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Abstract

:

Advancements in shoot regeneration systems support biotechnology-based tools used in the genetic improvement of plant crops. This study aims to enhance shoot regeneration in potatoes by boosting polyamine content by adding AgNO3 to the shoot regeneration medium (MS medium supplemented with 30 g L−1 sucrose, 100 mg L−1 myoinositol, and 2.25 BA mg L−1). Five concentrations of AgNO3 (2, 4, 6, 8, and 10 mg L−1) were used in addition to a control. The effect of AgNO3 on regeneration assumed a more or less concentration-dependent bell-shaped curve peaking at 4 mg L−1. Enhancements in shoot regeneration were attributed to the known role of AgNO3 as an ethylene action blocker in addition to improvements in polyamine accumulation without an increase in H2O2 content, lipid peroxidation, or DNA damage. The uncoupling of shoot regeneration and polyamine content recorded at high AgNO3 concentrations can be attributed to the consumption of polyamines to counteract the synchronized oxidative stress manifested by increases in H2O2 content, lipid peroxidation, and DNA damage.
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1. Introduction


Potato (Solanum tuberosum) is the most important non-cereal food crop with annual world production of 370 million tons harvested from 17.34 million hectares (FAO 2019 https://www.fao.org/faostat/ar/#data/QCL, accessed on 11 November 2021). Tubers are an essential origin for energy and protein. They also introduce essential nutrients to a diet, including vitamins (B1, B3, B6 and C), minerals (potassium, phosphorus, magnesium, zinc, and iron) in addition to folate, pantothenic acid, riboflavin, and dietary fiber [1]. Compared to other food crops, potatoes can produce more energy, proteins, minerals, and vitamins per unit of time and land area [2]. In addition to indoor uses, potatoes are used in many food industries [3] that generate a huge amount of peel used in bioethanol production [4].



Conventional potato breeding is a difficult task due to the tetraploid nature and high heterozygosity of the potato genomes. The first is responsible for inbreeding depression and intra-species incompatibilities, while the second prevents the incorporation of new traits through conventional breeding [5]. In addition, searching for functional genetic variability in wild relatives is laborious and time-consuming [6,7].



Biotechnology can hasten potato breeding through in vitro selection [8] and transformation [9]. However, biotechnological tools require establishing a regeneration system to obtain genetically improved lines [10]. Thus, studying factors affecting regeneration in potatoes adds to the genetic improvement of this vital crop. Generally, shoot regeneration depends on genotype, type of the explant used, the hormonal combination used in the regeneration medium, and growth conditions [11].



Different explant types were examined for their potential use in direct and indirect shoot regeneration, including tuber discs, intermodal segments, petioles, leaves, meristems, and anthers [12,13]. However, the leaf and internode are the most widely used explants.



Shoot regeneration always occurs on a medium containing the appropriate concentrations of auxins and cytokinins [14]. Most regeneration protocols for potatoes utilize a mixture of 6-benzylaminopurine (BA) and naphthalene acetic acid (NAA) that produces the highest percentage of shoot regeneration from leaf and internodal explants [13].



Polyamines are nitrogenous, aliphatic, water-soluble, low molecular weight polycationic compounds with at least three amino groups found in all living organisms [15]. They are essential for several physiological processes, including organogenesis, embryogenesis, fruit maturation, and senescence, in addition to responses to abiotic and biotic stresses [16]. However, the high cost of polyamines encourages trials to find less expensive alternatives.



Both ethylene and polyamines share the same precursor, S-adenosyl-L-methionine, for their synthesis [17,18]. In addition, ethylene inhibits methionine decarboxylase and arginine decarboxylase S-adenosyl activities necessary for polyamine synthesis [19,20]. Plant cells are sensitive to small, non-toxic concentrations of Ag+ ions that have a profound effect on organogenesis and somatic embryogenesis. Ag+ ions can mitigate the negative impact of ethylene accumulation on shoot regeneration by blocking the ethylene receptor through replacing the copper ion cofactor of the ethylene binding site [21]. Thus, Ag+ incorporation in culture medium may be a cost-reasonable strategy to enhance polyamine accumulation in plant tissues and thereby alter many developmental aspects [22,23,24]. It is widely used to enhance regeneration in many plant species including potato [25,26].



Therefore, the aim of this study is to evaluate the impact of five different concentrations of AgNO3 (2, 4, 6, 8, and 10 mg L−1) on shoot regeneration from internode-sourced callus as well as the growth of regenerated shoots in potato (Solanum tuberosum L.) in relation to polyamine accumulation.




2. Materials and Methods


2.1. Explant Preparation


Virus-free tubers of potato (Solanum tuberosum) were kindly provided from the Agricultural Research Center, Cairo, Egypt. Tubers were stored at 10 °C till sprouting, then sprouts were detached from tubers and submerged in tap water containing a few drops of a liquid detergent, shaken for 10 min, then rinsed in running tap water for 30 min to remove the detergent. Washed sprouts were transferred to a 250 mL closed jar containing 100 mL of 20% commercial Clorox and a few drops of Tween 20, then shaken for five minutes. The solution was decanted, and sprouts were washed thoroughly with sterile distilled water in a laminar flow cabinet.



Meristems were excised aseptically under binuclear microscope and placed in sterilized tubes (one shoot tip/tube), each containing 10 mL sterilized basal medium (MS medium [27] supplemented with 30 g L−1 sucrose and 100 mg L−1 myoinositol) to which 2 mg L−1 calcium pantothenate, 0.1 mg L−1 gibberellic acid (GA3), and 0.01 mg L−1 NAA were added. The pH was adjusted to 5.7; the medium was solidified using 7 g L−1 agar and autoclaved at 121 °C for 20 min. Cultures were maintained at 25 °C under a 16/8 h light/dark cycle (light intensity 2000 lux). The same growth conditions were applied throughout the study. Six weeks later, shoots about 5–7 cm long were obtained and micropropagated by nodal cuttings with a subculture step repeated every 3 weeks. Micropropagation was carried out in 400 mL glass jars (6 cuttings/jar), each containing about 50 mL basal medium under the same growth conditions. The resulting plants were a source for internode explants for callus initiation.




2.2. Callus Induction and Plant Regeneration


Based on preliminary experiments, an approximately 1 cm segment was excised from the middle internode of each donor plant and inoculated on callus induction medium in 9 cm Petri dishes (10 explants/dish). The medium consisted of basal medium supplemented with 0.186 mg L−1 NAA and 2.25 mg L−1 BA. Explants were transferred every two weeks to the same medium, but fresh. After six weeks, callus induction % was calculated, and explants along with their resultant calli were transferred to regeneration media. Five regeneration media of basal medium fortified with 2.25 mg L−1 BA and filter sterilized AgNO3 at 0, 2, 4, 6, 8, and 10 mg L−1 were employed. Cultures were transferred biweekly onto the same medium, but fresh.



After six weeks, shoot regeneration %, average number of shoots per explant, and the average fresh weights of the regenerated shoots were determined. Samples from each treatment were directed to polyamines, hydrogen peroxide (H2O2), malondialdehyde (MDA), and chlorophyll determinations, as well as a comet assay.




2.3. Quantification of Total Chlorophyll


Leaf tissues (20 mg) were ground in 2 mL pre-chilled acetone 80% (v/v) according to Merwad et al. [28]. The optical density of the clear extract was read at 662 and 644 nm against acetone, and chlorophyll content was determined nm using MacKinney equations [29]:


Chlorophyll content (μg mL−1) = 5.13 E662 + 20.41 E644












2.4. Polyamine Determinations


Polyamines were extracted by homogenizing 200 mg liquid nitrogen-powdered tissues in 1 mL of 5% perchloric acid for one hour, then centrifuged at 15,000× g at 4 °C for 15 min [30]. The supernatant was neutralized using 5N KOH and stored at −20 °C till use. Polyamines were colorimetrically quantified in the regenerated shoots, according to Federico et al. [31]. One mL reaction mixture containing 400 mM Na-phosphate buffer, pH 6.8, 0.1 unit of amine oxidase (Ray Biotech), and 20 µL of the sample was incubated at 37 °C. After 10 min the reaction was stopped using 200 µL of 10% trichloroacetic acid (TCA), thereafter the suspension was centrifuged at 15,000× g for 15 min. The supernatant was mixed with ninhydrin reagent (2.5 g ninhydrin and 376 mg hydrindantin in 60 mL glacial acetic acid and 40 mL 6 M o-phosphoric acid) and glacial acetic acid and incubated in boiling water bath for 30 min then cooled and OD was measured at 510 nm. The polyamine content was determined based on the spermidine standard curve.




2.5. H2O2 Determination


H2O2 content was quantified following the method described by Loreto and Velikova [32]. A number of 0.2 g liquid nitrogen-powdered tissues were homogenized in 2.5 mL of 0.1% (w/v) TCA in an ice bath. After centrifugation for 20 min at 4 °C and 15,000× g, 0.5 mL of the clear supernatant was mixed with an equal volume of 10 mM potassium phosphate buffer (pH 7.0) and a double volume of 1.0 M KI. The absorbance was observed at 390 nm, and the amount of H2O2 (nM g−1 fresh weight) was calculated based on a standard curve constructed using different known concentrations of H2O2.




2.6. Lipid Peroxidation


Lipid peroxidation was measured by the quantification of MDA formation following Stewart and Bewley [33]. Samples of regenerated shoots of all treatments were homogenized in Tris–HCl buffer (100 mM, pH 7.4) containing PVP (1.5%). The homogenates were filtered, and then the filtrates were centrifuged for 15 min at 12,000× g. The supernatant was mixed with 4 mL 2-thiobarbituric acid (0.5%) dissolved in 20% trichloroacetic acid in a 1:4 ratio and kept at 90 °C for 30 min and then cooled rapidly. The cooled samples were centrifuged at 10,000× g for 20 min and the OD of the supernatants was recorded at 532 nm. After subtraction of the nonspecific absorbance at 600 nm, MDA content was calculated as nM g−1 fresh weight using its extinction coefficient (155 mM−1 cm−1).




2.7. Comet Assay


DNA damage was estimated in regenerated shoots using an alkaline comet assay outlined by Tice et al. [34] with some modifications. Tissues were homogenized in a cold mincing solution to release the nuclei. The mincing solution consists of Hanks’ Balanced Salt Solution (HBSS), lacking calcium and magnesium cations and supplemented with 20 mM EDTA and 10% dimethylsulphoxide (DMSO). A 10 μL aliquot of cell suspension containing approximately 10,000 cells was blended with 75 μL (0.5%) low melting point agarose and spread on an ice-cooled glass slide pre-immersed in 1% normal melting agarose. Thereafter, the solidified slides were kept in chilled lysis buffer (10 mM Tris, pH 10, 2.5 M NaCl, and 100 mM EDTA) freshly supplemented with 1% Triton X-100 and 10% DMSO at 4 °C in darkness. After 24 h, the slides were kept for 20 min in fresh alkaline buffer (pH 13): 300 mM NaOH and 1 mM EDTA. The uncoiled DNA was electrophoresed for 20 min at 25 V (0.90 V/cm) and 300 mA. The products were neutralized in 0.4 M Trizma base and finally fixed in chilled absolute ethanol.



After air-drying at room temperature, the extent of DNA fragments’ departure from the nucleoid was recorded by capturing and scoring images of 50 ethidium bromide-stained cells using Komet 5 image analysis software established by Kinetic Imaging, Ltd. (Liverpool, UK). The amplitude of DNA damage was evaluated by calculating % tail DNA (tDNA). tDNA calculated in shoots regenerated on AgNO3-free medium was considered as the unit for DNA damage.




2.8. Statistical Analysis


Results of each treatment were represented as the mean of 3 replicates ± standard deviation (SD). The least significant difference (LSD) between treatments was evaluated at p ≤ 0.05 using Statistica software version 7.





3. Results


3.1. Callus Induction and Shoot Regeneration


In vitro potato plants (Figure 1) were used as a source for the internode explants. On the callus induction medium, the explants swelled, and nodular green calli started to appear at the cut margins of all internode explants after 2 weeks (Figure 2). Following transfer to shoot regeneration media, calli extended to cover the whole surface of explant, and regenerated shoots started to appear at the third week on all regeneration media (Figure 3).



In the absence of AgNO3, about 37% of calli produced shoots on the regeneration medium (Figure 4a). Shoot regeneration % increased gradually following the increase in AgNO3 concentration, reaching about 1.33 folds of control at 4 mg L−1. The stimulatory effect of AgNO3 decreased at 6 mg L−1, disappeared at 8 mg L−1, and finally reversed at 10 mg L−1, where shoot regeneration % reached about 75% of control. The average number of shoots per explant increased gradually with an increase in AgNO3 concentration reaching about 2.3 folds of control at 4 mg L−1, then fell to 1.6 folds of control at 6 mg L−1 (Figure 3 and Figure 4b). Exceeding 6 mg L−1, the number of shoots dropped below the control level reaching about 46% of control at 10 mg L−1.



AgNO3 gradually improved the average fresh weight of regenerated shoots, reaching about 1.5 folds of control at 4 mg L−1 (Figure 4c). Further increases in AgNO3 concentration were accompanied by a gradual decrease in fresh weight to reach about 65% of control at 10 mg L−1, remaining significantly higher than control at 6 mg L−1. The same behavior was reflected by the chlorophyll content of the regenerated shoot in response to an increasing AgNO3 concentration, except for the absence of significant change at 6 mg L−1 (Figure 4d).




3.2. Polyamine Content


In the absence of AgNO3, polyamine determination reflected about 450 µg in each gram of regenerated shoots on a fresh weight basis (Figure 5). Polyamine accumulation increased in response to introducing AgNO3 into the regeneration medium, in a concentration-dependent manner, reaching about 3.6 folds of control at 8 mg L−1 that remained insignificantly changed with further increases in AgNO3 concentration to 10 mg L−1.




3.3. H2O2 and MDA


Compared with control, H2O2 content in regenerated shoots remained unaffected on media containing AgNO3 up to 6 mg L−1 (Figure 6a). Further increases in AgNO3 concentration were associated with a gradual increase in H2O2 content, reaching about 1.65 folds at 10 mg L−1. Similarly, lipid peroxidation, indicated with MDA formation, remained comparable with control up to 6 mg L−1 (Figure 6b). However, MDA content reached about 1.4 folds of control at 8 mg L−1 and remained without significant change following an increase in AgNO3 concentration.




3.4. DNA Damage


Estimation of DNA damage in regenerated shoots, represented as tDNA in comet assay, showed no harmful effect related to the utilization of 2–6 mg L−1 AgNO3 on genetic material (Figure 7). The application of higher concentrations of AgNO3 was associated with a gradual increase in DNA damage as indicated with the doubling of tDNA at 10 mg L−1, compared with control.





4. Discussion


In the present work, callus induction was induced on all explants on medium containing 0.186 mg L−1 NAA and 2.25 mg L−1 BA and shoot regeneration was carried out following auxin elimination. Similarly, Kumlay, and Ercisli [13] used medium containing both auxin and cytokinin to initiate callus on internodes and leaf explants of four potato cultivars while shoot regeneration started following auxin withdrawal. The same strategy was applied by Ghosh et al. [35] starting with leaf explants of three potato cultivars. Auxins play an important role in the callus induction; they are believed to be related to a change in cell fate during which some somatic cells acquire pluripotency [36]. However, auxins provide limited flexibility of cell fate transition [37] that necessitates their elimination or at least decreasing their concentration in regeneration media. On the other hand, cytokinins affected callus induction through decreasing the cell wall lignification, facilitating callus initiation and in vitro growth [13]. They are the major players in regeneration media, where the shoot regeneration process is the result of interconnections among cytokinin receptors, cell cycles, and the development of shoot meristem [38].



Results of the current investigation emphasize the positive impact of small concentrations of AgNO3 on shoot regeneration and the growth of regenerated shoots. The response of the related parameters to AgNO3 concentration assumed a more or less concentration-dependent bell-shaped curve peaked at 4 mg L−1. With a genotype-dependent peak, the same trend was recorded for shoot regeneration in response to the increasing concentrations of AgNO3 in the potato cultivar ‘Kufri Chipsona 1′ [25,26,39], tomato [40], primrose [41], oat [42], and wheat [43]. It was also observed dealing with shoot growth and chlorophyll content in potato [26] and robusta coffee [44]. The dependence of the optimum concentration of the genotype may reflect a different tolerance to Ag+ ion toxicity. In a related context, Kaur et al. [45] recorded the dependence of direct somatic embryogenesis in potato on the presence of AgNO3 in a culture medium. Moreover, the positive effect of AgNO3 on in vitro growth of potato shoots was recorded by Turhan [46].



The AgNO3-related improvements in shoot regeneration, recorded at low concentrations, can be explained by interference with ethylene perception that ameliorates the inhibitory impact of the accumulation of the gas hormone on shoot regeneration [21,43] and shoot growth [47]. The current results reflected only 33% improvement in shoot regeneration % at 4 mg L−1, while the average number of regenerated shoots per explant reached 2.5 folds of control. Similar results were recorded in potato by Kaur and Kumar [39] reflecting the advantageous role of AgNO3 in the enhancement of the number of regenerated shoots per explant rather than the percentage of explants carrying regenerated shoots. These observations may highlight the unequal competence of explants for shoot regeneration and the appearance of the role of AgNO3 with competent explants only.



Our results afford another advantageous role for the addition of AgNO3 to the regeneration medium where improvements in shoot regeneration were associated with significant increases in polyamine content. The role of polyamines in the enhancement of morphogenesis and growth was documented early in potato shoot cultures [48]. A similar role for polyamines concerning shoot regeneration was documented in Picea abies [49], Cedrela fissilis [50], and Capparis decidua [51]. In addition, the role of polyamines in the enhancement of growth and chlorophyll content was also observed in Bakraii citrus [52] and Rosa hybrida [53].



Both ethylene and polyamines share the same precursor, S-adenosyl-L-methionine, for their synthesis [17,18]. In addition, ethylene inhibits methionine decarboxylase and arginine decarboxylase S-adenosyl activities necessary for polyamine synthesis in pea seedlings [19,20]. Thus, the promotive effect of ethylene inhibitors, e.g., AgNO3, on organogenesis was attributed to enhancements in polyamine biosynthesis rather than a reduction in ethylene production [22]. Interestingly, Kim et al. [54] reported improvements in the shoot regeneration in Polygonum tinctorium in response to introducing AgNO3 and the polyamine putrescine to the regeneration medium.



The negative impact of introducing AgNO3 to a regeneration medium starts at 8 mg L−1, where the average number of shoots per explant, the average weight of regenerated shoot, and the chlorophyll content decreased significantly without a significant decrease in the percentage of regeneration, reflecting that high concentrations impair shoot regeneration qualitatively then quantitatively. Both kinds of negative impacts of AgNO3 at high concentrations can be attributed to the accompanying significant increases in H2O2 content and the subsequent lipid peroxidation indicated by an increase in MDA content as well as the increase in DNA damage expressed as tDNA%. The AgNO3-induced oxidative stress manifested in our study by an increase in H2O2 content coupled with an increase in MDA content was also documented in Cucumis sativus [55] and tomato [56]. Heavy-metal-induced oxidative stress accompanied by elevated levels of H2O2 and MDA was also recorded in potato shoot cultures exposed to cadmium [8].



H2O2 and other ROS generated during oxidative stress is associated with damage to cellular macromolecules, including DNA [57,58] and chlorophyll [59,60]. The injurious impact of H2O2 on DNA supports its utilization as a positive control in plant comet assays [61]. In a similar context, Szpunar-Krok et al. [62] documented the hazardous effect on chlorophyll content of spaying potato plants with H2O2. Similarly, the synchronized increase in both H2O2 content and DNA damage manifested by tDNA% was documented in potato plants experiencing salinity stress [63]. Additionally, Vishwakarma et al. [64] recorded the deterioration of DNA and photosynthetic pigments associated with growth retardation in response to AgNO3 at 1–3 mM in Brassica sp. The increase in polyamine content recorded at high AgNO3 concentrations synchronized with a decline in shoot regeneration reflects the depletion of polyamines in alleviating the ROS load [65].




5. Conclusions


In conclusion, in a specific concentration range, the potent ethylene action inhibitor (AgNO3) enhances shoot regeneration from potato callus through an increase in polyamine content. At higher concentrations, polyamines are exhausted by the accompanying oxidative stress with subsequent inhibition of shoot regeneration.
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Figure 1. Four week old potato in vitro plants propagated by nodal cuttings, grown on basal medium and maintained at 25 °C under 16/8 h light/dark cycle (light intensity 2000 lux). 
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Figure 2. Six week old calli induced on internode explants grown on basal medium supplemented with 0.186 mg L−1 NAA and 2.25 mg L−1 BA and maintained at 25 °C under 16/8 h light/dark cycle (light intensity 2000 lux). 
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Figure 3. Six week old shoots regenerated from calli grown on basal medium supplemented with 2.25 mg L−1 BA and different concentrations of AgNO3 and maintained at 25 °C under 16/8 h light/dark cycle (light intensity 2000 lux). 
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Figure 4. Effect of AgNO3 at concentrations of 2, 4, 6, 8, and 10 mg L−1 on % of shoot regeneration (a), average number of regenerated shoots per explant (b), average weight of regenerated shoot (c), and chlorophyll content of regenerated shoots (d) of potato (Solanum tuberosum L.). Values are represented as mean ± SD of triplicates; bars with different letters are significantly different, according to the LSD test, at p < 0.05. 
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Figure 5. Effect of AgNO3 at concentrations of 2, 4, 6, 8, and 10 mg L−1 on polyamine content in regenerated shoots of potato (Solanum tuberosum L.). Values are represented as mean ± SD of triplicates; bars with different letters are significantly different, according to the LSD test, at p < 0.05. 
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Figure 6. Effect of AgNO3 at concentrations of 2, 4, 6, 8, and 10 mg L−1 on H2O2 content (a) and MDA content (b) in regenerated shoots of potato (Solanum tuberosum L.). Values are represented as mean ± SD of triplicates; bars with different letters are significantly different, according to the LSD test, at p < 0.05. 
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Figure 7. Effect of AgNO3 at concentrations of 2, 4, 6, 8, and 10 mg L−1 on tail DNA in regenerated shoots of potato (Solanum tuberosum L.). Values are represented as mean ± SD of triplicates; bars with different letters are significantly different, according to the LSD test, at p < 0.05. 
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