

  ijms-22-11736




ijms-22-11736







Int. J. Mol. Sci. 2021, 22(21), 11736; doi:10.3390/ijms222111736




Article



Plastidial Expression of 3β-Hydroxysteroid Dehydrogenase and Progesterone 5β-Reductase Genes Confer Enhanced Salt Tolerance in Tobacco



Muhammad Sameeullah 1,2[image: Orcid], Muhammet Yildirim 3[image: Orcid], Noreen Aslam 1[image: Orcid], Mehmet Cengiz Baloğlu 4[image: Orcid], Buhara Yucesan 5, Andreas G. Lössl 6, Kiran Saba 7,8, Mohammad Tahir Waheed 7,*[image: Orcid] and Ekrem Gurel 1,*[image: Orcid]





1



Department of Biology, Faculty of Science and Literature, Bolu Abant Izzet Baysal University, Bolu 14030, Turkey






2



Center for Innovative Food Technologies Development, Application and Research, Bolu Abant Izzet Baysal University, Bolu 14030, Turkey






3



Department of Chemistry, Faculty of Science and Literature, Bolu Abant Izzet Baysal University, Bolu 14030, Turkey






4



Department of Genetics and Bioengineering, Faculty of Engineering and Architecture, Kastamonu University, Kastamonu 14030, Turkey






5



Department of Seed Science and Technology, Faculty of Agriculture, Bolu Abant Izzet Baysal University, Bolu 14030, Turkey






6



Department of Applied Plant Sciences and Plant Biotechnology (DAPP), University of Natural Resources and Applied Life Sciences (BOKU), 1180 Vienna, Austria






7



Department of Biochemistry, Faculty of Biological Sciences, Quaid-i-Azam University, Islamabad 45320, Pakistan






8



Department of Biochemistry, Faculty of Life Sciences, Shaheed Benazir Bhutto Women University, Peshawar 25000, Pakistan









*



Correspondence: tahirwaheed@qau.edu.pk (M.T.W.); gurel.ekrem@gmail.com (E.G.); Tel.: +92-51-9064-3207 (M.T.W.); +90-37-4254-1220 (E.G.)







Academic Editor: Hikmet Budak



Received: 18 September 2021 / Accepted: 25 October 2021 / Published: 29 October 2021



Abstract

:

The short-chain dehydrogenase/reductase (SDR) gene family is widely distributed in all kingdoms of life. The SDR genes, 3β-hydroxysteroid dehydrogenase (3β-HSD) and progesterone 5-β-reductases (P5βR1, P5βR2) play a crucial role in cardenolide biosynthesis pathway in the Digitalis species. However, their role in plant stress, especially in salinity stress management, remains unexplored. In the present study, transplastomic tobacco plants were developed by inserting the 3β-HSD, P5βR1 and P5βR2 genes. The integration of transgenes in plastomes, copy number and transgene expression at transcript and protein level in transplastomic plants were confirmed by PCR, end-to-end PCR, qRT-PCR and Western blot analysis, respectively. Subcellular localization analysis showed that 3β-HSD and P5βR1 are cytoplasmic, and P5βR2 is tonoplast-localized. Transplastomic lines showed enhanced growth in terms of biomass and chlorophyll content compared to wild type (WT) under 300 mM salt stress. Under salt stress, transplastomic lines remained greener without negative impact on shoot or root growth compared to the WT. The salt-tolerant transplastomic lines exhibited enhanced levels of a series of metabolites (sucrose, glutamate, glutamine and proline) under control and NaCl stress. Furthermore, a lower Na+/K+ ratio in transplastomic lines was also observed. The salt tolerance, mediated by plastidial expression of the 3β-HSD, P5βR1 and P5βR2 genes, could be due to the involvement in the upregulation of nitrogen assimilation, osmolytes as well as lower Na+/K+ ratio. Taken together, the plastid-based expression of the SDR genes leading to enhanced salt tolerance, which opens a window for developing saline-tolerant plants via plastid genetic engineering.
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1. Introduction


Digitalis species, known as foxglove, are famous for the production of secondary metabolites known as cardiac glycosides, which have pharmaceutical importance in cardiac arrest and also possess anti-cancer activities [1,2]. The genes 3β-hydroxysteroid dehydrogenase (3β-HSD) and progesterone 5-β-reductases (P5βR1, P5βR2) are among the important key step genes in the pathway of biosynthesis of cardenolide in Digitalis species [3,4,5]. During the last two decades, extensive studies have been conducted on the cardiac glycosides, pathways and substrates for the glycosides and recombinant protein production of the 3β-HSD, P5βR1 and P5βR2 using a bacterial heterologous expression system [4,5,6,7,8]. The cardenolides biosynthesis is also known to be triggered by the stresses like heat, cold, wound, submergence in water, hydrogen peroxide (H2O2), a precursor of ethylene biosynthesis: 1-aminocyclopropane-1-carboxylic acid (ACC), as well as drought and nutrient deficiency in soil [8]. To understand the cardenolide biosynthesis, most of the studies have employed tissue culture methods [2,8,9,10]. The genes 3β-HSD [11], P5βR1 [6] and P5βR2 [8] were isolated from Digitalis lanata. The recombinant proteins were able to digest the respective substrates [5,6,8]. Although extensive studies of enzymatic reactions, crystal structure and substrate specificity have been conducted, until now, the functional analysis of these genes in transgenic plant studies has not been a focus of study.



Few reports are available about the genetic transformation of Digitalis species and marker genes were transformed to establish the Agrobacterium-mediated transformation for nuclear transformation. For the first time, Saito et al. [12,13] established A. tumefaciens- and A. rhizogenes-mediated transformation of D. purpurea using GUS or an antibiotic marker gene. Later, Lehmann et al. [14] reported the first transgenic D. lanata plants by A. tumefaciens using protoplast cells. In short, the genetic transformation reported till date for the Digitalis species has been done to optimize the transformation system [15,16,17,18]. Sales et al. [19] studied the cardenolide pathway by using the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG1) gene from Arabidopsis by transforming into D. minor. Cardenolide 16′-O-glucohydrolase I encoded by the Cardenolide 16′-O-glucohydrolase I (CGH I) gene from D. lanata EHRH was transformed into the roots of Cucumis sativus L. to make an effort to produce cardenolides [20]. However, the level of cardenolides was lower than in the leaves of wild-type D. lanata because the site of biosynthesis of cardenolides is mainly chlorophyllous organs and not the non-chlorophyllous [21]. To date, the 3β-HSD, P5βR1 and P5βR2 genes have not yet been transformed into either chloroplast or nuclear genome for their functional analysis under salt stress.



Tobacco has been commonly used as a model plant for plastid transformation since it has a short life cycle, is easy to grow via tissue culture, and can produce huge biomass and seeds. One of the main advantages of chloroplast transformation over nucleus transformation is very high expression, due to high copy number of transgenes (up to 10,000 copies) in a single tobacco leaf cell [22]. Plastid transformation is based on homologous recombination where the vector′s flanking regions contain sequences of the plastid genome ensuring correct insertion within the plastid genome via homologous recombination. This technique also minimizes the chances of off-target genes silencing [23]. The plastome is strictly maternally inherited in most species of agricultural interest [24]. Therefore, the risks of transgene dispersal via pollen are diminished.



Soil salinity is a serious abiotic stress which restricts crop productivity severely. More than 800 million hectares of land is salt-affected in the world, and this amount is still rising. Salinity has become a growing threat to sustainability of agriculture worldwide [25,26,27]. One effective approach to improve the productivity of salt-stressed soils is to breed salt-tolerant crop cultivars [28]. Another alternative is the use of transformation technologies by inserting genes that mediate salt tolerance in plants.



Since, cardenolide biosynthesis is reported to be induced due to the abiotic stress factors [3,29], the aim of this study was to explore the potential functional role of selected SDR genes, 3β-HSD, P5βR1 and P5βR2 from D. ferruginea subsp. ferruginea, under salinity stress by expressing these genes in plastomes of Nicotiana tabacum. The expression of these genes led to enhanced salt tolerance in the developed transplastomic tobacco plants under high salt stress. The transplastomic plants remained green, retained high chlorophyll contents and showed high biomass under salinity stress.




2. Results


2.1. Generation of Transplastomic Plants Expressing 3β-HSD, P5βr1 and P5βr2 Genes


2.1.1. Plastid Transformation Vectors and Development of Transplastomic Plants


For plastid transformation, pEXP-PN-T-3β-HSD, pEXP-PN-T-P5βR1 and pEXP-PN-T-P5βR2 were constructed for the transformation of the 3β-HSD, P5βR1 and P5βR2 separately into tobacco plastid genome. The final plastid expression vectors consisted of 3β-HSD, P5βR1 and P5βR2 genes under control of constitutive PrrnPEP+NEP promoter. Each vector also contained an aadA gene cassette conferring resistance to antibiotics spectinomycin and streptomycin for selection of transplastomic plants. The expression of aadA gene was controlled by promoter PpsbA and TrbcL terminator. The flanking sequences for targeted homologous recombination of the expression cassette into the plastid genome of N. tabacum were trnN and trnR, located in the inverted repeat (IR) region. Complete scheme of vector construction is given in Figure 1. The transplastomic plants were generated by gene gun-mediated DNA delivery and the transformants were selected on RMOP media containing 500 mg/L spectinomycin [30].




2.1.2. Confirmation of Transgene Integration


PCR was performed to verify the correct integration of the 3β-HSD, P5βR1 and P5βR2 genes within the plastid genome of tobacco. Confirmation of the presence of 3β-HSD gene was done by PCR amplification by using primers 3βHSD_F (located within the 3β-HSD gene) and oli252 (positioned within the plastome outside the right flank (trnR)). An amplicon size of 2082 bp was obtained as expected (Figure 2A–F). To confirm the presence of the P5βR1 gene within the plastid genome, we used primers P5βR1_F (positioned within the P5βR1 gene) and oli252 (positioned within the plastome outside the right flank (trnR)). An amplicon size of 284 bp was obtained as expected. Confirmation of the presence of P5βR2 gene was done by PCR amplification by using primers P5βR2_F (located within the P5βR2 gene) and oli252 (positioned within the plastome outside the right flank (trnR)). An amplicon size of 2151 bp was obtained. For confirmation of the correct insertion of the aadA gene within the transplastomic plants containing the 3β-HSD, P5βR1 and P5βR2 genes, a set of primer oli253 (located within the plastid genome outside the left flank (trnN)) and oli059 (located within the aadA gene) were used. An amplicon of 2273 bp was obtained in transplastomic plants containing 3β-HSD, P5βR1 and P5βR2 genes. Figure 2 shows all amplified product as obtained on agarose gel.




2.1.3. Expression of Transgene RT-qRT-PCR


Transgene expression of the 3β-HSD, P5βR1 and P5βR2 was determined by isolating total RNA from WT and the independent transplastomic lines 3β-HSD-1, 3β-HSD-2, P5βR1-1, P5βR1-2, P5βR2-1 and P5βR2-2. cDNA was used for real time qRT-PCR, which was synthesized using genomic DNA free RNA. The transgene expression was very high in all independent lines of the 3β-HSD, P5βR1 and P5βR2 tobacco transplastomic plants. The transplastomic lines of the 3β-HSD exhibited the highest transgene expression while some degree of expression was also detected in WT (Figure 3A). These results show that the transgenes 3β-HSD, P5βR1 and P5βR2 were efficiently expressed in the transplastomic tobacco plants.




2.1.4. End-to-End PCR


End-to-end PCR can indicate any untransformed plastid genomes. PCR was performed by using sense primer oli253 (located within the chloroplast genome outside of the trnN of the expression cassette) and anti-sense primer oli252 (positioned within the chloroplast genome outside of the trnR). An amplicon size of 2520 bp was obtained for wild-type untransformed plants. For transplastomic plants containing 3β-HSD gene, an amplicon of 5065 bp was obtained. In transplastomic plants containing P5βR1 gene, we obtained the fragment size of 5455 bp. In transformed plants containing P5βR2 gene, the fragment size obtained was 5470 bp. The absence of 2520 bp band in transplastomic lines showed that no wild-type copy of plastid genome was left and the developed transplastomic plants were homoplasmic, containing all copies of plastomes transformed. The expected sizes of the fragments and positions of primers are shown in Figure 1. Fragments obtained after PCR are shown on agarose gel in Figure 2G.





2.2. Western Blot


Western blot was performed to detect the protein in transplastomic lines using soluble protein fraction. Crude antisera (anti-3β-HSD, anti-P5βR1, anti-P5βR2) were used to detect the expressed proteins. Western blot analysis showed the protein bands of 26.95 kDa, 44.13 kDa and 44.32 kDa of 3β-HSD, P5βR1 and P5βR2, respectively (Figure 3B) in the transplastomic tobacco plants. However, a faint band was also observed in case of WT plants showing some degree of expression. The intensity of band in WT was far less as compared to transplastomic plants. These results showed that functional protein was synthesized in independent lines of the transplastomic plants transformed with the genes 3β-HSD, P5βR1 and P5βR2.
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Figure 3. (A)Transgene expression of the 3β-HSD, P5βR1 and P5βR2 by real time qRT-PCR in independent transplastomic plant lines 3βHSD-1, 3βHSD-2, P5βR1-1, P5βR1-2, P5βR2-1 and P5βR2-2. Real-time reverse transcription-polymerase chain reaction (RT-qRT-PCR) was performed, using gene specific primer set for the 3β-HSD, P5βR1 and P5βR2. Relative expression levels were normalized against the values of the Actin9 transcripts in WT and the transplastomic lines. Each value represents the mean ± standard error (SE) of three samples from three independent experiments. (B) Western blot analysis of 3β-HSD, P5βR1 and P5βR2 in transplastomic lines 3β-HSD-1, 3β-HSD-2, P5βR1-1, P5βR1-2, P5βR2-1, P5βR2-2 and WT tobacco. The molecular weights of the protein were 26.95 kDa, 44.13 kDa and 44.32 kDa for 3β-HSD, P5βR1 and P5βR2, respectively. M: Marker. WT: Wild type. 3β-HSD-1, 3β-HSD-2: Two independently generated lines of 3β-HSD. P5βR1-1, P5βR1-2: Two independently generated lines of P5βR1. P5βR2-1, P5βR2-2: Two independently generated lines of P5βR2. 
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2.3. Subcellular Localization of 3β-HSD, P5βR1 and P5βR2


Agrobacterium-mediated transformation of pGWB5-35S::3β-HSD-GFP, pGWB5-35S::P5βR1-GFP, pGWB5-35S::P5βR2-GFP and pGWB5-35S::GFP under the control of a 35S promoter was performed in onion cells. Expression of 3β-HSD and P5βR1 was distributed thoroughly as tiny vesicles in cytoplasm possibly due to their localization on ribosomes, in mitochondria (3β-HSD) or endoplasmic reticulum (P5βR1) [31]. On the other hand, the expression of P5βR2 was found to be tonoplast-localized (Supplementary Figure S1). In case of GFP control, the GFP expression was observed in the nucleus, cytoplasm and cell membrane. These results show that 3β-HSD and P5βR1 proteins have affinity to the cytoplasm, while P5βR2 is a vacuolar membrane-localized protein.




2.4. Effect of Salinity on Plant Growth and Development


The plant growth and development were assessed under control and salt stress treatments based on the primary and lateral root length as well as fresh biomass of WT and independently generated transplastomic lines of the 3β-HSD, P5βR1 and P5βR2. In control treatments, transplastomic lines exhibited longer primary and lateral root lengths than WT (Figure 4A,B). These results suggest that transplastomic expression of the 3β-HSD resulted in the enhancement of primary and lateral root lengths in tobacco plants. Under the salt stress at various concentrations of 50 mM (Supplementary Figure S2A,B), 200 mM (Supplementary Figure S2C,D) and 300 mM (Figure 4C,D), primary and lateral root lengths of transplastomic lines were longer than WT tobacco plants. These results suggest that the transplastomic expression of the 3β-HSD, P5βR1 and P5βR2 attributed to the tolerance of salt stress in transplastomic tobacco plants (Figure 4C).



Fresh weights of plants were also determined in control and salt stress treatments of WT and transplastomic lines (3β-HSD-1, 3β-HSD-2 P5βR1-1, P5βR1-2, P5βR2-1 and P5βR2-2) expressing 3β-HSD, P5βR1 and P5βR2 genes, respectively. Under control treatment, transplastomic lines showed higher plant fresh weight (FW), shoot FW and root FW than WT tobacco plants (Supplementary Figure S3A). At a low concentration of NaCl (50 mM) treatment, the difference among fresh biomass of WT and transplastomic lines was very minute (Supplementary Figure S3B). However, at higher concentrations (200 mM in Supplementary Figure S4C and 300 mM in Supplementary Figure S3D) of NaCl, fresh biomass (plant, shoot and root FW) was remarkably decreased in WT as compared to transplastomic lines. At the highest concentration (300 mM) of NaCl, plant FW, shoot FW and root FW were maintained in the transplastomic lines but severely reduced in WT (Supplementary Figure S3D). Further, total chlorophyll content in WT and the transplastomic lines grown under highest applied salt stress of 300 mM NaCl was measured. Transplastomic lines retained considerable chlorophyll content while deteriorated and lower chlorophyll content was observed in WT (Supplementary Figure S4), suggesting that the transplastomic lines enhanced protection of the photosynthetic machinery. The phenotype of transplastomic lines was maintained under 300 mM NaCl than WT (Figure 5A) with retarded growth. Further experiment was conducted to determine the effect of osmotic stress on the WT and transplastomic lines. Four hundred mM of mannitol stress for 25 days imposed drastic effect on primary root length (5D), lateral root length (5E), FW (5F) and phenotype (5G) of WT than transplastomic lines, which exhibited significantly higher growth in terms of primary, lateral root lengths and FW. These results further confirm that the transplastomic lines also cope with osmotic stress. These results indicated that transplastomic expression of the 3β-HSD, P5βR1 and P5βR2 genes maintained primary and lateral root lengths, fresh biomass, and improved plant growth and development under the stresses by ameliorating the toxic effects of NaCl or mannitol stress as evident from Figure 5.




2.5. Metabolite Analysis of the Plants Grown under Salt Stress


NMR-based determination of metabolites was carried out in one-month old WT and transplastomic lines grown under 300 mM salt stress. Metabolites were at the lowest level under control treatment (no salt stress) both in WT and the transplastomic (3β-HSD-1, P5βR1-1 and P5βR2-1) lines. However, a small increase in glutamine level was observed in transplastomic lines under control treatment (Figure 6A). At 300 mM NaCl concentration, glutamate and glutamine levels were enhanced dramatically in transplastomic lines in comparison with WT. An increase was also observed in proline and sucrose content. In comparison to WT under salt stress or in control, a minute increment in glutamate and proline content was observed in WT due to salt stress (Figure 6A). The enhanced levels of glutamate, glutamine, proline and sucrose might contribute to salt tolerance in transplastomic plants by increasing the osmotic pressure within the plant cell.



The Na+/K+ ratio was calculated in WT and transplastomic lines of the P5βR1, P5βR2 and 3β-HSD. The ratio of Na+/K+ was found higher (3.85 mg/g DW) than all of the transplastomic plants. The P5βR1-1 and P5βR1-2 lines of the P5βR1 showed ratio of Na+/K+ equivalent to 1.87 and 2.13 mg/g DW, respectively. This ratio was calculated to 2.57 mg/g and 3.09 mg/g DW for transplastomic lines P5βR2-1 and P5βR2-2 of the P5βR2, respectively. The independent transplastomic lines 3β-HSD-1 and 3β-HSD-2 of the 3β-HSD exhibited 1.72 mg/g and 1.45 mg/g DW, respectively (Figure 6B). These results suggested that the transplastomic expression of the P5βR1, P5βR2 and 3β-HSD exhibited magnificent resistance to salt stress by accumulating less Na+ concentration as compared to WT.




2.6. Transplastomic Expression of the P5βr1, P5βr2 and 3β-HSD Decreases Na+/K+ Ratio under Salt Stress


Levels of Na+ and K+ were determined in the WT and independently generated P5βR1, P5βR2 and 3β-HSD expressing transplastomic lines grown under salt stress of 300 mM NaCl over the period of one month. Na+ concentration in the leaves of wild-type tobacco plant was 14.08 mg/g dry weight (DW). In comparison, the transplastomic lines of the P5βR1 showed highest levels of Na+ up to 63.87 mg/g and 62.66 mg/g DW for P5βR1-1 and P5βR1-2, respectively. The lines P5βR2-1 and P5βR2-2 of the P5βR2-transformed plants contained 42.12 and 37.97 mg/g DW of Na+, respectively. The transplastomic lines 3β-HSD-1 and 3β-HSD-2 of the 3β-HSD exhibited 42.20 and 18.97 mg/g DW of Na+ (Supplementary Figure S5). The concentration of K+ in WT was 4.28 mg/g of DW. The level of K+ in transplastomic lines P5βR1-1 and P5βR1-2 of P5βR1 was 35.11 mg/g and 29.92 mg/g DW, respectively. The lines P5βR2-1 and P5βR2-2 of P5βR2 accumulated 16.76 and 12.95 mg/g DW, respectively. The transplastomic lines 3β-HSD-1 and 3β-HSD-2 of the 3β-HSD showed 14.82 mg/g and 13.63 mg/g DW, respectively (Supplementary Figure S6).





3. Discussion


3.1. Contribution of 3β-HSD, P5βR1 and P5βR2 Genes towards Plant Growth and Development


The substrate for 3β-HSD is pregnenolone which is converted into progesterone due to enzymatic reaction. However, there are several substrates for the enzymes P5βR1 and P5βR2, such as 1,4-enones, such as 2-cyclohexen-1-one, methyl vinyl ketone or citral are also accepted [32] but progesterone exhibits more specificity as a substrate [3]. Secondary metabolites (cardenolides and progesterone) biosynthesis is also triggered due to abiotic (salt, wound, heat, cold) [3] or biotic stress factors (pathogen or insect herbivory) [33]. Therefore, keeping in consideration such inducible factors for the regulation of the 3β-HSD, P5βR1 and P5βR2 genes we hypothesized that perhaps plastidial expression of these genes would confer salt tolerance in the present research. Further, our hypothesis was strengthened as some orthologous gene from SDR family were induced due to salt stress in bacteria [34] or plant [3] and the recent findings further strengthening our hypothesis [35,36].



In the present study, we expressed the 3β-HSD, P5βR1 and P5βR2 genes encoding short chain dehydrogenase reductase from D. ferruginea subsp. ferruginea [4,37] and investigated their role in plant growth under normal and NaCl-stressed conditions. For the functional genomics study, we developed chloroplast transformed tobacco plants to express the 3β-HSD, P5βR1 and P5βR2 genes. By immunoblot analysis, 3β-HSD, P5βR1 and P5βR2 were recognized as a 26.95, 44.13 and 44.32-kD proteins, respectively. PCR analysis of transplastomic plants confirmed the integration of transgenes into chloroplast genome of tobacco. Further, end-to-end PCR confirmed the presence of only transformed plastomes in transplastomic plants. Real-time qPCR analysis of the independent transplastomic lines 3β-HSD-1, 3β-HSD-2, P5βR1-1, P5βR1-2, P5βR2-1 and P5βR2-2 revealed an efficient transgene expression compared to a negligible expression in WT. The over-expression of the 3β-HSD, P5βR1 and P5βR2 genes resulted in better growth rates in terms of enhanced primary and lateral roots as well as fresh shoot and root weight compared to WT under normal growth conditions.



It is well-established that Na+ in low concentration (the concentration which is not harmful to plants) also stimulates the growth and development of the plants and act as a beneficial nutrient [38]. We could observe that under 50 mM or 200 mM NaCl treatments, the growth of tobacco seedlings (WT and transplastomic lines) was higher (more prominent in transplastomic lines) than the control treatment (Supplementary Figures S2 and S3). It is speculated that the difference among control (0 mM NaCl) and 200 mM NaCl treatments could possibly be due to beneficial effects of Na on the seedlings’ growth. In our findings, to support the better growth of transplastomic lines under control treatment, Na+ concentration was higher in transplastomic than WT (Supplementary Figure S5). Similarly, the K+ concentration was also found remarkable high in the transplastomic plants than WT under control (Supplementary Figure S6), which is one of the most important macronutrients and plays critical role in plant development [39]. AtSDR1 (an orthologue of the 3β-HSD, P5βR1 and P5βR2), which is also known as Glucose Insensitive1 (GIN1) and Abscisic Acid Deficient2 (ABA2) are reported to be involved in abscisic acid biosynthesis, which also modulates the plant growth and development. It is also reported that the mutant of the AtSDR1 governed the poor and stunted growth of Arabidopsis plants [40]. Another study demonstrated that overexpression of the AtHSD1 was involved in regulating plant growth and development [41]. However, the above reports pertained to the expression of AtHSD1 via nucleus. In contrast, it is interesting to see the modulation of plant growth regulation by expression of the 3β-HSD, P5βR1 and P5βR2 genes in plastids.




3.2. Enhanced Biosynthesis of Glutamate, Glutamine, Proline and Sucrose in Transplastomic Plants under Salt Stress


The metabolites content was determined by NMR in four-week salt (300 mM NaCl) stressed WT and transplastomic plants. Among the metabolites, levels of glutamate, glutamine, proline and sucrose were enhanced in transplastomic plants compared to WT under salt stress. Glutamine synthetase (GS), a fundamental enzyme in N assimilation and remobilization, constructs the GS-GOGAT cycle with glutamate synthase (GOGAT) to convert inorganic ammonium into glutamine. The GS exists as isoforms: the cytosolic GS1 and the plastidic GS2. Cytosolic GS1 is responsible for primary ammonium assimilation in the roots or re-assimilation of ammonium produced in the leaves during protein turnover. GS2 is mainly accountable for assimilation of ammonium produced from photorespiration in chloroplasts [42].



In response to salinity and nitrogen (N) nutrition, various N metabolisms have been reported in several plant species [43,44]. For example, the nitrogen supply conferred salt tolerance to durum wheat cultivars (Triticum turgidum subsp. durum) [44]. Previous investigations also established that nitrogen metabolism and ion balance is altered due to salt stress in rice (Oryza sativa L.) [45]. Salt stress not only obstructs NO3− uptake but also reduces N assimilation by hindering the production and actions of N assimilation enzymes including glutamine synthetase (GS), and glutamate synthase (GOGAT) [46]. It is also evident that an ample amount of nitrogen supply amends nutritional shortcoming in salt-stressed plants [47]. There is also growing evidence that the supply of N fertilizers could ameliorate the salt stress in plants [48,49,50,51,52,53,54]. Both glutamine and glutamate are good indicators of efficient nitrogen utilization [55]. In our study, the marked increase in amino acids, specially glutamine and glutamate in transplastomic lines as compared to WT, indicates possible enhanced nitrogen assimilation and thus enhanced salt tolerant phenotypes (Figure 5 and Figure 6A). Therefore, we speculate that higher level of glutamate and glutamine enhanced efficiency of N assimilation in transplastomic seedlings, which improved growth under salt stress.



We report that the plants overexpressing SDR genes display increased growth in terms of root length and FW. Our results indicate that the higher biomass production is supported by higher sucrose levels, as well as by possible changes in carbon and nitrogen metabolism. Likewise, our results related to metabolite analyses in leaves show that the overexpression of the SDR genes would trigger manifold changes in carbon-skeleton production and nitrogen assimilation pathways (Figure 7). Higher levels of proline and sucrose in transplastomic plants can improve osmotic adjustment under salinity efficiently than in WT plants. The increased growth observed could be associated to higher chlorophyll content, which lead to higher sucrose levels, and possibly enhanced nitrogen assimilation.



The amino acids glutamine and glutamate are also involved to synthesize other organo-nitrogen compounds such as nucleotides, chlorophyll, and also other amino acids like proline (Figure 7A) [56,57]. Renau-Morata et al. [58] demonstrated that over-expression of the AtCDF3 (Arabidopsis thaliana Cycling DOF Factor3) supported the synthesis of sucrose eventually available for plant growth and development which ultimately increased level of glutamate and glutamine amino acids associated to nitrogen (N) assimilation. There are evidences that salt stresses induce the production and accumulation of glutamate and glutamine and elevates the activity of glutamate synthase and glutamine synthase [59,60,61]. Toxic NaCl levels can have impact on plant metabolism via interrupting nitrogen assimilation pathway, therefore decreasing the nitrogen level in the plant [60,62,63]. It is also possible that due to competition or antagonistic effect among N and NaCl, transplastomic plants could uptake more N or efficiently assimilate to ameliorate the toxic effect of NaCl, while WT plants could not do so. In this study, higher levels of sucrose and other amino acids indicate increased nitrogen assimilation as well as maintenance of chlorophyll content in transplastomic plants under salt stress. Various metabolites such as sugars and proline accumulate in the plant cells due to abiotic stresses such as salt (reviewed by [64,65]. These osmolytes work in a variety of ways, such as the protection of cellular structures, detoxification of the enzymes and scavenging of ROS alone or in combination with other defense-related enzyme systems [66,67]. These compounds provide integrity to the membranes [67] and keep the photosynthetic system functioning, as evident in the present study from the enhanced level of chlorophyll content in transplastomic plants compared to WT. Thus, a higher level of osmolytes such as proline and sucrose in transplastomic plants might confer salt tolerance and also protect cellular components, enhanced energy metabolism, detoxification of enzymes and reducing toxic reaction oxygen species [67,68,69].




3.3. 3β-HSD, P5βR1 and P5βR2 Confer Salt Tolerance


In the present study, it was observed that the transplastomic expression of the 3β-HSD, P5βR1 and P5βR2 confer NaCl tolerance in tobacco plants, which is strengthened by two major proofs: (1) maintaining higher growth, biomass and chlorophyll in the transplastomic lines under NaCl treatment in comparison to WT (Figure 4 and Figure 5, Supplementary Figures S2A–C, S3 and S4); (2) higher biosynthesis of sucrose, glutamate, glutamine and proline in transplastomic lines under salt stress than that in WT (Figure 6A). Compared to WT, the higher growth and biomass due to NaCl treatment in transplastomic lines and the synthesis of higher metabolites seems firmly associated, which apparently attributable to higher levels of the 3β-HSD, P5βR1 and P5βR2 transcripts in transplastomic lines compared to WT. These results suggest that the 3β-HSD, P5βR1 and P5βR2 could be among the candidate genes for development of NaCl tolerant crops. The inducible biosynthesis of metabolites (sucrose, glutamate, glutamine and proline) due to NaCl stress could play a more vital role in conferring NaCl tolerance in transplastomic plants than in WT. The production of these metabolites has also documented previously due to NaCl inducing effect [53,54,55,56]. Overexpression of the AtHSD1 enhanced growth under normal growth condition and tolerance to NaCl was reported due to ABA metabolism and production of BR-like effects [36]. In our results, plastidial expression of the 3β-HSD, P5βR1 and P5βR2 (orthologous of the AtHSD1) could induce synthesis of nitrogen metabolism related compounds such as proline, glutamate and glutamine and such evidence not yet reported for the SDR family genes.



Plants have evolved a variety of mechanisms to deal with salt stress, and compartmentalization of Na+ into the vacuole is one of the most important mechanisms for maintaining a low Na+ content in the cytoplasm [70]. Vacuolar Na+ compartmentalization not only keeps Na+ away from the cytosolic components but also averts its deleterious effect [71]. Therefore, we speculate that transplastomic lines encompassing the highest amount of Na+ in leaf tissues (Supplementary Figure S5) could compartmentalize into vacuole or unknown organelles efficiently, thus protecting photosynthetic machinery and cytosolic components from toxic level of Na+. The Na+/K+ ratio (Figure 6B) was detected in the transplastomic tobacco study, which showed that the 3β-HSD, P5βR1 and P5βR2 overexpressing plants had higher K+ content (Supplementary Figure S6) and a better-balanced Na+/K+ ratio to reduce salt-stress symptoms [72]. Further, there is a growing evidence that the SDR gene family has pivotal role in salinity stress tolerance in microbes [34] and plants [36,73] but not a single evidence via plastidial expression. Therefore, here we report the transplastomic expression of the SDR gene family member in tobacco. The evidence demonstrates that SDR gene family members localized to cytoplasm (3β-HSD and P5βR1) or (P5βR2) vacuolar membrane expressed via transplastomic expression confer salt tolerance in tobacco.



Thus, the 3β-HSD, P5βR1 and P5βR2 genes seem to play a critical role in normal plant growth and development and under toxic levels of salinity. The 3β-HSD, P5βR1 and P5βR2 genes could ameliorate deleterious effect of sodium salinity by upregulating the osmo-protectants as well as nitrogen metabolism compounds, and also maintaining the balanced ratio of Na+/K+ in leaf tissues. The transplastomic expression of the 3β-HSD, P5βR1 and P5βR2 genes could target multiple pathways such as carbon (sucrose) nitrogen skeleton (glutamate, glutamine and proline), ion balance (Na+/K+) (Figure 6 and Figure 7) rather than single pathway for salinity tolerance induction.




3.4. Protective Role of Proline, Sucrose, Glutamate and Glutamine under Salt Stress


It was interesting to observe an increase in the number of metabolites produced in transplastomic plants in comparison to untransformed wild-type tobacco plants. This increase in the levels of proline, sucrose, glutamate and glutamine can be directly correlated with the enhanced salt tolerance in tobacco plastome transformed plants. Proline is an amino acid, which is a source of nitrogen compound protects plant cells under salt stress. It plays role in variety of ways such as protecting enzymes, cellular structures, reducing oxidative stress by acting as free radical scavenger and promoting cellular water retention [74,75]. Sucrose/sugars not only provide energy but also contribute to the regulation of ROS signaling as well as osmotic adjustments during abiotic stresses [76]. Further, soluble sugars are also involved in protection of mitochondrial respiration and photosynthesis [77]. Glutamate and glutamine accumulate under salt stress and act as salt tolerant mechanisms in plants [78]. Amino acid (proline, glutamate and glutamine) accumulation may be considered as a detoxification mechanism of the ammonium produced in plants subjected to stress [79,80]. Proline synthesis occurs in mitochondria but accumulates in cytosol under salt stress in plant. Sucrose synthesis takes place in mesophyll/chloroplast and transported to cytosol. Glutamate and glutamine are also synthesized in chloroplast and accumulates in cytosol.



The transplastomic expression of three genes of the SDR gene family conferred enhanced salt tolerance in tobacco plants. Thus, in this report, and for the first time, we are reporting on the expression of the SDR gene family members in plastid genome. The present study forms a basis for the development of salt-tolerant plants via plastid genetic engineering.





4. Materials and Methods


4.1. Vector Construction


The 3β-HSD, P5βR1 and P5βR2 genes (NCBI accession no. KM406483.1, KJ766303, GU062787) were selected for expression in plastid genomes of Nicotiana tabacum. The 3β-HSD, P5βR1 and P5βR2 genes were amplified from Digitalis ferruginea subsp. ferruginea [37]. Fresh leaf samples of D. ferruginea subsp. ferruginea (100 mg) were ground to a fine powder using liquid nitrogen with mortar and pestle. Total RNA isolation was carried out with GeneJET Plant RNA Purification Kit (ThermoFischer Scientific, Waltham, MA, USA). Samples were treated with RNase free DNase I to remove genomic DNA contamination. Single strand cDNA was synthesized by reverse transcription-polymerase chain reaction (RT-PCR) using SuperScriptTM III RT-PCR kit according to the instruction recommended by manufacturer (ThermoFischer Scientific, Waltham, MA, USA). Purified total RNA up to 5 µg was used to synthesize cDNA. Phusion® High-Fidelity DNA polymerase (NEB, Ipswich, MA, USA) was used for amplification of the 3β-HSD, P5βR1 and P5βR2 genes by using gene specific primers as follows: 3β-HSD forward primer: 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCGTCAAAGCCAAGGTTGG-3′, 3β-HSD reverse primer: 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAACGCACGACGGTGAAGC-3′, P5βR1 forward primer: 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAGCTGGTGGTGGGC-3′, P5βR1 reverse primer: 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTAGGAACAATCTTGTAAGCTTTTGCCT-3′, P5βR2 forward primer 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTATACCGACACAACGACTTGG-3′ and P5βR2 reverse primer: 5′-GGGGACCACTTTGTACAAGAAGCTGGGTTAGGGACAAATCTATAAGTTCTCACTTTGT-3′. Primers used in the present study are also summarized in Supplementary Table S1. The amplified products were confirmed on 1% agarose gel stained with EtBr and further confirmed by sequencing. For construction of final plastid transformation vector, Gateway® cloning was used. The genes 3β-HSD, P5βR1 and P5βR2 were cloned into pDONR221 by BP recombination reaction which resulted in entry vectors pENTR-3β-HSD, pENTR-P5βR1 and pENTR-P5βR2. An LR recombination reaction was carried out between pENTR-3β-HSD, pENTR-P5βR1 and pENTR-P5βR2 and pDEST-PN-T in separate reaction for each entry vector and final plastid expression vectors pEXP-PN-T-3β-HSD, pEXP-PN-T- P5βR1 and pEXP-PN-T-P5βR2 were obtained. A plastid specific Gateway® compatible destination vector, pDEST-PN-T [81], was used for the LR reaction. It contained the cassette of aadA gene under the control of psbA promoter (PpsbA), the 5′UTR of tobacco psbA gene (5′psbA) and the 3′UTR from large subunit of ribulose-bisphosphate carboxylase gene (rbcL) from Chlamydomonas reinhardtii. The expression of transgene was under the control of constitutive PrrnPEP+NEP promoter, which consisted of the nuclear encoded polymerase (Prrn-62NEP) promoter [82] fused downstream to the plastid-encoded polymerase (PEP) promoter Prrn16 [83]. Figure 1 shows the vector construction steps. The Gateway® cloning kit was purchased from (ThermoFischer Scientific, Waltham, MA, USA) and all cloning reactions were carried out by following the instructions of manufacturer.




4.2. Plastid Transformation of Tobacco and Regeneration of Transformed Plants


The plastid transformation was carried out by following the procedure as described previously [84]. Briefly, seeds of N. tabacum (Nt) cv. Petit Havana were grown in vitro at 26 °C on agar solidified MS [85] medium containing 3% sucrose. The expression constructs, pEXP-PN-T-3β-HSD, pEXP-PN-T-P5βR1 and pEXP-PN-T-P5βR2, were coated onto gold particles of 0.6 µm and bombarded on 2 weeks old tobacco leaves by bombarding DNA coated gold particles using particle gun (PDS1000He; Bio-Rad, Hercules, CA, USA). After bombardment, leaves were sliced into small pieces of 5 mm and placed on RMOP media containing 500 mg/L spectinomycin [30] for the selection and regeneration. After 2–3 weeks, green calli emerged which were further developed into shoots. The shoots were cut into small pieces and then placed again on RMOP medium containing the antibiotic. The procedure was repeated 3–4 times to get homoplasmy of the transformed shoots. The tissues of the shoots were harvested to isolate DNA and RNA for the confirmation of integration of transgene into tobacco plastid genome and to check expression level of the transgene, respectively. After the confirmation of transgene, the transgenic seedlings were transferred to rooting medium. After one month when fully developed roots were established, the plantlets were transferred to soil in green house for further growth and seed production.




4.3. Confirmation of Transformation and Transgene Expression


Total DNA from WT (wild type) as well as transplastomic plants was isolated using the hexadecyltrimethyl ammonium bromide (CTAB) method [86]. This DNA was used as template to perform PCR for confirming the presence of transgene. PCR was carried out to confirm the correct integration of the 3β-HSD within the transplastomic plants by using sense primer 3βHSD_F (positioned within the 3β-HSD; sequence 5′-ACGTCAGAGATGAAAAACAA-3′) and anti-sense primer oli252 (positioned within the chloroplast genome outside the right flank (trnR); sequence 5′-AGACAGCGACGGGTTCTCTG-3′). Correct insertion of the P5βR1 gene within the transplastomic plants was confirmed by using sense primer P5βR1_F (5′-CCCATGATCCACCCTACA-3′) located within the P5βR1 and anti-sense primer oli252 (5′- AGACAGCGACGGGTTCTCTG-3′) located within the chloroplast genome outside the right flank (trnR). Correct integration of the P5βR2 gene within the transplastomic plants was confirmed by using sense primer P5βR2_F (5′-TTAGACAACCTAATTTCTATTACAATCTAGAAG-3′) positioned within the P5βR2 gene and anti-sense primer oli252 (5′-AGACAGCGACGGGTTCTCTG-3′) located within the chloroplast genome outside of the right flank (trnR). Similarly, Correct insertion of the aadA gene within the transplastomic plants containing 3β-HSD, P5βR1 and P5βR2, was confirmed by using sense primer oli253 (5′-GATCCGAGCCATAGAATTTC-3′) located in the chloroplast genome outside of the left flank (trnN) and anti-sense primer oli059 (5′-TGCTGGCCGTACATTTGTACG-3′) located within the aadA gene. The positions of primers and expected fragment sizes are shown in (Figure 1).




4.4. Confirmation of Transgene Expression by Real Time Qrt-PCR


Transgene expression was determined by Real-Time Quantitative Reverse Transcription PCR (RT-qRT-PCR). Similar procedure was performed for the isolation of RNA and cDNA synthesis from transplastomic and WT plants as described previously [87]. For RT-qRT-PCR, gene-specific primer sets for the 3βHSD; 3βHSD-F 5′-GCTTACACGGCTTCCAAACA-3′, 3βHSD-R 5′-CCCTTCAAGTTAGCCCTGGA-3′, P5βR1; P5βR1-F 5′-TGCAAACACGAGGGAAAGGT-3′, P5βR1-R 5′-TCTACTCCAAACTGCTCCGC-3′, P5βR2; P5βR2-F 5′-GGACAGAAACGTCGTGGAAT-3′, P5βR2-R 5′-CGTCCCATACCGAGTCCTTA-3′ were used. Actin9 was used as reference gene as described previously [88]. Conditions for real time PCR were: 95 °C for 30 s; 40 cycles at 95 °C for 10 s, 60 °C for 30 sec and 72 °C for 15 s. to amplify the genes, using a SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) by CFX Connect™ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The gene expression was calculated as explained previously [89].




4.5. End-to-End PCR


End-to-end PCR for detecting whether all plastomes are in transformed state. The method has been used previously for investigating that all plastid genomes are in transformed state and no wild-type plastid genome is left [90,91]. For this purpose, a pair of primers was used which gave positive results for both wild-type and transgenic lines with different amplicon sizes. Sense primer, oli253, was located within plastome outside trnN and anti-sense primer oli252 was located within the trnR. The sequences of these primers were: oli253 (5′-GATCCGAGCCATAGAATTTC-3′) and oli252 (5′-AGACAGCGACGGGTTCTCTG-3′). The standard PCR reaction conditions were used and Tm of the primers was 52 °C. The positions of these primers and expected fragment sizes are shown in (Figure 1).




4.6. Western Blot


Immunoblot analysis was carried out following the procedure with minor modifications as described [87]. Protein was extracted from the leaves of transplastomic and wild-type plants. To extract the total soluble protein from transplastomic and wild-type plants, approximately 100 mg of leaves were ground thoroughly in liquid nitrogen and then homogenized in a protein extraction buffer containing: 0.5 M sorbitol, 10 mM ethylene glycol tetra acetic acid (EGTA), 10 mM sodium orthovanadate (Na3VO4), 10 mM sodium fluoride (NaF), 5% (v/v) polyvinylpyrrolidone, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-BTP (HEPES-BTP) (pH 7.6) and five additional components [0.5% (w/v) bovine serum albumin (protease free, A-3294 obtained from Sigma, St. Louis, MO, USA), 1 mM dithiothreitol, 0.5 mM phenylmethyl sulfonyl fluoride, 5 µg/mL leupeptin, and 0.5 µg/mL pepstatin A] were added just before use. The homogenized samples were centrifuged at 14,000 g for 10 min at 4 °C and the supernatants were collected as soluble fraction. Soluble proteins were quantified by the Bradford method [92]. Fifteen µg of soluble fractions were loaded in 12% polyacrylamide SDS-PAGE. Primary antibodies of anti-3βHSD, anti-P5βR1 and anti-P5βR2 were raised against the peptide sequences: from 238 to 255 SDESAYVSGQNLAVDGGF, from 372 to 389 KNAFISWIDKAKAYKIVP and from 375 to 394 DSTKSFISSVNKVRTYRFVP, respectively (ThermoFischer Scientific; http://www.pierce-antibodies.com/). The blotted membranes were probed with the anti-polyclonal antibodies. The secondary antibody treatment was done with the WesternSure® HRP Goat anti-Rabbit IgG (LI-COR Biosciences, Lincoln, NE, USA) for 1 h, and Clarity™ and Clarity Max™ Western ECL Substrates (BioRad, Hercules, CA, USA) was used for chemiluminescence for 5 min, which was then observed under detection system (C-DiGit Chemiluminescent Western Blot Scanner, LI-COR Biosciences, Lincoln, NE, USA).




4.7. Cloning of the 3βhsd, P5βr1 and P5βr2 and Vector Construction for Subcellular Localization


In order to determine the function of the genes, the construction of expression vectors for subcellular localization was carried out, using the expression plasmid pGWB5 [93] following the procedure as described previously with few modifications [87]. RNA isolation and cDNA synthesis were performed as described earlier in the section of Vector Construction. Phusion® High-Fidelity DNA polymerase (NEB, USA) was used for the amplification of the 3βHSD, P5βR1 and P5βR2 genes using gene specific primers as given below: 3βHSD-F 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAatgtcgtcaaagccaaggttgg-3′, 3βHSD-R 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTacgcacgacggtgaagc-3′, P5βR1-F 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAatgagctggtggtgggc-3′, P5βR2-R 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTTaggaacaatcttgtaagcttttgcct-3′, P5βR2-F5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTaatgtataccgacacaacgacttgg-3′, P5βR2-R5-′GGGGACCACTTTGTACAAGAAAGCTGGGTTagggacaaatctataagttctcactttgttaac-3′. The products were used for the Gateway BP and LR reactions following the instructions of the manufacturer (ThermoFischer Scientific, Waltham, MA, USA). Three plasmid constructs were developed: 3β-HSD::GFP, P5βR1::GFP and P5βR2::GFP by Gateway cloning. These were transformed into A. tumefaciens strain C58C1. For subcellular localization, Agrobacterium-mediated transformation into onion epidermal cells was performed according to the protocol described by [94]. Transient expression of the genes in onion epidermal cells was observed under the confocal laser microscope system C2si (Nikon, Minato, Tokyo, Japan).




4.8. Salt Tolerance Assessment and NMR-Based Metabolites Determination


To monitor the effect of salt stress on seedlings, WT and transplastomic seedlings were grown on MS medium containing no (control; CK) or different concentrations of NaCl (50 mM, 200 mM, 300 mM) in sealed petri plates. The WT and transplastomic seeds were germinated on MS [85] agar solidified media without NaCl for 7 days. The seven-day-old seedlings were transferred to square Petri plates containing MS [85] agar media and various concentration (0 mM, 50 mM, 200 mM and 300 mM) of NaCl. The plates were placed in growth room in vertical position. After one month, the primary and lateral root length and biomass was measured using scale or weighing balance. After one month the primary and lateral root length and biomass was measured. Chlorophyll content was also measured in the treatment of 300 mM NaCl. Further, the metabolome analysis by NMR [95] was performed using the seedlings from CK and 300 mM NaCl treatments. Na+ and K+ concentration in leaf of 300 mM NaCl treated seedlings for one month was determined by following the procedure as previously described [96].



The osmotic stress was imposed by following the procedure [97]. Briefly, one-week-old seedlings of WT and transplastomic lines were used for the osmotic stress assay by exposing to 400 mM mannitol. Roots of the seven-day-old seedlings were excised and the shoots were cultured on solid MS media (containing 0.5% sucrose) supplemented with 400 mM concentration of mannitol. After 25 days, the root length, number of lateral roots and fresh weight of the shoots were measured. For salt stress three repeats and the number of plants (WT n = 3, transplastomic lines n = 8 for each repeat of each line) were employed. For osmotic stress, the number of seedlings (n = 5) for each line of each repeat were used. The experiment was performed at least twice. For NMR analysis leaves of 3 plants of each treatment or lines were randomly collected and ground in liquid nitrogen to a fine powder. After extraction of the content with suitable NMR solvent and buffer, triplicate samples were prepared from the extract and stored at −20 °C prior to analysis. Three plant extracts were analyzed separately in NMR under certain conditions and there were very slight variations (insignificant) in the proton NMR results so the findings are given as one result without using an error bar. A one-way ANOVA test was performed following LSD test at p < 0.05.
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Figure 1. Cloning steps and vector construction. (A) Schematic representation of pDEST-PN-T. The Gateway® compatible destination vector used for cloning contains the chloramphenicol resistance gene (Cm(R)) and the control of cell death gene (ccdB) flanked by the Gateway® recombination sites attR1 and attR2. Amp(R): ampicillin resistance gene; (B) schematic representation of the targeting region in the wild-type tobacco plastid genome. The transgene expression cassette was targeted for insertion into the plastid genome (CP) in the intergenic spacer region between trnN and trnR. Expected fragment of end-to-end PCR for wild type using primer pair oli252 and oli253 was 2520 bp; (C) final transformation vector pEXP-PN-T-3β-HSD: shows expression cassette inserted within tobacco chloroplast genome; (D) final transformation vector pEXP-PN-T-P5βR1, showing expression cassette inserted within tobacco chloroplast genome, and (E) final transformation vector pEXP-PN-T-P5βR2 which shows expression cassette inserted within tobacco chloroplast genome. All positions of primers are given along with their expected fragment sizes. Prrn16: constitutive PrrnPEP+NEP promoter; 3β-HSD: 3β-hydroxysteroid dehydrogenase; P5βR1: progesterone 5β-reductase 1; P5βR2: progesterone 5β-reductase 2; PpsbA: promoter psbA; 3′T: 3′UTR of tobacco rbcL; 3′C: 3′UTR of Chlamydomonas reinhardtii rbcL; 5′psbA: 5′UTR of psbA gene; attR1/R2/B1/B2: Gateway® recombination sites. 
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Figure 2. Transgene and homoplasmy confirmation in transplastomic tobacco plants by PCR. (A) Confirmation of correct insertion of the 3β-HSD gene within the plastome on trnR side with 2082 bp amplified product, (B) Confirmation of correct integration of the aadA gene within the transplastomic plants containing 3β-HSD gene, an amplicon of 2273 bp was obtained, (C) Confirmation of correct insertion of the P5βR1 gene within the plastome on trnR side with 2184 bp amplified product, (D) Confirmation of correct integration of aadA gene within the transplastomic plants containing the P5βR1 gene, an amplicon of 2273 bp was obtained, (E) Confirmation of correct insertion of P5βR2 gene within the plastome on trnR side with 2151 bp amplified product and (F) Confirmation of correct integration of the aadA gene within the transplastomic plants containing the P5βR2 gene, an amplicon of 2273 bp was obtained. M: Marker 100 bp plus: Lanes 1,2,3,4,5,6: independent transgenic lines of the 3β-HSD, P5βR1 and P5βR2. WT: wild-type tobacco as negative control. (G) End-to-end PCR for the confirmation of homoplasmy in transplastomic tobacco plants. The expected product length 5065 bp for the gene 3β-HSD was observed on gel. Amplified fragments of 5455 bp and 5470 bp in sizes were obtained in transplastomic plants containing P5βR1 and P5βR1 genes, respectively. A 2520 bp fragment was obtained in WT tobacco plants. No band of WT DNA was detected in transplastomic plants showing that transplastomic tobacco plants contained only transformed state. M: marker; WT: wild-type tobacco plant; 3β-HSD, P5βR1, P5βR1: transplastomic plants containing the 3β-HSD, P5βR1 and P5βR1 genes, respectively. M: Marker 1 kb plus. 
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Figure 4. Primary and lateral root lengths of WT and transplastomic lines of the 3β-HSD, P5βR1 and P5βR2 genes under control (0 mM NaCl) and 300 mM of NaCl stress on MS agar media over one month. (A) Primary root lengths of WT and two independent transgenic lines each of the 3β-HSD, P5βR1, and P5βR2 genes under the control treatment; (B) lateral root lengths of the seedlings under the control treatment; (C) primary root lengths of the seedlings under 300 mM NaCl stress; (D) lateral root lengths of salt-stressed (300 mM NaCl) seedlings. Asterisks or different letters show significant differences at p < 0.05 (WT, n = 3, transplastomic lines, n = 8 for each repeat of each line) among the WT and the lines in each figure. Data shows average of three repeats and error bars represent ± SE. 
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Figure 5. Phenotype of WT and the independently generated transplastomic lines of the 3β-HSD, P5βR1 and P5βR2 genes (3βHSD-1, 3βHSD-2, P5βR1-1, P5βR1-2, P5βR2-1 and P5βR2-2) under salt and mannitol stresses. Impact of salt stress on the phenotype of WT and transplastomic lines when exposed to 300 mM NaCl on MS media. Photographs were taken after 30 days of culture. Independent transplastomic lines of 3β-HSD (A); P5βR1 (B); and P5βR2 (C) exhibited bigger green leaves and longer roots than WT. The osmotic stress was applied to root excised seven-day-old seedlings at 400 mM mannitol concentration for the period of 25 days on MS media. After 25 days, the phenotypic data of WT and transplastomic seedlings for root length, lateral root number and fresh weight of shoots was measured. WT and transplastomic seedlings (n = 15). (D) The significant difference for root length among WT and transplastomic seedlings is indicated by an asterisk. (E) The significance difference for lateral root number among WT and transplastomic seedlings is indicated by an asterisk. (F) The significance differences for shoot FW among WT and transplastomic seedlings are indicated by letters of thrice-replicated data. Different letters show significant differences at p < 0.05 (n = 5 each repeat of each line) for three repeats. (G) Impact of osmotic stress on the phenotype of WT and transplastomic lines when exposed to 400 mM mannitol using MS media. Photographs were taken after 25 d of culture. Scale bar length is 1 cm. 
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Figure 6. NMR-based metabolites in WT and transplastomic (P5βR1, P5βR2, 3β-HSD) lines in control (CK) and under salt stress (300 mM NaCl). (A) The three seedlings of each line or WT were used for the metabolites analysis. (B) The Na+/K+ ratio in WT and the independently generated transplastomic lines of the 3β-HSD, P5βR1 and P5βR2 genes (P5βR1-1, P5βR1-2, P5βR2-1, P5βR2-2, 3β-HSD-1 and 3β-HSD-2) grown under NaCl (300 mM) stress. Data shows average of three repeats and error bars represent ± SE. 
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Figure 7. Improvement of salt tolerance in salt-stressed transplastomic plants of the 3β-HSD, P5βR1 and P5βR2 due to enhanced synthesis of carbon-nitrogen skeleton metabolites and ionic balance. (A) Depicts the synthesis of carbon-nitrogen skeleton related metabolites due to induction of 300 mM NaCl in transplastomic plants. The genes 3β-HSD, P5βR1 and P5βR2 seems to play an efficient role in synthesis of glutamate, glutamine, proline and sucrose. (B) Subcellular localization of the 3β-HSD, P5βR1 and P5βR2 genes in cell and the accumulation of metabolites (sucrose, glutamate, glutamine and proline) or ionic balance (Na+/K+) in the cell as a mechanism for salt tolerance. Bold red arrows upward show the metabolites which were enhanced and the bold red arrow downward represent decreased level of ion content under salt stress. 
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