLY’s application mode (soil vs foliar), and the other 

associated with a low production of AMPA, a metabolite derived from GLY’s degradation. 

Accordingly, GLY primary effects on photosynthesis are directly linked to AMPA, and so, 

being dependent on the degradation rate of GLY [53,54]. Due to chemical similarities with 

glycine, AMPA competes with this amino acid, resulting in decreased levels of δ-

aminolevulinic acid, an intermediate in chlorophyll biosynthesis [15]. In this sense, it can be 

suggested that, either by the use of a soil with poor microbial activity, as is the case of the 

artificial OECD soil used  and/or by the root application of GLY, only the highest concentration 

tested (30 mg GLY kg-1) allowed the production of enough AMPA to inhibit chlorophyll 

biosynthesis. This observation is further supported by the higher number of PG recorded in 

plants grown under 30 mg GLY kg-1, since it is known that these lipid bodies play a role in 

chlorophyll degradation [48].  

After pigment excitation by light in the antenna, the energy is transferred to the reaction 

centers of PSI and PSII, which is used to channel electrons to the electron transport chain [16]. 

Structurally, the PSII reaction center includes two monomeric core reaction center proteins (D1 

and D2), two antenna proteins (CP43 and CP47), two cytochromes, an oxygen evolution protein 

(PsbO), as well as chlorophyll a and other co-factors [16]. Thus, transcripts accumulation 

pattern related to these proteins may provide important hints concerning the response of PSII to 

GLY exposure. Results of the present study revealed a severe downregulation of both D1 and 

CP47 gene expression in a dose-dependent manner, strongly indicating that, at least 

transcriptionally, GLY is impairing the normal functioning of PSII. Indeed, since D1 and CP47 

are essential for pigments binding and act in energy transfer to the reaction center, respectively 

[16], changes in their transcript levels may result in disturbances during the photochemical 

reactions of photosynthesis [15]. Thus, it can be assumed that, in addition to affecting protein 

abundance in PSII by impairing amino acid biosynthesis [15], GLY is also capable of reducing 

gene expression of PSII-related proteins. 
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Chlorophyll fluorescence measurements can provide quantitative data related to all stages of 

the photochemical phase of photosynthesis [55]. Thus, after assessing GLY effects on 

biochemical and molecular endpoints targeted to PSII, it was decided to take a closer look at the 

photochemical efficiency of tomato plants exposed to GLY. Despite the negative influence of 

GLY on the levels of chlorophylls, no apparent effects were observed regarding photochemical 

parameters. Actually, when plants were exposed to light intensities similar to those experienced 

during growth, the values of PSII and rETR were increased in response to GLY treatments, 

suggesting that the observed decrease in chlorophyll content, as well as the depletion of gene 

expression of D1 and CP47, did not result in photochemical damage, at least under these 

conditions. Although the rETR (rETR = ΦPSII x PPFD) does not reflect the absolute electron 

flow across thylakoids membrane, this formula has been widely used in stress physiology 

studies to report the electron transport rate occurring at a given light intensity in different 

photoautotrophic organisms and types of samples [56–60], and more specifically on studies 

dealing with effects of GLY on photosynthesis [13,21,61–63]. Besides, even if it is conceivable 

that GLY, as other stress signals (Sukhova et al., 2017), could have affected p (fraction of PPFD 

absorbed by leaves) and dII (multiplication factor since the transport of a single electron 

requires the absorption of 2 photons), ETR is largely determined by ΦPSII [36]. Therefore, the 

results obtained in the current study still translate a significant impact of GLY in the electron 

transport rate. Although GLY exposure was found to inhibit PSII efficiency, ETR and non-

photochemical energy dissipation (see review by Gomes et al. [15]), it should be stressed out 

that the majority of those studies evaluated the effects of GLY foliar application in 

resistant/susceptible plants. However, Cañero et al. [64] and Gravena et al. [65,66] also 

observed no negative signs on fluorescence parameters in olive and citrus plants, both 

considered as non-target species, upon exposure to GLY. Furthermore, in the present study, an 

inverse relationship between photochemical efficiency and non-photochemical quenching was 

observed, as revealed by the higher rETR and PSII, and lower NPQ levels. Indeed, although 

NPQ plays an important role in energy dissipation under excessive light conditions [67], it may 

be suggested that, under growing light conditions, plants exposed to the herbicide increased 
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their photochemical efficiency, allowing more power to be rerouted to the PSII and, thus, 

decreasing the NPQ. In an attempt to confirm the results obtained, an assay towards the 

evaluation of photochemical recovery upon exposure to high light saturating conditions for 1 h 

was performed. In fact, while the fluorescence photochemical parameters (e.g. Fv/Fm and PSII) 

may bring useful information regarding photosynthetic responses under steady-state, PSII 

photoinactivation and photorepair studies are of utmost importance to the proper understanding 

of photosynthetic responses to light ([37] and references therein). Upon exposure to high light 

conditions, plants need to employ distinct compensatory mechanisms to control the excessive 

energy not used for photochemistry. One of the most common pathways is the non-

photochemical quenching (NPQ), which transforms excitation energy into heat, contributing to 

a lower production of singlet oxygen (1O2) and preventing photo-oxidative stress in chloroplasts 

[67]. NPQ is a complex mechanism that comprises, at least, three different components – qE 

(energy dependent component), qT (redistribution of energy from PSII to PSI) and qI 

(photoinhibition) [68]. The major NPQ component, qE, starts after the activation of the PsbS 

protein and the xanthophyll cycle, in which violaxanthin is reversibly converted into zeaxanthin, 

in response to the acidification of thylakoid lumen caused by the operation of the electron 

transport chain [67,68]. Chemically, xanthophylls belong to the group of the carotenoids, which 

are recognized as important AOX especially in light stress conditions [49]. Thus, knowing that 

carotenoid and NPQ levels were decreased in response to the herbicide, GLY-treated plants 

were expected to present a lower photochemical recovery rate. However, as can be observed in 

Figure 9, plants exposed to increased concentrations of GLY showed a better photochemical 

recovery after high light saturating conditions. Moreover, although all groups of plants recover 

faster within the first few minutes (Figure 9), only the plants exposed to the highest GLY 

concentrations (20 and 30 mg GLY kg-1) continue to recover, reaching values closer to 90% of 

the initial value. This behavior supports the hypothesis that NPQ, through the activation of the 

xanthophyll cycle, is not the only mechanism underlying the higher photochemical recovery in 

GLY-stressed plants. Indeed, it is recognized that NPQ related to the xanthophyll cycle (qE) 

relaxes within few minutes (≈ 5 min) [67], so there must be other mechanisms to balance the 
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observed decrease in chlorophylls levels and D1 and CP47 transcripts. Indeed, it seems that 

cells tried to overcome GLY-induced stress by triggering offsetting mechanisms at the expense 

of a high energy demand (evidenced by the higher abundance of mitochondria). As recently 

reported, GLY application resulted in a higher efficient response of the plant’s AOX system, 

enhancing the levels of proline and the main AOX enzymes, including ascorbate peroxidase 

(APX; EC 1.11.1.11) and CAT; [9]. Thus, it appears that, under GLY exposure, the prompt 

response of the plant’s AOX system helped to mitigate and/or reverse any photooxidative 

damage, resulting in a higher recovery date but also explaining the higher photochemical 

efficiencies of GLY-treated plants. In order to pursuit this hypothesis, further experiments will 

be designed to quantify the total AOX capacity right before and after the saturating light period.  

Overall, based on our results, it can be hypothesized that, although GLY greatly impaired 

photosynthetic metabolism at the transcriptional and biochemical level, the cells were able to 

activate compensatory mechanisms, which is demonstrated by the stimulation of the 

photochemical reactions and by the higher energy demand related to the increased number of 

mitochondria. Despite of that, it should be stressed that the substantial investment of cellular 

energy in protective mechanisms (NPQ and/or AOX defenses) to maintain the photochemical 

efficiency, ends up dysregulating the normal plant metabolism, possibly resulting in a higher 

cell death and damaging the ultrastructure of tomato leaves, thereby compromising plant 

growth. 

GLY exposure does not compromise the photosynthetic CO2 fixation or photosynthesis, but 

results in reduced water use efficiency (WUE)  

It is well documented that foliar-applied GLY substantially reduces the chemical yield of 

photosynthesis, by promoting the malfunctioning of stomata [15]. However, no study has 

elucidated the connection between root-applied GLY and the performance of photosynthetic 

CO2 fixation yet. Somewhat unexpectedly, our results showed that the herbicide not only did not 

apparently hamper this mechanism but instead promotes a 3-4-fold increment in CO2 fixation in 
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plants treated with the two highest GLY concentrations (20 and 30 mg GLY kg-1). Although this 

might seem a little surprising, these observations are somewhat in line with the results relative 

to the photochemical efficiency. Nevertheless, transcript levels and RuBisCO content were 

reduced upon exposure to GLY, corroborating the observations of previous studies [69], 

especially at the highest GLY concentration (Figure 7b). These findings reinforce the premise 

that the herbicide is affecting subcellular homeostasis at both transcriptional and protein levels, 

which would probably reflect in a decrease of Calvin cycle yield if the exposure period was 

longer.  

Although our results have shown that exposure to increasing GLY concentrations also 

resulted in proportionally higher stomatal conductance, at least partially explaining the 

unexpected increment in PN, the response of PN to GLY concentration was not dose-dependent 

(Figure 10a,c), suggesting that factors other than stomata limitations are governing the 

measured photosynthetic activity. As can be observed (Figure 10c), although plants under 30 

mg GLY kg-1 exhibited a higher C assimilation rate than the CTL, the observed increase was 

lower than that of plants under 20 mg GLY kg-1. Probably, this phenomenon can be explained 

by biochemical limitations rather than diffusional ones, perhaps by an impact on RuBisCO 

content (Figure 1d) and expression (Figure 7b). From what it appears, upon exposure to the 

highest GLY concentration, the registered inhibition on RuBisCO gene expression and protein 

content is already impacting the CO2 assimilation, whose levels were closer to the ones of the 

CTL. Thus, it can be suggested that, although the intracellular concentration of CO2 did not 

change, a lower content of RuBisCO transcripts and polypeptides did not allow the further 

increase of CO2 assimilation rate. Moreover, our findings also suggest that, at the highest tested 

concentration, GLY may compromise plant water balance, since WUEi was strongly diminished 

(Figure 10e), what may further impact on photosynthetic activity. In fact, according to Zobiole 

et al. [70], the application of different GLY rates to GLY-resistant soybean plants ends up 

blocking the water uptake, reducing the WUE. On the other hand, knowing that the CO2 fixation 

rate is expressed per unit leaf area (µmol m-2 s-1), the sharp increment in PN of plants exposed to 

GLY at 20 and 30 mg GLY kg-1 when compared to those in CTL, not paralleled by gs, can also 
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be explained by the alteration on leaf mesophyll structure caused by GLY treatment, as can be 

observed by the significant reduction in SLA at those highest GLY concentration (Figure 3c).  

Although the interdependence of photosynthetic reactions is unquestionable, it is recognized 

that the photochemical and chemical phases can be differentially affected by abiotic stress 

factors [71]. Thus, in order to better understand the chain of photosynthetic events affected by 

GLY, correlation analyses between multiple parameters, namely between components of the 

two phases of photosynthesis, were performed. Although it was not always possible to find 

significant correlations,  namely when rETR and PN values were plotted (p > 0.05; 

Supplementary Material), it should be noted that, when integrating NPQ and PN values, the rate 

of CO2 assimilation increased, as the energy dissipated in the form of heat decreased (< NPQ), 

especially in plants treated with GLY. However, for the same NPQ value, plants exposed to 20 

mg kg-1 show a greater assimilation potential than those treated with 30 mg kg-1. In what 

concerns the gas-exchange parameters, significant correlations (p < 0.05; Supplementary 

Material) were detected between E and PN. This observation, together with the relationship 

found between NPQ and PN, sustains the hypothesis previously raised: the lower CO2 

assimilation rate of plants exposed to the highest concentration (30 mg kg-1), in relation to those 

exposed to 20 mg kg-1, is not due to stomatal restrictions, but most probably to biochemical and 

molecular limitations, contributing for a lower water use efficiency. 

So, studies must consider the alterations caused by GLY treatment, from the subcellular to 

the physiological level, to have a more realistic picture of the impact at the plant level. 

Furthermore, the higher values of stomatal conductance and transpiration induced by GLY can 

clearly affect water relations in the plant, raising its water requirements. Thus, from an 

agronomic perspective, this can be regarded as an important indirect effect of GLY on crops, 

which can bring important economic issues and must be carefully analyzed. 

5. MAIN CONCLUSIONS 

The results obtained in the current study helped to disclose the consequences of soil 

contamination by GLY in the photosynthetic performance of one of the main crops worldwide, 
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S. lycopersicum. The combination of ecophysiological, ultrastructural, biochemical and 

molecular tools allowed to achieve a robust and comprehensive perception of the mechanisms 

behind GLY-induced stress in plants. From a wide perspective, it can be concluded that, 

although growth and development of this species is highly compromised by the herbicide 

exposure [9], the observed toxicity in leaf ultrastructure, cell viability and water use efficiency, 

as well as in the transcriptional and biochemical control of photosynthetic-related players, 

seems not to substantially reduce carbon flow through photosynthesis, at least in a short-term 

exposure. Based on previous findings from our group, this apparent maintenance of 

photosynthesis is probably related to the stimulation of the AOX defenses [9], which must have 

been efficient at preventing ROS-induced damage in the viable cells of leaf mesophyll, and also 

closely related to a higher energetic investment to ensure the homeostasis of the cells.  Thus, we 

hope that this work motivates future research efforts to clearly understand the risks of GLY 

overuse in non-target crops, not only from a productivity point-of-view, but also focusing on 

metabolic events which may help to develop ways to minimize GLY toxicity. 
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[64] A.I. Cañero, L. Cox, S. Redondo-Gómez, E. Mateos-Naranjo, M.C. Hermosín, J. Cornejo, Effect 

of the Herbicides Terbuthylazine and Glyphosate on Photosystem II Photochemistry of Young 

Olive ( Olea europaea ) Plants, J. Agric. Food Chem. 59 (2011) 5528–5534. 

doi:10.1021/jf200875u. 

[65] R. Gravena, R.V. Filho, P.L.C.A. Alves, P. Mazzafera, A.R. Gravena, Glyphosate has low 

toxicity to citrus plants growing in the field, Can. J. Plant Sci. 92 (2012) 119–127. 

doi:10.4141/cjps2011-055. 

[66] R. Gravena, R.V. Filho, P.L.C.A. Alves, P. Mazzafera, A.R. Gravena, Low glyphosate rates do 

not affect Citrus limonia (L.) Osbeck seedlings, Pest Manag. Sci. 65 (2009) 420–425. 

doi:10.1002/ps.1694. 

[67] A. V Ruban, Nonphotochemical Chlorophyll Fluorescence Quenching: Mechanism and 

Effectiveness in Protecting Plants from Photodamage 1, (2016). doi:10.1104/pp.15.01935. 

[68] D. Latowski, P. Kuczyńska, K. Strzałka, Xanthophyll cycle – a mechanism protecting plants 

against oxidative stress, Redox Rep. 16 (2011) 78–90. 

doi:10.1179/174329211X13020951739938. 

[69] J.C. Servaites, M.A. Tucci, D.R. Geiger, Glyphosate Effects on Carbon Assimilation, Ribulose 

Bisphosphate Carboxylase Activity, and Metabolite Levels in Sugar Beet Leaves, Plant Physiol. 

85 (1987) 370–374. doi:10.2307/4270917. 

[70] L.H.S. Zobiole, R.S. de Oliveira, R.J. Kremer, J. Constantin, C.M. Bonato, A.S. Muniz, Water 

use efficiency and photosynthesis of glyphosate-resistant soybean as affected by glyphosate, 

Pestic. Biochem. Physiol. 97 (2010) 182–193. doi:10.1016/J.PESTBP.2010.01.004. 

Jo
ur

na
l P

re
-p

ro
of



33 
 

[71] A. Sharma, V. Kumar, B. Shahzad, M. Ramakrishnan, G.P.S. Sidhu, A.S. Bali, N. Handa, D. 

Kapoor, P. Yadav, K. Khanna, Photosynthetic response of plants under different abiotic stresses: 

a review, J. Plant Growth Regul. (2019) 1–23. 

[72] N. Mariz-Ponte, Use of the UV-A and UV-B light supplementation in tomato producing: a 

perspective from plant to fruit, Faculty of Sciences of University of Porto, 2017. 

https://repositorio-aberto.up.pt/handle/10216/110653. 

  

Jo
ur

na
l P

re
-p

ro
of



34 
 

FIGURE CAPTIONS 

 

 

Figure 1. Total chlorophylls (a), carotenoids (b), total protein (c) and RuBisCO (d) levels in 

leaves of S. lycopersicum plants exposed to increased concentrations (0, 10, 20 and 30 mg kg-1) 

of GLY. * above bars indicate differences from the CTL (0 mg GLY kg-1) at p ≤ 0.05. 
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Figure 2. Histochemical detection of cell death in leaves of S. lycopersicum plants exposed to 

increased concentrations (0, 10, 20 and 30 mg kg-1) of GLY. Necrotic areas are manifested as 

blue spots on the leaf surface. 

 

 

Figure 3. Growth comparison (a), leaf morphology (b) and specific leaf area (SLA; c) in leaves 

of S. lycopersicum plants exposed to increased concentrations (0, 10, 20 and 30 mg kg-1) of 

GLY. * above bars indicate differences from the CTL (0 mg GLY kg-1) at p ≤ 0.05. 
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Figure 4. Ultrastructural analysis of the foliar mesophyll of S. lycopersicum plants grown under 

control conditions (no GLY). (a) Region of a mesophyll cell showing well-preserved 

chloroplasts, which contain huge starch grains; high magnification of well-preserved 

chloroplasts (b), mitochondria (c) and peroxisomes (d).   

 

 

Figure 5. Ultrastructural analysis of the foliar mesophyll of S. lycopersicum plants exposed to 

20 mg GLY kg-1 (a) portion of a mesophyll cell displaying marked abnormalities in chloroplast 

ultrastructure, with a higher incidence of osmiophilic deposits (plastoglobuli); (b) Damaged 

chloroplast, showing swelling thylakoids, with no apparent change in starch accumulation.  
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Figure 6. Ultrastructural analysis of the foliar mesophyll of S. lycopersicum plants grown 

exposed to 30 mg GLY kg-1. (a) Region of a mesophyll cell showing damaged chloroplasts and 

a huge occurrence of mitochondria. Inset: magnification of thylakoid membrane 

disorganization; (b) portion of a cell exhibiting signs of great damage, with the appearance of 

several vesicular bodies throughout the chloroplast; magnification of mitochondria (c) and 

peroxisome (d) with a paracrystaline inclusion.  
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Figure 7. Expression profile of D1 and CP47 (a), and RBCL and RBCS (b) genes leaves of S. 

lycopersicum plants exposed to increased concentrations (0, 10, 20 and 30 mg kg-1) of GLY. * 

above bars indicate differences from the CTL (0 mg GLY kg-1) at p ≤ 0.05. 
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Figure 8. Fv/Fm (a), ETR (b), PSII (c) and NPQ (d) in leaves of S. lycopersicum plants 

exposed to increased concentrations (0, 10, 20 and 30 mg kg-1) of GLY. * above bars indicate 

differences from the CTL (0 mg GLY kg-1) at p ≤ 0.05. 

 

 

Figure 9. Photochemical recovery of Fv/Fm, exspressed as % in relation to the initial Fv/Fm 

value, in leaves of S. lycopersicum plants exposed to increased concentrations (0, 10, 20 and 30 

mg kg-1) of GLY after 1 h of exposure to saturating AL ( 1800-2100 μmol photons m-2 s-1). 
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Figure 10. Stomatal conductance (gs; a), transpiration (E; b), net CO2 assimilation (PN; c) 

intracellular concentration of CO2 (Ci; d), water use efficiency (WUEi - PN/Gs; e) in leaves of S. 

lycopersicum plants exposed to increased concentrations (0, 10, 20 and 30 mg kg-1) of GLY. * 

above bars indicate differences from the CTL (0 mg GLY kg-1) at p ≤ 0.05. 
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TABLES 

Table 1. Gene-specific primers used in q-PCR analysis 

Gene 

name 
Primer sequence Tm (ºC) Amplicon (bp) Reference 

D1 

Fwd: 5- TGG ATG GTT TGG 

TGT TTT GAT G -3 

Rev: 5- CCG TAA AGT AGA 

GAC CCT GAA AC -3 

Fwd: 

54.03 

Rev: 

54.83 

191 
Mariz-Ponte 

2017 

CP47 

Fwd: 5- CCT ATT CCA TCT 

TAG CGT CCG -3 

Rev: 5- TTG CCG AAC CAT 

ACC ACA TAG -3 

Fwd: 

54.90 

Rev: 

54.87 

142 
Mariz-Ponte 

2017 

RCBL 

Fwd: 5- ATC TTG CTC GGG 

AAG GTA ATG -3 

Rev: 5- TCT TTC CAT ACC 

TCA CAA GCA G -3 

Fwd: 

54.68 

Rev: 

54.64 

81 
Mariz-Ponte 

2017 

RCBS 

Fwd: 5- TGA GAC TGA GCA 

CGG ATT TG -3 

Rev: 5- TTT AGC CTC TTG 

AAC CTC AGC -3 

Fwd: 

54.90 

Rev: 

54.79 

148 
Mariz-Ponte 

2017 
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