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Resumo 

O crescimento mundial da população humana, bem como as atividades antropogénicas, 

têm levado a um aumento na utilização de metais pesados e produtos farmacêuticos, 

causando sérias perturbações no meio ambiente. O crómio (Cr) é um metal pesado 

muito perigoso, sendo libertado para o meio ambiente em largas quantidades e com 

efeitos nefastos conhecidos em vários organismos, incluindo nas plantas. O diclofenac 

(DCF) é um medicamento anti-inflamatório não esteroide extremamente utilizado, que 

não é totalmente removido nos processos de tratamento de águas residuais, atingindo 

assim todos os ecossistemas e apresentando-se como uma ameaça a todos os 

organismos. Através de uma abordagem integrada, combinando parâmetros 

bioquímicos com técnicas de biologia molecular, este trabalho teve como objetivo avaliar 

a fitotoxicidade de Cr e DCF em tomateiro, focando-se em dois processos primários das 

plantas: a assimilação de azoto e a fotossíntese. Além disso, pretendeu-se 

sobreexpressar o cDNA que codifica a GS2, como uma ferramenta para aumentar a 

tolerância das plantas. A exposição a concentrações crescentes de Cr (0, 5 e 10 µM) e 

DCF (0, 0,5 e 5 mg L-1) revelou que a glutamina sintetase (GS) foi diferencialmente 

afetada por ambos contaminantes ao nível da expressão génica, atividade e proteína, e 

que a atividade da enzima glutamato desidrogenase (GDH) aumentou, bem como os 

níveis de prolina. De um modo geral, após exposição ao Cr e DCF, foi observada uma 

diminuição nos transcritos dos genes relacionados com a fotossíntese, bem como uma 

redução na quantidade de amido. No entanto, nas plantas tratadas com Cr e DCF, os 

níveis de pigmentos fotossintéticos e o aparelho fotossintético não sofreram alterações. 

Adicionalmente, estes contaminantes induziram alterações no perfil do conteúdo 

polipeptídico solúvel. Os resultados obtidos sugerem que a GDH tem um papel 

importante e alternativo na assimilação do azoto, bem como na produção de prolina, em 

resposta ao stress. Além disso, o aparecimento de polipeptídeos de baixa massa 

molecular aponta para o papel de proteínas relacionadas com o stress na tolerância ao 

Cr e DCF. A clonagem do cDNA que codifica a GS2 em orientações opostas foi bem-

sucedida, sendo este o primeiro passo para obtenção das primeiras plantas de tomateiro 

a sobreexpressar a GS2 com um aumento da tolerância ao stress.  
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Abstract  

The growing of human population worldwide, as well as human activities, led to an 

increase in heavy metals (HMs) and pharmaceuticals utilization, causing serious 

disturbances in the environment. Cr is a dangerous HM, that is discharged to the 

environment in huge quantities and with known negative effects in various organisms, 

including plants. DCF is an extremely used non-steroidal anti-inflammatory drug (NSAID) 

that is not entirely removed by wastewater treatment processes, thus reaching all 

ecosystems and being a serious threat to all organisms. Through an integrated 

approach, where biochemical parameters and molecular biology techniques were 

combined, this work aimed to evaluate the phytotoxicity of Cr and DCF on tomato plants, 

focusing on two primary plant processes: nitrogen assimilation and photosynthesis. 

Moreover, the overexpression the GS2-encoding cDNA as a tool to increase plant 

tolerance was started. The exposure to increased concentrations of Cr (0, 5 and 10 µM) 

and DCF (0, 0.5 and 5 mg L-1) revealed that GS was differentially affected by both 

contaminants at the gene expression, activity and protein levels, and that GDH activity 

was enhanced, followed by an increase in proline levels. Upon exposure to Cr (VI) and 

DCF, an overall decrease in photosynthetic-related genes’ transcripts accumulation was 

observed paired with a reduction in the starch content. However, the pigments’ contents 

and the photosynthetic apparatus did not alter in Cr (VI)- and DCF-treated plants. 

Additionally, these contaminants induced some alterations in the soluble polypeptide 

content profile. The obtained results suggest that GDH plays an important and alternative 

role in N assimilation, as well as in proline production, in response to stress. Furthermore, 

the appearance of low molecular weight polypeptides indicates a role of some stress-

related proteins in Cr (VI)- and DCF-induced stress tolerance. The cloning of SlGS2-

encoding cDNA in opposite directions was successfully achieved, being the first step to 

obtain the first tomato plants overexpressing GS2 and with increased tolerance to stress.  
 

Keywords 

Nitrogen assimilation, glutamate dehydrogenase, heavy metals, pharmaceuticals, 

photosynthesis, overexpression (glutamine synthetase), abiotic stress; Solanum 

lycopersicum L. 

 

 

 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

VI 

 

Table of Contents 

Aknowledgements ........................................................................................................ II 

Resumo ....................................................................................................................... IV 

Abstract ........................................................................................................................ V 

Keywords ...................................................................................................................... V 

Figure Index .................................................................................................................. X 

Table Index ............................................................................................................... XIV 

1. Introduction ............................................................................................................ 1 

1.1 Heavy metal contamination ............................................................................. 1 

1.1.1 Chromium VI [Cr (VI)] and its phytotoxicity .............................................. 2 

1.2 Pharmaceuticals contamination ...................................................................... 4 

1.2.1 Diclofenac (DCF) and its phytotoxicity ..................................................... 6 

1.3 Nitrogen (N) metabolism ................................................................................. 8 

1.3.1 Glutamine synthetase and its role in NUE improvement .......................... 9 

1.3.2 Glutamate Dehydrogenase .................................................................... 11 

1.4 GS and GDH - a role in proline production under stress ............................... 12 

1.5 Solanum lycopersicum L. cv Micro-Tom as a perfect model species for 

molecular biology studies ........................................................................................ 12 

1.6 Main Objectives ............................................................................................ 14 

2. Material and Methods .......................................................................................... 15 

2.1 Plant material and growth conditions ............................................................ 15 

2.2 Analytical determinations .............................................................................. 15 

2.2.1 Determination of Cr content in plant tissues ........................................... 15 

2.3 Biochemical determinations .......................................................................... 16 

2.3.1 Glutamine synthetase activity determination (GS; EC 6.3.1.2) ............... 16 

2.3.2 GDH activity determination (GDH, EC 1.4.1.2) ...................................... 16 

2.3.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

 17 

2.3.4 Western Blotting analysis....................................................................... 17 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

VII 

 
2.3.5 Evaluation of photosynthesis-related parameters .................................. 18 

2.3.5.1 Photosynthetic pigments evaluation ....................................................... 18 

2.3.5.2 Gas exchange analysis .......................................................................... 19 

2.3.5.3 Histochemical coloration of starch ......................................................... 19 

2.3.6 Proline quantification ............................................................................. 19 

2.4 Bioinformatics characterisation of Solanum lycopersicum GS-encoding gene 

family (SlGSs) ......................................................................................................... 20 

2.5 Evaluation of expression of Solanum lycopersicum GS gene family ............. 20 

2.5.1 RNA extraction, quantification and assessment of its purity ................... 20 

2.5.2 Reverse Transcription (cDNA Synthesis) ............................................... 21 

2.5.3 Primer design ........................................................................................ 21 

2.5.4 Gene Sequencing .................................................................................. 22 

2.5.5 Expression of SlGS genes by Semi-quantitative RT-PCR ...................... 23 

2.5.6 Evaluation of SlGS gene expression by Real-time PCR (qPCR) ............ 23 

2.6 Evaluation of photosynthetic-related genes expression by qPCR ................. 24 

2.7 Overexpression of GS2-encoding cDNA ....................................................... 24 

2.7.1 Obtaining SlGS2-encoding cDNA sequence .......................................... 24 

2.7.1.1 Genomic DNA extraction ....................................................................... 24 

2.7.1.2 Obtaining the SlGS2 gene ..................................................................... 25 

2.7.1.3 Obtaining SlGS2-encoding cDNA .......................................................... 25 

2.7.2 Bacterial strains and culture conditions .................................................. 26 

2.7.3 Induction of chemical competency in E. coli DH5α ................................. 26 

2.7.4 Induction of electro competency in E. coli DH5α .................................... 26 

2.7.5 Ligation to the pJET 1.2 plasmid ............................................................ 26 

2.7.6 Transformation of chemical competent E. coli DH5α ............................. 27 

2.7.7 Electro Transformation of E. coli DH5α .................................................. 27 

2.7.8 Plasmid Isolation ................................................................................... 27 

2.7.9 Plasmid DNA extraction using NZYMiniprep kit ..................................... 28 

2.7.10 Restriction Analysis ............................................................................... 28 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

VIII 

 
2.8 Statistical Analysis ........................................................................................ 29 

3. Results ................................................................................................................ 30 

3.1 Cr accumulation on tomato plants’ shoots and roots ..................................... 30 

3.2 Effects of Cr (VI) and DCF on nitrogen assimilation ...................................... 30 

3.2.1 GS and GDH activity .............................................................................. 30 

3.2.2 Western Blotting Analysis ...................................................................... 32 

3.3 Soluble polypeptide accumulation analysis after Cr (VI) and DCF exposure . 33 

3.4 Evaluation of Cr (VI) and DCF impact on physiological parameters associated 

with nitrogen metabolism ......................................................................................... 35 

3.5 Assessment of the Cr (VI) and DCF effects on several photosynthetic endpoints

 35 

3.5.1 Photosynthetic pigments ........................................................................ 36 

3.5.2 Photosynthetic apparatus ...................................................................... 36 

3.5.3 Photosynthesis-related gene expression ............................................... 37 

3.5.4 Starch accumulation .............................................................................. 38 

3.6 Bioinformatics characterisation of Solanum lycopersicum L.’s GS-encoding 

gene family .............................................................................................................. 39 

3.6.1 Phylogenetic analysis of S. lycopersicum cDNAs coding for GS (SlGSs)

 39 

3.6.2 SlGSs relative expression analysis using the eFP browser .................... 40 

3.6.3 SlGS gene family relative expression analysis by RT-PCR .................... 41 

3.7 Study of Cr (VI) and DCF impact on SlGS gene family expression ............... 43 

3.7.1 Changes in transcript levels of tomato GS genes under Cr (VI)- and DCF-

induced stress ..................................................................................................... 43 

3.8 Cloning of the SlGS2-encoding cDNA........................................................... 46 

4. Discussion ........................................................................................................... 49 

4.1 The accumulation of Cr occurs predominately in roots .................................. 49 

4.2 GS – from gene to protein ............................................................................. 49 

4.3 Cr (VI) and DCF differentially influenced N metabolism at gene expression, 

enzyme activity and polypeptide levels .................................................................... 50 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

IX 

 
4.4 Proline accumulation is positively affected by both contaminants ................. 54 

4.4.1 GDH - An alternative pathway that allow proline accumulation under 

stressful conditions .............................................................................................. 55 

4.5 The exposure of tomato plants to Cr (VI) and DCF did not impair photosynthetic 

activity ..................................................................................................................... 56 

4.6 Both Cr (VI) and DCF induced changes in soluble polypeptide content and 

profile 59 

4.7 Development of new tools that will allow the overexpression of SlGS2-encoding 

cDNA 60 

5. Concluding remarks ............................................................................................. 62 

6. Future Perspectives ............................................................................................. 63 

7. References .......................................................................................................... 64 

Supplemental Data ..................................................................................................... 82 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

X 

 

Figure Index 

Figure 1. Sources of Cr (VI) in the environment and some effect of Cr (VI) in plants. ... 4 

Figure 2. Different sources of pharmaceuticals and the pathways used to reach the 

aquatic environment (based on Lapworth et al. (2012)). ............................................... 5 

Figure 3. Diclofenac chemical structure (from: Vieno and Sillanpää (2014)). ................ 7 

Figure 4. Biochemical reactions catalysed by GS and GOGAT (Adapted from Hodges 

(2002)). ......................................................................................................................... 9 

Figure 5. Solanum lycopersicum L. cv Micro-Tom. ..................................................... 13 

Figure 6. Chromium accumulation levels in shoots (A) and roots (B) of tomato plants. 

CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); n.d.: non-

detected. Values presented are mean plus SD.  **** above bars indicate significant 

statistical differences from control at p ≤ 0.0001 ......................................................... 30 

Figure 7. GS activity in shoots (A) and roots (B) of tomato plants exposed to Cr (VI) and 

DCF expressed as nkat mg-1 protein. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 

µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values 

presented are mean ± SD.  *** and **** above bars indicate significant statistical 

differences from control at p ≤ 0.001 and p ≤ 0.0001, respectively. ............................. 31 

Figure 8. Typical GDH activity results for shoots and roots by native PAGE analysis. 

CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg 

L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac.................................................................. 32 

Figure 9. One-dimensional western blotting analysis of shoot (A) and root (B) tomato GS 

using GS antibodies raised to Pinus cytosolic GS. CTL: Control; Cr 5: 5 µM Chromium 

(VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 

Diclofenac. .................................................................................................................. 33 

Figure 10. One-dimensional western blotting analysis of shoot (A) and root (B) tomato 

NAD–GDH using antibodies raised to Vitis vinifera NAD-GDH. CTL: Control; Cr 5: 5 µM 

Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 

mg L-1 Diclofenac. ....................................................................................................... 33 

Figure 11. Typical SDS-PAGE analysis of soluble proteins on shoots (A) and roots (B) 

of S. lycopersicum. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium 

(VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Arrows indicate 

common bands that suffered a decreased (red) or an increased accumulation; - indicates 

qualitative changes: red – disappearance; green – de novo polypeptide. The used ladder 

was BLUE Wide Range CSL-BBL Prestained Protein Ladder (Cleaver Scientific Ltd). 34 

Figure 12. Proline levels in shoots (A) and roots (B) of tomato plants exposed to Cr (VI) 

and DCF. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

XI 

 
0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values presented are mean ± 

SD.  *, ** and *** above bars indicate significant statistical differences from control at p ≤ 

0.05, p ≤ 0.01 and p ≤ 0.001, respectively. .................................................................. 35 

Figure 13. Total chlorophylls (A) and carotenoids (B) levels of tomato plants exposed to 

Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM Chromium; Cr 10: 10 µM Chromium; DCF 

0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values presented are mean  

SD. **, *** and **** above bars indicate significant statistical differences from control at 

p ≤ 0.01, p ≤ 0.001 and p ≤ 0.0001, respectively. ........................................................ 36 

Figure 14. Expression profile of two genes coding for protein subunits of PSII, D1 protein 

(PSIIa) and CP47 (PSIIb), respectively, of tomato leaves exposed to Cr (VI) and DCF. 

CTL: Control; Cr 5: 5 µM Chromium; Cr 10: 10 µM Cr (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; 

DCF 5: 5 mg L-1 Diclofenac. Values presented are mean  SD. ** and **** above bars 

indicate significant statistical differences from control at p ≤ 0.01 and p ≤ 0.0001, 

respectively. ................................................................................................................ 37 

Figure 15. Expression profile of the small and large subunits of RuBisCO, rbcS and rbcL, 

respectively, of tomato leaves exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM 

Chromium; Cr 10: 10 µM Cr (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 

Diclofenac. Values presented are mean  SD. * and **** above bars indicate significant 

statistical differences from control at p ≤ 0.05 and p ≤ 0.0001, respectively. ............... 38 

Figure 16. Lugol staining of starch in tomato leaves exposed to Cr (VI) and DCF. CTL: 

Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 

Diclofenac; DCF 5: 5 mg L-1 Diclofenac. ..................................................................... 39 

Figure 17. Phylogenetic tree constructed with all S. lycopersicum GS cDNA sequences 

recovered from the databases referred in the text. The bootstrap consensus tree was 

generated using the Neighbour-Joining method with MEGA7, with 1000 bootstrap 

replicates. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test are shown next to the branches. Bar represents the scale 

length. ......................................................................................................................... 40 

Figure 18. Agarose gel (0.8% (w/v)) electrophoresis evidencing the PCR products of 

GS2, GS1.1, GS1.2, GS1.3 and GS1.4 of S. lycopersicum when gDNA was used as 

template. The used ladder was NZYDNA Ladder III (Nzytech®, Portugal). ................. 42 

Figure 19. Results for GS2, GS1.1, GS1.2, GS1.3 and GS1.4 RT-PCR analysis by 0.8 

% (w/v) agarose gel electrophoresis in both shoots and roots; Expected sizes: 189 bp; 

178 bp, 191 bp; 164 bp; 192 bp, respectively. GS1.1- corresponds to the negative control 

reaction for GS1.1. ...................................................................................................... 43 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

XII 

 
Figure 20. Total RNA extracted from shoots and roots of tomato plants exposed to Cr 

(VI) and DCF. For quality assessment of total RNA, it was separated on agarose gel at 

0.8 % (w/v). CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium; DCF 0.5: 

0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. ..................................................... 43 

Figure 21. Expression profile of GS2 gene in shoots (A) and roots (B), of tomato leaves 

exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM 

Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values 

presented are mean  SD. * and *** above bars indicate significant statistical differences 

from control at p ≤ 0.05 and p ≤ 0.001, respectively. ................................................... 44 

Figure 22. Expression profile of GS1.1 gene in shoots (A) and roots (B), of tomato leaves 

exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM 

Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values 

presented are mean  SD. * and **** above bars indicate significant statistical differences 

from control at p ≤ 0.05 and p ≤ 0.0001, respectively. ................................................. 45 

Figure 23. Typical results for GS1.2, GS1.3 and GS1.4 semi-quantitative RT-PCR 

analysis by 2 % (w/v) agarose gel electrophoresis in both shoots (A) and roots (B) of 

tomato plants exposed to increasing concentrations of Cr (VI); Expected sizes: 191 bp; 

164 bp; 192 bp, respectively. CTL: Control; T1: 5 µM Cr (VI); T2: 10 µM Cr (VI). ........ 45 

Figure 24. Typical results for GS1.2, GS1.3 and GS1.4 semi quantitative RT-PCR 

analysis by 2 % (w/v) agarose gel electrophoresis in both shoots (A) and roots (B) of 

tomato plants exposed to increasing concentrations of DCF; Expected sizes: 191 bp; 

164 bp; 192 bp, respectively. CTL: Control; T1: 0.5 mg L-1 DCF; T2: 5 mg L-1 DCF. ... 46 

Figure 25. Agarose gel (0.8% (w/v)) electrophoresis evidencing the PCR products of 

GS2 of S. lycopersicum when gDNA was used as template, using 54.7, 53.4 and 51 ºC 

as annealing temperatures (lanes 1 to 3, respectively). The chosen temperature is 

highlighted. The ladder used was NZYDNA Ladder III (Nzytech®, Portugal). ............. 46 

Figure 26. Schematic representation of the GS2 cDNA insert depicting the sites for the 

restriction enzymes Sacl, Ncol and Xhol. The cDNA size is1684 bp. .......................... 47 

Figure 27. Agarose gel (0.8 % (w/v)) electrophoresis evidencing three distinct minipreps 

digested with XhoI (A) and NcoI (B). The green and red arrows highlight the SlGS2-

encoding cDNA in the sense and antisense orientations, respectively. 1, 2 and 3 

represent the three distinct minipreps. The ladder used was GeneRuler 100 bp Plus DNA 

ladder, ready-to-use (ThermoFisher Scientific). .......................................................... 47 

Figure 28. Agarose gel (0.8 % (w/v)) electrophoresis evidencing two distinct minipreps 

digested with SacI. 1 and 2 represent minipreps 1 and 2, respectively. The arrows 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

XIII 

 
evidence two bands resulting from the restriction. The used ladder was GeneRuler 100 

bp Plus DNA ladder, ready-to-use (ThermoFisher Scientific). ..................................... 48 

Figure 29. Two pathways that provide the glutamate for proline production and 

accumulation, under stressful conditions. The dashed arrow corresponds to the GDH 

pathway, which is an alternative route for amino acid’s production, while the GS/GOGAT 

cycle corresponds to the principal pathway of glutamate, and thus, proline production.

 ................................................................................................................................... 56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

XIV 

 

Table Index 

Table 1. Concentrations of different pharmaceuticals in crops from agricultural fields and 

subsequent phytotoxicities of each compound (adapted from Bartrons and Peñuelas 

(2017)). ......................................................................................................................... 6 

Table 2. Summary of properties of Diclofenac (Feito et al., 2012)................................. 7 

Table 3. Gene-specific primers, their Tm and respective expected amplicon sizes for the 

performed RT-PCR reactions. ..................................................................................... 22 

Table 4. Photosynthetic gene-specific primers and respective expected amplicon sizes.

 ................................................................................................................................... 24 

Table 5. Gas exchange measurement of plants exposed to Cr (VI) and DCF, considering 

the following parameters: A, CO2 uptake (µmol m-2 s-1); E, transpiration rate (mmol m-2 s-

1); Gs, stomatal conductance (mmol m-2 s-1); WUE, water use efficiency (nmol mol-1); 

Ci/Ca, internal and environmental CO2 ratio. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 

10: 10 µM Cr (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values 

presented are mean ± SD. ** above bars indicate significant statistical differences from 

control at p ≤ 0.01 ....................................................................................................... 37 

Table 6. Effects of Cr (VI) treatments on photosynthetic-related genes expression. It was 

considered up regulated or down regulated if expression increased, or decreased 

(respectively) with p < 0.05, and no change if p > 0.05; CTL: Control; Cr 5: 5 µM 

Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 

mg L-1 Diclofenac. ....................................................................................................... 38 

Table 7. Relative expression levels of the tomato GS-encoding genes on leaves and 

roots. .......................................................................................................................... 40 

Table 8. Summary of chosen temperatures, expected sizes and intron presence of all 

SlGS-encoding genes. ................................................................................................ 42 

Table 9. Summary of the effects of Cr (VI) and DCF exposure on the mRNA 

accumulation of the tomato GS-encoding genes. (=) means no changes, (-) means 

decreased accumulation and (+) means increased accumulation relative to the control. 

(x) means no mRNA accumulation. ............................................................................. 52 

 

 

 

 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

XV 

 

Abbreviations and Acronyms 

2-OG – 2- oxoglutarate; 

ADP – adenosine diphosphate; 

ALAD – δ-aminolevulinic acid dehydratase; 

AMP – ampicillin;   

Ca – calcium; 

Car – carotenoid; 

Chla – chlorophyll a; 

Chlb – chlorophyll b;  

Cr – chromium; 

DCF – 2-(2-(2,6-dichlorophenylamino)phenyl) acetic 

acid; diclofenac; 

DTT – 1,4-dithioreitol; 

EC – emerging contaminants; 

FW – fresh weight; 

gDNA – genomic DNA; 

GDH – glutamate dehydrogenase; 

GOGAT – glutamate synthase; 

GS – glutamine synthetase; 

GS1 – cytosolic glutamine synthetase; 

GS2 – plastidic glutamine synthetase; 

HM – heavy metal; 

HS – Hoagland solution; 

LB – Luria Broth; 

MTT-3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide 

NR – nitrate reductase; 

NUE – Nitrogen Use Efficiency; 

ON – Overnight; 

PPCP – pharmaceutical and personal care product; 

PSII – photosystem II; 

PVPP – polyvinylpolypyrrolidone; 

ROS – reactive oxygen species; 

RT – room temperature; 

RT-qPCR – reverse transcription coupled to real time 

PCR;  

RuBisCO – ribulose-1,5-biphosphate carboxylase 

oxygenase; 

SDS – sodium dodecyl sulphate; 

SN – supernatant;  

TEMED – N,N,N’N-Tetramethylethylenediamine; 

Tm – melting temperature; 

WWTP – wastewater treatment plant;

 

 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

1 

 

1. Introduction 

The exponential growth of the world population, as well as anthropogenic activities, such 

as accelerated industrialization, intensive agriculture and extensive mining, is resulting 

in several disturbances in the environmental compartments (air, water, soil and biota). 

The contamination of the environment became an important public health problem and 

raised concern over the last years (Cristaldi et al., 2017; Gorito et al., 2017). By definition, 

a contaminant is a substance that is present in non-expected locations and in 

concentrations that overcome a set limit (Chapman, 2007). Well-known contaminants 

include toxic HMs, some pesticides, asbestos and petroleum and polyaromatic 

hydrocarbons. However, over 80,000 synthetic substances are released into the 

environment per year, either as industrial waste or as part of production processes. 

Some of these substances are considered emerging contaminants (ECs), either due to 

their recent development or the discovery of their presence in the environment, and they 

include pharmaceuticals and personal care products (PPCP’s) (Naidu et al., 2016; 

Bartrons and Peñuelas, 2017). Since plants are the basis of food chains and have the 

ability to uptake some contaminants into their tissues, the study of the impact of ECs on 

these organisms has become a matter of special interest, not only because of the effects 

of these substances on plant physiology, but also due to food quality and safety (Zhuang 

et al., 2009; Lajayer et al., 2017; Al-Farsi et al., 2018). 

1.1 Heavy metal contamination  

Various anthropogenic activities can cause a vast amount of perturbations in the 

biosphere. Consequently, these activities increase the accumulation of HMs, causing 

serious concerns of ecological, nutritional and environmental motives. HMs are a group 

of metals and metalloids that possess high atomic mass (over 20 g cm-3) and density 

(more than 5 g cm-3) (Emamverdian et al., 2015; Lajayer et al., 2017). HMs enter the 

environment mainly through two sources: natural and anthropogenic sources. Natural 

sources include volcanic activities, soil erosion and rock and mineral disaggregation, 

while anthropogenic ones comprise agricultural and industrial activities, fuel combustion, 

street run-off, mineral processing and landfills (Burakov et al., 2018). HMs have 

genotoxic, cytotoxic and mutagenic effects on humans, animals and plants. Despite 

these severe effects, some of these substances are essential elements for plants and 

animals due to their important biochemical and physiological roles in these living beings. 

Indeed, some HMs are an integral part of several enzymes and participate in redox 

reactions (Nagajyoti et al., 2010). 
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1.1.1 Chromium VI [Cr (VI)] and its phytotoxicity  

Cr is a silver-coloured HM belonging to the group VI-B of the periodic table with atomic 

number 24, molecular weight 51.1 g mol-1 and density 7.19 g cm-3 and is the 21st most 

abundant metal of the Earth’s crust (Shanker et al., 2005; Shahid et al., 2017). This metal 

is one of the 18 main hazardous air pollutants (HAPs), 33 urban air toxicants, and the 

Agency for Toxic Substances and Disease Registry classified Cr as 7th among the top 

20 hazardous substances (Oh et al., 2007). Furthermore, Cr has the 5th place within the 

HMs in the Comprehensive Environmental Response, Compensation, and Liability Act 

(Ma et al., 2007) and it is also considered as the 1st carcinogen, according to the 

International Agency for Research on Cancer (Cancer, 1987) and the National 

Toxicology Program (Shahid et al., 2017).  

Despite having several valence states (from -2 to +6), the most common and stable forms 

of Cr are the trivalent - Cr (III) - and the hexavalent - Cr (VI) – forms (Ashraf et al., 2017; 

Shahid et al., 2017). These two states differ in bioavailability, mobility and toxicity (Panda 

and Choudhury, 2005). Cr (VI) is the most toxic form due to its high reactivity with other 

elements (Shahid et al., 2017), and it generally associates with oxygen, resulting in 

chromate (CrO4
2-) or dichromate (Cr2O7

2-) oxyanions. Cr (III) is less mobile and toxic, and 

forms complexes with organic matter in soil and aquatic environments. Cr (III) plays an 

important role on lipid and sugar metabolism of animals, including humans (Oliveira, 

2012), however, it is not essential for plants (Shanker et al., 2005). 

The release of high levels of Cr in soils and ground waters leads to environmental 

contamination. Consequently, crops growing in contaminated soils may accumulate this 

metal in their tissues, allowing Cr’s entrance in food chains, ultimately affecting human 

health (Broadway et al., 2010; Ahmed et al., 2016). This problem raised the attention of 

the scientific community worldwide over the years (Shanker et al., 2005; Shahid et al., 

2017). Cr occurs naturally in rocks, soil, water, plants, animals, and volcanic dust and 

gases (Shanker et al., 2005). The main sources of Cr are industrial activities such as 

leather tanning, metallurgical, Cr plating, wood processing and preservation, anodizing 

aluminium, catalytic manufacture, cleaning agents, organic synthesis, textile dyeing and 

textile pigment production, and alloy preparation industries (Sinha et al., 2018). 

According to Santos and Rodriguez (2012), the most important sources of this element 

in the environment are Cr fugitive emissions from industrial cooling towers and road dust. 

Mohan and Pittman Jr (2006) found that 30, 896 and 146 metric tons/year of Cr were 

discharged worldwide in air, soil and water, respectively. In 2012, Cr concentration varied 
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from 0.1 to 0.5 mg L-1 in fresh water and from 0.0016 to 0.05 mg L-1 in sea waters (Kumar 

and Puri, 2012).  

Plants’ contamination by Cr is dependent on the speciation of the metal, which defines 

its mobilization, uptake and phytotoxicity. Because Cr is not an essential element for 

plant metabolism, these organisms do not possess any specific mechanism for its uptake 

(Shanker et al., 2005; Oliveira, 2012). Even yet, plants can uptake Cr (III), through a 

passive mechanism that does not require energy consumption. Moreover, due to its 

structural similarity with phosphate and sulphate, the uptake of Cr (VI) can be achieved 

by an active process mediated by phosphate or sulphate carriers (de Oliveira et al., 2014; 

de Oliveira et al., 2016). Besides, Cr (VI) also affects the uptake of Ca, Fe, K, Mg, Mn 

and P (Gardea-Torresdey et al., 2004). 

The majority of Cr is accumulated in roots, since this metal is poorly translocated to the 

aerial parts of the plant. In fact, the concentration of Cr in roots can be 100-fold higher 

than in shoots (Shanker et al., 2005; Oliveira, 2012). Cr is highly toxic to plants as it 

affects not only plant morphology but also several crucial processes. For example, root 

growth is strongly disturbed by Cr, due to the low translocation index of this metal to the 

aerial parts of plants. Consequently, this process disrupts some other processes such 

as water and nutrient absorption and their transportation to shoots, thus impairing shoot 

growth. On the other side, Cr (VI) directly influences foliar tissues by reducing leaf 

number and area, which is associated to the decrease in cell division and number of cells 

in leaves. In addition, at long-term exposure, this HM can cause chlorosis and tissue 

necrosis (Singh et al., 2013; Shahid et al., 2017). 

Cr (VI)-induced stress culminates in several photosynthetic damages. It is well 

documented that Cr (VI) decreases chlorophyll a (chl a), chlorophyll b (chl b) and 

carotenoids contents (Singh et al., 2013). The decrease in chlorophyll content in 

response to Cr (VI) exposure is related to the degradation of key enzymes involved in 

chlorophyll biosynthesis, such as δ-aminolevulinic acid dehydratase (ALAD or 

porphobilinogen synthase, EC 4.2.1.24) and protochlorophyllide reductase (EC 1.3.1.33) 

(Ganesh et al., 2008). Moreover, Cr-induced reduction in absorption of Mg and N, which 

are fundamental components of the chlorophyll molecule, can also contribute to its 

negative effects on chlorophyll content (Sela et al., 1989). Since the production of 

photosynthetic pigments is affected, CO2 assimilation is also committed. Cr (VI) also 

inhibits the electron transport chain, therefore affecting the photosynthetic rate (Vernay 

et al., 2007; Liu et al., 2008; Subrahmanyam, 2008). Some authors report that this metal 

also prejudices Calvin cycle enzymes such as ribulose-1,5-biphosphate carboxylase 
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oxygenase (RuBisCO), stomatal conductance, transpiration rate and substomatal CO2 

concentration (Rodriguez et al., 2011; Santos and Rodriguez, 2012). 

Cr (VI) can affect mineral nutrition of plants in a complex manner, due to its similar 

structure to other essential elements (Shanker et al., 2005; Oliveira, 2012; Shahid et al., 

2017). The Cr (VI)’s competitive binding to common carriers, as above described, can 

reduce the uptake of many essential nutrients. Moreover, Cr-induced stress causes the 

inhibition of the activity of plasma membrane H+-ATPase (Shanker et al., 2005). High 

levels of Cr (VI) might displace some essential nutrients from their physiological binding 

sites which, consequently, decreases their uptake and translocation (Oliveira, 2012; 

Shahid et al., 2017). In fact, it is well documented that Cr (VI) can interfere with the 

uptake of some macronutrients such as N, P, K, and Mg. Given that N is an essential 

macronutrient for plants and being its uptake compromised by Cr (VI)-induced stress, N 

metabolism can also be negatively influenced by the presence of this HM. Indeed, some 

authors reported that Cr (VI) affects key enzymes involved in N metabolism such as 

nitrate reductase (NR, EC 1.6.6.1), nitrite reductase (NiR, EC 1.7.7.1) glutamine 

synthetase (GS, EC 6.3.1.2), glutamate synthase (GOGAT, EC 1.4.1.14; EC 1.2.7.1) 

and glutamate dehydrogenase (GDH, EC 1.4.1.2) (Dubey and Rai, 1987; Kumar and 

Joshi, 2008; Gangwar and Singh, 2011; Singh et al., 2013). As well as N, C and starch 

metabolism are also negatively affected by Cr (VI) (Singh et al., 2013). All the effects 

provoked by Cr (VI), indirectly affect plant yield and crop productivity (Figure 1) (Shanker 

et al., 2005; Oliveira, 2012).   

 

Figure 1. Sources of Cr (VI) in the environment and some effect of Cr (VI) in plants. 

1.2 Pharmaceuticals contamination 

Over the last years, increasing urbanisation, growing per-capita income, ageing 

population and other factors have contributed to a major increase in the production and 

the consumption of pharmaceuticals worldwide, a problem that tends to continue in the 
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future. Pharmaceuticals, used in both human and animal medicine, agriculture and 

aquaculture facilities, are a wide range of chemical compounds frequently used in 

illnesses’ prevention, diagnosis, treatment or cure. The intensive usage of these 

substances enabled their presence in the environment, particularly in the aquatic 

compartment (Fatta-Kassinos et al., 2011; Bartrons and Peñuelas, 2017). Indeed, the 

presence of pharmaceuticals in aquatic environment was detected many decades ago 

by several authors (Tabak and Bunch, 1970; Norpoth et al., 1973). Different pathways 

allow the entrance of pharmaceuticals into the aquatic environment (Figure 2), but all of 

them result from human activities.    

 

Figure 2. Different sources of pharmaceuticals and the pathways used to reach the aquatic environment (based on 
Lapworth et al. (2012)).  

Human bodies cannot completely metabolise some pharmaceuticals, being these 

compounds excreted as the parent drug or as its derived metabolites via urine and 

faeces, therefore reaching conventional wastewater treatments plants (WWTPs) (Ribeiro 

et al., 2016). Conventional WWTPs were not planned to completely remove organic 

substances, like pharmaceuticals, from wastewater effluents. Consequently, some of 

these substances can pass through the wastewater treatment process without being 

treated (Christou et al., 2017; Gorito et al., 2017) and reach several aquatic systems 

such as wastewater, ground water, surface water and drinking water (Odendaal et al., 

2015; Balakrishna et al., 2017; Yang et al., 2017).  

The re-use of wastewater effluents for crop irrigation, of manure for the fertilization of 

agricultural soils, as well as the application of biosolids, are considered serious threats 

to human health. In fact, these compounds are absorbed by plants, which are the basis 

of food chains, thus affecting humans by food ingestion (Bartrons and Peñuelas, 2017; 

Madikizela et al., 2018). Upon exposure to pharmaceuticals, plant growth and 

development can be directly or indirectly affected by disturbing plant’s microbiota 
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(Madikizela et al., 2018).  As shown in Table 1, several studies reported phytotoxicity 

caused by pharmaceuticals in important crop plants (Table 1).  

Table 1. Concentrations of different pharmaceuticals in crops from agricultural fields and subsequent phytotoxicities of 
each compound (adapted from Bartrons and Peñuelas (2017)). 

Pharmaceuticals Concentration Plant Species Effect on plants Reference 

Ibuprofen 
83 mg kg-1 dry 

weight, spiked soil 

Great millet 

(Sorghum 

bicolor) 

Decreased quantum 

efficiency of 

photosystem II and 

photochemical 

quenching coefficient 

(González-

Naranjo et 

al., 2015) 

Metformin 
10 mg kg-1 dry 

weight, spiked soil 

Carrot (Daucus 

carota) 

Reduction of growth 

and development 

(Eggen et 

al., 2011) 

Amoxicilin, 

Chlortetracycline and 

Tetracycline 

0.001-10 mg L-1 

Alfafa 

(Medicago 

sativa), carrot 

(Daucus 

carota), lettuce 

(Lactuca 

sativa) 

Reduction of growth 

and germination 

(Hillis et al., 

2011; Huber 

et al., 2016)  

Sulfadiazine 

10 and 200 mg kg-1 

dry weight, spiked 

soil 

Maize (Zea 

mays) 
Death 

(Michelini et 

al., 2012) 

Tetracycline 0-500 mg L-1 

Cucumber 

(Cucumis 

sativus), rice 

(Oryza sativa), 

sweet oat 

(Cichaorium 

endivia) 

Reduction of growth 

and germination 

(Liu et al., 

2009) 

Acetaminophen 
400 mg kg-1 dry 

weight, spiked soil 

Barley 

(Hordeum 

vulgare L.) 

Reduction of growth 

and development 

(Soares et 

al., 2018) 

 

As it is clear from the data in Table 1, plant growth and development can be differently 

affected by pharmaceuticals, depending on the compound and its concentration, and the 

plant species (Madikizela et al., 2018).  

1.2.1 Diclofenac (DCF) and its phytotoxicity 

Diclofenac (2-(2-(2,6-dichlorophenylamino)phenyl)acetic acid) (DCF) is a non-steroidal 

anti-inflammatory drug (NSAID) (Figure 3), which is used as a pain killer or as an anti-

inflammatory, and it is marketed under various trade names, being Voltaren the most 

known (Vieno and Sillanpää, 2014). Furthermore, it is consumed in large quantities 

worldwide (Zhang et al., 2008). 
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Figure 3. Diclofenac chemical structure (from: Vieno and Sillanpää (2014)). 

This drug is administered as oral tablets or topical gel and, once in the human body, DCF 

is not completely metabolised, as 1 to 10% is excreted in its native ingested form (Davies 

and Anderson, 1997). Some properties of this substance are summarised in Table 2. 

Table 2. Summary of properties of Diclofenac (Feito et al., 2012). 

Diclofenac 

Cas NO. 15307-79-6 

Molecular formula C14H10Cl2NNaO2 

Molecular weight 318.13 

Water solubility 50 mg L-1 

Main metabolites 

4’-hydroxydiclofenac 

3’-hydroxydiclofenac 

4’,5-hydroxydiclofenac 

Excretion without metabolization 1-10% 

Excretion 65-70% in urine, 20-30% in faeces 

Biodisponibility 54% 

Daily consumption per patient 200-300 mg 

Annual world consumption 940 tons 

 

Like other PPCP’s, upon being excreted via urine or faeces, DCF enters the environment 

through WWTP’s, being one of the most detected pharmaceuticals (aus der Beek et al., 

2016; He et al., 2017), as well as one of the lowest removed (Vieno and Sillanpää, 2014). 

In WWTP’s, DCF reaches concentrations of nearly µg L-1, whereas in surface water 

bodies it is detected in ng L-1 levels (Lonappan et al., 2016). Within the aquatic 
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environment, DCF has been noticed in rivers, estuaries, lakes (Buser et al., 1998; Öllers 

et al., 2001; Metcalfe et al., 2003; Kim et al., 2007), in groundwater and even in drinking 

water (Rabiet et al., 2006; Benotti et al., 2008).  

The ecological concern of DCF started in the beginning of the current century when, due 

to its usage for cattle treatments, this drug was associated with the massive decline of a 

vulture population in India (Oaks et al., 2004). 

So far, numerous studies on the ecotoxicological effects of DCF have been conducted, 

mostly from animal and aquatic invertebrates and different biomarkers and endpoints 

have been used in these organisms to clarify and monitor the ecotoxicological effects of 

this drug (Huber et al., 2016). Comparing to animals, not much is known regarding the 

effects of DCF on plants.  

In 2012, Huber et al., firstly reported the metabolism of DCF on plants, using Hordeum 

vulgare L. and Armoracia rusticana L. cultures. Later, the same authors revealed the role 

of peroxidases on the metabolism of DCF in cultures of Armoracia rusticana L. (Huber 

et al., 2016) and Fu et al. (2017) studied the uptake and metabolism of DCF on 

Arabidopsis thaliana. Concerning the effects of DCF on plant physiology and 

development, there is an even more accentuated gap in knowledge. Kummerová et al. 

(2016) reported the negative effects of this drug on biomass production, pigments 

content and oxidative stress in Lemna minor and, a recent work of Pierattini et al. (2018), 

besides studying the plant uptake of DCF, also evaluated some physiological responses 

such as growth parameters and stress enzymes activity. Yet, further investigation is 

required for adequately unveil the consequences of DCF in plant metabolism and 

development, especially regarding N and C assimilation processes, once they are part 

of the plants’ primary metabolism.  

1.3 Nitrogen (N) metabolism  

It is well-known that N is a vital macronutrient and an essential component of 

biomolecules like proteins, chlorophylls, nucleic acids, pyrimidines, purines, porphyrins, 

and co-enzymes. For this reason, N is indispensable for plant growth, development and 

productivity (Singh et al., 2013). N is obtained from the environment by three biological 

processes: nitrate (NO3
-)  reduction, ammonia uptake or N fixation (Hoffman et al., 2014). 

Most of plants acquire NO3
- as the preferred source of N available forms to plants (Pathak 

et al., 2008). Then, NO3
- is reduced to ammonium (NH4

+) by NR and NiR, which is 

assimilated into the amino acids glutamine and glutamate by GS and GOGAT, 

respectively, through the GS/GOGAT cycle (Cren and Hirel, 1999). GDH also catalyses 
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the formation of glutamate, from NH4

+ and 2-oxoglutarate (2-OG), when the 

concentration of NH4
+ is high (Fontaine et al., 2012). 

Knowing the importance of N to plant productivity and with the continuous increase of 

human population, the application of N fertilisers in crops became an important issue 

nowadays. The high costs of N fertiliser applications, along with the observed negative 

impact of this practise on natural ecosystems, is concerning the scientific community, 

which has been committed in improving the N use efficiency (NUE) (Miyashita and Good, 

2008; Nguyen and Kant, 2018; Tiwari et al., 2018). This index, according to some 

authors, is defined as the biomass/grain yield per unit N accessible for uptake (Brauer 

and Shelp, 2010). So far, many strategies to improve NUE have been proposed, some 

of them being related to N metabolism (Tiwari et al., 2018).  

1.3.1 Glutamine synthetase and its role in NUE improvement 

Glutamine synthetase, also known as glutamate-ammonia ligase, is an enzyme that is 

involved in the first step of ammonium assimilation into glutamine (Thomsen et al., 2014). 

This enzyme catalyses the ATP-dependent fixation of NH4
+ to the D-carboxyl group of 

glutamate to produce one molecule of glutamine, which, together with one molecule of 

2-OG, originates two molecules of glutamate by the action of GOGAT. At the end of the 

GS-GOGAT cycle (Figure 4), through the catalytic action of GOGAT, two molecules of 

glutamate, at the expense of reducing power, as well as one molecule of glutamine are 

formed. One of them provides nitrogen groups for the biosynthesis of all nitrogenous 

compounds in the plant, while the other is recycled back to the GS-GOGAT cycle. 

Moreover, GS is responsible for the reassimilation of the NH4
+ released during 

photorespiration in C3 plants (Lea and Miflin, 2003; Thomsen et al., 2014). 

 

Figure 4. Biochemical reactions catalysed by GS and GOGAT (Adapted from Hodges (2002)). 

GS-encoding genes, due to their old existence and function, act as a good molecular 

clock for phylogenetic analysis (Pesole et al., 1991; Kumada et al., 1993). In prokaryotes 

and eukaryotes, based on their gene sequence, molecular weight and quaternary 

structure, the GS superfamily is divided into three distinct types - GSI, GSII and GSIII 
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(Swarbreck et al., 2010; James et al., 2018). The GSI, GSII and GSIII proteins possess, 

on average, 360, 450 and 730 amino acids, respectively (van Rooyen et al., 2011).  

According to a research based on sequence similarity, the GSIII family does not exist in 

plants. Indeed, this GS isoenzyme is only described in various prokaryotes, whereas GSI 

and GSII are present in both eukaryotes and prokaryotes. Up to now, GSI function and 

role in plants is not well-established. However, recent studies proposed an association 

of this GS type with N and biotic stress signalling (Doskočilová et al., 2011; Silva et al., 

2015). 

The most predominant GS type in higher plants is the GSII (Bernard and Habash, 2009; 

Swarbreck et al., 2010). Within GSII, two types are identified in higher plants: a cytosolic 

(GS1) form and a plastidic (GS2) one (Cren and Hirel, 1999; Habash et al., 2001; Miflin 

and Habash, 2002). This GS type presents a decametric structure with two pentameric 

rings (Unno et al., 2006; Seabra et al., 2009; Torreira et al., 2014). Regarding the GSII 

gene family in plants, the majority of studies conducted to date revealed that most plant 

species possess only one nuclear gene encoding GS2, while GS1 seems to be encoded 

by two to five genes (Lam et al., 1996; Swarbreck et al., 2010). The GS2 polypeptide has 

an N-terminal transit peptide with almost 50 amino acids, which targets it to the 

chloroplast, and a 16-amino acid conserved region at the C-terminal part of the subunit, 

that is exclusive to this isoenzyme. GS1 is localised to the cytosol and possesses none 

of the above-mentioned conserved regions (Lightfoot et al., 1988; Cren and Hirel, 1999). 

Different localization of the GS genes’ expressions to specific cell and tissue types 

suggests distinct specific physiological functions (Swarbreck et al., 2010).  GS1 

(polypeptide molecular weight ~ 38-40 kDa) is a key factor in primary NH4
+ assimilation 

in roots and re-assimilation of NH4
+ released during leaf senescence and from protein 

breakdown during seed germination, while GS2 (polypeptide molecular weight ~ 42-45 

kDa) is involved in the primary assimilation of NH4
+ resulting from NO3

- reduction in 

chloroplasts and in the reassimilation of NH4
+ released during photorespiration. Previous 

studies suggested that GS2 also has a protective role against biotic and abiotic stresses 

(Lam et al., 1996; Miflin and Habash, 2002; Masclaux-Daubresse et al., 2010).   

Taking into account the role of GS in N metabolism and the importance of this 

macronutrient in plant growth and development, it can be assumed that GS might be the 

rate-limiting enzyme during N incorporation into organic forms (Lam et al., 1996). In this 

way, GS can be considered as a good candidate to NUE improvement through genetic 

manipulations (James et al., 2018). Furthermore, due to the role of GS in the tolerance 

to abiotic and biotic stresses, the overexpression of GS-encoding genes appears to be 
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a good molecular approach to obtain genetically modified plants with an optimized NUE. 

Actually, up to date, numerous studies have already been carried out and the results are 

quite promising. For instance, in transgenic Lotus corniculatus plants overexpressing a 

soybean GS1 gene under the control of a cauliflower mosaic virus (CaMV) 35S promoter, 

it was observed an accelerated growth rate (Vincent et al., 1997). In addition, poplar 

trees (Gallardo et al., 1999; Fuentes et al., 2001; Pascual et al., 2008) and tobacco plants 

(Fuentes et al., 2001) with an overexpressed GS1 gene improved their vegetative growth 

and photosynthetic capacity. Also, it was observed an earlier flowering and seed 

development in transgenic wheat plants transformed with a Phaseolus vulgaris GS1 

gene driven by the RuBisCO small subunit promoter (rbcS) (Habash et al., 2001). There 

are less studies regarding the overexpression of GS2, when compared to GS1. In 2000, 

(Migge et al.) reported a higher growth rate in transgenic tobacco seedlings 

overexpressing a GS2 cDNA. In rice leaves (Takabe et al., 2001) and protoplasts 

(Hoshida et al., 2000), the overexpression of a GS2 cDNA increased their 

photorespiration capacity and conferred salt and chilling tolerance. Moreover, Wang et 

al. (2013) reported an increase in leaf surface area, total protein and amino acid content, 

chlorophyll content, glucose and sucrose contents, and plant length in transgenic 

tobacco plants overexpressing the Arabidopsis Dof1 (a transcription factor that regulates 

GS gene expression) and GS1 and GS2 genes.  

1.3.2 Glutamate Dehydrogenase 

GDH is an enzyme that catalyses the deamination of glutamate to produce 2-OG and 

NH4
+, with the production of reducing power, as well as the production of glutamate from 

NH4
+ and 2-OG, using NADH or NADPH as a coenzyme (amination reaction). According 

to Ferraro et al. (2012), there are three to four genes in the GDH gene family, encoding 

two subunits (α and ), which can be randomly combined to form many NADH-GDH 

hexameric isoenzymes (Melo-Oliveira et al., 1996; Turano et al., 1997; Dubois et al., 

2003; Purnell et al., 2005; Miyashita and Good, 2008). GDH is present in several plant 

organs, being located at several cell compartments, such as the cytosol, mitochondria 

and chloroplasts (Dubois et al., 2003).  

The physiological role of GDH is not clearly understood yet, despite the efforts of the 

scientists to reveal it (Dubois et al., 2003; Purnell and Botella, 2007; Skopelitis et al., 

2007; Lehmann and Ratajczak, 2008; Miyashita and Good, 2008; Masclaux-Daubresse 

et al., 2010). So far, it is known that under stressful conditions, the GS/GOGAT cycle is 

not completely enough neither to reduce the toxic levels of NH4
+, nor to provide the 

necessary glutamate for the biosynthesis of some protective biomolecules. In this case, 

the dual role of GDH is crucial because the amination reaction leads to a reduction of 
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toxic amounts of NH4

+ that are accumulated during stress, plus providing glutamate for 

the synthesis of other nitrogenous compounds (Forde and Lea, 2007), while the 

deamination activity is required to supply carbon skeletons for the tricarboxylic cycle 

(Chiraz et al., 2003; Jha and Dubey, 2004). 

1.4 GS and GDH - a role in proline production under 

stress 

When subjected to various abiotic stresses, plants usually enhance the production of the 

amino acid proline, which has been proved to have multiple roles in response to abiotic 

stresses (Hare and Cress, 1997; Hellmann et al., 2000; Verbruggen and Hermans, 2008; 

Szabados and Savoure, 2010). Plants under stressful conditions can accumulate proline 

through two ways: either by a stimulation of its biosynthesis, or by inhibiting its 

oxidation/degradation. The major precursor for proline biosynthesis in stress-induced 

plants is glutamate, which results from the GS/GOGAT cycle (Díaz et al., 2010). Indeed, 

it was showed that the phloem-located GS is essential for controlling proline production 

and that a higher GS activity had a positive influence in proline synthesis in plants under 

water stress (Brugière et al., 1999). Also, in the previous year, Larher et al. reported that 

the conversion of amino acids into proline was compromised by the application of a GS 

inhibitor in rapeseed leaf discs (Larher et al., 1998). Moreover, a decrease in proline 

content was observed in gs2 mutants of Lotus japonicus under drought stress (Díaz et 

al., 2010). However, some studies showed that GS-GOGAT cycle was not the only 

source of glutamate for proline biosynthesis under stress-induced conditions (Lutts et al., 

1999; Wang et al., 2007). These authors suggested that NAD-GDH is an alternative 

pathway to provide glutamate, since this enzyme is responsible for the conversion of 2-

OG into glutamate by the amination reaction.  

1.5 Solanum lycopersicum L. cv Micro-Tom as a perfect 

model species for molecular biology studies 

Tomato (Solanum lycopersicum L.), native from South America, belongs to the 

Solanaceae family which includes many economically important species like potato 

(Solanum tuberosum L.), tobacco (Nicotiana tabacum L.) and eggplant (Solanum 

melongena L.). According to FAO, in 2014 tomato production reached ~160 millions of 

tons year-1 and it is predicted that production of this crop continues to increase 

(Gerszberg and Hnatuszko-Konka, 2017). Nowadays, tomato not only has an agricultural 

and economic importance worldwide but is also considered a model system for genetic 

studies in plants (Bergougnoux, 2014).  
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Solanum lycopersicum cv. Micro-Tom (Figure 5) is a dwarf miniature tomato cultivar 

which was originally created for gardening purposes. The phenotype of this cultivar 

derived from three mutations: self-pruning (producing a determinate phenotype), dwarf 

(reducing internode length and producing smaller, rugose, and dark-green leaves) and 

miniature (likely to be associated with gibberellin signalling) (Meissner et al., 1997; Martí 

et al., 2006). 

 

Figure 5. Solanum lycopersicum L. cv Micro-Tom. 

Due to its special characteristics such as small size, rapid life cycle (fruits mature in 70-

90 days), a large number of plants per square meter (can reach 1357 plants m-2), easy 

to grow under laboratory conditions, a well-studied small diploid genome and high 

transformation frequencies, Micro-Tom became a good model system for agronomic and 

genetic studies. In fact, this cultivar is also named as “the laboratory tomato” (Meissner 

et al., 1997; Shibata, 2005). Up to now, there are many reports on Solanaceae and 

tomato genetics (Meissner et al., 1997; Shibata, 2005; Aoki et al., 2010), hormonal 

functions and interactions (Campos et al., 2010), microbial plant interaction (Park et al., 

2007), carbohydrate and amino acids metabolisms (Obiadalla‐Ali et al., 2004; Scarpeci 

et al., 2007; Sorrequieta et al., 2010; Ferraro et al., 2012) and in molecular breeding of 

tomato fruit shelf-life (Okabe et al., 2012).  

Thus, altogether, these characteristics, allied to the great economic importance, makes 

S. lycopersicum an excellent tool for biochemical, physiological and molecular studies. 
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1.6 Main Objectives 

As previously stated, worldwide contamination by HMs and pharmaceuticals are fast-

growing issues, posing important and determinant consequences to the dynamics of the 

agroecosystems, including the development of important crops, like tomato. Moreover, 

knowing that N is the major mineral nutrient influencing plant growth, this dissertation 

firstly aimed to uncover the effects of HM- and xenobiotic-exposure on the N metabolism 

and photosynthesis in S. lycopersicum plants. Given the recognized importance of GS, 

particular focus was given to the regulation and performance of this enzyme, at 

transcript, protein and activity levels. 

In this way, to meet these goals, this work had several specific objectives: 

i) To assess the impact of Cr (VI) and DCF in N metabolism, particularly on GS 

gene expression and protein accumulation and activity, as well as to 

investigate the role of GDH in N metabolism in tomato plants under these 

types of stresses, and check how these enzymes cooperate in proline 

biosynthesis; 

ii) To evaluate the effects of these contaminants on photosynthesis and 

photosynthetic-related parameters;  

iii) To overexpress the SlGS2 cDNA as a tool to increase plant abiotic stress 

tolerance and NUE.  

By combining diverse and complementary approaches, through the application of 

several physiological, biochemical and molecular tools, this work will help to unravel the 

direct consequences of DCF and Cr (VI) in the growth and development of S. 

lycopersicum, shedding some light on the phytotoxicity of DCF and strengthening the 

scientific basis of Cr contamination risks for crops. Furthermore, this dissertation will be 

the first study reporting the overexpression of GS2 in tomato plants in an attempt to 

increase its tolerance to environmental contamination with EC and metals. 

 

 

 

 

 

 



FCUP 
Effects of Chromium and Diclofenac on tomato's N and C primary metabolisms. Glutamine 

Synthetase as a key metabolic point to enhance plant stress tolerance 

15 

 

2.  Material and Methods 

2.1 Plant material and growth conditions 

All experiments of this work were performed using certified Solanum lycopersicum L. cv. 

Micro-Tom (Tomato Genetics Resource Center (TGCR); germplasm LA3911) seeds. 

Prior to their use, the seeds were surface-sterilized with 70% ethanol for 10 min, followed 

by 20% commercial bleach containing 0.02% tween-20 for 5 min under constant agitation 

and then several washes with sterilized deionized water were done. After that, the seeds 

were distributed in Petri dishes (10 cm diameter) with Hoagland Solution (HS) solidified 

with 0.8% (w/v) agar (Taiz et al., 2015). To allow seed stratification, in order to 

synchronize the seed germination, the Petri dishes were placed at 4 ºC for two days, and 

then, transferred to a growth chamber (16 h light/ 8 h dark) at 25 ºC, with 

photosynthetically active radiation (PAR) of 60 µmol m-2 s-1 for 10 days. After this period, 

seedlings were transplanted to individual pots and cultivated with a mixture of expanded 

vermiculite:perlite (2:1). At this point, the seedlings were split in five growth conditions 

and grown in a growth chamber under the same conditions described above for 21 days. 

The five growth conditions consisted in: Control (CTL) – watered with HS; Cr 5 - watered 

with HS and 5 µM Cr (VI); Cr 10 - watered with HS and 10 µM Cr (VI); DCF 0.5 – watered 

with HS and 0.5 g L-1 Diclofenac; DCF 5 – watered with HS and 5 g L-1 Diclofenac. For 

each treatment, 12 biological replicates were prepared. After 21 days, plants were 

picked, and the shoots were separated from roots. Roots were washed carefully with tap 

water, followed by a wash with deionized water. Part of the plant material was directly 

handled for biochemical assays, another part was dried for posterior Cr and DCF 

quantifications in plant tissues, and the remaining material was frozen and grounded in 

liquid nitrogen (N2) and stored at -80 ºC for posterior biochemical and molecular assays.  

  

2.2 Analytical determinations 

2.2.1 Determination of Cr content in plant tissues 

The levels of Cr on tomato plants tissues were quantified to verify the preferential organ 

for Cr accumulation. Both shoots and roots were collected (as above described) and 

dried at 60 ºC, until constant weight was registered. Then, the samples were ground to 

a fine powder and kept in a desiccator for further use. The samples were subjected to an 

acid digestion using a mixture of HCl:HNO3 to release the metals bound to proteins or 

other biological structures. The resultant digests were dissolved in a precise volume of 

water and the quantification of Cr content was performed using a Flame atomic 
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absorption spectrometer, based on a suitable external standard solution (Perkin Elmer, 

AAnalyst 200 model, Shelton CT) according to manufacturer’s instructions.  

 

2.3 Biochemical determinations 

2.3.1 Glutamine synthetase activity determination (GS; EC 6.3.1.2) 

The activity of GS was determined using samples from frozen leaf and root tissues. With 

a mortar on ice, aliquots of about 300 mg were homogenized in extraction buffer (750 µL 

for shoots and 500 µL for roots) composed of 25 mM Tris-HCl (pH 6.4), 10 mM 

Magnesium Chloride (MgCl2), 1 mM Dithiothreitol (DTT), 10% Glycerol, 0.05% Triton X-

100 with quartz sand and 1% (w/v) Polyvinylpolypyrrolidone (PVPP). Posteriorly, 

homogenates were centrifuged at 15,000 g at 4 ºC for 20 min and the supernatant (SN) 

was collected. The enzymatic reaction started when 50 µL of SN were mixed with 50 µL 

of 6.4% (w/v) Sodium arsenate (pH 6.4) and 400 µL of reaction mixture composed of 100 

mM Trizma-Base, 125 mM L-glutamine, 157 mM Hydroxylamine, 0.26 mM Manganese 

chloride tetrahydrate and 1.25 µM Adenosine 5’-diphosphate sodium salt (ADP), pH 6.4. 

For each SN, three replicates were prepared. Simultaneously, a blank was set by 

replacing the protein extract by extraction buffer. All the reactions were incubated at 30 

ºC for 30 min and the reaction was stopped by adding 500 µL of Stop solution (0.16 M 

Iron Chloride (FeCl3), 0.25 M Trichloroacetic acid in 3.33% chloridric acid (HCl)). The 

absorbances were measured at 500 nm and the transferase activity of GS was 

determinate according to the formula (µmol min-1 mL-1): 

 

GS activity =
Abs (500 nm)

0.4 x protein extract x reaction time
 

 

The protein content of the extracts was determined by the Bradford method 

(Bradford, 1976) and GS activity was expressed as nkat mg-1 protein (1 kat = 60 mole 

min-1) (Cullimore and Sims, 1980). The extracts were mixed with glycerol to a final 

concentration of 40% and stored at -80 ºC until further use. 

 

2.3.2 GDH activity determination (GDH, EC 1.4.1.2) 

GDH activity was visualized in a non-denaturing 10% (w/v) resolving polyacrylamide gel 

(3.33 mL 30% Acrylamide stock, 1.25 mL 1.5 M Tris-HCl (pH 8.8), 1.15 mL 87% Glycerol, 

75 µL 10% (w/v) Ammonium Persulfate (APS), 5 µL N,N,N’N-

Tetramethylethylenediamine (TEMED) and distilled water to a final volume of 10 mL) and 

4% stacking gel (660 µL 30% Acrylamide stock, 1.25 mL 0.5 M Tris-HCl (pH 6.8), 570 
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µL 87% Glycerol, 12,5 µL 10% (w/v) APS, 25 µL TEMED and distilled water to a final 

volume of 5 mL). The protein extracts used were those obtained from the GS activity 

assays and 40 µg protein were loaded with 1x sample buffer (10x sample buffer 

consisting of 50% (w/v) Sucrose, 0.1% (w/v) Bromophenol blue). The buffer system 

consisted in 25 mM Tris-HCl (pH 8.3) and 192 mM Glycine. Running was performed at 

non-limiting voltage, 15 mA per stacking gel, 20 mA per resolving gel and non-limiting 

time, under refrigeration. GDH activity bands were detected after an incubation overnight 

(ON) with gentle rocking in a staining solution (100 mM Tris-HCl pH 9.3, 55 mM L-

glutamate, 450 µM NAD+, 480 µM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT), 130 µM Phenazine methosulphate and 500 µM CaCl2) (Loulakakis and 

Roubelakis-Angelakis, 1991). All images were captured with ChemiDoc™ XRS+ System 

(Bio-Rad®) and treated with Image Lab™ 5.2 (Bio-Rad®).  

 

2.3.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

SDS-PAGE (Laemmli, 1970) was carried out on 12.5% SDS-Polyacrilamide resolving 

gels (8.3 mL 30% Acrylamide stock, 5 mL 1.5 M Tris-HCl pH 8.8, 0.2 mL 10% SDS, 100 

µL 10% (w/v) APS, 6.7 µL TEMED and distilled water to a final volume of 10 mL) and 

5% SDS-Polyacrilamide stacking gels (670 µL 30% Acrylamide stock, 500 µL 1.0 M Tris-

HCl pH 6.8, 40 µL 10% SDS, 40 µL 10% (w/v) APS, 4 µL TEMED and distilled water to 

a final volume of 4 mL). The extracts obtained from the GS activity assay were treated 

at 96 ºC for 5 min with 1x SDS sample buffer (10x sample buffer composed of 0.375 g 

Tris-HCl pH 6.8, 5 mL 99% Glycerol; 0.5 g SDS, 20 mg Bromophenol blue and water up 

to 10 mL) and 0.5% (v/v) -mercaptoethanol and 30 µg protein per lane were loaded. 

The running buffer consisted in 25 mM Tris, 192 mM Glycine and 1% (w/v) SDS and the 

electrophoresis occurred at non-limiting voltage, 15 mA per stacking gel, 20mA per 

resolving gel and non-limiting time. The gels were incubated ON in BlueSafe (Nzytech) 

with gentle rocking. Finally, the gels were rinsed with distilled water. The molecular 

weight of protein bands was estimated by comparison with a protein marker BLUE Wide 

Range CSL-BBL Prestained Protein Ladder (Cleaver Scientific Ltd). All images were 

captured with ChemiDoc™ XRS+ System (Bio-Rad®) and treated with Image Lab™ 5.2 

(Bio-Rad®). 

 

2.3.4 Western Blotting analysis 

After separation by SDS-PAGE as described above, proteins were electroblotted onto a 

PVDF membrane (Protran, Whatman® Schleicher and Schuell), according to the 
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supplier’s instructions. Transfers were performed in transfer buffer (192 mM Glycine, 25 

mM Tris and 20% methanol) during 1 h at 200 mA. The membranes were saturated for 

45 min in blocking solution [5% non-fat dry milk (w/v), in 0.05 M Tris, 0.2 M NaCl (TBS)] 

and then incubated ON at 4 °C with Anti-GS antibody raised to Pinus (Canton et al., 

1996) or Anti-GDH antibody raised to Vitis vinifera L. (Loulakakis and Roubelakis-

Angelakis, 1990) diluted to 1:500 and 1:1000, respectively, in blocking solution. After 

washing, blots were probed during 1 h at room temperature (RT) with anti-rabbit IgG- 

Alkaline Phosphatase diluted to 1:30000 (Sigma). Membranes were washed with distilled 

water for 1-2 min and with TBS during 5 min, and the washing was repeated twice. The 

reaction was revealed using Novex® Chromogenic Substrates (Invitrogen). The 

molecular weight of protein bands was estimated by comparison with a protein marker 

BLUE Wide Range BBL Prestained Protein Ladder (Cleaver Scientific Ltd). All images 

were captured with ChemiDoc™ XRS+ System (Bio-Rad®) and treated with Image 

Lab™ 5.2 (Bio-Rad®).  

 

2.3.5 Evaluation of photosynthesis-related parameters 

2.3.5.1 Photosynthetic pigments evaluation 

The extraction and quantification of photosynthetic pigments was carried out according 

to Lichtenthaler (1987). All the procedure was performed under the lowest light 

conditions possible to avoid pigment photooxidation. For each tested situation, frozen 

aliquots of leaves (150-200 mg) were homogenized in 80% acetone with quartz sand. 

The homogenates were centrifuged at 3,500 g for 10 min. The last step was repeated, 

after the addition of 80% acetone and mixing vigorously, until the sediment lost the green 

colour. Later, all SNs were collected to 15 mL conic tubes and the volume was settled to 

a known final volume with 80% acetone. The absorbance at 470, 647 and 663 nm was 

recorded, using 80% acetone as blank. The chlorophyll a (Chl a), chlorophyll b (Chl b) 

and carotenoids (Car) concentrations were calculated using to the following formulas 

(Lichtenthaler, 1987): 

Chl a (mg L-1) = 12.25 x Abs (663 nm) – 2.79 x Abs (647 nm) 

Chl b (mg L -1) = 21.50 x Abs (647 nm) – 5.10 x Abs (663 nm) 

Car (mg L -1) = (1000 x Abs (470 nm) – 1.82 x Chl a – 85.02 x Chl b) /198 

The chlorophyll and carotenoids concentrations were expressed in mg g-1 of fresh weight 

(F.W.).  
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2.3.5.2 Gas exchange analysis 

The evaluation of gas exchange-related parameters was carried out with an open gas 

exchange system (Li-6400xt; LI-COR, Inc., Lincoln, Nebraska) coupled with an 

integrated chamber head (LI-6400-40 leaf chamber fluorometer; LI-COR, Inc.). All the 

measurements occurred from 10 to 11 a.m., under the following conditions: atmospheric 

CO2 concentration of 400 µmol mol-1 and saturating photosynthetic photon flux density of 

500 µmol m-2 s-1 and the temperature was at 22 ºC. Furthermore, all measurements were 

made in the terminal leaflet of the fourth or fifth leaf (counting from the apex) of each 

plant. The parameters net photosynthetic rate (A, µmol m-2 s-1), stomatal conductance of 

CO2 (Gs, mmol m-2 s-1), leaf transpiration rate (E, mmol m-2 s-1) and CO2 intercellular ratio 

(Ci/Ca) were then calculated (Von Caemmerer and Farquhar, 1981)Water use efficiency 

(WUE) was calculated as the ratio between A and E [mmol (CO2 assimilated) mol-1 (H2O 

transpired)] (Nieva et al., 1999). 

 

2.3.5.3 Histochemical coloration of starch 

To detect possible alterations on starch storage of tomato leaves in response to Cr and 

DCF, a histochemical coloration of the starch grains was performed. To do that, leaf 

discs of about 1 cm diameter were collected and boiled in 80% ethanol, to allow leaf 

bleaching. Then, the samples were hydrated in distilled water followed by a 30 min 

incubation in Lugol solution (2 mM I2, 6mM KI), in dark conditions. Finally, the samples 

were briefly distained in distilled water and the results were visualized and captured with 

a personal photographic camera. 

 

2.3.6 Proline quantification 

This assay was performed according to Bates et al. (1973). Samples of plant material of 

about 200 mg were homogenized with quartz sand in 1.5 mL and 1 mL of 3% (w/v) 

sulfosalicylic acid for shoots and roots, respectively. The homogenates were centrifuged 

at 500 g for 10 min at RT and SNs collected. Then, 200 µL of each samples’ SN were 

added to 200 µL glacial acetic acid and 200 µL ninhydrin solution. The reactions were 

incubated at 96 ºC for 1 h and subsequently cooled on ice to stop the reaction. To extract 

free proline, 1 mL of toluene was added to the mixture followed by vigorous vortexing 

(for 15-20 s) which created a fine emulsion. When a complete separation of the organic 

and water phases was achieved, the organic (upper) phase was carefully removed to 

new tubes and, using toluene as blank, the absorbances read at 520 nm. The free proline 

content was determined recurring to a standard curve constructed with known 

concentration of proline and the results were expressed in mg g -1 F.W. 
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2.4 Bioinformatics characterisation of Solanum 

lycopersicum GS-encoding gene family (SlGSs) 

The relative expressions of SlGSs were studied using Tomato eFP browser 

(bar.utoronto.ca.). All SlGSs sequences (Supplemental Data 1) were aligned using 

MEGA 7 (Molecular Evolutionary Genetics Analysis) software, which allows to deduce 

overtime the molecular evolutionary relationships between genes, genomes and species 

(Supplemental Data 2) (Kumar et al., 2016).  

 

2.5 Evaluation of expression of Solanum lycopersicum 

GS gene family 

2.5.1 RNA extraction, quantification and assessment of its purity  

Total RNA from plant tissues was extracted with NZYol (Nzytech®) according to the 

supplier’s instructions. Shoots and roots (50-100 mg) were homogenized in 1 mL of 

NZYol followed by a centrifugation at 12,000 g for 10 min at 6 ºC. The recovered SNs 

were incubated at RT for 5 min, and then 0.2 mL of chloroform was added followed by 

15 s of vigorous shaking to efficiently denature proteins and other cell constituents. 

Samples were incubated for 2-3 min at RT and centrifuged at 12,000 g for 15 min at 6 

ºC and three distinct phases were obtained: a pale green phenol-chloroform phase; an 

interphase, consisting on cell debris and proteins; and an upper colourless aqueous 

phase, which contains the total RNA. The aqueous phase was carefully transferred to a 

new tube by pipetting and to precipitate the RNA, 0.5 mL of chilled isopropanol were 

added. The samples were incubated at RT for 10 min and centrifuged again at 12,000 g 

for 10 min at 6 ºC. After discarding the SN, the pelleted RNA was washed with 75% 

ethanol, vortexed, and centrifuged at 7,500 g for 5 min at 6 ºC. After ethanol evaporation, 

the RNA was dissolved in RNase free water. 

RNA concentration was spectrophotometrically quantified at 260 nm, using a µDrop 

Plate (Thermo Fisher Scientific) and a Multiskan GO microplate spectrophotometer 

(Thermo Fisher Scientific). RNA purity was evaluated by the calculation of the ratios 

Abs260/Abs280 and Abs260/Abs230, which should be at 2.0 ± 0.1 and between 2.0-2.4, 

respectively, for uncontaminated RNA preparations. Only RNA samples with 

Abs260/Abs280 above 1.8 were used in subsequent assays. 

The quality of RNA was evaluated by separating 300 ng of total RNA in a 0.8% (w/v) 

agarose gel electrophoresis, which allowed to observe possible RNA degradation and 

genomic DNA contamination. Possible genomic DNA contamination was removed by 
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DNase treatment with ezDNase enzyme (Invitrogen), according to the manufacturer’s 

instructions. RNA preparations were then stored at -80 ºC until future use. 

 

2.5.2 Reverse Transcription (cDNA Synthesis) 

All the cDNA synthesis reactions were performed with SuperScript™ IV VILO™ Master 

Mix, following the instructions for reverse transcription (Invitrogen). The reactions were 

prepared in chilled, sterile and RNase-free 1.5 mL tubes. The reactions contained: 4 µL 

SuperScript™ IV VILO™ Master Mix, 2.5 µg of total RNA and nuclease-free water to a 

final volume of 20 µL and the final reaction was mixed gently. Additionally, negative RT 

controls were prepared, where the SuperScript™ IV VILO™ Master Mix was replaced 

by 4 µL SuperScript™ IV VILO™ no RT Control and nuclease-free water to a final volume 

of 20 µL. Then, the tubes were incubated at 25 ºC for 10 min for primer annealing 

(dNTPs, oligo-dT and random primers provided in the Master Mix) and the reverse 

transcription took place at 60 ºC for 20 min. Finally, enzyme inactivation occurred at 85 

ºC for 5 min. At the end of the procedure, the cDNAs were stored at -20 ºC until future 

use. 

 

2.5.3 Primer design 

A total of 5 GS-encoding cDNA sequences were selected from the NCBI platform and 

conserved primers were designed using the PrimerIdent tool (Pessoa et al., 2010), 

considering the following conditions: (based on (Thornton and Basu, 2011)): a) primer 

size: around 20 bp; b) Primer Tm: similar between each pair, 55-65 ºC; c) % GC: 45-55; 

d) GC-clamp: check for maximum of 2-3 GC’ in the last 5 oligonucleotides of primer 3’ 

end ; e) Maximum self-complimentary and 3’ self-complimentary: lowest possible; f) 

product size range: between 120-200 bp. After that, primers were checked with Primer 

3 (http://bioinfo.ut.ee/primer3-0.4.0/). All primers were ordered at STAB VIDA (Portugal). 

All forward and reverse primers for SlGSs, as well as their specificities are listed in Table 

3.  
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Table 3. Gene-specific primers, their Tm and respective expected amplicon sizes for the performed RT-PCR reactions. 

Gene Primer Sequence (5’-3’) Tm (ºC) 
Amplicon size 

(bp) 

GS2 
Forward TCTCTCACTCCTAACACAAC 68 ºC 

189 bp 
Reverse GCGTGTCTTTTCTGCTTC 62 ºC 

GS1.1 
Forward CGGAGAAAGGAAAGGGATAC 70 ºC 

178 bp 
Reverse CATGTGAGGAAAGGGCTGTTAAG 68 ºC 

GS1.2 
Forward GGTTGCTGGAGTTGTTGTTTC 58 ºC 

191 bp 
Reverse CGTTCATTGCCTTCACCATA 58 ºC 

GS1.3 
Forward CTGGTGATGAAGTGTGGGTAG 64 ºC 

164 bp 
Reverse TTTCATAGCCTCCGTCTTCC 60 ºC 

GS1.4 
Forward GAGAGCCCATCCCAACAAA 58 ºC 

192 bp 
Reverse GCACCAACACCACAGAAGTATG 66 ºC 

 

In a series of initial experiments, all primers were checked for their product size by 0.8% 

(w/v) agarose gels electrophoresis prepared on sodium boric acid (SB) buffer and 

stained with Roti-Safe GelStain (Quanta Biotech), according to standard molecular 

biology procedures (Sambrook et al., 1989). All the obtained results were captured with 

GenoSmart2 (VWR®). 

 

2.5.4 Gene Sequencing 

To confirm if the primers were annealing and amplifying the right cDNA, the amplification 

products from each SlGS-encoding cDNA were sequenced. To perform that, each 

amplified fragment corresponding to each SlGS-encoding cDNA was separated in 0.8% 

(w/v) agarose gels (250 V, non-limiting amperage, 8 min). The gel bands were excised 

and purified with GenElute™ Gel Extraction Kit (Sigma). The gel bands were weighted 

and solubilized in 3 volumes (300 µL:100 mg) of gel solubilization solution and incubated 

at 60 ºC for 10 min, with brief vortex in between till all agarose have been dissolved. 

Later, 1 gel volume of 100% isopropanol was added, and, after binding column 

preparation (500 µL of column preparation solution were added followed by 

centrifugation), the mixture was loaded and 700 μL of wash solution was added to the 

binding column, followed by centrifugation (1 min at 12,300 g), discarding the flow-

through. Then, the mixture was incubated for 5 min at RT. To remove the excess of 

ethanol, another centrifugation, like the previous one, was performed. The binding 

column was placed in a new tube and to recover the eluate, 25 μL of elution solution was 

added to the column followed by two centrifugations. The purified DNA was quantified at 

260 nm with a μDrop Plate (Thermo Fisher Scientific) and a Multiskan GO microplate 

spectrophotometer (Thermo Fisher Scientific). The PCR products (2 ng µL-1 in a final 
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volume of 15 µL), with the respective Forward Primer were sent to Eurofins laboratories 

to be sequenced. Finally, the DNA was stored at -20 ºC for future testing. 

 

2.5.5 Expression of SlGS genes by Semi-quantitative RT-PCR 

The accumulation of mRNA transcripts of the SlGS1.2-4 genes was evaluated by semi-

quantitative reverse-transcription PCR. All the RT-PCR reactions were prepared with: 1x 

Taq Master Mix (Bioron), 0.4 µM of each forward and reverse primers (see table 1), 0.8 

µL cDNA obtained for each treatment and organ and sterile distilled water to a final 

volume of 10 µL. The reactions were performed in a MJ Mini thermocycler (Bio-Rad®). 

The PCR conditions were as follows: an initial denaturation step at 94 ºC for 2 min, 

followed by 30 cycles at 94 ºC for 30 s, a temperature gradient at 54-62 ºC for 30 s 

followed by 72 ºC for 20 s, and a final extension at 72 ºC for 5 min. The amplification 

products were loaded on 2% (w/v) agarose gels prepared on SB buffer and stained with 

Roti-Safe GelStain (Quanta Biotech) and the electrophoresis occurred at 250 V with non-

limiting amperage for 8 min. To assure that the concentration of DNA loaded on the gel 

for each treatment was the same, the amount of all treatments’ cDNA volume to load 

was determined using 18S as an internal control (Leclercq et al., 2002). To confirm the 

size of amplified fragments, the molecular weight marker GeneRuler 50 bp DNA Ladder 

(Thermo Fisher Scientific) was used. All images were captured with GenoSmart2 

(VWR®). 

 

2.5.6 Evaluation of SlGS gene expression by Real-time PCR (qPCR) 

All the reactions for each organ, treatment and SlGS2- and SlGS1.1-encoding genes 

were performed in triplicate. The reaction mixes consisted in 10 µL of 2x PowerUp™ 

SYBR™ Green Master Mix (Applied Biosystems), 1 µL of 1/10 diluted cDNA, 0.5 µM of 

both forward and reverse primers (see table 1) and distilled sterile water to a final volume 

of 20 µL. Data normalization was achieved using actin and ubiquitin genes as reference 

genes (Løvdal and Lillo, 2009). The PCR reactions were conducted in a CFX96 Real-

time Detection System (Bio-Rad®) and the cycling parameters were: 2 min at 50 ºC and 

2 min at 95 ºC, followed by 45 cycles alternating between 3 s at 95 ºC and 30 s with a 

gradient temperature, according to melting temperatures of the primers (see table 1). 

Afterwards, a melting curve was carried out by increasing the temperature from 60 to 95 

ºC with 0.5 ºC intervals to verify primer specificity and if only a single amplified product 

was detected for each gene (Supplemental data 4). The obtained results were analysed 

in CFX Manager Software (BioRad®, Portugal) and because the primer efficiency was 
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less than 90%, the quantification of mRNA levels was achieved according to the Pfaffl 

method (Pfaffl, 2001). 

 

2.6 Evaluation of photosynthetic-related genes 

expression by qPCR 

 Additionally, photosynthesis-related gene expression was verified. To do so, the 

expression of two genes coding for photosystem II proteins (D1 and CP47) and two 

genes encoding RuBisCO units (rbcL and rbcS) was evaluated (Table 4). The PCR 

reactions as well as the reference genes used were the same as described at 5.7 section.  

Table 4. Photosynthetic gene-specific primers and respective expected amplicon sizes. 

Gene Primer Sequence (5’-3’) Amplicon size 

(bp) 

PSIIa 
Forward TGGATGGTTTGGTGTTTTGATG 

191 
Reverse CCGTAAAGTAGAGACCCTGAAAC 

PSIIb 
Forward CCTATTCCATCTTAGCGTCCG 

142 
Reverse TTGCCGAACCATACCACATAG 

rbcL 
Forward ATCTTGCTCGGGAAGGTAATG 

81 
Reverse TCTTTCCATACCTCACAAGCAG 

rbcS 
Forward TGAGACTGAGCACGGATTTG 

148 
Reverse TTTAGCCTCTTGAACCTCAGC 

 

The PCR reactions were conducted in a CFX96 Real-time Detection System (Bio-Rad®) 

and the cycling parameters were: 2 min at 50 ºC and 2 min at 95 ºC, followed by 40 

cycles alternating between 3 s at 95 ºC and 30 s at 60 ºC. The melting curve analysis 

was conducted by the same method as above described (Supplemental data 5). The 

obtained data was analyzed in CFX Manager Software (BioRad®, Portugal) and 

the quantification of mRNA levels was achieved according to the 2ΔΔCt method of Livak 

and Schmittgen (Livak and Schmittgen, 2001).  

 

2.7 Overexpression of GS2-encoding cDNA 

2.7.1 Obtaining SlGS2-encoding cDNA sequence 

2.7.1.1 Genomic DNA extraction 

Initially, a strategy to obtain the full SlGS2 gene (Supplemental data 6) was attempted. 

Genomic DNA was extracted with GeneJET Plant Genomic DNA Purification Mini Kit 

(Thermo Fisher Scientific). About 150 mg of leaf tissue were homogenised with a mortar 

and pestle in a 1.5 mL microcentrifuge tube, and 50 µL of lysis buffer B and 20 µL of 

RNase A were added and the mixture was incubated at 60 ºC for 10 min, with occasional 
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vortexing. Then, 130 µL of precipitation solution were added to the tube and it was 

inverted 2-3 times and placed on ice for 5 min. The samples were centrifuged at 20,000 

g for 5 min, the SNs were collected to a new tube and 400 µL of plant gDNA binding 

solution and 400 µL of 96% ethanol were added and mixed. The mixture was transferred 

to a spin column and centrifuged at 6,000 g for 1 min. Afterwards, 500 µL of wash buffer 

I were added to the column, followed by a centrifugation at 8,000 g for 1 min, the flow-

through was discarded and 500 µL of wash buffer II were added. A new centrifugation at 

maximum speed ≥ 20,000 g for 3 min was performed, the flow-through was discarded 

and the column was centrifuged at maximum speed for 3 min. The column was placed 

in a new 1.5 mL microcentrifuge tube and the gDNA was eluted when 100 µL of elution 

buffer were added to the centre of the column membrane, incubated at RT for 5 min and 

centrifuged at 8,000 g for 1 min. DNA concentration was spectrophotometrically 

quantified at 260 nm, using a µDrop Plate (Thermo Fisher Scientific) and a Multiskan GO 

microplate spectrophotometer (Thermo Fisher Scientific).  

 

2.7.1.2 Obtaining the SlGS2 gene 

To obtain the SlGS2 gene, a PCR was performed. All the reactions were prepared with 

1x Phusion Flash PCR Master Mix (Thermo Fisher Scientific), 0.5 µM of forward (5’ CTC 

TCA CTC CTC TCA ACA CAA C 3’) and reverse (5’ CAT TCG GAA AGA GCA CAC CA 

3’) primers, 5 ng of gDNA and sterile water to a final volume of 10 µL. The reactions were 

performed in a MJ Mini thermocycler (Bio-Rad®). The PCR conditions were as follows: 

an initial denaturation step at 98 ºC for 10 s, followed by 30 cycles at 98 ºC for 1 s, 53.4 

ºC for 5 s followed by 72 ºC for 1 min and 20 s, and a final extension at 72 ºC for 1 min. 

Previously, a gradient PCR was performed to choose the best annealing temperature for 

the primer pair used. 

 

2.7.1.3 Obtaining SlGS2-encoding cDNA 

The SlGS2-encoding cDNA was obtained by the same method as described at 2.5.1 and 

2.5.2 sections, and using specific primers for the SlGS2 gene, described at 2.7.1.2 

section. A PCR was conducted with 2x Phusion Flash PCR Master Mix (Thermo Fisher 

Scientific), 0.5 µL of each forward and reverse primers, 0.5 µL cDNA and sterile distilled 

water to a final volume of 10 µL. The reactions were performed in a MJ Mini thermocycler 

(Bio-Rad®). The PCR conditions were as follows: an initial denaturation step at 98 ºC for 

30 s, followed by 35 cycles at 98 ºC for 10 s, 53.4 ºC for 15 s followed by 72 ºC for 45 s, 

and a final extension at 72 ºC for 7.5 min. The amplification products were loaded on 

0.8% (w/v) agarose gels prepared on SB buffer and stained with Roti-Safe GelStain 
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(Quanta Biotech) and the electrophoresis occurred at 250 V and non-limiting amperage 

for 8 min. After electrophoresis, the band of interest was cut, weighted and placed into 

an Eppendorf tube and then purified as previously described.  

 

2.7.2 Bacterial strains and culture conditions 

Escherichia coli DH5α was streaked and incubated on L-agar (Luria-Bertani (LB) and 

agar) plates. A single bacterial colony was picked up and cultured in LB broth medium 

ON at 37 ºC with agitation to reach saturation conditions. Then, 2 mL of the culture were 

grown in 200 mL of LB at 37 ºC with agitation, until achieving between 0.35-0.45 optical 

density (OD) at 600 nm (in this OD interval, the bacteria reach the log growth phase). 

Once attained the mid log phase, the cultures were placed on ice and the thermal 

competency and electro competency induction were started.  

 

2.7.3 Induction of chemical competency in E. coli DH5α 

The bacteria were distributed by 50 mL conic tubes, placed on ice during 20 min followed 

by a 10-min centrifugation at 2,500 g, in cold conditions. The SN was discarded, and the 

tubes were inverted 2 min to allow the remaining SN elimination. After that, each pellet 

was resuspended in 8 mL of ice-cold Inoue transformation buffer (1.51 g piperazine-N,N′-

bis(2-ethanesulfonic acid) pH 6.7; 1.088 g MgCl2.H2O; 0.22 g CaCl2.H2O; 1.865 g KCl 

and distilled water to a final volume of 100 mL), previously filtered with a 0.45 µm filter. 

The centrifugation and SN elimination processes were repeated, and the pellet was 

resuspended in 2 mL of Inoue transformation buffer, followed by the addition of 1.5 mL 

dimethyl sulfoxide (DMSO) and mixing. The bacteria were resuspended in 400 µL 10% 

glycerol and the tube content was divided in aliquots of 50 µL and stored at -80ºC.      

 

2.7.4 Induction of electro competency in E. coli DH5α 

Once the OD600nm between 0.35-0.45 was reached, the bacteria were divided in 50 mL 

conic tubes and maintained on ice for 20 min. Then, they were centrifuged at 2,500 g for 

10 min, in cold conditions and resuspended in 20 mL of sterile deionized water. The 

bacteria were centrifuged again and resuspended in 8 mL sterile 10% glycerol, followed 

by a new centrifugation. The bacteria were then resuspended in 400 µL 10% glycerol, 

distributed in aliquots of 50 µL and stored at -80 ºC until future use.  

 

2.7.5 Ligation to the pJET 1.2 plasmid 

The obtained SlGS2-enconding cDNA was purified, quantified and inserted into a cloning 

vector. The chosen plasmid was pJET 1.2 and the ligation was performed with the 
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CloneJET PCR Cloning Kit (ThermoFisher Scientific), according to manufacturer’s 

procedure, with few modifications. The reactions were performed on ice and contained 

5 µL of Reaction Buffer, 40 ng of PCR product reaction, 0.5 µL of pJET vector, 1 µL of 

T4 DNA ligase and nuclease-free water to a final volume of 10 µL. The mixtures were 

incubated ON at RT. Then, the ligation reaction was used for E. coli DH5α 

transformation. 

  

2.7.6 Transformation of chemical competent E. coli DH5α 

About 25 ng DNA of pUC18 (positive control) or the total ligation volume were added to 

50 µL competent cells and tubes were incubated on ice for 30 min, followed by 45-60 s 

at 42 ºC, without shaking. After that, the tubes were transferred to ice for 2 min. Then, 

800 µL LB were added and the cells were incubated at 37 ºC for 45 min, with gentle 

agitation. Afterwards, the bacteria were centrifuged at 1,500 g for 2 min, the SN was 

discarded, and the cells were resuspended in 100 µL LB. Finally, the bacteria were plated 

on L-agar with 50 µg mL-1 ampicillin (AMP) and incubated ON at 37 ºC in an inverted 

position.  

 

2.7.7 Electro Transformation of E. coli DH5α 

Five ng of pUC18 (positive control) or 5-10 µL of the ligation reaction were added to 

defrosted electrocompetent E. coli cells and mixed gently. Then, the mixture was placed 

in a prechilled electroporation cuvette and the transformation occurred at 1.5 kV (Bio-

Rad®). After transformation, 1 mL of LB was added, mixing gently and the cells were 

incubated at 37 ºC for 30-45 min. Afterwards, 100-200 µL of E. coli cells were plated on 

L-agar plates containing 50 µg mL-1 AMP. The plates were incubated at 37 ºC ON in an 

inverted position. 

 

2.7.8 Plasmid Isolation 

Each colony resulting from the transformation procedure was inoculated on LB with 50 

µg mL-1 AMP and incubated ON at 37 ºC. About 1.5 mL of the culture were transferred 

to a 1.5 mL and centrifuged 20 s at maximum speed. The SN was aspirated, and the 

pellet was resuspended in 200 µL STET [8% (w/v) sucrose; 50 mM Tris-HCl pH 8.0; 50 

mM EDTA; 0.1% Triton X-100] and the centrifugation was repeated. Then, 4 µL (50 mg 

mL-1) lysozyme were added, the mixture was incubated at RT for 5 min and the tubes 

were heated at 95 ºC on heating block for 45 s to inactivate the enzymes. The mixture 

was centrifuged for 10 min at maximum speed. The pellet was removed with a sterile 

toothpick and 200 µL isopropanol were added to the SN and the tubes vortexed to allow 
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DNA precipitation. The mixture was centrifuged 10 min at maximum speed, the SN was 

aspirated and 200 µL of 70% ethanol were added without homogenization and the 

mixture was centrifuged for 5 min at maximum speed. The SN was carefully aspirated, 

and the tubes were inverted and placed at RT for 5-10 min to allow pellet drying. The 

DNA was resuspended in 20 µL sterile water and stored at -20 ºC.   

 

2.7.9 Plasmid DNA extraction using NZYMiniprep kit 

Four mL of bacterial culture in LB medium with 50 µg mL-1 AMP were grown at 37°C ON 

with shaking. The whole culture was placed in a 1.5 mL tube, centrifuged at 12,000 g for 

30 s and resuspended in 250 µL of buffer A1 by vortexing. Afterwards, 250 µL of buffer 

A2 were added and mixed gently by inverting the tube followed by an incubation at RT 

for 4 min. 300 µL of buffer A3 were then added and the tube was gently inverted 6-8 

times, and centrifuged again for 10 min. The SN from the previous step was loaded into 

a NZYTech spin column, previously placed in a 2 mL collection tube, centrifuged for 1 

min at 11,000 g and the flow-through discarded. After that, 500 µL of buffer AY were 

loaded into the column and centrifuged for 1 min at 12,000 g and the flow-through 

discarded. Then, 600 µL of buffer A4 were then added and the column centrifuged again 

for 1 min and the flow-through discarded. The column was then re-inserted in the empty 

collection tube and centrifuged for 2 min at 12,000 g to allow filter drying. The column 

was inserted in a sterile 1.5 mL tube and 50 µL of buffer AE were added to its centre. 

After a 1 min incubation at RT a centrifugation for 1 min at 12,000 g was performed. The 

flow-through was reloaded into the column and the centrifugation repeated. The 

minipreps were stored at -20°C. 

 

2.7.10 Restriction Analysis   

The obtained plasmids were cut and analysed for the presence of insert. To do that, two 

single restriction enzymes analysis were performed with XhoI and NcoI because both 

enzymes recognise one restriction site within the GS2-encoding cDNA and one in the 

pJET 1.2 vector (Supplemental Data 7), next to the insertion site of the PCR fragment, 

thus allowing not only the certification of the successful cloning, but also to know the 

insert’s orientation. In each reaction were used: 4 µL of plasmid, 1 µL of the appropriate 

10x restriction buffer, 0.5 µL of XhoI or NcoI (ThermoFisher Scientific) and sterile water 

to a final volume of 10 µL. To confirm the presence of GS2-encoding cDNA, a new 

restriction analysis was conducted using SacI, an enzyme that recognizes 3 restriction 

sites within the GS2-encoding cDNA sequence. The reactions contained: 8.5 µL of 
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plasmid, 1 µL of the 10x restriction buffer, 0.5 µL of SacI (ThermoFisher Scientific) and 

sterile water to a final volume of 10 µL.  

The tubes containing the restrictions with XhoI and NcoI were incubated ON at 37 ºC, 

while the tubes containing the restriction with SacI were incubated for 1 h at 37 ºC. The 

results were visualized on an 0.8% (w/v) agarose gel prepared on SB buffer and stained 

with Xpert Green DNA Stain (Grisp). The electrophoresis occurred at 250 V and non-

limiting amperage for 8 min. All images were captured with GenoSmart2 (VWR®). 

 

2.8 Statistical Analysis 

All experiments were carried out, at least, in three biological replicates (n≥3) for each 

parameter and the results expressed as mean ± standard deviation. Significant 

differences were detected by one-way ANOVA followed by Dunnett’s post-hoc test for 

comparison between the means of control and each treatment. The statistical analysis 

was performed using the software GraphPad Prism 7.00 (GraphPad Software Inc., USA) 

and differences at p < 0.05 were considered significant. 
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3.  Results 

3.1 Cr accumulation on tomato plants’ shoots and roots 

The accumulation of Cr in tomato plants’ tissues was studied and the results are shown 

in Figure 6. The uptake of this HM increased in a concentration-dependent manner, in 

both organs, being roots the organ with higher Cr amounts in both Cr (VI) treatments. 

 

Figure 6. Chromium accumulation levels in shoots (A) and roots (B) of tomato plants. CTL: Control; Cr 5: 5 µM Chromium 

(VI); Cr 10: 10 µM Chromium (VI); n.d.: non-detected. Values presented are mean plus SD.  **** above bars indicate 

significant statistical differences from control at p ≤ 0.0001 

The content of Cr in shoots increased 0.5- and 1.3- fold, with the lowest and the highest 

Cr (VI) concentration, respectively, while in roots, the observed increase was 22- and 

76-fold, respectively.  

 

3.2 Effects of Cr (VI) and DCF on nitrogen assimilation 

3.2.1 GS and GDH activity 

To assess the influence of these two contaminants on N assimilation, the activity of GS 

and GDH was measured in shoots and roots of tomato plants. GS activity (Figure 7) of 

plants treated with Cr (VI), exhibited significant differential responses. The lowest 

concentration of Cr (VI) positively affected shoot GS activity (about 0.7-fold) while it 

decreased about 0.3-fold in roots. However, the 10 µM Cr (VI) exposure decreased GS 

activity by 0.5-fold in shoots and 0.4-fold in roots. Regarding the 0.5 mg L-1 DCF 

treatment, a differential response in shoots and roots was observed. GS activity 

decreased 0.2-fold in shoots and increased 0.8-fold in roots when plants were exposed 

to 0.5 mg L-1 DCF. The highest concentration of DCF negatively affected GS activity in 

both shoots (0.5-fold) and roots (0.4-fold).  
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Figure 7. GS activity in shoots (A) and roots (B) of tomato plants exposed to Cr (VI) and DCF expressed as nkat mg-1 

protein. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 

mg L-1 Diclofenac. Values presented are mean ± SD.  *** and **** above bars indicate significant statistical differences 

from control at p ≤ 0.001 and p ≤ 0.0001, respectively. 

GDH activity was analysed by non-denaturing polyacrylamide gel electrophoresis 

(Figure 8). In shoots (Figure 8A), a total of three bands could be observed. The two 

bands appearing in the control situation revealed an increased intensity with the Cr (VI) 

treatments, where the appearance of a third band was also noticed. Concerning the DCF 

treatments, the bands’ intensities common to the control increased and, once again, a 

third band appeared, but only with the highest DCF concentration used.  

In roots (Figure 8B), 5 bands were observed in all treatments. Overall, all bands 

increased their intensity with both Cr (VI) treatments. In plants treated with DCF, only 

bands 2, 3 and 5 showed an increase in their intensity, particularly the band 3.  

Furthermore, the bands intensity increased in a concentration-dependent manner for 

both contaminants.  
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Figure 8. Typical GDH activity results for shoots and roots by native PAGE analysis. CTL: Control; Cr 5: 5 µM Chromium 

(VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. 

 

3.2.2 Western Blotting Analysis  

To assess the impact of both contaminants on N metabolism at the protein accumulation, 

a western blotting analysis was conducted. Specific antibodies were used for GS (Figure 

9) and GDH (Figure 10).  

The shoot GS western blot (Figure 9A) revealed two bands, corresponding to the two 

main GS isoenzymes: the cytosolic (41 kDa) and the plastidic (45 kDa), while in roots 

(Figure 9B) only one band, which corresponds to the cytosolic form was noticed. The GS 

content markedly increased with the lowest concentration of Cr (VI) in shoots and no 

differences were detected with 10 µM Cr (VI). No differences in GS content were also 

observed for both DCF treatments in shoots. In roots (Figure 9B) and in both Cr (VI) 

concentrations no band was detected, depicting a large decrease in the accumulation of 

GS1 in response to Cr (VI), while with both DCF treatments a slight decrease in GS 

content was observed. 
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Figure 9. One-dimensional western blotting analysis of shoot (A) and root (B) tomato GS using GS antibodies raised to 

Pinus cytosolic GS. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; 

DCF 5: 5 mg L-1 Diclofenac. 

Regarding GDH protein content (Figure 10), it was more abundant in roots than in 

shoots.  In both organs, only a single band with about 43 kDa was detected.  

GDH gradually decreased with the increasing Cr (VI) treatments in shoots (Figure 10A), 

with no band being detected with 10 µM Cr (VI). In roots (Figure 10B), there was a 

decrease with 5 µM Cr (VI), but GDH polypeptide content increased with the highest 

concentration of Cr (VI). DCF treatments decreased the GDH content in both shoots and 

roots, in a concentration-dependent manner. 

 

 
Figure 10. One-dimensional western blotting analysis of shoot (A) and root (B) tomato NAD–GDH using antibodies raised 

to Vitis vinifera NAD-GDH. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 

Diclofenac; DCF 5: 5 mg L-1 Diclofenac. 

 

3.3 Soluble polypeptide accumulation analysis after Cr 

(VI) and DCF exposure 

PAGE analysis was performed to check if the tomato plants exposure to these two 

contaminants altered their shoot’s and root’s soluble polypeptide profiles (Figure 11). 

The exposure to both Cr (VI) and DCF led to a qualitative and quantitative alteration of 

the electrophoretic profile of the soluble polypeptides. Additionally, for both 
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contaminants’ treatments the disappearance of a band with 250 kDa in shoots (Figure 

11A) was observed.  

 

Figure 11. Typical SDS-PAGE analysis of soluble proteins on shoots (A) and roots (B) of S. lycopersicum. CTL: Control; 

Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. 

Arrows indicate common bands that suffered a decreased (red) or an increased accumulation; - indicates qualitative 

changes: red – disappearance; green – de novo polypeptide. The used ladder was BLUE Wide Range CSL-BBL 

Prestained Protein Ladder (Cleaver Scientific Ltd). 

Concerning Cr (VI) treatments, the large RuBisCO subunit (near 50 kDa) increased its 

intensity with the lowest Cr (VI) concentration and almost disappeared with 10 µM Cr 

(VI). Also, it was observed a disappearance of the bands around 70, 58 and 50 kDa in 

shoots, and with 27 and 26 kDa in roots (Figure 11B). The highest concentration of Cr 

(VI) was more severe, with a disappearance of bands with 25 and 20 kDa in roots, and 

a decrease in bands with 42, 40, 37 and 33 kDa in shoots. The bands with 20 kDa in 

shoots and 32 kDa in roots appeared with both Cr (VI) treatments. The 5 µM Cr (VI) 

treatment induced the appearance of new bands with 22 and 75 kDa in shoots and in 

roots, respectively. Finally, it was also observed a decrease in staining intensity of bands 

with 42 and 35 kDa bands with both treatments and an increase in 37 kDa band with the 

lowest concentration of Cr (VI) in roots. 

DCF treatments were less severe to the shoot’s soluble polypeptide population than Cr 

(VI) treatments’, being this scenario even more evident in roots. In shoots, there was a 

decrease in the intensity of a 55 kDa band and in the large subunit of RuBisCO band. In 

roots, only a band with 27 kDa disappeared with the highest concentration of this drug 

and a decrease in 20 kDa band was observed for both treatments. Two new bands with 

46 and 33 kDa appeared with both treatments and an increase in bands with 63, 40 and 
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36 kDa was observed. Moreover, with the 5 mg L -1 DCF treatment, an increase in staining 

intensity in 22 kDa band was observed.  

 

3.4 Evaluation of Cr (VI) and DCF impact on 

physiological parameters associated with nitrogen 

metabolism 

Knowing the role of GS and GDH on proline biosynthesis, as well as the function of 

proline in stressful conditions, it is important to understand the effects of these two 

contaminants on this amino acid levels. As seen in Figure 12, in comparison to the control 

situation no differences in the levels of proline were detected in shoots, for the lowest 

concentration of Cr (VI). Yet, with this treatment, the proline levels in roots increased 1.0-

fold. With the 10 µM Cr (VI) treatment, proline levels increased in both shoots and roots 

by 0.6- and 0.7-fold, respectively.  

Although there was a significant increase of proline levels with the highest DCF 

concentration in shoots and roots (about 0.6- and 2.3-fold), the lowest concentration of 

this contaminant lead to no statistical differences for both organs, in relation to the control 

situation. 

 
Figure 12. Proline levels in shoots (A) and roots (B) of tomato plants exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 

µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values 

presented are mean ± SD.  *, ** and *** above bars indicate significant statistical differences from control at p ≤ 0.05, p ≤ 

0.01 and p ≤ 0.001, respectively. 

 

3.5 Assessment of the Cr (VI) and DCF effects on several 

photosynthetic endpoints 

To gain an insight on the impact of these two contaminants on the C metabolism, some 

physiological parameters like photosynthetic pigments content, gas exchange and starch 
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accumulation were measured. Besides all these biochemical techniques, a molecular 

approach was conducted, where the expression of some photosynthetic-related genes 

under both treatments was evaluated. 

 

3.5.1 Photosynthetic pigments 

Overall, both contaminants had a positive influence on photosynthetic pigments content 

in tomato leaves (Figure 13). Concerning the chlorophyll content levels (Figure 13A), no 

statistical differences were found with 5 µM Cr (VI) treatment, although there was a 

significant increase of 0.7-fold with the 10 µM Cr (VI) treatment. Regarding DCF 

exposure, there was a significant increase of 1.4- and 1.6-fold with the lowest and highest 

concentrations, respectively. The carotenoid content (Figure 13B) did not alter with the 

lowest Cr (VI) exposure but increased 0.7-fold with the 10 µM Cr (VI) concentration. The 

0.5 mg L-1 DCF treatment significantly stimulated the carotenoid content by 0.9-fold. 

Interestingly, no differences in the content of these pigments were observed with the 

highest DCF concentration. 

 
Figure 13. Total chlorophylls (A) and carotenoids (B) levels of tomato plants exposed to Cr (VI) and DCF. CTL: Control; 

Cr 5: 5 µM Chromium; Cr 10: 10 µM Chromium; DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values 

presented are mean  SD. **, *** and **** above bars indicate significant statistical differences from control at p ≤ 0.01, p 

≤ 0.001 and p ≤ 0.0001, respectively. 

 

3.5.2 Photosynthetic apparatus 

The parameters stomatal conductance (Gs) and transpiration rate (E) significantly 

increased with the 10 µM Cr (VI) treatment in 0.8- and 2.1-fold, respectively. Moreover, 

the Gs decreased 1.4-fold with the lowest Cr (VI) concentration. The remain parameters, 

net photosynthetic rate (A), the water use efficiency (WUE) and the ratio of internal and 

external CO2 remained stable in all growth conditions (Table 5). 
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Table 5. Gas exchange measurement of plants exposed to Cr (VI) and DCF, considering the following parameters: A, 

CO2 uptake (µmol m-2 s-1); E, transpiration rate (mmol m-2 s-1); Gs, stomatal conductance (mmol m-2 s-1); WUE, water use 

efficiency (nmol mol-1); Ci/Ca, internal and environmental CO2 ratio. CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 

µM Cr (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values presented are mean ± SD. ** above bars 

indicate significant statistical differences from control at p ≤ 0.01 

Treatment 
A 

µmol m-2 s-1 

Gs 

mmol m-2 s-1 

E 

mmol m-2 s-1 

WUE 

mmol mol-1 
Ci/Ca 

CTL 8.451  0.330 0.123  0.018 0.539  0.139 7.935  0.634 0.691  0.030 

5 µM Cr (VI) 3.936  0.531 0.052  0.003 ** 0.497  0.023 9.386  2.212 0.617  0.085  

10 µM Cr (VI) 7.282  1.256 0.223  0.009 ** 1.664  0.045 ** 6.640  1.364 0.770  0.044 

0.5 mg L-1 DCF 6.186  0.151 0.094  0.008 0.839  0.005 7.368  0.132 0.725  0.003 

5 mg L-1 DCF 6.185  2.339 0.084  0.008 0.829  0.154 7.187  1.486 0.687  0.090 

 

3.5.3 Photosynthesis-related gene expression 

To understand the influence of Cr (VI) and DCF on tomato plants’ photosynthesis, the 

transcript accumulation of some photosynthetic-related genes by qPCR was verified: two 

genes coding the protein subunits of PSII: D1 protein (PSIIa) and CP47 (PSIIb), 

respectively, and two genes coding the small and large subunits of RuBisCO, rbcS and 

rbcL, respectively (Figures 14 and 15). 

According to Figure 14, it was possible to observe a significant up-regulation of PSIIa 

with the lowest concentration of Cr (VI) (1.6-fold) and a down-regulation of PSIIb, under 

the same treatment condition (0.25-fold). Concerning the 10 µM Cr (VI) treatment, PSIIa 

transcript remained constant and the PSIIb transcripts levels decreased (0.20-fold). On 

the other hand, the transcript levels of both PSII genes increased with both DCF 

treatments (0.4-fold). In particular, the levels of PSIIa transcripts increased with the rise 

in the DCF concentration (0.5- and 1.5-fold, respectively).  

 
 

Figure 14. Expression profile of two genes coding for protein subunits of PSII, D1 protein (PSIIa) and CP47 (PSIIb), 

respectively, of tomato leaves exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM Chromium; Cr 10: 10 µM Cr (VI); 
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DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. Values presented are mean  SD. ** and **** above bars 

indicate significant statistical differences from control at p ≤ 0.01 and p ≤ 0.0001, respectively. 

The transcript levels of rbcS and rbcL significantly decreased with both Cr (VI) treatments 

(3.3-, 0.4-, 1.3- and 1.6-fold, respectively), however the observed decrease in rbcS 

transcript levels was more pronounced with the lowest Cr (VI) concentration (3.3-fold). 

Moreover, it was possible to observe a down-regulation of both rbcS and rbcL transcript 

levels with the two DCF treatments (0.1-, 0.6-, 0.8 and 0.3-fold, respectively), occurring 

the decrease in rbcS levels in a concentration-dependent mode.  

 
Figure 15. Expression profile of the small and large subunits of RuBisCO, rbcS and rbcL, respectively, of tomato leaves 

exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM Chromium; Cr 10: 10 µM Cr (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; 

DCF 5: 5 mg L-1 Diclofenac. Values presented are mean  SD. * and **** above bars indicate significant statistical 

differences from control at p ≤ 0.05 and p ≤ 0.0001, respectively. 

Overall, the PSII genes presented an up-regulation while, the RuBisCO genes suffered 

a down regulation under Cr (VI) and DCF exposure (Table 6).  

Table 6. Effects of Cr (VI) treatments on photosynthetic-related genes expression. It was considered up regulated or down 

regulated if expression increased, or decreased (respectively) with p < 0.05, and no change if p > 0.05; CTL: Control; Cr 

5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. 

TREATMENT 
PHOTOSYNTHETIC-RELATED GENES 

PSIIa PSIIb rbcS rbcL 
Cr 5     
Cr 10 No change    

 DCF 0.5     
DCF 5     

 

3.5.4 Starch accumulation  

A histochemical coloration of starch grains was conducted to observe starch 

accumulation on tomato leaves (Figure 16). The intensity of the blue colour is indicative 

of a higher starch content. As it can be observed, the control leaves exhibited the highest 

starch levels, which was negatively affected by both Cr (VI) and DCF, in a concentration-
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dependent manner. Furthermore, it seemed clear from the images that Cr (VI) exerted a 

much more pronounced effect than DCF.   

 
Figure 16. Lugol staining of starch in tomato leaves exposed to Cr (VI) and DCF. CTL: Control; Cr 5: 5 µM Chromium 

(VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. 

 

3.6 Bioinformatics characterisation of Solanum 

lycopersicum L.’s GS-encoding gene family  

The tomato GS-encoding genes used in this work were selected based on an exploration 

performed at the NCBI platform (https://www.ncbi.nlm.nih.gov/) and SOL Genomics 

Network (SGN) database (https://solgenomics.net/), having 5 different cDNA sequences 

related to tomato GS been retrieved and then analysed as described. 

This explorative work allowed the identification of 1 gene encoding the plastidic 

isoenzyme (SlGS2), and 4 coding for cytosolic isoenzymes: SlGS1.1; SlGS1.2; SlGS1.3 

and SlGS1.4.  

 

3.6.1 Phylogenetic analysis of S. lycopersicum cDNAs coding for GS 

(SlGSs) 

To understand the evolutionary relationships between the retrieved SlGSs genes, a 

phylogenetic tree was constructed using MEGA software (Figure 17). The tomato GS-

encoding cDNA nucleotide and deduced protein sequences and respective accession 

data are assembled in the supplemental data (Supplemental data 1); their respective 

accession number can be visualised in Table 7.  

https://www.ncbi.nlm.nih.gov/
https://solgenomics.net/
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The phylogenetic analysis showed that SlGS1.1 and SlGS 1.2 cDNA sequences are the 

most closely related, followed by SlGS 1.3 and then by SlGS 1.4. SlGS2 is 

phylogenetically the farthest GS-encoding sequence of all SlGSs.  

 

Figure 17. Phylogenetic tree constructed with all S. lycopersicum GS cDNA sequences recovered from the databases 

referred in the text. The bootstrap consensus tree was generated using the Neighbour-Joining method with MEGA7, with 

1000 bootstrap replicates. The percentage of replicate trees in which the associated taxa clustered together in the 

bootstrap test are shown next to the branches. Bar represents the scale length. 

 

3.6.2 SlGSs relative expression analysis using the eFP browser 

The retrieved SlGS genes were analysed with the Tomato eFP browser to determine in 

which plant organs, and at what levels they would be expressed. The obtained data for 

leaves and roots is listed in Table 7. 

 

Table 7. Relative expression levels of the tomato GS-encoding genes on leaves and roots. 

Gene name Accession number Relative Expression 

Leaves Roots 

GS2 Solyc01g080280.2 829.65 58.16 

GS1.1 Solyc04g014510.2 29.25 819.92 

GS1.2 Solyc05g051250.2 1.33 20.53 

GS1.3 Solyc11g011380.1 136.6 981.3 

GS1.4 Solyc12g041870.1 0 0 

 

The tomato GS genes displayed different levels of expression on an organ-dependent 

manner. According to Tomato eFP Browser, SlGS2 presented the highest levels of 

expression in leaves (829.65). Moreover, that was the only GS gene presenting high 

values in leaves. SlGS1.1, 2 and 3 expression levels are higher in roots when compared 

 GS1.1

 GS1.2

 GS1.3

 GS1.4

 GS2

99

49
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to leaves, being SlGS1.3 that with the highest value of expression (981.3) in roots, 

followed by SlGS1.1. SlGS1.2 gene presented relatively low levels of expression in both 

organs when compared to SlGS2, SlGS1.1 and SlGS1.3. SlGS1.4 gene showed no 

levels of expression in either organ considered in this tool. 

3.6.3 SlGS gene family relative expression analysis by RT-PCR 

The cDNA sequences coding for the 5 GS isoenzymes were firstly aligned using Clustal 

Omega and the retrieved alignment was submitted in its Fasta format to PrimerIdent for 

cDNA-specific primer design. 

In a series of initial experiments, the product sizes of the designed primers were checked, 

the PCR conditions were optimized and the differential expression of the several GS 

genes in tomato plants was inferred. To do so, gDNA, as well as cDNAs synthesised 

from mRNA extracted from shoots and roots of tomato plants grown under optimal 

conditions, were used. A series of gradient PCRs, using gDNA as template, was first 

conducted to determine the optimum annealing temperatures for each primer pair to be 

used in subsequent PCRs.  

Having the optimum annealing temperatures been selected, it was possible to observe 

that all the primers annealed to the gDNA and resulted in amplicons after the PCR 

(Figure 18). Most of the amplified fragments presented bigger sizes than those 

theoretically expected if cDNAs were used as template in the PCR, indicating the 

presence of introns (Table 8). According to Figure 18, the biggest amplicon (about 1400 

bp) is that of GS2 and the lowest amplicon (about 200 bp) was observed for GS1.1. 

GS1.3 and GS1.4 presented an amplicon of about 600 bp while GS1.2 presented an 

amplicon of about 550 bp. Therefore, all fragments, except for GS1.1, presented a size 

higher than the expected, indicating the presence of introns. Taking this particular result 

into consideration, future RT-PCR reactions for GS1.1 were prepared together with a 

negative control (where RNA was used instead of cDNA) to discard eventual gDNA 

contaminations and therefore, any false positive result.  
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Figure 18. Agarose gel (0.8% (w/v)) electrophoresis evidencing the PCR products of GS2, GS1.1, GS1.2, GS1.3 and 

GS1.4 of S. lycopersicum when gDNA was used as template. The used ladder was NZYDNA Ladder III (Nzytech®, 

Portugal). 

Table 8. Summary of chosen temperatures, expected sizes and intron presence of all SlGS-encoding genes. 

Gene name Chosen temperature (ºC) Expected size (cDNA) Intron presence 

GS2 55 ºC 189 bp + 

GS1.1 62 ºC 178 bp - 

GS1.2 54 ºC 191 bp + 

GS1.3 56 ºC 164 bp + 

GS1.4 54 ºC 192 bp + 

 

Most primers detected their corresponding cDNAs in both shoots and roots. It is possible 

to observe that GS2, GS1.2 and GS1.3 presented higher mRNA accumulations in shoots 

than in roots, GS2 corresponding to that with the highest gene expression (Figure 19). 

GS1.1 expression was equally detected on both shoots and roots, being the most 

expressed gene on roots. GS1.4 presented no expression in both organs. All PCR 

products had their expected sizes. Moreover, no amplicons were detected in the negative 

control reactions for GS1.1 in either shoots or roots, indicating that the cDNA reactions 

used were not contaminated by gDNA. 
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Figure 19. Results for GS2, GS1.1, GS1.2, GS1.3 and GS1.4 RT-PCR analysis by 0.8 % (w/v) agarose gel 

electrophoresis in both shoots and roots; Expected sizes: 189 bp; 178 bp, 191 bp; 164 bp; 192 bp, respectively. GS1.1- 

corresponds to the negative control reaction for GS1.1. 

 

3.7 Study of Cr (VI) and DCF impact on SlGS gene family 

expression 

3.7.1 Changes in transcript levels of tomato GS genes under Cr (VI)- 

and DCF-induced stress 

To examine the effect of the exposure to Cr (VI) and DCF in the transcript amount of the 

tomato GS gene family members, a qPCR for GS2 and GS1.1 genes and a semi-

quantitative RT-PCR for the remaining GS genes were performed using both actin and 

ubiquitin, and 18S genes as reference genes, respectively. For both reactions, total RNA 

extracted from leaves and roots of the control and treated plants was quantified and its 

quality was checked by agarose gel electrophoresis (Figure 20). 

 

 
Figure 20. Total RNA extracted from shoots and roots of tomato plants exposed to Cr (VI) and DCF. For quality 

assessment of total RNA, it was separated on agarose gel at 0.8 % (w/v). CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 

10 µM Chromium; DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 Diclofenac. 
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The analysis of the total RNA preparations revealed that these appeared not to be 

contaminated by gDNA, as no bands were visible near the wells were the samples were 

loaded. Furthermore, the visualization of well-defined rRNA bands showed that it was 

possible to proceed to the RT-PCR analysis. 

The levels of transcripts of GS2 (Figure 21), which were investigated by qPCR, in shoots 

did not presented significative differences with the exposure to either Cr (VI) 

concentration used. In roots, their levels decreased 0.4-fold in the lowest Cr (VI) 

concentration and did not alter with 10 µM Cr (VI). DCF exposure led to a down-

regulation of the GS2 transcript levels by 4.1- and 6.7-fold in shoots in a concentration-

dependent manner. In roots, only the lowest concentration of this contaminant 

significantly decreased them (0.6-fold), while the highest DCF concentration did not 

present any significative differences.  

 
Figure 21. Expression profile of GS2 gene in shoots (A) and roots (B), of tomato leaves exposed to Cr (VI) and DCF. 

CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 

Diclofenac. Values presented are mean  SD. * and *** above bars indicate significant statistical differences from control 

at p ≤ 0.05 and p ≤ 0.001, respectively. 

The qPCR analysis showed that shoots’ GS1.1 transcript levels (Figure 22) decreased 

with both Cr (VI) treatments by 2.0- and 1.5-fold, with the lowest and highest 

concentrations, respectively, while they only decreased with the lowest Cr (VI) 

concentration in roots (2.7-fold). Also, no differences were observed for the highest 

concentration of the contaminant. The 0.5 mg L-1 DCF treatment altered GS1.1 

expression in an organ-specific manner: GS1.1 transcript levels decreased 0.2-fold in 

shoots, while in roots, the expression of this gene increased 1.2-fold. The highest DCF 

concentration induced an up-regulation of the GS1.1 gene expression by 0.6- and 3.7-

fold in shoots and roots, respectively.  
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Figure 22. Expression profile of GS1.1 gene in shoots (A) and roots (B), of tomato leaves exposed to Cr (VI) and DCF. 

CTL: Control; Cr 5: 5 µM Chromium (VI); Cr 10: 10 µM Chromium (VI); DCF 0.5: 0.5 mg L-1 Diclofenac; DCF 5: 5 mg L-1 

Diclofenac. Values presented are mean  SD. * and **** above bars indicate significant statistical differences from control 

at p ≤ 0.05 and p ≤ 0.0001, respectively. 

The continuous exposure to the higher levels of Cr (VI) stimulated the transcription of 

SlGS1.3 in both organs. Curiously, the increasing Cr (VI) concentrations used seemed 

to stimulate the transcription of SlGS1.2 in shoots, but in roots the expression of this 

gene was somewhat repressed, revealing that this gene presented a differential 

expression in shoots and roots in response to the Cr (VI) treatments (Figure 23).  

 
Figure 23. Typical results for GS1.2, GS1.3 and GS1.4 semi-quantitative RT-PCR analysis by 2 % (w/v) agarose gel 

electrophoresis in both shoots (A) and roots (B) of tomato plants exposed to increasing concentrations of Cr (VI); Expected 

sizes: 191 bp; 164 bp; 192 bp, respectively. CTL: Control; T1: 5 µM Cr (VI); T2: 10 µM Cr (VI).  

Both DCF treatments stimulated the transcription of SlGS1.2 in shoots, and SlGS1. 2 

and 3 in roots. Indeed, SlGS1.2 showed the highest expression in treated plants in both 

shoots and roots (Figure 24).  
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Figure 24. Typical results for GS1.2, GS1.3 and GS1.4 semi quantitative RT-PCR analysis by 2 % (w/v) agarose gel 

electrophoresis in both shoots (A) and roots (B) of tomato plants exposed to increasing concentrations of DCF; Expected 

sizes: 191 bp; 164 bp; 192 bp, respectively. CTL: Control; T1: 0.5 mg L-1 DCF; T2: 5 mg L-1 DCF.  

SlGS1.4 presented no expression in shoots and roots, in all situations (CTL, Cr (VI)- and 

DCF-treated plants). The effects of Cr (VI) and DCF exposure on the transcript 

accumulation levels of the GS gene members are summarised in Table 9 (see 

discussion). 

 

3.8 Cloning of the SlGS2-encoding cDNA  

Before this procedure, the product size of the designed primers was checked, and the 

PCR conditions were optimized using gDNA as template to obtain the full SlGS2 gene. 

A series of gradient PCR’s were performed and the optimum annealing temperature was 

selected. Three annealing temperatures (54.7, 53.4 and 51 ºC, respectively) were tested 

and the selected temperature for future amplifications was 53.4 ºC (Figure 25).  

 

Figure 25. Agarose gel (0.8% (w/v)) electrophoresis evidencing the PCR products of GS2 of S. lycopersicum when gDNA 

was used as template, using 54.7, 53.4 and 51 ºC as annealing temperatures (lanes 1 to 3, respectively). The chosen 

temperature is highlighted. The ladder used was NZYDNA Ladder III (Nzytech®, Portugal). 

Afterwards, the SlGS2-encoding cDNA was obtained and purified, and it was cloned into 

the pJET 1.2 vector. Then, the E. coli were transformed, and the putative positive 

(recombinant) colonies were screened for the presence of insert. To choose the 
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appropriated restriction enzymes, a virtual cut of the SlGS2-encoding cDNA was 

performed using the Serial Cloner tool (Figure 26). 

 
Figure 26. Schematic representation of the GS2 cDNA insert depicting the sites for the restriction enzymes Sacl, Ncol 

and Xhol. The cDNA size is1684 bp. 

Through Figure 23, it can be observed three distinct recognition sites for SacI and one 

for both NcoI and XhoI.  

After transformation, three distinct colonies (1, 2 and 3) were identified, the screening 

was conducted by simple restriction digestions for two restriction enzymes - XhoI and 

NcoI, and the results are shown in Figure 27.   

 

Figure 27. Agarose gel (0.8 % (w/v)) electrophoresis evidencing three distinct colonies digested with XhoI (A) and NcoI 

(B). The green and red arrows highlight the SlGS2-encoding cDNA in the sense and antisense orientations, respectively. 

1, 2 and 3 represent the three distinct colonies. The ladder used was GeneRuler 100 bp Plus DNA ladder, ready-to-use 

(ThermoFisher Scientific). 

Both XhoI and NcoI presented different fragment sizes, which had the expected sizes. 

The fragment size of colony 1 when restricted with XhoI was 932 bp and when restricted 

with NcoI was 1094 bp. Colony 2 presented a smaller size than colony 1, with both 

restriction enzymes. After that, a new restriction analysis was performed with SacI 

(Figure 28) in colonies 1 and 2.  
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Figure 28. Agarose gel (0.8 % (w/v)) electrophoresis evidencing two distinct colonies digested with SacI. 1 and 2 represent 

colonies 1 and 2, respectively. The arrows evidence two bands resulting from the restriction. The used ladder was 

GeneRuler 100 bp Plus DNA ladder, ready-to-use (ThermoFisher Scientific). 

It was possible to obtain equal banding patterns, composed of three bands for both 

colonies 1 and 2 (Lanes 1 and 2, respectively). The larger and brighter band was higher 

than 3,000 bp, as expected. The other two bands presented 235 bp and 274 bp, 

respectively. 
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4.  Discussion 

4.1 The accumulation of Cr occurs predominately in 

roots 

In any study, the quantification of the contaminant (sometimes more than one) levels on 

plants’ tissues is the first step to evaluate the phytotoxicity of these substances 

(Kummerová et al., 2016) 

Tomato plants have the capacity to accumulate HMs, being Cr one of them (Jacob and 

Kakulu, 2012), and in many crops, this metal is more accumulated under the hexavalent 

form rather than in its trivalent state (Zayed et al., 1998). For these reasons, the content 

of Cr in tomato plants’ organs was investigated. The amount of Cr was much higher in 

roots than in shoots, being as greater as the Cr (VI) concentration applied to the plants. 

Indeed, similar studies had proven that this metal is more accumulated in roots in various 

species, including tomato (Singh and Sinha, 2005). Cr preferential accumulation in roots 

is suggested as a strategy that plants possess to protect the aboveground parts from Cr-

induced toxicity, particularly the photosynthetic apparatus in leaves (Brune et al., 1995). 

The low mobility of this metal to the aerial parts of plants also explains the low content 

of Cr in tomato plants’ shoots. In fact, Cr has proven to be the least mobile HM from the 

roots to the shoots (Shukla et al., 2007). 

Up to now, numerous studies have been conducted regarding DCF uptake and 

accumulation by plants (Bartha et al., 2014; Kummerová et al., 2016; García et al., 2018; 

Pierattini et al., 2018). The bibliography showed that this drug, similarly to HMs, tends to 

be more accumulated in roots and is poorly translocated to the aerial parts of the plants, 

due to DCF hydrophobicity. The time limitations and some technical issues hampered 

the determination of the DCF content in tomato plants’ organs for this study. However, 

the quantification of DCF on tomato plants’ shoots and roots will be further undertaken.  

4.2 GS – from gene to protein  

Given the importance of N for plant growth and development, coupled with the role of 

GS in N metabolism and in stress responses, the characterisation of this enzyme, either 

at the gene or at the protein level in tomato plants is an important issue.  

The search for tomato GS-encoding genes identified 5 genes. Among that, one encoded 

the plastidic isozyme and the remaining encoded cytosolic isoenzymes. The results 

obtained in this work are in accordance with those observed by Liu et al. (2016). The 

results from the phylogenetic analysis suggest that the cytosolic and chloroplastic GS 
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isoenzymes form two separated groups, with GS2 being the farthest GS gene of all 

SlGSs. Indeed, this separation happened before the monocots and dicots diverged, 

about 300 million years ago, and resulted from gene duplication followed by the alteration 

of regulatory regions within the promoters of duplicated genes (Biesiadka and Legocki, 

1997). 

Some of the results from the in silico analysis of SlGS expression are consistent with the 

ones obtained in this study from RT-PCR in shoots and roots of tomato plants grown 

under optimal conditions, while others are the opposite. For instance, the SlG2 presented 

the highest values of expression in shoots, being this pattern confirmed by RT-PCR 

analysis. This result is no surprise since most of the physiological functions of the protein 

encoded by this gene remain in green organs (Swarbreck et al., 2010). Comparing the 

in silico analysis to those obtained by RT-PCR, the results for SlGS1.1 - 3 are not 

consistent. Through the qPCR approach, Liu et al. (2016) reported that SlGS1.2 and 3 

showed higher expression in the shoots than in the roots, being these results in 

accordance to what was observed in this work (Figure 18; Table 9). 

The same authors demonstrated that SlGS1.1 had higher expression levels in roots than 

in shoots, contrary to what was found in this work. However, considering its highest 

expression in roots in the RT-PCR analysis when compared to the SlGS1-encoding 

genes, the GS1.1 was considered the main GS1 gene in this organ, in the present study.  

From these results, the evaluation of the SlGS gene family expression was performed, 

using qPCR for the considered main GS genes in shoots and roots (GS2 and GS1.1, 

respectively), due to its high sensitivity and specificity (Bustin et al., 2009), and a semi-

quantitative RT-PCR was used for the remaining and less representative genes.  

 

4.3 Cr (VI) and DCF differentially influenced N 

metabolism at gene expression, enzyme activity and 

polypeptide levels 

It is well established that exposure to either HMs or PPCP’s has negative effects on plant 

growth and development. Knowing the role of N on plant growth and productivity, two 

enzymes involved in N assimilation were studied in this work: glutamine synthetase, 

which is responsible to convert the produced/absorbed NH4
+ into amino acids, and 

glutamate dehydrogenase, which is involved in the formation of glutamate under high 

NH4
+ concentrations. Several authors reported the negative influence of HMs, particularly 
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Cr (VI), on N metabolism, however, the information about the effects of PPCP’s like DCF 

on this metabolism remains scarce.  

This study is the first depicting the effects of Cr (VI) and DCF exposure on the specific 

transcript accumulation levels for each tomato GS gene member. The gathered results 

from the accumulation of GS2 transcripts with the Cr (VI) treatments revealed that this 

gene presented a differential expression in shoots and in roots. The transcript levels of 

this gene tended to increase in shoots and significantly decreased in roots under 5 µM 

Cr (VI) exposure. With the highest Cr (VI) concentration, the levels of the transcripts 

tended to decrease in shoots and remained constant in roots. Previously, a semi-

quantitative RT-PCR for the SlGS1.1 gene was conducted as well as for the 

corresponding negative controls. As no bands were detected in the negative controls 

(data not shown), no gDNA contamination of the RNA preparations was assumed. 

Therefore, this gene expression was assessed by qPCR without the negative controls. 

In this context, the cytosolic GS genes had different expression profiles in response to 

the exposure to both contaminants. Regarding GS1.1, its transcript levels decreased 

with both Cr (VI) treatments in shoots and had no changes in roots, despite the slight 

decrease observed in the lowest Cr (VI) concentration. Contrarily, both SlGS1.2 and 3 

showed an increase in their transcript accumulation in shoots with both Cr (VI) 

treatments. In roots the levels of SlGS1.2 markedly decreased under Cr (VI) exposure, 

while the SlGS1.3 expression in roots also increased with both treatments.  

Overall, Cr (VI)-induced stress lead to a decrease in GS activity in shoots and in roots. 

Previous studies showed a relation between the decrease in the activity of this enzyme 

and oxidative modifications of GS proteins caused by HM-induced stress (Balestrasse 

et al., 2006). Moreover, the decrease in GS activity in shoots and in roots under Cr (VI) 

exposure was already reported by Gangwar and Singh (2011) and Kumar and Joshi 

(2008) in Pisum sativum and Sorghum bicolor plants, respectively. However, a positive 

response in shoots was evidenced with the lowest concentration of Cr (VI). This result is 

supported by the observed upregulation of the GS2 gene and the increase in the GS 

protein content in response to this concentration. Observing the performance of GS in 

the levels of transcription, activity and polypeptide, it is possible to state that 5 µM Cr (VI) 

was not adverse to tomato shoot GS. Because Cr (VI) is preferentially accumulated in 

roots and poorly translocated to shoots (Lopez-Luna et al., 2009), the activity of GS on 

roots was negatively affected by this contaminant accumulation in these organ. The 

negative effects of Cr (VI) on this enzyme at the root level activity are supported by the 

transcript levels, since GS1.1 and GS1.2 genes expressions decreased in the roots of 
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the Cr (VI)-treated plants. The GS polypeptide content was barely detectable, thus 

corroborating the GS gene expressions and activity results. 

The DCF exposure resulted in a strong decrease in GS2 transcript levels in shoots in 

both concentrations of this contaminant. In roots, despite no changes were observed for 

the highest concentration of DCF due to the high standard deviation, a down-regulation 

of GS2 transcript levels was observed with 0.5 mg L-1 DCF. The lowest DCF 

concentration induced a differential and organ-specific expression of GS1.1, since the 

levels of transcript of this gene decreased in shoots and were up-regulated in roots. 

Additionally, a differential and organ-specific response was also observed for GS1.3 

transcript accumulation in treated plants for both conditions: this gene had no changes 

in shoots but increased in roots. As observed with Cr (VI) treatments, GS1.2 transcript 

accumulation increased upon DCF exposure, in both organs. Curiously, a shift between 

GS2 and GS1.1 accumulation profiles with the DCF treatments for both organs was 

analysed: as GS2 transcript levels decrease, the GS1.1 mRNA suffer an increase in their 

accumulation.  

Table 9. Summary of the effects of Cr (VI) and DCF exposure on the mRNA accumulation of the tomato GS-encoding 

genes. (=) means no changes, (-) means decreased accumulation and (+) means increased accumulation relative to the 

control. (x) means no mRNA accumulation. 

GS gene 5 µM Cr (VI) 10 µM Cr (VI) 0.5 mg L-1 DCF 5 mg L-1 DCF Organ 

2 = 

- 

= 

= 

- 

- 

- 

= 

Shoots 

Roots 

1.1 - 

- 

- 

= 

- 

+ 

+ 

+ 

Shoots 

Roots 

1.2 + 

- 

+ 

- 

+ 

+ 

+ 

+ 

Shoots 

Roots 

1.3 + 

+ 

+ 

+ 

= 

+ 

= 

+ 

Shoots 

Roots 

1.4 x x x x Both 

 

Regarding DCF results, it was noticed that this contaminant negatively affected GS 

activity in shoots, in a concentration-dependent manner. The results observed for GS2 

gene expression also confirmed that DCF strongly injured shoot GS activity. Yet, no 

differences were detected in GS polypeptide content in response to both concentrations. 

It was also observed that despite the increase of GS1.1 transcripts in shoots, it was not 

enough to prevent the decrease in total GS activity, implying that the activity of this 

enzyme in the aerial parts is mainly due to GS2. Similar results were obtained for 

Solanum nigrum L. shoots after the exposure to acetophenone, where a reduction in 

GS2-related transcripts was accompanied by increased GS1a- and GS1b-related 
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transcripts, although resulting in a decrease of shoot GS activity (Moreira et al., 2018). 

In roots, the lowest concentration of DCF increased the GS activity. This result agrees 

with the observed increase for GS1.1 and GS1.2 transcripts in roots from the 0.5 mg L-1 

DCF exposure. The xenobiotic acetophenone also led to an upregulation of the GS1-

encoding genes in roots of S. nigrum L. plants, along with an increased root GS activity 

(Moreira et al., 2018). Interestingly, the highest concentration caused a decrease in the 

enzyme activity and the GS polypeptide content, contrary to what was found at GS1.1 

gene expression. Taking into account this particular result, two assumptions are possible 

to have occurred: 1) Despite 5 mg L-1 did not impair GS1.1 transcript accumulation, the 

translated protein possibly suffered post-translational modifications that affected the 

enzyme’s activity. Indeed, some authors reported the regulation of GS activity by several 

possible post-translational modifications, including phosphorylation (Finnemann and 

Schjoerring, 2000; Man and Kaiser, 2001; Riedel et al., 2001; Lima et al., 2006); 2) It 

was discovered that DCF compromised the uptake of NO3
- by decreasing the activity of 

NR in roots of Medicago sativa L. (Christou et al., 2016). Because the NR is the first 

enzyme involved on NO3
- assimilation and being its activity impaired, it is expected that 

the activity of the following N-assimilatory enzymes decreases, including GS. Besides 

DCF, acetaminophen, another pharmaceutical, decreased both NR and GS activities in 

roots of Hordeum vulgare L. (Soares et al., 2018), thus supporting this hypothesis and 

corroborating the results observed for the GS activity in this work.  

Any of these two assumptions (or both of them) is valid for these results. The root GS 

polypeptide content slightly decreased with both DCF concentrations, confirming the 

negative effects of this contaminant at the protein level. Furthermore, it was observed 

that the highest concentration of DCF was the most damaging for tomato GS. 

Additionally, the inconsistency of results between the GS activity and gene expression 

might be related to the existence of several GS forms that have non-redundant functions 

or accumulate at different tissues in different physiological conditions, thus the 

measurement of GS activity may mask isozyme-specific differences (James et al., 2018).   

Contrary to what was observed for GS activity, the GDH activity increased with the 

exposure to both contaminants in both organs analysed. By observing the differences in 

the number of bands in shoots and roots in control and treated plants, it can be assumed 

that the major diversity of GDH isoenzymes is present in the non-green organs. In fact, 

Liu et al. (2016) found that roots were the preferential organ for the expression of two of 

the four SlGDH genes, when compared to the shoot GDH gene family expression.  
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In shoots of plants treated with both Cr (VI) concentrations and with 5 mg L-1 DCF, a third 

band appeared, that did not exist in the control. The appearance of this band may 

indicate that this specific isoenzyme functions under stressful conditions, thus 

suggesting a role of GDH in response to abiotic stresses. However, the GDH polypeptide 

content detected by western blotting in this organ decreased with the increasing Cr (VI) 

concentrations. In roots, five bands were observed and, with Cr (VI) treatments, all of 

them increased their intensity in a concentration-dependent manner. The GDH 

polypeptide content in roots slightly decreased with the lowest Cr (VI) concentration but 

increased with 10 µM Cr (VI), accounting for the increased GDH activity registered. Yet, 

similar to what was observed in this study, previous other studies showed that under HM-

induced stress, the activity of GDH increased in shoots and roots of triticale, rice and 

tomato plants (Chiraz et al., 2003; Jha and Dubey, 2004; Gajewska and Skłodowska, 

2009). The increase in GDH activity was also observed under salinity by Kwinta and Cal 

(2005) and Purnell et al. (2005).  Also, the 2nd, 3rd and 5th bands increased their intensity 

in DCF-treated plants, being the intensity as higher as the concentration of this 

contaminant. On the contrary, the GDH protein content did not change with the 0.5 mg 

L-1 DCF but decreased under the highest concentration of DCF. By these reasons, it can 

be assumed that the increase in GDH activity under stress conditions is transversal to 

many types of abiotic stresses, thus explaining the kinetics of this enzyme under DCF 

exposure (Chiraz et al., 2003; Jha and Dubey, 2004; Kwinta and Cal, 2005; Purnell et 

al., 2005; Gajewska and Skłodowska, 2009). 

Considering the GS and GDH activities towards Cr (VI) and DCF treatments, it is possible 

to affirm that due to the negative effects of both contaminants on GS activity, the 

reassimilation of ammonium is compromised, thus leading to an excess of the NH4
+ ions. 

This way, GDH represents an alternative pathway to perform the assimilation of these 

ions (El-Shora and Abo-Kassem, 2001).   

4.4 Proline accumulation is positively affected by both 

contaminants 

It is known that the amino acid proline plays various roles in plant responses to many 

types of biotic and abiotic stresses (Szepesi and Szőllősi, 2018).  

The results in the present study showed that the lowest Cr (VI) concentration did not 

affect the accumulation of proline, whereas the treatment with 10 µM of Cr (VI) induced 

a great increase in aerial part. The accumulation of this amino acid in roots was induced 

by both Cr (VI) treatments. A relation between HM-induced stress and proline 
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accumulation was established many years ago (Saradhi, 1991). Indeed, several studies 

reported that plants exposure to different HMs, including Cr (VI), induced the proline 

accumulation (Bassi and Sharma, 1993; Gallardo et al., 1994; Rai et al., 2004; Singh 

and Sinha, 2005), thus supporting the results of this work. The proline functions under 

HM-induced stress are diversified and fundamental to mitigate the effects provoked by 

HMs on plants. This amino acid acts as an osmoprotectant, a HM chelator and it is also 

important to supress reactive oxygen species (ROS). Moreover, the formation of 

phytochelatins, which are responsible for the chelation of HMs, is induced by proline 

(Farago and Mullen, 1979; de Knecht et al., 1994; Xu et al., 2009).  

Concerning the DCF treatments, a similar pattern to that of Cr (VI) was observed for both 

shoots and roots: the lowest concentration did not alter the proline accumulation while a 

huge increase was observed for the 5 mg L-1 DCF treatment. From these results, it can 

be assumed that under low DCF concentrations, tomato plants did not have the need to 

accumulate proline in both organs, suggesting that this concentration was not stressful 

for these plants. Soares et al. (2018) reported an increase in levels of proline towards 

acetaminophen exposure in shoots and in roots of Hordeum vulgare L. Furthermore, it 

was noticed that the plants exposure to acetophenone increased the proline levels in 

shoots and in roots of Solanum nigrum L. (Moreira et al., 2018). All these data support 

that the response of proline accumulation is transversal to distinct types of abiotic 

stresses. However, contrary to these results, the levels of proline were negatively 

influenced by DCF in Medicago sativa L in shoots and in roots (Christou et al., 2016). 

Such differences may derive from the amount of exposure to this contaminant, as well 

as plant species used.  

4.4.1 GDH - An alternative pathway that allow proline accumulation 

under stressful conditions 

Under stressful circumstances, the accumulation of proline by plants is highly dependent 

on the production of its main precursor, glutamate (Lutts et al., 1999). Indeed, when 

plants are exposed to unfavourable growth conditions, the main source of glutamate for 

proline production was thought to be the GS/GOGAT cycle in the phloem (Brugière et 

al., 1999). However, other studies demonstrated the importance of GDH as an alternative 

route to glutamate formation (Wang et al., 2007; Gajewska and Skłodowska, 2009). The 

data of the present study showed that the levels of proline increased under Cr (VI) and 

DCF exposure as well as GDH activity, while the GS activity decreased. This way, these 

findings suggest that, under Cr (VI)- and DCF-induced stresses, GDH represents an 

alternative and predominant pathway not only for NH4
+ reassimilation, but also for 
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glutamate biosynthesis, providing glutamate for proline biosynthesis and accumulation 

(Figure 29).  

 

Figure 29. Two pathways that provide the glutamate for proline production and accumulation, under stressful conditions. 

The dashed arrow corresponds to the GDH pathway, which is an alternative route for amino acid’s production, while the 

GS/GOGAT cycle corresponds to the principal pathway of glutamate, and thus, proline production. 

 

4.5 The exposure of tomato plants to Cr (VI) and DCF did 

not impair photosynthetic activity  

It is well-known that HMs induce negative effects on photosynthesis in many ways 

(Shahid et al., 2017) and the performed studies on the impact of pharmaceuticals on 

photosynthesis are not consensual regarding the possible effects these contaminants 

exert on this primary metabolism, either in plants or in algae (Michelini et al., 2013; 

Kummerová et al., 2016; Majewska et al., 2018; Pierattini et al., 2018). This study 

focused not only on the physiological effects of both Cr (VI) and DCF on several 

photosynthetic endpoints, but the genetic response of some photosynthetic-related 

genes was also investigated. Furthermore, the changes in starch content under both 

contaminants’ exposure were histochemically visualized.  

The chloroplast is the primary target of biotic and abiotic stresses. This way, the first 

indication of organelle damage is the decrease in pigments content (Mostowska, 1997). 

Contrary to was expected, while no changes were observed in pigments content (both 

total chlorophylls and carotenoids) with the lowest Cr (VI) treatment, a positive influence 

was observed with 10 µM Cr (VI). Indeed, Cr, along with other HMs, can interfere with 

photosynthetic pigments biosynthesis by degrading the ALAD, that is the responsible 

enzyme for chlorophyll biosynthesis (Dey and Mondal, 2016) and by competing with Fe 

and Mg ions (Vernay et al., 2007). Furthermore, this metal can also replace the Mg ions 
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from their active sites in many enzymes, therefore emptying the chlorophyll content 

(Vajpayee et al., 2000). Although several studies reported negative effects of Cr (VI) in 

photosynthetic pigments, some authors observed a positive response under Cr (VI) 

exposure in different plant species. An increase in chlorophyll and carotenoids contents 

of mustard plants exposed to different Cr (VI) concentrations was observed by Pandey 

et al. (2005). Additionally, Dixit et al. (2002) reported an increase in chlorophylls a and b 

in Pisum sativum L. under Cr (VI)- induced stress. The generation of ROS, specifically 

oxygen radical and singlet oxygen, in response to Cr (VI) exposure during the illuminated 

period of the day, is prevented by carotenoids. In fact, the interaction of carotenoids with 

these ROS may prevent some damaging processes such as lipid peroxidation (Pandey 

et al., 2005). This way, this type of pigments plays an important role in chlorophyll 

protection, thus explaining the enhancement of carotenoids content detected in this 

study. Rodriguez et al. (2012) observed that pea plants exposed to Cr (VI) increased 

their Mg and Fe levels in shoots thereby suggesting that these increases influenced the 

rise in chlorophyll content, due to the crucial roles of Mg and Fe on chlorophyll 

biosynthesis. A similar conclusion can be assumed for the results observed in this study.   

The negative influence of Cr on gas exchange parameters has been observed in several 

species (Vernay et al., 2007; Subrahmanyam, 2008; Rodriguez et al., 2012). Despite the 

increase in pigments content, some gas exchange parameters, such as A, WUE and 

Ci/Ca did not alter with Cr (VI) treatments. However, and curiously, all parameters, 

except for WUE, presented the same pattern under Cr (VI) exposure: it was observed a 

decrease under the lowest Cr (VI) concentration followed by an increase of these 

parameters with the highest Cr (VI) concentration. The significantly increase in stomatal 

conductance was accompanied by an increase in transpiration rate with the 10 µM Cr 

(VI) treatment. These results are in accordance with the enhancement of pigments 

content, since an increase in leaf transpiration results in a rise in water loss and a 

decreased leaf water content. This way, the pigments concentration would increase as 

was observed.   

PSII has been suggested to be the main target of Cr-induced stress on photosynthesis 

(Davies Jr et al., 2002). Therefore, it is important to study the impact of this HM in these 

photosystem genes. The transcript levels of the two PSII-encoding genes demonstrated 

the negative influence of this HM on PSII, except for PSIIa under the lowest Cr (VI) 

treatment. The impact of HMs on PSII is related to the inhibition of the photosynthetic 

carbon reduction cycle enzymes, changes in ATP levels or through the plastoquinone 

pool (Rai et al., 2016).  
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Carbon metabolism in both C3 and C4 plants photosynthesis is primarily catalysed by 

RuBisCO and phosphoenol-pyruvate carboxylase (PEPC; EC 4.1.1.31), which are 

considered the most sensitive targets of HM-induced stress (Rai et al., 2016). Despite 

the RuBisCO-encoding genes had been severely affected by Cr (VI), the lowest Cr (VI) 

concentration had a positive response on the RuBisCO content. A study performed in 

2010 by Bah et al., found that the exposure of Typha angustifolia to Cr induced the 

expression of the RuBisCO’s small unit. In this work, the increase in the content of this 

enzyme could be a strategy to protect plants against Cr-induced stress. On the other 

hand, the RuBisCO content was strongly repressed by the 10 µM Cr (VI) treatment. 

Similar injuries provoked by Cr (VI) on RuBisCO have also been reported by others (Dhir 

et al., 2009; Rodriguez et al., 2012). According to these authors, some metal ions, such 

as Cr may substitute the Mg2+ in the active site of RuBisCO subunits, thereby causing 

oxidative damages to this enzyme (Sinha et al., 2018). The low impact of Cr (VI) in 

photosynthetic activity can also be due to the low content of this metal on the aerial parts 

of tomato plants, since translocation root-to-shoot is, as already reported, very limited 

(Shukla et al., 2007).  

Understanding the impact of Cr on the changes of the soluble sugars and starch 

accumulation is an essential task to better characterise the Cr-induced phytotoxicity 

(Sinha et al., 2018). Cr (VI)-induced stress was very pronounced on starch accumulation, 

where it highly decreased with both Cr (VI) treatments. Even when compared to the 

damages provoked by DCF treatments, Cr (VI) was much more severe. Similar results 

were found in Phyllanthus amarus (Rai and Mehrotra, 2008)  and Pisum sativum L. 

(Tiwari et al., 2009) exposed to Cr (VI). It has been suggested that the decrease in starch 

content is due to the decrease in the photosynthetic rate under Cr (VI)-induced stress, 

which is in accordance with the results obtained in the present study.  

The DCF treatments induced an increase in chlorophylls’ contents and the lowest DCF 

concentration also had a positive effect on carotenoids content. The authors are not 

consensual concerning the effects of pharmaceuticals, including DCF, on these 

photosynthesis-related parameters, since some reported no differences in pigments 

content, while others showed that these contaminants affected the chlorophylls and 

carotenoids (Michelini et al., 2013; Kummerová et al., 2016; Pierattini et al., 2018; Soares 

et al., 2018). In some studies, it was noticed that while the chlorophyll content decreased, 

the carotenoid remained constant or vice-versa, indicating differences between the 

content within the pigment type (Carter et al., 2015; Di Baccio et al., 2017). The increase 

in carotenoids content under DCF exposure was also observed by Majewska et al. 
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(2018) using the model green algae Chlamydomonas reinhardtii, confirming once again 

the protective effect of this pigment towards chlorophylls under stress conditions. All the 

gas exchange parameters did not alter with the DCF exposure, despite the observed 

slight decrease in A and Gs with both DCF treatments. As the decrease of these 

parameters was not significant and in the absence of studies reporting the effects of this 

drug on the photosynthetic apparatus, it can be assumed that, at least with these 

concentrations used in the present work, DCF did not impair the photosynthetic activity. 

Moreover, at the gene level, the encoding genes for PSII increased their levels in a 

concentration-dependent manner, thus supporting this theory. In fact, no differences on 

the photosynthetic apparatus were observed in Lemna gibba plants treated with 

ibuprofen, another NSAID that is commonly detected in surface waters (Di Baccio et al., 

2017). However, the RuBisCO enzyme was particularly damaged by DCF both at the 

gene and polypeptide content levels, thus contributing for a decrease in starch 

accumulation, an effect that was more evident with the highest DCF concentration used.  

4.6 Both Cr (VI) and DCF induced changes in soluble 

polypeptide content and profile 

The content of soluble proteins was strongly repressed by Cr (VI) treatments in shoots 

of tomato plants, being this effect more pronounced with the 10 µM Cr (VI) concentration. 

Yet, two bands appeared only in shoots of Cr (VI)-treated plants. In roots, distinct results 

were observed: an increase and a decrease in some bands intensity; a total suppression 

of three bands, and an appearance of one band. A relation between HMs and the 

induction of a variety of low-molecular weight protein metallochaperones or chelators 

such as heat-shock proteins was previously established (Emamverdian et al., 2015). This 

way, the increasing low molecular weight polypeptides observed in this study might be 

one of these proteins.  

The effects of DCF on polypeptide content both in shoot and roots were less severe than 

those provoked by Cr (VI). Indeed, in shoots, only one band was repressed and two 

bands, being one of them the RuBisCO, decreased their intensity. Interestingly, both Cr 

(VI) and DCF treatments decreased the intensity of a band with the same size (250 kDa). 

In the future, a proteomic approach could shed some light on this issue by attempting to 

uncover the identity of this polypeptide. 

In roots, the impact of DCF on polypeptide content was, overall, positive. The 

appearance of some polypeptides that were not shown in control plants was due to DCF 

exposure, and it was also detected the increase in other polypeptides’ intensities. These 
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bands may correspond to stress-related proteins, thus increasing their intensity towards 

DCF-exposure, particularly that with 22 kDa, whose intensity was higher with the 

increase in DCF concentration. However, the polypeptide that presented the lowest size 

decreased its intensity with DCF treatments. 

4.7 Development of new tools that will allow the 

overexpression of SlGS2-encoding cDNA 

The importance of GS in crucial features of NUE and yield in crops, as well as its potential 

application for sustainable agriculture, was already evidenced in different plants through 

genetic, molecular and physiological approaches. Indeed, the authors that attempted to 

modulate the in planta levels of the GS enzymes were based on two premises: i) 

improving GS activity should increase N uptake, therefore increasing plants growth; ii) 

enhancing GS activity should be crucial for  the remobilization of N from vegetative parts 

to the seeds, during senescence or under low N conditions (Fuentes et al., 2001; Habash 

et al., 2001; Thomsen et al., 2014; James et al., 2018). Bearing this in mind, one of the 

objectives of this work was to overexpress the SlGS2-encoding cDNA in an attempt to 

increase GS2 activity, and, therefore, increase the plants’ tolerance to stress. So far, this 

is the first study reporting the overexpression of a GS gene in tomato plants. However, 

due to time constrictions, this work only reports the final steps of the procedure that led 

to the cloning of the GS2-encoding cDNA into pJET.  

To obtain the highest amount of insert, an optimal annealing temperature was first 

chosen. According to Figure 22, all the three bands had the expected size. Yet, the band 

that had the best appearance was the one obtained when the annealing temperature 

corresponded to 53.4 ºC, and therefore, this was the temperature selected to amplify the 

GS2-encoding cDNA. 

Considering bacteria transformation, two approaches were conducted: the electro 

transformation and the heat-shock transformation. Due to the lack of positive colonies 

with the electro transformation, this technique was discarded, and the work continued 

with the heat-shock transformation, where three positive colonies were obtained.   

Confronting the results obtained with the restriction enzyme analysis performed with 

those obtained with the in silico visualization for the NcoI, SacI and XhoI restriction sites, 

it is correct to state that at least minipreps 1 and 2 (Figures 23 and 24) contained the 

GS2 cDNA (see below). The band that resulted from the restriction of miniprep 3, as 

each enzyme had a size well over 3,000 bp, indicates that the plasmid had an insert, 

since the size of the pJET plasmid is 2,974 bp. However, the insert did not correspond 
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to the GS2 cDNA because no additional bands were observed, as it was expected to 

occur when using either of these enzymes. Consequently, this miniprep was eliminated 

from the following procedures.  

Regarding colonies 1 and 2, the obtained bands after restriction are according to the 

virtually supposed. Since both Ncol and Xhol cut the insert and vector once, two bands 

in each lane were expected. The different sizes of the bands from miniprep 1 to miniprep 

2, obtained with each enzyme, can be interpreted by each having the same insert, but in 

opposite orientations.  

Due to the lack of recognition sites from SacI in the vector, and the fact that the insert 

had three of these sites, the recombinant plasmids were cut in three pieces: 2 from the 

GS2 cDNA and another bearing the rest of the cDNA plus the pJET vector (Figure 25). 

As the smaller piece (39 bp) is too small, it did not appear in the gel. The other band that 

derived from the DNA insert should have 235 bp. However, in this gel two bands 

appeared around that size instead of one. Such can be explained by an incomplete 

restriction: considering the larger (fainter) band, SacI only cut twice and so the 39 bp 

band was not excised, creating a band with 274 bp (235 + 39 = 274 bp). The largest and 

brightest band contains the rest of the insert, as well as the pJET vector. Because all 

these restriction patterns are in accordance to what was virtually expected, these results 

proved that the GS2 cDNA-encoding sequence was cloned successfully into pJET, and 

that colonies 1 and 2 possess the insert in the sense and anti-sense orientations, 

respectively. Furthermore, the existence of two recombinant plasmids bearing opposite 

orientations of the insert is profitable because it increases the restriction enzyme 

combinations possible to be used in downstream subcloning procedures, aimed at 

producing the gene construction to be delivered into the tomato plant genome in the 

future. 
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5.  Concluding remarks 

From the collected results by this work, the following conclusions were acquired: 

• The exposure to Cr (VI) and DCF imposed some physiological challenges to 

tomato plants, with Cr (VI) being more damaging than DCF; 

• Cr (VI) content was higher in roots than in shoots, revealing a protective role for 

roots; 

• Both contaminants affected the GS gene expression, activity and polypeptide 

levels: 

o  The coordinated decrease in the levels of GS genes’ transcripts, activity 

and polypeptide content in response to Cr (VI) reflects a common down-

regulation mechanism.  

o DCF induced some posttranslational changes in GS enzymes.  

• The increased GDH activity in response to both contaminants evidences an 

alternative route that tomato plants used to overcome the Cr (VI)- and DCF- 

induced injuries in the N assimilatory metabolism;  

• A positive correlation between proline accumulation and GDH activity suggest 

the involvement of this enzyme in an alternative pathway for providing glutamate 

for proline biosynthesis; 

• The increase in proline levels, along with the de novo appearance of distinct 

polypeptides indicate that tomato plants triggered several defence mechanisms 

to overcome Cr (VI) and DCF phytotoxicity; 

• Despite transcript levels of photosynthetic-related genes were altered, the 

photosynthetic activity was not greatly affected either by Cr (VI) or DCF; 

• The SlGS2-encoding cDNA was cloned in opposite orientations, which is quite 

promising since it will facilitate the ensuing procedures to overexpress this cDNA. 
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6.  Future Perspectives 

This work provided important insights on the influence of Cr (VI) and DCF in tomato 

plants’ physiology, particularly on the primary N and C metabolisms. Actually, up to now, 

this work presents the first report on the influence of DCF on the primary metabolism of 

tomato plants. Also, results presented in this dissertation constitute the first step to 

achieve the first tomato plants overexpressing the SlGS2-encoding cDNA. In the future, 

it is important to fulfil the gaps of this work by performing the following: 

• Quantification of DCF levels in the nutrient solution and in shoots and roots of 

tomato plants and quantify both Cr (VI) and DCF contents in tomato fruits, since 

these are the edible parts of the plant as it will provide a better understanding of 

the impact of these contaminants on human health; 

• Evaluation of several photosynthetic-related endpoints, such as chlorophyll 

fluorescence analysis, to better understand the effects of both contaminants on 

the photosynthesis light-dependent reactions; 

• Study the expression profile of SlGS1.4 gene across different plant organs other 

than those analysed in this study to verify whether this is really a pseudo-gene; 

• Investigate possible changes in GDH gene expression in response to Cr (VI) and 

DCF exposure, to reinforce the hypothesis of this enzyme being an alternative 

role for NH4
+ assimilation and proline accumulation; 

• Overexpress tomato plants with SlGS2 increased (abiotic) stress tolerance. This 

would be complemented with biometric data and Cr (VI)- and DCF-induced stress 

response analysis as presented in this work, to evaluate tolerance and fitness of 

such genetically modified plants.  
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Supplemental Data 

Supplemental data 1. Tomato GS-cDNAs, the forward and reverse primers, the 

deduced amino acid sequences and accession numbers for each sequence.  

 

GS2 (Solyc01g080280.2.1) 

                                        >SlGS2Fwd        

                                        | 

  A CCC ATC TTC ATC TTC TTC TCT CAC TCC TCT CAA CAC AAC ATT ATT TTC TGC ATT GTC CAC TTA GTT GGT  < 70 

   

  TAG GAG GTG AAC ATG GCT CAG ATC CTG GCT CCG TCT GCA CAA TGG CAG ATG AGA ATG ACA AAG AGC TCA A  < 140 

                  M   A   Q   I   L   A   P   S   A   Q   W   Q   M   R   M   T   K   S   S   T 

                                                                           <SlGS2Rev        

                                                                           | 

  CC GAT GCT AGT CCC TTG ACT TCA AAG ATG TGG AGC TCT GTG GTG CTG AAG CAG AAC AAA AGA CAC GCT CT  < 210 

     D   A   S   P   L   T   S   K   M   W   S   S   V   V   L   K   Q   N   K   R   H   A   L  

   

  T AAA AGC TCT GCC AAA TTT AGA GTT TTT GCC CTA CAG TCT GAC AAT GGC ACC GTG AAC AGA GTG GAA CAG  < 280 

   K   S   S   A   K   F   R   V   F   A   L   Q   S   D   N   G   T   V   N   R   V   E   Q    

   

  CTG CTA AAC TTG GAC GTA ACT CCA TAC ACT GAT AAG ATC ATT GCT GAA TAT ATT TGG ATC GGA GGG ACT G  < 350 

  L   L   N   L   D   V   T   P   Y   T   D   K   I   I   A   E   Y   I   W   I   G   G   T   G 

   

  GA ATT GAC ATG CGC AGT AAA TCA AGG ACT ATT TCG AAA CCA GTC AAG GAT GCT TCT GAG CTC CCA AAG TG  < 420 

     I   D   M   R   S   K   S   R   T   I   S   K   P   V   K   D   A   S   E   L   P   K   W  

   

  G AAC TAC GAT GGA TCA AGT ACT GGA CAA GCA CCT GGA GAA GAC AGT GAA GTC ATT CTA TAT CCT CAG GCA  < 490 

   N   Y   D   G   S   S   T   G   Q   A   P   G   E   D   S   E   V   I   L   Y   P   Q   A    

   

  ATA TTC AAA GAC CCT TTC CGT GGT GGT AAC AAC ATC TTG GTT ATC TGT GAT GCC TAC ACA CCA GCT GGA G  < 560 

  I   F   K   D   P   F   R   G   G   N   N   I   L   V   I   C   D   A   Y   T   P   A   G   E 

   

  AG CCA ATT CCT ACA AAC AAA CGC CAT AAA GCT GCT CAA ATT TTT AGC GAC CCA AAA GTT GCA GCT CAA GT  < 630 

     P   I   P   T   N   K   R   H   K   A   A   Q   I   F   S   D   P   K   V   A   A   Q   V  

   

  T CCA TGG TTT GGA ATA GAA CAA GAG TAC ACC TTA CTC CAG CCA AAT GTA AAC TGG CCC TTA GGT TGG CCT  < 700 

   P   W   F   G   I   E   Q   E   Y   T   L   L   Q   P   N   V   N   W   P   L   G   W   P    
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  GTT GGA GGC TAC CCC GGA CCT CAG GGT CCT TAC TAC TGT GGT GCT GGA GCG GAA AAG TCA TTT GGC AGA G  < 770 

  V   G   G   Y   P   G   P   Q   G   P   Y   Y   C   G   A   G   A   E   K   S   F   G   R   D 

   

  AT ATA TCA GAT GCT CAC TAC AAG GCT TGC CTG TAT GCT GGA ATT AAC ATT AGT GGT ACT AAT GGA GAG GT  < 840 

     I   S   D   A   H   Y   K   A   C   L   Y   A   G   I   N   I   S   G   T   N   G   E   V  

   

  T ATG CCA GGA CAG TGG GAA TTT CAA GTA GGT CCT AGT GTT GGA ATT GAA GGT GGA GAT CAT ATC TGG TGT  < 910 

   M   P   G   Q   W   E   F   Q   V   G   P   S   V   G   I   E   G   G   D   H   I   W   C    

   

  GCT AGA TAC CTC CTC GAG AGA ATT ACT GAA CAA GCA GGA GTT GTC CTC TCA CTC GAT CCA AAA CCA ATT G  < 980 

  A   R   Y   L   L   E   R   I   T   E   Q   A   G   V   V   L   S   L   D   P   K   P   I   E 

   

  AG GGT GAC TGG AAC GGT GCA GGA TGC CAC ACT AAC TAC AGT ACA CTG AGT ATG AGA GAA GAG GGA GGT TT  < 1050 

     G   D   W   N   G   A   G   C   H   T   N   Y   S   T   L   S   M   R   E   E   G   G   F  

   

  T GAA GTT ATA AAG AAA GCA ATT CTG AAT CTA TCC CTT CGC CAC AAG GAA CAT ATA AGT GCT TAT GGA GAA  < 1120 

   E   V   I   K   K   A   I   L   N   L   S   L   R   H   K   E   H   I   S   A   Y   G   E    

   

  GGA AAT GAG AGA AGG TTG ACC GGA AAG CAT GAA ACT GCT AGT ATT GAC CAA TTT TCA TGG GGA GTT GCT A  < 1190 

  G   N   E   R   R   L   T   G   K   H   E   T   A   S   I   D   Q   F   S   W   G   V   A   N 

   

  AC CGT GGT TGC TCA ATC CGT GTG GGG CGT GAC ACT GAG AAG GAA GGC AAG GGT TAT TTG GAA GAC CGC CG  < 1260 

     R   G   C   S   I   R   V   G   R   D   T   E   K   E   G   K   G   Y   L   E   D   R   R  

   

  C CCA GCT TCA AAC ATG GAC CCC TAT GTT GTG ACT GGA TTA CTT GCT GAA ACT ACT ATA CTG TGG GAG CCA  < 1330 

   P   A   S   N   M   D   P   Y   V   V   T   G   L   L   A   E   T   T   I   L   W   E   P    

   

  ACC CTT GAG GCT GAA GCT CTT GCT GCC CAA AAG ATC TCA TTG AAG GTT TAG AGT ATA TGA GGG GAA ATT G  < 1400 

  T   L   E   A   E   A   L   A   A   Q   K   I   S   L   K   V   *                             

   

  TT TTC ATA ATA ATC CTC TTA GAA TTT ATG AGA TAA GTT CTG AAG CTT GTA CCT TGT TGA GGT TCC CTT AT  < 1470 

   

  T TGG GAA AAT CTT GTA AAG GAA CCA AAA TTT ACC AGT TCA TCC TAG AAA ATA GGT TTC TTA AGA CAT GAG  < 1540 

   

  ACT ACT TTG GAG TTG AGG TGT AAT TGT TGG ACT ACT TTG AAC ATC TTT ACC TTT CTT TTC TCC AGA TGA A  < 1610 
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                                           <SLGS2_3'        

                                           | 

  TC CAT TTC TCT GAA ATT CCA ATT GGT GTG CTC TTT CCG AAT GAA ATC TTT GAA CAT ATA ATC AGT CAT GT  < 1680 

    A CAT  < 1684 

 

GS1.1 (Solyc04g014510.2.1) 

 

CAA ATT AAT TAA ATT CTC TCA TTC AAT AAA TTC AAA CTT TGA ATT TAT TAT TGT TAT TAT TTT CAC ATA A  < 70 

                                                                                              M 

    TG GCT CAT CTT TCA GAT CTT GTC AAT CTT AAT CTC TCT GAT TCC TCT GAG AAA ATC ATT GCT GAA TAC AT  < 140 

     A   H   L   S   D   L   V   N   L   N   L   S   D   S   S   E   K   I   I   A   E   Y   I  

   

  A TGG ATT GGT GGA TCA GGA ATG GAT GTA AGG AGC AAA GCC AGG ACT CTA TCT GGT CCT GTT GAT GAT CCT  < 210 

    W   I   G   G   S   G   M   D   V   R   S   K   A   R   T   L   S   G   P   V   D   D   P    

   

  TCA AAG CTT CCC AAA TGG AAT TAT GAT GGT TCT AGC ACA GGT CAA GCT CCT GGA GAA GAC AGT GAA GTG A  < 280 

  S   K   L   P   K   W   N   Y   D   G   S   S   T   G   Q   A   P   G   E   D   S   E   V   I 

   

  TC CTA TAT CCT CAA GCA ATT TTC AAG GAT CCA TTC AGG AGG GGC AAC AAT ATC TTG GTC ATC TGT GAT TG  < 350 

     L   Y   P   Q   A   I   F   K   D   P   F   R   R   G   N   N   I   L   V   I   C   D   C  

   

  T TAC ACC CCA GCT GGT GAA CCA ATT CCA ACA AAC AAG AGG CAC AAT GCT GCT AAA ATA TTT AGC AAC CCT  < 420 

    Y   T   P   A   G   E   P   I   P   T   N   K   R   H   N   A   A   K   I   F   S   N   P    

   

  AAT GTT GTT GTT GAG GAA CCA TGG TAT GGT CTT GAG CAA GAA TAC ACC TTG CTA CAA AAG GAA ATT AAT T  < 490 

  N   V   V   V   E   E   P   W   Y   G   L   E   Q   E   Y   T   L   L   Q   K   E   I   N   W 

   

  GG CCT CTT GGA TGG CCT ATT GGT GGC TTT CCT GGA CCA CAG GGA CCA TAC TAC TGT GGA ATT GGA TGC GG  < 560 

     P   L   G   W   P   I   G   G   F   P   G   P   Q   G   P   Y   Y   C   G   I   G   C   G  

   

  A AAG GCT TTT GGA CGC GAT ATT GTT GAT GCT CAT TAC AAG GCA TGT ATC TAT GCC GGG ATT AAC ATT AGT  < 630 

    K   A   F   G   R   D   I   V   D   A   H   Y   K   A   C   I   Y   A   G   I   N   I   S    

   

  GGT ATC AAC GGA GAA GTG ATG CCT GGA CAG TGG GAA TTT CAA GTT GGA CCT TCA GTT GGC ATT GCA TCA G  < 700 

  G   I   N   G   E   V   M   P   G   Q   W   E   F   Q   V   G   P   S   V   G   I   A   S   G 

   

  GT GAC GAG TTG TGG GCA GCT CGT TAC ATT CTC GAG AGG ATT ACA GAG ATT GCT GGA GTT GTT GTG TCA TT  < 770 

     D   E   L   W   A   A   R   Y   I   L   E   R   I   T   E   I   A   G   V   V   V   S   F  
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  C GAC CCT AAA CCT ATT CCG GGT GAC TGG AAT GGT GCA GGA GCG CAT ACA AAT TAC AGT ACT AAG TCT ATG  < 840 

    D   P   K   P   I   P   G   D   W   N   G   A   G   A   H   T   N   Y   S   T   K   S   M    

   

  AGA AAT GAG GGA GGG TAT GAA GTT ATC AAA AAG GCT ATT GAG AAG CTT GGA CTT AGG CAC AAG GAG CAC A  < 910 

  R   N   E   G   G   Y   E   V   I   K   K   A   I   E   K   L   G   L   R   H   K   E   H   I 

   

  TT GCA GCA TAT GGT GAA GGC AAT GAA CGT CGT CTC ACT GGA AGA CAC GAA ACA GCT GAC ATC AAC ACA TT  < 980 

     A   A   Y   G   E   G   N   E   R   R   L   T   G   R   H   E   T   A   D   I   N   T   F  

                                                                                    >SlGS1.1Fwd        

                                                                                    | 

  C AAA TGG GGT GTT GCA AAT CGT GGT GCA TCT ATT CGT GTG GGA AGA GAC ACG GAG AAG GAA GGA AAG GGA  < 1050 

    K   W   G   V   A   N   R   G   A   S   I   R   V   G   R   D   T   E   K   E   G   K   G    

   

  TAC TTT GAG GAC AGG AGG CCT GCA TCG AAC ATG GAT CCA TAT GTT GTG ACC TCT ATG ATC GCG GAG ACT A  < 1120 

  Y   F   E   D   R   R   P   A   S   N   M   D   P   Y   V   V   T   S   M   I   A   E   T   T 

   

  CC ATC CTG TGG AAC CCT TGA ACG CGT ATT GGA TGA ATG TGC AAC ATA TGG AGA AAG AAT TGA ATT TCT TA  < 1190 

     I   L   W   N   P   *                                                                      

            <SlGS1.1Rev        

            | 

  A CAG CCC TTT CCT CAC ATG ACC TAA AAA AGA GAG TTA TGT AGC TAG TCA TTT TGA TAT ATT ATG TTG TTT  < 1260 

   

  TCT AAG TTT CAA TTT GTA TTG TAC TCA GCA AGG CTG AGT TCA TTG CCA TAA TGA TTT GGC AAT GTT GTT A  < 1330 

   

  AA AAA TAA GAG TTT TAA TCT TAT TAA TAA CAA TAT GGA AGG GTT AAC TTT TCA GAA ATG CAT ATG TTA TG  < 1400 

   

  T TTT ATT AGC TGT GAT TGT TTG TAA AGT TCT TTC GCA TCG ATA GTC AGG TGC ACG AAG TTG CCA CTC TTG  < 1470 

   

  TGG CTT AAG CAG TTG TTG GCA CTG TGT AAG TTC TTA CGT  < 1509 

GS1.2 (Solyc05g051250.2.1) 

  AA AGG GAA TAA GTC ACT CTG AAT CAA TAA TAA TTT TTT CAT ACG CAA AAA CTT TGA AGA TTT TTC ATT AT  < 70 

   

  G TCT ATG ATT TCA GAT CTC ATC AAT CTT AAT TTA TCT GAA TGC ACT AAG AAA ATT ATT GCC GAA TAC ATA  < 140 

   

  TGG ATT GGT GGA TCA GGC ACT GAT CTC AGG AGC AAA GCC AGG ACT CTT TCA GGT CCT GTT AAG GAT CCT T  < 210 
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  AG AGC TTC CAA AAT GGA ACT ATG TCT ATG ATT TCA GAT CTC ATC AAT CTT AAT TTA TCT GAA TGC ACT AA  < 280 

                             M   S   M   I   S   D   L   I   N   L   N   L   S   E   C   T   K  

   

  G AAA ATT ATT GCC GAA TAC ATA TGG ATT GGT GGA TCA GGC ACT GAT CTC AGG AGC AAA GCC AGG ACT CTT  < 350 

    K   I   I   A   E   Y   I   W   I   G   G   S   G   T   D   L   R   S   K   A   R   T   L    

   

  TCA GGT CCT GTT AAG GAT CCT TCA GAG CTT CCA AAA TGG AAC TAT GAC GGA TCT AGC ACA GGG CAA GCT T  < 420 

  S   G   P   V   K   D   P   S   E   L   P   K   W   N   Y   D   G   S   S   T   G   Q   A   S 

   

  CT GGA GAA GAC AGT GAA GTG ATC CTA TAT CCT CAA GCA ATT TTC AAG GAT CCA TTC AGG AGA GGT GAT AA  < 490 

     G   E   D   S   E   V   I   L   Y   P   Q   A   I   F   K   D   P   F   R   R   G   D   N  

   

  T ATT TTG GTC ATG TGT GAT GCT TAC ACT CCA GCT GGT AAT CCC ATT CCA ACA AAC AAG AGG CAC AAT GCA  < 560 

    I   L   V   M   C   D   A   Y   T   P   A   G   N   P   I   P   T   N   K   R   H   N   A    

   

  GCC AAG ATT TTC AGC AAC CCT GTT GTT GCT GCT GAA GAA CCA TGG TAT GGT ATC GAG CAA GAG TAC ACG T  < 630 

  A   K   I   F   S   N   P   V   V   A   A   E   E   P   W   Y   G   I   E   Q   E   Y   T   L 

   

  TG TTG CAG AAA GAG GTT AAC TGG CCT CTC GGA TGG CCT ATT GGA GGT TTC CCT GGA CCT CAG GGA CCT TA  < 700 

     L   Q   K   E   V   N   W   P   L   G   W   P   I   G   G   F   P   G   P   Q   G   P   Y  

   

  C TAC TGT GGA ATT GGA GCT GCC AAT GCT TTT GGA CGC GAT ATA GTT GAC TCA CAT TAT AAG GCA TGT CTT  < 770 

    Y   C   G   I   G   A   A   N   A   F   G   R   D   I   V   D   S   H   Y   K   A   C   L    

   

  TAC GCT GGA ATT AAC ATC AGC GGT GTC AAT GGG GAA GTG ATG CCT GGA CAG TGG GAA TTC CAA GTT GGT C  < 840 

  Y   A   G   I   N   I   S   G   V   N   G   E   V   M   P   G   Q   W   E   F   Q   V   G   P 

   

  CT GCT GTT GGT ATC TCA GCT GGT GAC GAA GTG TGG GCT GCA CGT TAC ATT CTC GAG AGG ATT GCT GAG GT  < 910 

     A   V   G   I   S   A   G   D   E   V   W   A   A   R   Y   I   L   E   R   I   A   E   V  

            >SlGS1.2Fwd        

            | 

  T GCT GGA GTT GTT GTT TCA TTT GAC CCA AAA CCT ATC CCT GGT GAT TGG AAC GGT GCT GGT GCA CAC GCA  < 980 

    A   G   V   V   V   S   F   D   P   K   P   I   P   G   D   W   N   G   A   G   A   H   A    

   

  AAC TAC AGT ACT AAG TCT ATG AGG GAA GAT GGA GGC TAT GAA ATC ATC AAA AAG GCT ATT GAG AAG CTT G  < 1050 

  N   Y   S   T   K   S   M   R   E   D   G   G   Y   E   I   I   K   K   A   I   E   K   L   G 
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                                                     <SlGS1.2Rev        

                                                     | 

  GA TTA AGG CAC AAA GAG CAC ATT GCT GCA TAT GGT GAA GGC AAT GAA CGT CGT CTC ACT GGA AAA CAT GA  < 1120 

     L   R   H   K   E   H   I   A   A   Y   G   E   G   N   E   R   R   L   T   G   K   H   E  

   

  A ACA GCT GAT ATC AAC TCC TTC AAA TGG GGT GTT GCC AAT CGT GGC TGC TCA GTT CGT GTA GGT AGA GAT  < 1190 

    T   A   D   I   N   S   F   K   W   G   V   A   N   R   G   C   S   V   R   V   G   R   D    

   

  ACA GAG AAG GCA GGG AAG GGA TAT TTC GAG GAC AGG AGG CCT GCT TCG AAC ATG GAT CCT TAC ACT GTT A  < 1260 

  T   E   K   A   G   K   G   Y   F   E   D   R   R   P   A   S   N   M   D   P   Y   T   V   T 

   

  CA TCC ATG ATT GCT GAG ACC ACA ATT GTC TGG AAA CCT TAA GCC GTT CAT AAG CGT CTT GCT ATG TTT GC  < 1330 

     S   M   I   A   E   T   T   I   V   W   K   P   *                                          

   

  T TGA ATC CTA CTC ATG TCT GAT TCT CTA AAA CTG CAT AGC TTT TGG AGG ATC TGA TAC ACA CTC GAC AGC  < 1400 

   

  ATT TTT GAA GAG TTT TGA ACG ACA TAG CTA ACT TAG AGG ATT ATT GTT TCT TGA GTC AAT AAA TTG AAT A  < 1470 

   

  GG GTA GTC TTA TTT TAT TTT CTT TGA ATA AAT GCA TTC ATC AAA GGC TTC GAT  < 1523 

 

GS1.3 (Solyc11g011380.1) 

TTG GAA TAA TTA AGT TGT AAG TGT AAT AGT TTA ATA CAA GCA ACC CTG AAA ATC GCC TAT ATA AAG TGT A  < 70 

   

  TA AAA ATT TAG TCT TTG CCT CAT CAA AGA AAA TTC ATC TTA TAG AGA ATT TTA ATT TAA GAA GTT TAT CA  < 140 

   

  T CAT CAT GTC TCT GCT TTC AGA TCT TAT CAA CCT CAA TCT CTC AGG TGA TAC TCA GAA GAT CAT TGC TGA  < 210 

   

  ATA CAT ATG TCT CTG CTT TCA GAT CTT ATC AAC CTC AAT CTC TCA GGT GAT ACT CAG AAG ATC ATT GCT G  < 280 

          M   S   L   L   S   D   L   I   N   L   N   L   S   G   D   T   Q   K   I   I   A   E 

   

  AA TAC ATA TGG ATT GGT GGA TCA GGC ATG GAC ATG AGG AGC AAA GCC AGG ACT CTC CCT GGT CCA GTT AC  < 350 

     Y   I   W   I   G   G   S   G   M   D   M   R   S   K   A   R   T   L   P   G   P   V   T  

   

  T AGT CCT GCA GAA CTA CCC AAA TGG AAC TAC GAT GGA TCG AGC ACT GGT CAA GCT CCC GGA GAA GAC AGT  < 420 

    S   P   A   E   L   P   K   W   N   Y   D   G   S   S   T   G   Q   A   P   G   E   D   S    

   

  GAA GTG ATC TTA TAT CCA CAA GCA ATC TTC AAG GAC CCA TTC AGA AGA GGC AAC AAC ATC TTG GTC ATG T  < 490 

  E   V   I   L   Y   P   Q   A   I   F   K   D   P   F   R   R   G   N   N   I   L   V   M   C 
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  GT GAT GCC TAT ACT CCT GCT GGT GAG CCC ATC CCA ACA AAC AAG AGG CAC GCC GCC GCC AAG GTC TTC AG  < 560 

     D   A   Y   T   P   A   G   E   P   I   P   T   N   K   R   H   A   A   A   K   V   F   S  

   

  C CAC CCT GAT GTG GCT GCT GAG GAA ACT TGG TAT GGT ATT GAA CAA GAA TAT ACC TTG CTG CAA AGG GAG  < 630 

    H   P   D   V   A   A   E   E   T   W   Y   G   I   E   Q   E   Y   T   L   L   Q   R   E    

   

  GTC AAC TGG CCT CTT GGA TGG CCC ATT GGC GGT TTT CCT GGC CCC CAG GGA CCA TAC TAC TGT GGA ACC G  < 700 

  V   N   W   P   L   G   W   P   I   G   G   F   P   G   P   Q   G   P   Y   Y   C   G   T   G 

   

  GA GCT GAC AAG GCC TTT GGA CGT GAC ATT GTT GAC GCC CAT TAC AAG GCT TGT CTC TAT GCT GGG ATT AA  < 770 

     A   D   K   A   F   G   R   D   I   V   D   A   H   Y   K   A   C   L   Y   A   G   I   N  

   

  C ATC AGC GGG ATC AAT GGT GAA GTC ATG CCG GGA CAG TGG GAA TTT CAA GTT GGA CCT TCT GTT GGC ATC  < 840 

    I   S   G   I   N   G   E   V   M   P   G   Q   W   E   F   Q   V   G   P   S   V   G   I    

                    >SlGS1.3Fwd        

                    | 

  TCA GCT GGT GAT GAA GTG TGG GTA GCT CGT TAC ATT CTA GAG AGG ATT GCA GAG ATT GCT GGG GTG GTC G  < 910 

  S   A   G   D   E   V   W   V   A   R   Y   I   L   E   R   I   A   E   I   A   G   V   V   V 

   

  TG TCA TTC GAC CCC AAG CCT ATT CCG GGC GAC TGG AAT GGT GCA GGT GCT CAC ACA AAT TAC AGC ACC AA  < 980 

     S   F   D   P   K   P   I   P   G   D   W   N   G   A   G   A   H   T   N   Y   S   T   K  

                          <SlGS1.3Rev        

                          | 

  G TCG ATG AGG GAA GAC GGA GGC TAT GAA ATA ATC TTA AAG GCT ATT GAG AAG CTT GGC TTG AAG CAC AAA  < 1050 

    S   M   R   E   D   G   G   Y   E   I   I   L   K   A   I   E   K   L   G   L   K   H   K    

   

  GAA CAC ATA GCT GCA TAT GGT GAA GGC AAC GAG CGT CGT CTC ACT GGA AAG CAC GAA ACA GCC AAC ATC A  < 1120 

  E   H   I   A   A   Y   G   E   G   N   E   R   R   L   T   G   K   H   E   T   A   N   I   N 

   

  AC ACA TTC AAA TGG GGG GTT GCA AAC CGT GGT GCA TCT GTC CGT GTT GGA AGA GAC ACA GAG AAG GCA GG  < 1190 

     T   F   K   W   G   V   A   N   R   G   A   S   V   R   V   G   R   D   T   E   K   A   G  

   

  C AAG GGA TAC TTT GAG GAC AGA AGG CCA GCC TCA AAT ATG GAC CCA TAC GTC GTT ACC TCC ATG ATT GCA  < 1260 

    K   G   Y   F   E   D   R   R   P   A   S   N   M   D   P   Y   V   V   T   S   M   I   A    

   

  GAA ACC ACC ATC ATC GGT TAA  < 1281 

  E   T   T   I   I   G   *    
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GS1.4 (Solyc12g041870.1) 

  TCT CTC CAT TTT TGT TTT CTA CAA ACT CGT CAC ACA TTA ATT CAG ATG AGA GCA ACC AAA ATT CAT GTG A  < 70 

   

  AA ACA CAT TTT AAA TAT ATA TTA TAA GTT GAA GAA GAG AAA TTA AGA ATA TAT CAC TTG TAA CAT ATG GG  < 140 

   

  T TGT GGT TTT AGC TGT TTA TAA AGA GTT CAA ATT AGC TTC TTA TAA TAA GAT TTT TTG CTT GAA AGT GAG  < 210 

   

  TTA AGA AAC ATG TCA CTC TTG GAT CTT GTC AAC CTG GAT CTC TCT GAA TGC CAC GAG ACA AAC AAA AGT A  < 280 

              M   S   L   L   D   L   V   N   L   D   L   S   E   C   H   E   T   N   K   S   R 

   

  GA ATC ATT GCT GAA TAT ATA TGG ATT GAT GGA TCT GAT ATG AAC CTG AGA AGC AAA GGA AGG ACC CTG CA  < 350 

     I   I   A   E   Y   I   W   I   D   G   S   D   M   N   L   R   S   K   G   R   T   L   H  

   

  T GGT CCT GTT ACT AGT CCT TCT CAA ATT CCA AAT TGG AAC TAT GAT GGT TCG AGT ACT GGC CAA GCT CCT  < 420 

    G   P   V   T   S   P   S   Q   I   P   N   W   N   Y   D   G   S   S   T   G   Q   A   P    

   

  GGT GAA GAT AGT GAA GTC ATC TTA TAT CCC CAG GCA ATT TAC AAG GAC CCA TTC AGG GGA GGA AAT CAT A  < 490 

  G   E   D   S   E   V   I   L   Y   P   Q   A   I   Y   K   D   P   F   R   G   G   N   H   I 

                                                          >SlGS1.4Fwd        

                                                          | 

  TT CTT GTC ATG TGT GAT GCT TAT ACT CCA GCT GGA GAG CCC ATC CCA ACA AAC AAA AGG TTT AAT GCT GT  < 560 

     L   V   M   C   D   A   Y   T   P   A   G   E   P   I   P   T   N   K   R   F   N   A   V  

   

  A AAG ATA TTT AGC CAC CCT GAA GTC CTG GCT GAG ATA CCT TGG TTT GGT ATA GAG CAG GAG TAC ACT TTG  < 630 

    K   I   F   S   H   P   E   V   L   A   E   I   P   W   F   G   I   E   Q   E   Y   T   L    

   

  TTG CAG AAA AAT CTG AAT TGG CCC CTT GGT TGG CCA ATT GGA GGA TAT CGT GGA CCT CAG GGA CCA TAC T  < 700 

  L   Q   K   N   L   N   W   P   L   G   W   P   I   G   G   Y   R   G   P   Q   G   P   Y   F 

       <SlGS1.4Rev        

       | 

  TC TGT GGT GTT GGT GCA GAA AAA GCC TTT GGC CGG GAT ATT GTC AAC TCA CAC TAC AAA GCG TGT CTA TA  < 770 

     C   G   V   G   A   E   K   A   F   G   R   D   I   V   N   S   H   Y   K   A   C   L   Y  

   

  T GCT GGT GTC AAC ATT GGT GGA ATC AAT GCA GAA GTT ATG GCA GGC CAG TGG GAA TTT CAA GTT GGA CCA  < 840 

    A   G   V   N   I   G   G   I   N   A   E   V   M   A   G   Q   W   E   F   Q   V   G   P    
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  ACA GTA GGC ATT TCT CCT TGT GAT GAC CTT TGG GTA GCG CGT TAC ATT CTA GTG AGG ATT GCA GAA GCA G  < 910 

  T   V   G   I   S   P   C   D   D   L   W   V   A   R   Y   I   L   V   R   I   A   E   A   A 

   

  CT GGT GTA ATT GTT TCT TTT GAT CCG AAA CCT GTT GAG GGT GAT TGC AAT GGT ACT GGT GCT CAT ACA AA  < 980 

     G   V   I   V   S   F   D   P   K   P   V   E   G   D   C   N   G   T   G   A   H   T   N  

   

  T TAC AGT ACC AAG TCT ATG AGG GCC GAT GGA GGA CTA GAA GTA ATA AAC AAA GCC ATT GAG AAG CTA GGC  < 1050 

    Y   S   T   K   S   M   R   A   D   G   G   L   E   V   I   N   K   A   I   E   K   L   G    

   

  AAG AGG CAC AAG GAA CAT ATT GTT GTT TAT GGT GTT GGC AAT GAA CGT CGT CTT ACA GGA GAA CAT GAA A  < 1120 

  K   R   H   K   E   H   I   V   V   Y   G   V   G   N   E   R   R   L   T   G   E   H   E   T 

   

  CA GCT GAT ATT AAC ACC TTC AAT TTT GGA ATT GCT GAT CGC GGA GCA TCG ATT AGG ATT GGA AGG GAG AT  < 1190 

     A   D   I   N   T   F   N   F   G   I   A   D   R   G   A   S   I   R   I   G   R   E   M  

   

  G GAA AAA GCT GGA AAA GGA TAC TTG GAG GAT AGA AGG CCC TTT TCA AAC ATG GAT CCT TAT ATG GTA ACG  < 1260 

    E   K   A   G   K   G   Y   L   E   D   R   R   P   F   S   N   M   D   P   Y   M   V   T    

   

  TTT ATG ATT GCA GAA ACA ACC ATC CTG TGG AAA CCA TGA CAC TTC TAT GAT TGC CTT CTT GCA TAT GAA T  < 1330 

  F   M   I   A   E   T   T   I   L   W   K   P   *                                             

   

  GA AAA TTA ACA AAA AGG ATA GCA CAA AGG TGA ATT TTA TGC AGA TTT GAT CGA ACT TTA ATA TAA TAT TG  < 1400 

   

  T TAG CCG CTA GCC AGG TTG TAC ATC ACA CCC CTT GAG GTG CGA TTC TTT TTT GGC CGA TGC TAA CAT GGG  < 1470 

   

  ATA CTT TGT GTA GTA GGT TTT TTT TTA CAT AAT CTT GAG GTC TAC GTA AAT AGC TAC TAC TCT TTG TAT T  < 1540 

   

  AG GTC AAT TTT CTA ATA AAA TAT TCT CTT TG  < 1571 

 

 

Supplemental data 2. Clustal omega’s multiple sequence alignment with all SlGSs 

cDNAs. 

 

GS2        ATGGCTCAGATCCTGGCTCCGTCTGCACAATGGCAGATGAGAATGACAAAGAGCTCAACC 

GS1.4      ------------------------------------------------------------ 

GS1.3      ------------------------------------------------------------ 

GS1.1      ------------------------------------------------------------ 

GS1.2      ------------------------------------------------------------ 

                                                                        

 

GS2        GATGCTAGTCCCTTGACTTCAAAGATGTGGAGCTCTGTGGTGCTGAAGCAGAACAAAAGA 

GS1.4      ------------------------------------------------------------ 

GS1.3      ------------------------------------------------------------ 
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GS1.1      ------------------------------------------------------------ 

GS1.2      ------------------------------------------------------------ 

                                                                        

 

GS2        CACGCTCTTAAAAGCTCTGCCAAATTTAGAGTTTTTGCCCTACAGTCTGACAATGGCACC 

GS1.4      ---------------------------------------------------ATGTCACTC 

GS1.3      ------------------------------------------------ATGTCTCTGCTT 

GS1.1      ------------------------------------------------ATGGCTCATCTT 

GS1.2      ------------------------------------------------ATGTCTATGATT 

                                                                        

 

GS2        GTGAACAGAGTGGAACAGCTGCTAAACTTGGACGTAACTCCATACACTGATAAGATCATT 

GS1.4      TTGGATCTTGTCAACCTGGATCTCTCTGAATGCCACGAGACAAACAAAAGTAGAATCATT 

GS1.3      TCAGATCTTATCAACCTCAATC------------TCTCAGGTGATACTCAGAAGATCATT 

GS1.1      TCAGATCTTGTCAATCTTAATC------------TCTCTGATTCCTCTGAGAAAATCATT 

GS1.2      TCAGATCTCATCAATCTTAATT------------TATCTGAATGCACTAAGAAAATTATT 

               *     *  * *                                   *  ** *** 

 

GS2        GCTGAATATATTTGGATCGGAGGGACTGGAATTGACATGCGCAGTAAATCAAGGACTATT 

GS1.4      GCTGAATATATATGGATTGATGGATCTGATATGAACCTGAGAAGCAAAGGAAGGACCCTG 

GS1.3      GCTGAATACATATGGATTGGTGGATCAGGCATGGACATGAGGAGCAAAGCCAGGACTCTC 

GS1.1      GCTGAATACATATGGATTGGTGGATCAGGAATGGATGTAAGGAGCAAAGCCAGGACTCTA 

GS1.2      GCCGAATACATATGGATTGGTGGATCAGGCACTGATCTCAGGAGCAAAGCCAGGACTCTT 

           ** ***** ** ***** *  **  * *  *   *  *  * ** ***   *****  *  

 

GS2        TCGAAACCAGTCAAGGATGCTTCTGAGCTCCCAAAGTGGAACTACGATGGATCAAGTACT 

GS1.4      CATGGTCCTGTTACTAGTCCTTCTCAAATTCCAAATTGGAACTATGATGGTTCGAGTACT 

GS1.3      CCTGGTCCAGTTACTAGTCCTGCAGAACTACCCAAATGGAACTACGATGGATCGAGCACT 

GS1.1      TCTGGTCCTGTTGATGATCCTTCAAAGCTTCCCAAATGGAATTATGATGGTTCTAGCACA 

GS1.2      TCAGGTCCTGTTAAGGATCCTTCAGAGCTTCCAAAATGGAACTATGACGGATCTAGCACA 

                 ** **      * ** *  *  * ** ** ***** ** ** ** ** ** **  

 

GS2        GGACAAGCACCTGGAGAAGACAGTGAAGTCATTCTATATCCTCAGGCAATATTCAAAGAC 

GS1.4      GGCCAAGCTCCTGGTGAAGATAGTGAAGTCATCTTATATCCCCAGGCAATTTACAAGGAC 

GS1.3      GGTCAAGCTCCCGGAGAAGACAGTGAAGTGATCTTATATCCACAAGCAATCTTCAAGGAC 

GS1.1      GGTCAAGCTCCTGGAGAAGACAGTGAAGTGATCCTATATCCTCAAGCAATTTTCAAGGAT 

GS1.2      GGGCAAGCTTCTGGAGAAGACAGTGAAGTGATCCTATATCCTCAAGCAATTTTCAAGGAT 

           ** *****  * ** ***** ******** **  ******* ** ***** * *** **  

 

GS2        CCTTTCCGTGGTGGTAACAACATCTTGGTTATCTGTGATGCCTACACACCAGCTGGAGAG 

GS1.4      CCATTCAGGGGAGGAAATCATATTCTTGTCATGTGTGATGCTTATACTCCAGCTGGAGAG 

GS1.3      CCATTCAGAAGAGGCAACAACATCTTGGTCATGTGTGATGCCTATACTCCTGCTGGTGAG 

GS1.1      CCATTCAGGAGGGGCAACAATATCTTGGTCATCTGTGATTGTTACACCCCAGCTGGTGAA 

GS1.2      CCATTCAGGAGAGGTGATAATATTTTGGTCATGTGTGATGCTTACACTCCAGCTGGTAAT 

           ** *** *  * **  *  * **  * ** ** ******   ** ** ** *****  *  

 

GS2        CCAATTCCTACAAACAAACGCCATAAAGCTGCTCAAATTTTTAGCGACCCAAAAGTTGCA 

GS1.4      CCCATCCCAACAAACAAAAGGTTTAATGCTGTAAAGATATTTAGCCACCCTGAAGTCCTG 

GS1.3      CCCATCCCAACAAACAAGAGGCACGCCGCCGCCAAGGTCTTCAGCCACCCTGATGTGGCT 

GS1.1      CCAATTCCAACAAACAAGAGGCACAATGCTGCTAAAATATTTAGCAACCCTAATGTTGTT 

GS1.2      CCCATTCCAACAAACAAGAGGCACAATGCAGCCAAGATTTTCAGCAACCCTGTTGTTGCT 

           ** ** ** ********  *       ** *   *  * ** *** ****    **     

 

GS2        GCTCAAGTTCCATGGTTTGGAATAGAACAAGAGTACACCTTACTCCAGCCAAATGTAAAC 

GS1.4      GCTGAGATACCTTGGTTTGGTATAGAGCAGGAGTACACTTTGTTGCAGAAAAATCTGAAT 

GS1.3      GCTGAGGAAACTTGGTATGGTATTGAACAAGAATATACCTTGCTGCAAAGGGAGGTCAAC 

GS1.1      GTTGAGGAACCATGGTATGGTCTTGAGCAAGAATACACCTTGCTACAAAAGGAAATTAAT 

GS1.2      GCTGAAGAACCATGGTATGGTATCGAGCAAGAGTACACGTTGTTGCAGAAAGAGGTTAAC 

           * * *     * **** ***  * ** ** ** ** ** **  * **     *  * **  

 

GS2        TGGCCCTTAGGTTGGCCTGTTGGAGGCTACCCCGGACCTCAGGGTCCTTACTACTGTGGT 

GS1.4      TGGCCCCTTGGTTGGCCAATTGGAGGATATCGTGGACCTCAGGGACCATACTTCTGTGGT 

GS1.3      TGGCCTCTTGGATGGCCCATTGGCGGTTTTCCTGGCCCCCAGGGACCATACTACTGTGGA 

GS1.1      TGGCCTCTTGGATGGCCTATTGGTGGCTTTCCTGGACCACAGGGACCATACTACTGTGGA 

GS1.2      TGGCCTCTCGGATGGCCTATTGGAGGTTTCCCTGGACCTCAGGGACCTTACTACTGTGGA 

           *****  * ** *****  **** ** *  *  ** ** ***** ** **** ******  

 

GS2        GCTGGAGCGGAAAAGTCATTTGGCAGAGATATATCAGATGCTCACTACAAGGCTTGCCTG 
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GS1.4      GTTGGTGCAGAAAAAGCCTTTGGCCGGGATATTGTCAACTCACACTACAAAGCGTGTCTA 

GS1.3      ACCGGAGCTGACAAGGCCTTTGGACGTGACATTGTTGACGCCCATTACAAGGCTTGTCTC 

GS1.1      ATTGGATGCGGAAAGGCTTTTGGACGCGATATTGTTGATGCTCATTACAAGGCATGTATC 

GS1.2      ATTGGAGCTGCCAATGCTTTTGGACGCGATATAGTTGACTCACATTATAAGGCATGTCTT 

              **    *  **  * *****  * ** **     *  * ** ** ** ** **  *  

 

GS2        TATGCTGGAATTAACATTAGTGGTACTAATGGAGAGGTTATGCCAGGACAGTGGGAATTT 

GS1.4      TATGCTGGTGTCAACATTGGTGGAATCAATGCAGAAGTTATGGCAGGCCAGTGGGAATTT 

GS1.3      TATGCTGGGATTAACATCAGCGGGATCAATGGTGAAGTCATGCCGGGACAGTGGGAATTT 

GS1.1      TATGCCGGGATTAACATTAGTGGTATCAACGGAGAAGTGATGCCTGGACAGTGGGAATTT 

GS1.2      TACGCTGGAATTAACATCAGCGGTGTCAATGGGGAAGTGATGCCTGGACAGTGGGAATTC 

           ** ** **  * *****  * **    ** *  ** ** *** * ** ***********  

 

GS2        CAAGTAGGTCCTAGTGTTGGAATTGAAGGTGGAGATCATATCTGGTGTGCTAGATACCTC 

GS1.4      CAAGTTGGACCAACAGTAGGCATTTCTCCTTGTGATGACCTTTGGGTAGCGCGTTACATT 

GS1.3      CAAGTTGGACCTTCTGTTGGCATCTCAGCTGGTGATGAAGTGTGGGTAGCTCGTTACATT 

GS1.1      CAAGTTGGACCTTCAGTTGGCATTGCATCAGGTGACGAGTTGTGGGCAGCTCGTTACATT 

GS1.2      CAAGTTGGTCCTGCTGTTGGTATCTCAGCTGGTGACGAAGTGTGGGCTGCACGTTACATT 

           ***** ** **    ** ** **        * **  *  * ***   **  * *** *  

 

GS2        CTCGAGAGAATTACTGAACAAGCAGGAGTTGTCCTCTCACTCGATCCAAAACCAATTGAG 

GS1.4      CTAGTGAGGATTGCAGAAGCAGCTGGTGTAATTGTTTCTTTTGATCCGAAACCTGTTGAG 

GS1.3      CTAGAGAGGATTGCAGAGATTGCTGGGGTGGTCGTGTCATTCGACCCCAAGCCTATTCCG 

GS1.1      CTCGAGAGGATTACAGAGATTGCTGGAGTTGTTGTGTCATTCGACCCTAAACCTATTCCG 

GS1.2      CTCGAGAGGATTGCTGAGGTTGCTGGAGTTGTTGTTTCATTTGACCCAAAACCTATCCCT 

           ** * *** *** * **    ** ** **  *  * **  * ** ** ** **  *     

 

GS2        GGTGACTGGAACGGTGCAGGATGCCACACTAACTACAGTACACTGAGTATGAGAGAAGAG 

GS1.4      GGTGATTGCAATGGTACTGGTGCTCATACAAATTACAGTACCAAGTCTATGAGGGCCGAT 

GS1.3      GGCGACTGGAATGGTGCAGGTGCTCACACAAATTACAGCACCAAGTCGATGAGGGAAGAC 

GS1.1      GGTGACTGGAATGGTGCAGGAGCGCATACAAATTACAGTACTAAGTCTATGAGAAATGAG 

GS1.2      GGTGATTGGAACGGTGCTGGTGCACACGCAAACTACAGTACTAAGTCTATGAGGGAAGAT 

           ** ** ** ** *** * **    **  * ** ***** **   *   *****    **  

 

GS2        GGAGGTTTTGAAGTTATAAAGAAAGCAATTCTGAATCTATCCCTTCGCCACAAGGAACAT 

GS1.4      GGAGGACTAGAAGTAATAAACAAAGCCATTGAGAAGCTAGGCAAGAGGCACAAGGAACAT 

GS1.3      GGAGGCTATGAAATAATCTTAAAGGCTATTGAGAAGCTTGGCTTGAAGCACAAAGAACAC 

GS1.1      GGAGGGTATGAAGTTATCAAAAAGGCTATTGAGAAGCTTGGACTTAGGCACAAGGAGCAC 

GS1.2      GGAGGCTATGAAATCATCAAAAAGGCTATTGAGAAGCTTGGATTAAGGCACAAAGAGCAC 

           *****    *** * **    ** ** ***  *** **          ***** ** **  

 

GS2        ATAAGTGCTTATGGAGAAGGAAATGAGAGAAGGTTGACCGGAAAGCATGAAACTGCTAGT 

GS1.4      ATTGTTGTTTATGGTGTTGGCAATGAACGTCGTCTTACAGGAGAACATGAAACAGCTGAT 

GS1.3      ATAGCTGCATATGGTGAAGGCAACGAGCGTCGTCTCACTGGAAAGCACGAAACAGCCAAC 

GS1.1      ATTGCAGCATATGGTGAAGGCAATGAACGTCGTCTCACTGGAAGACACGAAACAGCTGAC 

GS1.2      ATTGCTGCATATGGTGAAGGCAATGAACGTCGTCTCACTGGAAAACATGAAACAGCTGAT 

           **    *  ***** *  ** ** **  *  *  * ** ***   ** ***** **     

 

GS2        ATTGACCAATTTTCATGGGGAGTTGCTAACCGTGGTTGCTCAATCCGTGTGGGGCGTGAC 

GS1.4      ATTAACACCTTCAATTTTGGAATTGCTGATCGCGGAGCATCGATTAGGATTGGAAGGGAG 

GS1.3      ATCAACACATTCAAATGGGGGGTTGCAAACCGTGGTGCATCTGTCCGTGTTGGAAGAGAC 

GS1.1      ATCAACACATTCAAATGGGGTGTTGCAAATCGTGGTGCATCTATTCGTGTGGGAAGAGAC 

GS1.2      ATCAACTCCTTCAAATGGGGTGTTGCCAATCGTGGCTGCTCAGTTCGTGTAGGTAGAGAT 

           **  **   **    *  **  ****  * ** **    **  *  *  * **  * **  

 

GS2        ACTGAGAAGGAAGGCAAGGGTTATTTGGAAGACCGCCGCCCAGCTTCAAACATGGACCCC 

GS1.4      ATGGAAAAAGCTGGAAAAGGATACTTGGAGGATAGAAGGCCCTTTTCAAACATGGATCCT 

GS1.3      ACAGAGAAGGCAGGCAAGGGATACTTTGAGGACAGAAGGCCAGCCTCAAATATGGACCCA 

GS1.1      ACGGAGAAGGAAGGAAAGGGATACTTTGAGGACAGGAGGCCTGCATCGAACATGGATCCA 

GS1.2      ACAGAGAAGGCAGGGAAGGGATATTTCGAGGACAGGAGGCCTGCTTCGAACATGGATCCT 

           *  ** ** *  ** ** ** ** ** ** **  *  * **    ** ** ***** **  

 

GS2        TATGTTGTGACTGGATTACTTGCTGAAACTACTATACTGTGGGAGCCAACCCTTGAGGCT 

GS1.4      TATATGGTAACGTTTATGATTGCAGAAACAACCATCCTGTGGAAACCATGA--------- 

GS1.3      TACGTCGTTACCTCCATGATTGCAGAAACCACCATCATCGGTTAA--------------- 

GS1.1      TATGTTGTGACCTCTATGATCGCGGAGACTACCATCCTGTGGAACCCTTGA--------- 

GS1.2      TACACTGTTACATCCATGATTGCTGAGACCACAATTGTCTGGAAACCTTAA--------- 

           **    ** **     *  * ** ** ** ** **  *  *  *                 
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GS2        GAAGCTCTTGCTGCCCAAAAGATCTCATTGAAGGTTTAG 

GS1.4      --------------------------------------- 

GS1.3      --------------------------------------- 

GS1.1      --------------------------------------- 

GS1.2      --------------------------------------- 

 

Supplemental data 3. Results from SlGS sequencing using NCBI platform.  

 

 

Figure 1. Results from the blast of the obtained products resulting from gene sequencing of SlGS2. The 

highlighted result corresponds the best match.  

Figure 2. Results from the blast of the obtained products resulting from gene sequencing of SlGS1.1. The 

highlighted result corresponds the best match. 

Figure 3. Results from the blast of the obtained products resulting from gene sequencing of SlGS1.2. The 

highlighted result corresponds the best match. 
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Supplemental data 4. Melting curves and calibration curves for SlGS2 (A) and SlGS1.1 

(B) genes. 

 

 

 

 

 

 

Figure 4. Results from the blast of the obtained products resulting from gene sequencing of SlGS1.3 using. The 
highlighted result corresponds the best match. 
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Supplemental data 5. Melting curves for psIIA (blue), psIIB (orange), rbcL and rbcS 

(red) genes. 

 

 

 

Supplemental data 6. Solyc01g08280.2 full sequence, with annealing regions for 

Forward and Reverse primers (yellow) used for the full amplification of its coding 

region/cDNA, initial and stop codons (purple), the UTR (green) and the CDS (blue) 

highlighted.  

ATATAGGAGAATATCAAATCTTTTTAAAAAAAGAATATGAAATTTTGAAAAAGTAATAAATTTATACAAATCTTATTACTATCTTACGAAG

ATAACAATGTTAACCCTCGACTTAAATAATATATTTCAAATCAGAAATTAAAAAAGAAATACAATAGTAATAAATGCATGATAAATAGATA

AAAAGATAAGTATCAACCATTAATAATAATAATATATTTTTTTTAAAAATAATAGATGAGTTAATAATACTTGAACAGAAAATTAGATAAT

ATTCAATTGTTTATTCAATAAGTTATTATGTCTGAGAAATACTGTAAGTTTTTACCCTTTTTTTAATATTATTATTTTTATTCTTAATTCTTT

AAGTCCTCTTGAATTAAAGTAATTATAATTGGAAGAACTTCCAAAAAGTTTTTTTTTTATAATAAAGAATAGATAATTAATTAATTAAGAA

GCCGATCATGGAAAACAACTTTTTACCTTTTCCTAAAACTTTTGAACTATATCATCAATATCTGAACAAAGTTAAACAAAGACAAATAAT

GACAAAAGCCAGAGTTTTAAAATACTAATTAAATAGACTGATTAATTTACTAAAAAAGATTATTTTATTCAAATCTTGTCTTTATGAAACT

GGTTACACTGGCAAAAAAAACTATTTCTTTCTTAACAAGATATTTCAATTTCAAATCGTGAACAGAAAAATATTAACATTATTATTAAATG

AATGAAATGAACACAGTATAGATATGAATTAATCGAACTTTAACATGAAAACGGAAAAAAAAATTAAAGAAGAGAAGGCCTTATCTTAA

ATGATAGGAGAAATATAGAAGTCATTGAATCTGGTAAAGGGTGACCTTATTCAAACTAAAAACTATTTTCCGCCACTCAACAGACACC

CCTATCTACAATGGAAAAGCCAAGAAACTTTCCATGTCCACTCAATTTTGTTACCTTTAAAATTAGACTTCCTCAAAATAAGTTTTTGTT

ACTCACCCATCTTCATCTTCTTCTCTCACTCCTCTCAACACAACATTATTTTCTGCATTGTCCACTTAGGTATGTAACTCATTTTCTACT

AACAGGGTCTGTTTTTTTTTTCCTTCTAAGACTGAAATGTGTGATTTCATGCAAAATAACACTGTTTGTAAGTTTGGGTTTGTGGGGTTT

TTAGTTTCTTGAGTATTGATTGCTGATAACAAAATGTGTGGATCAGAATGGGGTTTTAGTCACTGTTGTTTCAAGATTTCATCTTTAAGA

CCTAAATTGAATCTCAAGTTACTATCTTTTTTCTTCTTTCTAGTGTTGTGACCTTTGCATTATATGGATAAACTGCTAATAATGTTAGAGT

CATCATGTTAGTAGTCTTTGTTGTTTCCTTGTTATCTGCTCTGTGAGATTTTAAGGTATGCCTATGCTCTACCCTCCCCCAGACCGCAC

TTGAGTGGGATTACAGTGGGAATGTTGTTGTTGTGGTACAATGGAGGATAACTCTAGTGGGAGGGTTTTTGAGTTATGGTAGAAATTA

CATTTTCTTCCTTGAATGTATCATCTCGAAACAGAAAAGAGACAAAGGTGAATTTTCTTTTTTCGAAACAGGACTGCATCCTTAACTTA

GATTTAGATTGCAATATGATAAGTGTTTAGTTACATACTATATCTTGATTCTGGAAGAGATCTTGGTTCGGTATAGGGCTGCGCAGCAT

GGTTCATTACTCATTTCATAGTTGATTTTTGACGGTTAATCCATTTCTCATTATTTTCGTAGTTCCTTGTCCTTCGTTTCCTGTTATTACC

TTTGGTGCTTTAATATCGCATTATTTGGCTGTTATTACAGTTACTTTTCTCTGTATGTTATTGAATGTTTTCCCTGTTATTTGCTTGTATC

CTCTTTGATTCTATTTTTTTTGTCTAATTGCTTTGGTATGCATTACTTGAACCGAGGGTCTTTTAGAAACATCCTCTCTACTTACCTCCA

CGAGGCAGGGGTAAGGTCTGTGTACACCCTCTACCCTCCCCAAACTCCACTACCCTCCCCAAACTCCACCTGTGGAATTACACTGG

GTATGTTATCCATTAATGCCATGGAAATAAGATGACTTAAAAGTAGAATCCTGATAATTAGTTTGTCTGATGAGCATTTTGATCTGATG

AGATTTTTAATCTTGATTTGGTGATAAAGTTCCTTGTCCTGTTATTTAAACTTTTTCAGTTGGTTAGGAGGTGAACATGGCTCAGATCCT

GGCTCCGTCTGCACAATGGCAGATGAGAATGACAAAGAGCTCAACCGATGCTAGTCCCTTGACTTCAAAGATGTGGAGCTCTGTGGT

GCTGAAGCAGAACAAAAGACACGCTCTTAAAAGCTCTGCCAAATTTAGAGTTTTTGCCCTACAGTCTGACAATGGCACCGTGAACAG

AGTGGAACAGCTGCTAAACTTGGACGTAACTCCATACACTGATAAGATCATTGCTGAATATATTTGGTATATTATTCTTTGCTATATGC

ATCTCATACTGTTTACTCAACATTGTCACTTGAAGATTTGTAGATCGTGTCTGTCATTTCTTCACTTTCACTACCTTTACGAATGCCTAC

ATCTAGTTCTTTATGGATAGACTGACCTTGTGACATTTCCTTCAAAACAGGATCGGAGGGACTGGAATTGACATGCGCAGTAAATCAA

GGGTACATAGTGCTGCTTCTCTAATTAACCAACAAAAGTTTAGGAAACTGAATTTGGATTATCTCATGTATTTTCTATTAATTGTTTCCT
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TTTGAATTTTCAGACTATTTCGAAACCAGTCAAGGATGCTTCTGAGCTCCCAAAGTGGAACTACGATGGATCAAGTACTGGACAAGCA

CCTGGAGAAGACAGTGAAGTCATTCTATAGTAAGATCAGCAGCTGAATTTTTTTTTCTTTCTTTTTTGAAGAATTTTCCTTTCTTTCTTTT

ATTCCTTATTTTATTGTAAAAAAAATTCTTCCTTTCATTTTTCCCCATTCTAAAGCTAACCTTGATCATTTAACCTCAGTCCTCAGGCAAT

ATTCAAAGACCCTTTCCGTGGTGGTAACAACATCTTGGTGAGTTGTTTAGTAAACAATACTGATTCATGATGTTTTACTGAATCTTTAAT

CTCATTGGTTTTAAGTTTGGCACTATTGTTTGTCTAAATTGAAACAGGTTATCTGTGATGCCTACACACCAGCTGGAGAGCCAATTCCT

ACAAACAAACGCCATAAAGCTGCTCAAATTTTTAGCGACCCAAAAGTTGCAGCTCAAGTTCCATGGTAATTTTAAATTCATCTGCCTCA

CTTTTATAGTTTTATGTACCGTGTGGCTATTCTTCTGCATTATTTTGTTGAGGTCTCTAAAACCAAGAGAACGCCAACTGTTCCCTTTG

AACAGTCAAAAATAAAATAAAATGTGCTCATAGTTCATTTATCATGTAAAAACCTCATTAACAAACTTCCAGGAAAATGAATTTTTGTTA

GACATTACGTTTCCTCGCAAATAAATGCTAAGCTGGAAAGCCTGCTTCTTATACTCTTTTAACAACAACAACAACAAAAATAAACCCGA

CGTATGTCCAAAAGTGCTGTCTGGGAAGGTTAGTGTATACACAGACCTTACACCTACAAGGTAGAGAAGCTGTTTCGGCCTCAGCAG

TATTTAAAAACCTGTTTCTTGTACTCTTTTAACTGTTCCAGTTAAAGATCTCTCTTTTAGCTGTTGGATGATAACATGATGAAACAATCA

TTTCTTGATGTTAGCAAGATCCTTTTTTCTCTCCCTGAAAATGGGATCAAAAGAGTATATGTTGTTATTTGGTGTCATTTTGCTTCCCAG

TTTTTGAATTTTAATATCATATTGCTAATGTTGTCTAGCACTTGGTGTTGACTAGGTTTGGAATAGAACAAGAGTACACCTTACTCCAG

CCAAATGTAAACTGGCCCTTAGGTTGGCCTGTTGGAGGCTACCCCGGACCTCAGGTAATTGTTTTACACAAAAAGAATGGTACACAG

CTCAAAAATCATCCAGCACAAATGCAATCCTAATGATGCTGTAAAATCTGTTCAATTTAATTAACTGTTGGAGATCTATTTATCTTTGTG

GAAACTTTAGGGTCCTTACTACTGTGGTGCTGGAGCGGAAAAGTCATTTGGCAGAGATATATCAGATGCTCACTACAAGGCTTGCCT

GTATGCTGGAATTAACATTAGTGGTACTAATGGAGAGGTTATGCCAGGACAGGTACCATTTCCATCACTTCTATTTCTAGTACAATAAA

ATCACTGTCACTTATAGTACTCTAATTGGAGGATCAACGTAATTGTTTGTTTCAGTGGGAATTTCAAGTAGGTCCTAGTGTTGGAATTG

AAGGTGGAGATCATATCTGGTGTGCTAGATACCTCCTCGAGGTAATTAATCTTCCCAAATCTGCATAAATTTCCTTTGCAGGTTAGGG

CATCTGGCAAGCATATCATCCTAATTCAACGAACAATACTTGAATACCTATTCGACTCAGCTCCAGGTCCCGGCTGTGGGGATTAAGG

AAATATTTTTCTAGTGGCATGAAATGATCGACTTATTACCTAAAGTGGTTCCTTTGACTGTTGCTGTGGTTTATGTCCTTCTGTATTTGA

AGTGGTTGCTGAACTAAGAAATCAGATTACTCATTCTTCTTTTTTTTTTTTCCAATTCCTTGATCTAACAGAGAATTACTGAACAAGCAG

GAGTTGTCCTCTCACTCGATCCAAAACCAATTGAGGTGATCTAAAATTCTTTATGATTTTTTTGTTATTCAAATTAAGTACAATTATGAA

ACTCCATTTTTTCTTCTCTGGTCCTGGCATTCACAGGGTGACTGGAACGGTGCAGGATGCCACACTAACTACAGGTAGCTCCTTTTTG

CAAGAGAGAAACTAGGAATCTTAAAGATAAGATTTGGGATGTGAATCTGTTAAGACCGAAATCACTTGCTCATTATGTGGTAGTTGCT

ACAACTAGGAATTAGTTGCAAGTGACTTTTACAATTCATCATTTTGTTTCATGTTTCGTCAAGTTCTTGTTTCTCTGTTTAACCGCGCCC

CCTCTCCGTTTTTCATTTTTCCAGTTTAGCAATTCTGTCTTCTGAAAACCAATGTATGGTTTCCATAGTAAAACTCCTTTGAAGGATTCA

CTTACTAGTTATTAATGGTTTGTTGTTTGCAGTACACTGAGTATGAGAGAAGAGGGAGGTTTTGAAGTTATAAAGAAAGCAATTCTGAA

TCTATCCCTTCGCCACAAGGAACATATAAGTGCTTATGGAGAAGGAAATGAGAGAAGGTTGACCGGAAAGCATGAAACTGCTAGTAT

TGACCAATTTTCATGGGTATGCCTGCTGCTGATCTTTCCTTCATTTGTACATAAATAGTGTGTACCAATTATCCTCATTCCTTCTTGATT

TTCTAAATATGCAGGGAGTTGCTAACCGTGGTTGCTCAATCCGTGTGGGGCGTGACACTGAGAAGGAAGGCAAGGGTAAGTTTCTG

CTTTATTAGAGGGAGTAACATTAGCATCCTTGAGTTTATTGTGCAATGATGAAAAATGTAGCTTATTTTGCGGACCACTTTTCTCAACA

TACATTTCGCATAAAAGAAAGTTAAAATACTGGATCTCAAAATAAAAAGAGATGAATTAACTCTTTTCTGAACAGTTATCCATGATCCAA

GCATCACTGTTTCTCATGGCCTTTTAAAGAATTTGCAACTATTTAGCTAAACACTTTGGCCTTGGCATTGATGGTCCTTCTGATGCTGT

TTATTTCTCCTTTTTTGTTTCTGGGGTTGGTCGATGCAGGTTATTTGGAAGACCGCCGCCCAGCTTCAAACATGGACCCCTATGTTGT

GACTGGATTACTTGCTGAAACTACTATACTGTGGGAGCCAACCCTTGAGGCTGAAGCTCTTGCTGCCCAAAAGATCTCATTGAAGGT

TTAGAGTATATGAGGGGAAATTGTTTTCATAATAATCCTCTTAGAATTTATGAGATAAGTTCTGAAGCTTGTACCTTGTTGAGGTTCCC

TTATTTGGGAAAATCTTGTAAAGGAACCAAAATTTACCAGTTCATCCTAGAAAATAGGTTTCTTAAGACATGAGACTACTTTGGAGTTG

AGGTGTAATTGTTGGACTACTTTGAACATCTTTACCTTTCTTTTCTCCAGATGAATCCATTTCTCTGAAATTCCAATTGGTGTGCTCTTT

CCGAATGAAATCTTTGAACATATAATCAGTCATGTACATTTCAGTTTCTAACTAGCTAGTTAAGTTACTTATATGATGTTATCTTCTGTC

TACTATGTTCAAGTTCAGGTTCTTTAGAGAAATCATCATAATAGTTTATTGCATGTTGGCCATCAATCTGCCACGACTCTCGTCCTTTAT

CTGGATTTGAACTTGGTTTCTTTCCAGCATATATATATTCATGTTACATGGACTTGAATATATGTGTCCAGCATGCTATTTTTCAGTACT

TTGTACTTGATGTGCAAAGTAAATGAAGACTTCAAGTTAGTAAAAGATGCATAATGTCATGTACAAGCTTGGCTTTCTTTTCTTTAGAAT

ATTTATTAAATACCTTTTACATTTGTGTGAAGCCAAAGTGATTCCTTCCCCTATCAGAATGCTTGCTGTAAACTAGTCCAAGAGATTCTT

TTCATTTCTTTGGAGAAAAAGCTACAAGCTGTCAATGTTGTCTAGATAAAGAATGGAACAATCATGGCTTTA 
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Supplemental data 7. pJET1.2/blunt Map Vector. 

 


