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Abstract

:

Antibiotics are used in plant in vitro tissue culture to eliminate microbial contamination or for selection in genetic transformation. Antibiotic timentin has a relatively low cytotoxic effect on plant tissue culture; however, it could induce an enduring growth-inhibiting effect in tobacco in vitro shoot culture that persists after tissue transfer to a medium without antibiotic. The effect is associated with an increase in oxidative stress injury in plant tissues. In this study, we assessed changes of reactive oxygen species accumulation, protein expression, and oxidative protein modification response associated with enduring timentin treatment-induced growth suppression in tobacco (Nicotiana tabacum L.) in vitro shoot culture. The study revealed a gradual 1.7 and 1.9-fold increase in superoxide (O2•−) content at the later phase of the propagation cycle for treatment control (TC) and post-antibiotic treatment (PA) shoots; however, the O2•− accumulation pattern was different. For PA shoots, the increase in O2•− concentration occurred several days earlier, resulting in 1.2 to 1.4-fold higher O2•− concentration compared to TC during the period following the first week of cultivation. Although no protein expression differences were detectable between the TC and PA shoots by two-dimensional electrophoresis, the increase in O2•− concentration in PA shoots was associated with a 1.5-fold increase in protein carbonyl modification content after one week of cultivation, and protein carbonylation analysis revealed differential modification of 26 proteoforms involved in the biological processes of photosynthesis and glycolysis. The results imply that the timentin treatment-induced oxidative stress might be implicated in nontranslational cellular redox balance regulation, accelerates the development of senescence of the shoot culture, and contributes to the shoot growth-suppressing effect of antibiotic treatment.
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1. Introduction


In vitro plant culture is commonly used for the conservation of genetic resources [1], plant propagation [2], or molecular farming [3,4,5], and it is an important tool for plant genetic transformation studies [6,7]. Bacterial overgrowth of plant tissues or the formation of bacterial colonies on a culture medium is a rather common manifestation of microbial contamination with pathogenic species or the non-fastidious proliferation of endophytic bacteria that can be triggered by changes in environmental conditions or plant host physiology. This leads to growth suppression and reduced propagation efficiency of the in vitro culture [8,9,10,11]. Microbial overgrowth could also present a problem in cases of deliberate introduction of bacteria to the in vitro culture, for example, in bactofection-mediated genetic transformation such as application of Agrobacterium tumefaciens for gene delivery [12]. An excess proliferation of the Agrobacterium could elicit a defense response in plant cells [13,14,15], leading to a detrimental effect on plant tissue growth and the efficiency of genetic transformation [16,17,18].



To eliminate microbial contamination in the plant tissue culture, a variety of antibiotics and application strategies have been adapted, including medium supplementation with a microbial growth-inhibiting concentration [19] or pretreatment with a high dose of antibiotics [20]. Although the treatment is often reported to improve the propagation or regenerative properties of the tissues [21,22,23,24,25], antibiotics could be toxic to plant cells, especially at the higher concentration that is required for effective decontamination, and even short-term exposure to antibiotics can affect plant growth and development, resulting in reduced plant tissue propagation capacity [26,27]. The negative effect of antibiotics depends on the concentration and duration of exposure, which varies for different plant species [28,29].



Cephalosporin- and penicillin-type antibiotics, such as cefotaxime, carbenicillin, or timentin, which are active against gram-negative Agrobacterium, are commonly used to control bacterial overgrowth after bactofection [30,31,32]. The relatively low cytotoxic effect of direct exposure to antibiotic timentin on in vitro plant tissues has been described [30,33,34]. However, our previous studies revealed that treatment of tobacco in vitro culture with the antibiotic at sub-cytotoxic levels resulted in a shoot growth suppressing effect that persists after transfer to medium without antibiotic and is associated with increased levels of oxidative lipid peroxidation injury [35,36]. Therefore, the antibiotic-induced enduring growth suppressing effect could have a negative impact on tobacco plant transformation efficiency, plant regeneration, propagation of the tissue culture or subsequent plant rooting and acclimation.



The oxidative lipid injury is related to the accumulation of reactive oxygen species (ROS) under stress conditions [37] and involves free radical-mediated oxidation of unsaturated lipid chain, leading to the formation of a hydroperoxidised lipid and an alkyl radical [38]. Chloroplasts, mitochondria, peroxisomes, endoplasmic reticulum, and the plasma membrane are major ROS generation sites in plant cells [39]. ROS are generated as by-products of photosynthetic reactions, and ROS overproduced in chloroplasts under unfavorable environmental conditions are implicated in signaling and oxidative damage [40]. Chloroplasts produce ROS because of the excess photons trapped in the photosystem II (PSII) and the electron sinks to molecular oxygen via photosystem I (PSI) [37,41]. Excess energy in PSII is transferred to ground-state oxygen (O2), facilitating the production of highly reactive singlet oxygen. Electron channeling to O2 that occurs at PSI as part of the water-water cycle results in superoxide (O2•−) which is subsequently converted to hydrogen peroxide (H2O2) and O2 by the enzyme superoxide dismutase (SOD). In addition, the production of H2O2 is associated with the recycling of glycolate, which is a product of a photorespiration reaction mediated by the oxygenase activity of ribulose-1,5-bisphosphate-carboxylase/oxygenase (Rubisco) [42]. Despite being significant sources of ROS in the cell, the latter two reactions involve the use of reducing equivalents and ultimately play an important role in protection against oxidative damage under a variety of conditions resulting from excess reducing power such as high irradiance, increased temperature, or carbon dioxide (CO2) limitation [43,44].



Protein carbonylation occurs when increased metabolic demand produces higher amounts of ROS in the context of inadequate antioxidant mechanisms [45]. It is mainly mediated by highly reactive hydroxyl radicals (HO•) generated from O2•− and H2O2 by the transition metal-catalyzed reactions known as the Fenton and Haber–Weiss reactions [46,47]. Carbonylation of protein amino acids is generally associated with permanent loss of function and may lead to the degradation of the damaged proteins [48]. Protein carbonylation has been well characterized and can serve as a marker of protein oxidation during oxidative stress, aging, and diseases [49,50,51]. The most widely used analytical methods to assess protein carbonylation involve carbonyl modification with 2,4-dinitrophenylhydrazine (DNPH) [52]. Carbonyl groups can also be detected by hydrazides coupled with fluorescent labels [53]. Fluorescent hydrazides have been used for qualitative protein carbonyl assessment such as microscopy imaging but also gel-based proteomics [54].



Stress-related phenomena are common in plant in vitro tissue culture [55,56,57]. The generation of ROS and oxidative damage could lead to the accelerated senescence of plant tissues [58]. Considering elevated levels of oxidative lipid injury enduring for at least several propagation cycles in tobacco in vitro shoots as a consequence of timentin treatment [35], it could be presumed that the oxidative stress-mediated acceleration of senescence could be an important factor contributing to the growth-suppressive effect observed in the timentin-treated tobacco shoot culture. Therefore, in the current study, we assessed the accumulation of ROS (O2•− and H2O2) in tobacco shoot tissues during the propagation cycle. Furthermore, a two-dimensional electrophoresis approach was used to investigate timentin treatment-induced protein expression and carbonylation patterns to elucidate specific details of the mechanism involved in shoot response to antibiotic-induced stress.




2. Results


2.1. ROS Accumulation and Protein Carbonylation in Tobacco In Vitro Shoots


To study the enduring growth suppression effect in tobacco in vitro shoot culture observed after the timentin treatment as described previously [35], the shoots were cultured on a medium supplemented with timentin at a sub-cytotoxic concentration that was previously shown to be effective for Agrobacterium elimination after tobacco genetic transformation [33]. The post-antibiotic treatment (PA) experimental group was prepared by cultivating the timentin-treated shoots on medium without antibiotic under the same conditions as the treatment control (TC) shoots for at least one cultivation passage before the analysis.



The accumulation of ROS was assayed at five time points during the tobacco shoot propagation cycle that were selected based on previous observations of the stress-induced oxidative lipid injury variation during the TC and PA shoot growth and culture senescence [35] (Figure 1; Supplementary Materials Table S1). During the first week of cultivation, the O2•− concentration in the TC and PA shoot tissues was similar (0.83 ± 0.02 and 0.95 ± 0.05 μmol g−1 fresh weight (F.W.), respectively) and a gradual increase in O2•− content was detected at the later phase of the propagation cycle, resulting in 1.7 and 1.9-fold increase after three weeks of cultivation as compared to day 1 for the two experimental groups, respectively (Figure 1A). It is notable that, for the PA shoots, the increase in the O2•− content occurred earlier and was detectable after one week of cultivation; meanwhile, for the TC shoots, such change occurred during the second week of cultivation. As a result, starting at day 7, a 1.2 to 1.4-fold higher O2•− concentration was maintained in the PA shoots compared to the TC shoots.



There was no significant difference in H2O2 content between the TC and PA experimental groups, and little variation of the H2O2 concentration was detected in the shoot tissues during the propagation cycle (Figure 1B; Supplementary Materials Table S1). Significant higher values of 19.6 ± 0.5 and 21.3 ± 0.4 μmol g−1 F.W. were observed only during the first week of cultivation for the TC and PA shoots, respectively.



Visualization of ROS accumulation in shoot tissues by histochemical staining re-vealed a similar dye distribution independent of culture growth stage or treatment. Formazan dye accumulation resulting from nitroblue tetrazolium (NBT) reduction was mainly detected in the leaf lamina compared to stems and leaf petioles; meanwhile, 3,3-diaminobenzidine (DAB) accumulation was more concentrated in shoot stems (Appendix A Figure A1).



The content of protein-bound carbonyls in tobacco shoots was assessed using the DNPH derivatization method. For TC shoots, protein carbonylation levels varied from 4.0 ± 0.1 to 10.1 ± 1.0 nmol mg−1 protein and increase was detected during the first week of cultivation (from day 1 to day 7) and at the end of the cultivation cycle (Figure 1C; Supplementary Materials Table S1). PA shoots followed a similar pattern of the initial increase during the first week of cultivation, but for the later part of the propagation cycle the carbonyl content remained steady and overall it was larger compared to TC shoots (from 6.6 ± 0.9 to 13.0 ± 0.6 nmol mg−1 protein). The largest (~1.5-fold) difference between the two experimental groups was detected after the first and second weeks of the cultivation cycle, which partially corresponded to the variation observed for O2•− content.




2.2. Differences in Protein Expression Associated with Tobacco Shoot Response to Timentin Treatment or Tissue Culture Senescence


O2•− accumulation in tobacco in vitro shoot tissues could be related to processes of tissue culture senescence and oxidative stress response to timentin treatment, both of which might contribute to an increase in oxidative lipid injury observed previously [35]. Proteomics analysis was used to study potential links between the molecular mechanisms of these two processes. To assess timentin-induced changes, shoot samples of TC and PA experimental groups were collected after the first week of the propagation cycle (day 7), when shoots still maintain active growth but the discrete O2•− accumulation pattern is starting to emerge (Figure 1) and the most significant difference in oxidative lipid injury has been detected [35]. Conversely, protein expression differences associated with tissue culture senescence were assessed using samples of the PA shoots collected at early and late stages (after one and three weeks of cultivation, respectively) of the propagation cycle.



Following gel matching, gels included an average of 2917 ± 338 (pH 4–7) and 1449 ± 138 (pH 7–10) protein spots per gel (Appendix A Figure A2; Supplementary Materials Figure S1). Statistical analysis revealed 22 proteoforms (corresponding to 13 unique proteins) differentially expressed (≥1.5-fold; p < 0.01) between the early and late stages of the shoot propagation cycle (Table 1; Supplementary Materials Figure S2), and no significant differences were detected as a consequence of timentin treatment. Besides, all detected differences resulted from data acquired using the pH 4–7 range of IPG strips, suggesting that the response was mainly limited to cytosolic proteins.



Proteins upregulated at the late phase of the propagation cycle were involved in photosynthesis (chlorophyll A/B binding protein (CAB1, LHCB2.1, and LHCB2.3), PSII subunit PsbP (PSBP-1) and NADH-ubiquinone/plastoquinone oxidoreductase chain 4L (NDHE)), signaling (remorin (AT3G48940)), protein folding (cyclophilin-like protein (CYP38)), and stress response (germin (GER3)) (Supplementary materials Figure S4). Meanwhile, an increase in abundance of the 45 kDa proteoform of Rubisco activase (RCA) was detected and the abundance of 47 and 49 kDa homologs of RCA was reduced. Other proteins with reduced abundance at the late phase of the propagation cycle were related to energy metabolism (glyceraldehyde 3-phosphate dehydrogenase (GAPB), fructose-bisphosphate aldolase (FBA2), and carbonic anhydrase (CA1)) or nitrogen metabolism (glutamine synthetase (GLN1-1)). Reduced abundance was also detected for metallochaperone heavy metal-associated protein 31 (CCH) and subunit E1 of proton pump vacuolar adenosine triphosphate (ATP) synthase (TUF).




2.3. Timentin-Induced Changes of Tobacco Shoot Protein Carbonylation


Protein labeling with hydrazine-containing fluorescent dyes and two-dimensional gel electrophoresis was used to assess specific proteome carbonylation pattern changes as a consequence of elevated levels of ROS accumulation and protein carbonyl content in PA tobacco in vitro shoots as compared to TC after one week of cultivation (day 7). Following gel matching, an average of 2351 ± 314 protein spots per gel were included in the analysis (Appendix A Figure A3; Supplementary Materials Figure S1). Protein abundance-independent changes in carbonyl content were detected for 26 identified proteoforms (≥1.5-fold; p < 0.05), of which the majority (22) had increased carbonylation content in PA tobacco shoot samples compared to TC (Table 2; Supplementary Materials Figure S3). The reduced carbonylation was detected only for glutamate-1-semialdehyde aminotransferase (GSA2) and triosephosphate isomerase (TPI), and a contrasting effect on carbonylation content was detected for two homologs of chlorophyll A/B binding proteins (CAB1 and LHCB2.3).




2.4. Functional Interactions of Differentially Expressed or Carbonylated Tobacco Shoot Proteins


Analysis using Arabidopsis homologs and the String database revealed that the majority of the proteins affected by culture senescence or timentin treatment, with the exception only of CCH and remorin (AT3G48940), formed a highly interlinked network mainly related to photosynthesis and glycolysis biological process and involved several metabolic enzymes as well as stress response and signaling proteins (Figure 2; Supplementary Materials Figures S4 and S5). Significant changes in both parameters, protein expression and carbonylation, were detected for four of the proteins (nodes shown in magenta color). The CA1 and one of the RCA proteoforms had reduced expression at the late stage of the propagation cycle and increased carbonylation in response to timentin treatment. Meanwhile, increased abundance was observed for proteoforms related to chlorophyll A/B binding proteins such as LHCB2.3 and CAB1; however, their carbonylation content response was contrasting.





3. Discussion


3.1. Accumulation of ROS and Protein Expression Patterns Related to Tobacco In Vitro Shoot Culture Senescence


Similar decreases in H2O2 content were detected in both TC and PA shoots during the first week of cultivation, which could be likely attributed to the local H2O2 production in response to mechanical injury stress [60,61,62] that occurs during transfer to the fresh medium. In contrast, a steady increase in the concentration of O2•− detected for both experimental groups was detected at the late phase of the shoot propagation cycle, and it corresponded well with the previously described increase of lipid peroxidation injury symptoms [35]. Therefore, it could be presumed that O2•− accumulation and oxidative damage are both part of the same process involved in the development of oxidative stress symptoms during senescence of plant tissue culture [63,64].



Proteomics analysis revealed a network of proteins differentially expressed as a consequence of shoot culture senescence that was mostly related to photosynthetic and stress response functions (Table 1; Figure 2). Changes in the photosynthetic function of in vitro shoots are likely linked to the variation of exogenous sucrose concentration in the culture medium and changes in CO2 content inside the in vitro vessels during the cultivation process. It has been well established that the availability of exogenous sugars and CO2 under in vitro conditions results in changes in Rubisco activity, chlorophyll content, or photosynthetic and Calvin cycle enzyme gene expression of in vitro tissue culture [65,66,67,68,69,70].



It is also notable that the abundance of enzymes involved in the dark reaction of photosynthesis and related to carbon metabolism, such as Rubisco activase (RCA), carbonic anhydrase (CA1), fructose-bisphosphate aldolase (FBA2), and glyceraldehyde 3-phosphate dehydrogenase (GAPA-2), was reduced during the late phase of the tobacco shoot propagation cycle. Meanwhile, increased abundance was detected for several proteoforms related to chlorophyll A/B binding protein (CAB1, LHCB2.1 and LHCB2.3), PSII (PSBP1), and NADH-ubiquinone/plastoquinone oxidoreductase (NDHE), indicating suppressed carbon assimilation processes and enhanced activity of the photosynthetic electron chain. Shoot tissue senescence was also associated with an increased abundance of proteins involved in the stabilization of photosynthetic machinery, such as cyclophilin-like protein (CYP38) [71,72]. These results suggest that increased accumulation of superoxide in the shoot tissues is likely associated with enhanced activity of the electron transport chain rather than photorespiration or other biological processes related to carbon assimilation and metabolism.




3.2. Enhanced Protein Carbonylation in Timentin-Treated Tobacco In Vitro Shoots


Enhanced protein-bound carbonyl content was detected in PA shoots after one week of cultivation (from day 7 to day 14) (Figure 1C), when the largest difference in lipid peroxidation injury was also detected between the two experimental groups previously [35]. At the same time, a difference in the O2•− concentration emerged between the TC (Figure 1A). Proteomic analysis revealed that the timentin-induced elevated levels of ROS accumulation and oxidative injury in tobacco tissues were associated with increased carbonyl modification within the interlinked network of proteins mainly involved in the biological processes of photosynthesis and glycolysis (Table 2; Figure 2). Enhanced carbonylation was detected for targets related to the dark reaction of photosynthesis, including Calvin cycle and photorespiratory carbon oxidation (Rubisco large subunit (RBCL), Rubisco activase (RCA), chaperonin CPN60A, sedoheptulose-1,7-bisphosphatase (SBPase), transketolase (AT3G60750), carbonic anhydrase (CA1), light-induced water oxidation at PSII (Peptidase M41 (VAR2)), and light-harvesting and energy transfer at photochemical reaction centers (chlorophyll A/B-binding protein (LHCB2.3)).



The key photosynthetic enzyme Rubisco catalyzes the CO2-fixing reaction [73], and the function requires RCA that releases tightly bound sugar phosphates from the active site and the molecular chaperone CPN60, involved in the folding of RBCL and RCA [74,75]. SBPase and transketolase are essential enzymes of the regenerative phase of the Calvin–Benson cycle in C3 plants and limit the rate of carbon fixation, aromatic amino acid and phenylpropanoid synthesis, and subsequently regulate plant growth [76,77,78,79]. Recently, it was shown that chloroplast stroma carbonic anhydrase is not crucial in CO2 assimilation, but the tobacco mutants completely lacking it display abnormal development and increased ROS and stromal pH [80]. Peptidase M41 is involved in the repair of PSII following damage incurred during photoinhibition [81]. LHCB proteins are closely associated with PSII and function as light capturing and excitation energy delivering antennas [82], but they are also involved in photoprotection and response to various stresses [83,84]. It is notable that a similar pattern of photosynthetic protein carbonylation, including Rubisco, rubisco-activase, 33-kDa subunit of the oxygen-evolving complex of PSII, and chlorophyll A/B-binding protein, was linked to leaf senescence in Arabidopsis [85]. This suggests that in our study, timentin treatment-induced oxidative stress might accelerate the development of incipient senescence symptoms in the tobacco shoot tissues.



In addition, increased carbonylation levels of catabolic enzymes involved in glycolysis (enolase, phosphoglycerate kinase, fructose-bisphosphate aldolase 2, and glyceraldehyde-3-phosphate dehydrogenase) were detected in timentin-treated shoots. Similar preferential oxidative damage and inhibition of glycolytic enzymes have been observed in germinating seeds of Arabidopsis [86] and yeast under oxidative stress conditions [87,88]. In parallel to the results described with yeast cells, it could be proposed that glycolytic enzyme inhibition might facilitate cellular defense against oxidative stress, as this would increase the flux of glucose equivalents through the pentose phosphate pathway, leading to the generation of reduced nicotinamide adenine dinucleotide phosphate required for antioxidant enzymes such as thioredoxin and glutaredoxin systems [88,89]. On the other hand, glycolytic pathway inhibition could directly contribute to the shoot growth suppressing effect of timentin treatment.



Other proteins with an increase in carbonylation modification in timentin-treated shoots included actin, translation elongation factors, and the ATP synthase subunit, which have previously been shown to be susceptible to oxidation in bacterial, yeast, or animal cells under stress conditions [87,88,90,91]. However, the possible consequences of the damage to these protein functions and subsequent effects of shoot development remain elusive [92].





4. Materials and Methods


4.1. Tobacco In Vitro Shoot Culture


TC and PA tobacco (Nicotiana tabacum L.) shoots were maintained as described previously [35]. Briefly, a solid Murashige-Skoog medium [93], supplemented with 0.75 mg L−1 6-benzylaminopurine, 30 mg L−1 sucrose, and 0.8% agar was used for TC shoot cultivation at 25 ± 1 °C using 150 μmol m−2 s−1 intensity 16 h photoperiod illumination. PA shoots were treated with timentin for 6 months by cultivation on medium supplemented with 250 mg L−1 timentin. Afterward, the PA shoots were transferred to the medium without antibiotic and cultivated for at least one culture passage before experimental analysis.




4.2. Analysis of ROS Accumulation


Quantitative analysis of O2•− accumulation was performed using NBT staining procedure described by Bournonville et al. [94]. Tobacco shoots were vacuum-infiltrated with a staining solution containing 1 mg L−1 NBT, 10 mM sodium azide, 50 mM sodium phosphate, pH 7.8 for 2 min and incubated for 30 min at room temperature (RT) in the dark. Chlorophyll pigments were removed by repeated washing with 96% (v/v) ethanol. Samples were then lyophilized and homogenized with a Mixer Mill MM 400 (Retsch, Haan, Germany) and dissolved in 2 M potassium hydroxide and dimethyl sulfoxide at 1:1 (v:v) ratio. The mixture was incubated for 5 min at RT and centrifuged at 10,000× g for 10 min. Formazan content in the supernatant was measured using absorbance at 580 nm and ε = 12.8 mM−1 cm−1 [95].



Production of H2O2 was detected using DAB staining [96]. Tobacco shoots were vacuum-infiltrated with a staining solution containing 1 mg L−1 DAB, 10 mM disodium hydrogen phosphate, 0.05% Tween 20 for 2 min and incubated for 4 h at RT in the dark. Chlorophyll pigments were removed by repeated washing with 96% (v/v) ethanol. Samples were then lyophilized, homogenized, and dissolved in cold 70% perchloric acid as described above. The mixture was incubated on ice for 5 min and centrifuged at 10,000× g for 10 min at 4 °C. The absorbance of the supernatant was measured at 450 nm and H2O2 concentrations were calculated using a standard calibration curve [97].



For localization of ROS accumulation in shoot tissues, chlorophyll pigments were removed by repeatedly treating the samples with ethanol:acetic acid:glycerol (3:1:1, v/v) solution instead of ethanol after staining with NBT or DAB dyes. Control samples were prepared by incubating shoots in a staining solution without dye.




4.3. Protein Extraction


Tobacco shoot samples were flash-frozen in liquid nitrogen and ground to a fine powder. Total cell protein was prepared from 200 mg of frozen sample using the modified phenol extraction method described previously [98]. Frozen tobacco shoot powder was resuspended in 500 μL of an extraction buffer (0.7 M sucrose, 0.1 M potassium chloride, 0.5 M Tris hydrochloride, 50 mM ethylenediaminetetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, 2% β-mercaptoethanol, 2% polyvinylpolypyrrolidone, pH 7.5), an equal volume of Tris-buffered phenol (pH 8.0) was added, and the sample was incubated on a rotary mixer for 30 min at 4 °C. The sample was centrifuged at 15,000× g for 10 min at 4 °C, the upper phenolic phase was transferred into a new tube, 500 μL of an extraction buffer was added, and the extraction procedure and phenolic phase separation procedure were repeated as described above.



For samples used in protein expression analysis, the proteins were precipitated ice-cold 0.1 M ammonium acetate in methanol at −20 °C overnight, centrifugated at 15,000× g for 10 min at 4 °C, and the pellet was washed twice with 500 μL of the ice-cold methanol followed by a wash with the same volume of ice-cold acetone. For samples used in carbonylation analysis, ethanol:ethyl acetate (1:1, v/v) was used for precipitation and wash steps to avoid protein damage by impurities of methanol, and the duration of precipitation was reduced to 1 h. The protein pellet was dried in a vacuum centrifuge.




4.4. Quantitative Analysis of Protein Carbonylation


Protein carbonyl content was assessed using a modified method described by Levine [99] and Xia [100]. A 100 μg amount of protein was resuspended in 100 µL 6% SDS, 40 mM sodium acetate pH 5, and insoluble protein was separated by centrifugation at 15,000× g for 5 min. The supernatant was mixed with an equal volume of 20 mM DNPH in 10% (v/v) trifluoroacetic acid and incubated for 30 min at RT. To remove unreacted DNPH, an equal volume of 20% (w/v) trichloroacetic acid was added. After 30 min incubation on ice, the precipitated protein was centrifuged at 15,000× g for 10 min and the pellet was washed four times with ice-cold ethanol:ethyl acetate (1:1, v/v). The resulting labeled protein pellet was resuspended in 6 M guanidine hydrochloride, and carbonyl concentration was estimated at 370 nm using ε = 22,000 mol−1 cm−1. Protein concentration was measured using the Roti Quant protein assay (Carl-Roth, Karlsruhe, Germany).




4.5. Proteomics Analysis


Protein expression analysis was performed using a differential gel electrophoresis procedure as described previously [101]. Samples were dissolved in protein sample buffer (8 M urea, 2 M thiourea, and 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate). Aliquots of 50 µg were labeled with Cy3 and Cy5 N-hydroxysuccinimide ester (NHS) fluorescent dyes (Lumiprobe GmbH, Hannover, Germany) by adding 300 nmol of dye dissolved in dimethylformamide and incubating for 30 min on ice. The internal standard was labeled with Cy2 NHS dye. The reaction was stopped by quenching with 1 mM lysine for 15 min on ice. Protein samples were mixed to include two samples of biological repeats and one internal standard. Isoelectric focusing (IEF) was performed on 24 cm IPG strips (BioRad, Hercules, CA, USA) using Ettan IPGphor (GE Healthcare, Chicago, IL, USA). A set of two IEF strips covering a linear pH 4–7 and pH 7–10 gradient was used to include the range of dominant cellular protein pI values in the proteome analysis [102,103]. For the second dimension, proteins were separated on 1-mm thick 10–16% poly-acrylamide gradient gels using Ettan DALTsix (GE Healthcare Chicago, IL, USA). Gels were scanned using a fluorescence scanner FLA 9000 (GE Healthcare, Chicago, IL, USA), and protein abundance quantification and statistical evaluation were carried out using DeCyder 2-D Differential Analysis Software, v.7.0 (GE Healthcare, Chicago, IL, USA).



For carbonylated protein analysis using differential gel electrophoresis, samples were prepared as described by Nikolic et al. [104]. Protein pellets were solubilized in 40 mM sodium acetate, 6% SDS pH 5, and sample aliquots of 150 μg were labeled with 0.5 mM CF647DI hydrazide fluorescent dye (Biotium Inc., Hayward, CA, USA) for 30 min at 25 °C with mixing at 700 rpm. To stabilize the formed hydrazone, sodium cyanoborohydride was added to a final concentration of 0.2 M and incubated for 15 min at 25 °C with mixing. To remove the unreacted dye, the derivatized proteins were precipitated with 20% trichloroacetic acid for 1 h on ice. Precipitated proteins were collected by centrifugation at 15,000× g for 10 min at 4 °C and the pellets were washed by resuspending in ethanol/ethyl acetate (50% v/v) and centrifugation at 15,000× g for 5 min at 4 °C. The wash procedure was repeated four times. The resulting pellets were resuspended in the protein sample buffer and protein concentrations were determined by the Bradford method. The protein samples were labeled with CF647DI hydrazide and were then labeled with Cy3 NHS ester fluorescent dye (Lumiprobe, Hannover, Germany) as described above. The pooled sample used as the internal standard and for preparative gel was prepared using the same procedure, except the hydrazide dye was omitted in the labeling step. The internal standard was then labeled with Cy2 NHS dye as described above. Protein separation was performed as described above, except IEF strips covering a linear pH 4–7 range corresponding to the dominant pI value of cytosolic proteins [102,103] were used.



For the preparative gels, 500 µg of unlabeled internal standard was mixed with 50 µg of Cy2 labeled internal standard. After the protein separation procedure, the gel was fixed in 50% methanol and 10% acetic acid for 30 min and stored in 10% methanol, 7.5% acetic acid, and 3% glycerol. Excised protein spots were subjected to trypsin digestion according to a method described previously [105]. Peptides were loaded and desalted on a 100 μm × 20 mm Acclaim PepMap C18 trap column and separated on a 75 μm × 150 mm Acclaim PepMap C18 column using an Ultimate3000 RSLC system (Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Maxis G4 Q-TOF mass spectrometer detector with a Captive Spray nano-electrospray ionization source (Bruker, Billerica, MA, USA).




4.6. Data Analysis


ROS accumulation measurements were normalized based on the fresh weight of the shoot tissue and protein carbonyl measurements were normalized to the protein content of the DNPH-labeled samples. Mean values were compared between the experimental groups using a one-way analysis of the variance function of Prism v. 3 (GraphPad Software Inc., San Diego, CA, USA) and the significance of differences compared to the control were identified using Tukey Post-Hoc analysis (p < 0.05). Data are presented as the mean of at least four independent experiments and the standard error of the mean.



Four biological repeats from two independent experiments were used for the proteomics analysis. The DeCyder software analysis of variance with the false detection rate function was used to identify statistically significant (p < 0.01) differences in protein abundance. A threshold value of 1.5-fold was used for the standardized log abundance-based expression ratio.



For carbonylation analysis using two-dimensional electrophoresis, standardized log carbonyl abundance was normalized to total protein abundance. Significant differences of the mean values between antibiotic-treated and control groups were determined using Student’s t-test (p < 0.05). A threshold value of 1.2-fold was used for the standardized log abundance-based expression ratio. Principal component analysis (PCA) was performed using the XLSTAT statistical software package (Addinsoft, New York, NY, USA) for MS Excel (Microsoft, Redmond, WA, USA).



Protein identification was performed using the MASCOT server (Matrix Science, London, UK) against N. tabacum genome database v.1.0 [59] using a threshold value of at least two peptides and a score > 40. Gene ontology terms were assigned using the Pannzer2 server [106], summarized using the ReviGO server [107], and a semantic similarity plot based on the Lin measure was built [108]. Protein interactions were assessed using the String database [109] using a minimum required interaction score > 0.4.





5. Conclusions


Our study revealed an earlier onset of O2•− accumulation increase in the timentin-treated tobacco in vitro shoots compared with the control, which coincided with the largest difference in oxidative lipid injury reported previously after one week of cultivation [35]. Although the ROS accumulation increase might imply accelerated development of tissue senescence symptoms in the timentin-treated shoot culture, this was not supported by the absence of protein expression differences characteristic of the late phase of the propagation cycle. However, protein carbonyl modification analysis revealed differential oxidative modification of proteins involved in photosynthetic and glycolytic biological processes. This implies that stress-associated nontranslational remodeling of the photosynthetic and glycolytic metabolic pathways potentially implicated in cellular redox balance regulation could accelerate the development of incipient senescence symptoms in the timentin-treated shoots and could contribute to the shoot growth-suppressing effect of the antibiotic treatment.
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Figure A1. Detection of O2•− and H2O2 in tobacco control (TC) and timentin-treated (PA) in vitro shoots using NBT and DAB histochemical staining. Dark blue and brown dye deposits represent O2•− and H2O2 accumulation sites, respectively. Representative shoot samples are shown; time is presented as days after shoot transfer to fresh medium; scale bar represents 1 cm. 
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Figure A2. Comparison of differentially expressed proteoforms between timentin-treated tobacco in vitro shoot samples collected at the early and late stage (after one and three weeks of cultivation, respectively) of the propagation cycle. Arrows indicate protein spots identified by mass spectrometry and the spot numbers correspond to proteoform numbers in Table 1. Data shown are representative of four biological replicates. 
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Figure A3. Comparison of differentially carbonylated proteoforms between control (TC) and timentin-treated (PA) tobacco in vitro shoot samples were collected after one week of cultivation (day 7). Column labels indicate representative images of data collected based on the amine-reactive Cy3 dye labeling intensity (protein) and protein carbonyl modification abundance detected based on the content of carbonyl-reactive CF647DI dye derivatization (carbonyl). Arrows indicate protein spots identified by mass spectrometry and the spot numbers correspond to proteoform numbers in Table 2. Data shown are representative of four biological replicates. 






Figure A3. Comparison of differentially carbonylated proteoforms between control (TC) and timentin-treated (PA) tobacco in vitro shoot samples were collected after one week of cultivation (day 7). Column labels indicate representative images of data collected based on the amine-reactive Cy3 dye labeling intensity (protein) and protein carbonyl modification abundance detected based on the content of carbonyl-reactive CF647DI dye derivatization (carbonyl). Arrows indicate protein spots identified by mass spectrometry and the spot numbers correspond to proteoform numbers in Table 2. Data shown are representative of four biological replicates.



[image: Plants 11 01572 g0a3]







References


	



Withers, L.A.; Engelmann, F. In Vitro conservation of plant genetic resources. In Biotechnology in Agriculture; Altman, A., Ed.; Marcel Dekker Inc.: New York, NY, USA, 1998; Volume 13, pp. 57–88. [Google Scholar]

	



George, E.F.; Hall, M.A.; Klerk, G.J.D. Micropropagation: Uses and methods. In Plant Propagation by Tissue Culture; George, E.F., Hall, M.A., Klerk, G.J.D., Eds.; Springer: Dordrecht, The Netherlands, 2008; pp. 29–64. [Google Scholar]

	



Colgan, R.; Atkinson, C.J.; Paul, M.; Hassan, S.; Drake, P.M.W.; Sexton, A.L.; Santa-Cruz, S.; James, D.; Hamp, K.; Gutteridge, C.; et al. Optimisation of contained Nicotiana tabacum cultivation for the production of recombinant protein pharmaceuticals. Transgenic Res. 2010, 19, 241–256. [Google Scholar] [CrossRef]

	



Tremblay, R.; Wang, D.; Jevnikar, A.M.; Ma, S. Tobacco, a highly efficient green bioreactor for production of therapeutic proteins. Biotechnol. Adv. 2010, 28, 214–221. [Google Scholar] [CrossRef]

	



Moustafa, K.; Makhzoum, A.; Tremouillaux-Guiller, J. Molecular farming on rescue of pharma industry for next generations. Crit. Rev. Biotechnol. 2016, 36, 840–850. [Google Scholar] [CrossRef]

	



Ganapathi, T.R.; Suprasanna, P.; Rao, P.S.; Bapat, V.A. Tobacco (Nicotiana tabacum L.)—A model system for tissue culture interventions and genetic engineering. Indian J. Biotechnol. 2004, 3, 171–184. [Google Scholar]

	



Sierro, N.; Battey, J.N.D.; Ouadi, S.; Bakaher, N.; Bovet, L.; Willig, A.; Goepfert, S.; Peitsch, M.C.; Ivanov, N.V. The tobacco genome sequence and its comparison with those of tomato and potato. Nat. Commun. 2014, 5, 3833. [Google Scholar] [CrossRef]

	



Cassells, A.C. Problems in tissue culture: Culture contamination. In Micropropagation: Technology and Application; Debergh, P.C., Zimmerman, R.H., Eds.; Springer: Dordrecht, The Netherlands, 1991; pp. 31–44. [Google Scholar]

	



Reed, B.M.; Buckley, P.M.; DeWilde, T.N. Detection and eradication of endophytic bacteria from micropropagated mint plants. In Vitro Cell. Dev. Biol. Plant 1995, 31, 53–57. [Google Scholar] [CrossRef]

	



Cassells, A.C.; Tahmatsidou, V. The influence of local plant growth conditions on non-fastidious bacterial contamination of meristem-tips of Hydrangea cultured in vitro. Plant Cell Tiss. Org. Cult. 1996, 47, 15–26. [Google Scholar] [CrossRef]

	



Mantell, S.H. Microbes intimately associated with tissue and cell cultures of tropical Dioscorea yams. Plant Cell Tiss. Org. Cult. 1998, 52, 47–52. [Google Scholar] [CrossRef]

	



Anami, S.; Njuguna, E.; Coussens, G.; Aesaert, S.; Van Lijsebettens, M. Higher plant transformation: Principles and molecular tools. Int. J. Dev. Biol. 2013, 57, 483–494. [Google Scholar] [CrossRef]

	



Hansen, G. Evidence for Agrobacterium-induced apoptosis in maize cells. Mol. Plant-Microbe Interact. 2000, 13, 649–657. [Google Scholar] [CrossRef]

	



Ditt, R.F.; Kerr, K.F.; de Figueiredo, P.; Delrow, J.; Comai, L.; Nester, E.W. The Arabidopsis thaliana transcriptome in response to Agrobacterium tumefaciens. Mol. Plant-Microbe Interact. 2006, 19, 665–681. [Google Scholar] [CrossRef]

	



Jiang, V.H.; Doerge, R.W.; Gelvin, S.B. Transfer of T-DNA and Vir proteins to plant cells by Agrobacterium tumefaciens induces expression of host genes involved in mediating transformation and suppresses host defense gene expression. Plant J. 2003, 35, 219–236. [Google Scholar] [CrossRef]

	



Deng, W.; Pu, X.A.; Goodman, R.N.; Gordon, M.P.; Nester, E.W. T-DNA genes responsible for inducing a necrotic response on grape vines. Mol. Plant-Microbe Interact. 1995, 8, 538–548. [Google Scholar] [CrossRef]

	



Pu, X.-a.; Goodman, R.N. Induction of necrogenesis by Agrobacterium tumefaciens on grape explants. Physiol. Mol. Plant Pathol. 1992, 41, 241–254. [Google Scholar] [CrossRef]

	



Ozawa, K. Establishment of a high efficiency Agrobacterium-mediated transformation system of rice (Oryza sativa L.). Plant Sci. 2009, 176, 522–527. [Google Scholar] [CrossRef]

	



Thomas, P.; Prakash, G.S. Sanitizing long-term micropropagated grapes from covert and endophytic bacteria and preliminary field testing of plants after 8 years in vitro. In Vitro Cell. Dev. Biol. Plant 2004, 40, 603–607. [Google Scholar] [CrossRef]

	



Kulkarni, A.A.; Kelkar, S.; Watve, M.; Krishnamurthy, K. Characterization and control of endophytic bacterial contaminants in in vitro cultures of Piper spp., Taxus baccata subsp. wallichiana, and Withania somnifera. Can. J. Microbiol. 2007, 53, 63–74. [Google Scholar] [CrossRef]

	



Buckley, P.M.; Traci, N.D.; Barbara, M.R. Characterization and identification of bacteria isolated from micropropagated mint plants. In Vitro Cell. Dev. Biol. Plant 1995, 31, 58–64. [Google Scholar] [CrossRef]

	



Leifert, C.; Li, H.; Chidburee, S.; Hampson, S.; Workman, S.; Sigee, D.; Epton, H.A.S.; Harbour, A. Antibiotic production and biocontrol activity by Bacillus subtilis CL27 and Bacillus pumilus CL45. J. Appl. Microbiol. 1995, 78, 97–108. [Google Scholar] [CrossRef]

	



Pirttilä, A.M.; Podolich, O.; Koskimäki, J.J.; Hohtola, E.; Hohtola, A. Role of origin and endophyte infection in browning of bud-derived tissue cultures of Scots pine (Pinus sylvestris L.). Plant Cell Tiss. Org. Cult. 2008, 95, 47–55. [Google Scholar] [CrossRef]

	



Thomas, P.; Swarna, G.K.; Patil, P.; Rawal, R.D. Ubiquitous presence of normally non-culturable endophytic bacteria in field shoot-tips of banana and their gradual activation to quiescent cultivable form in tissue cultures. Plant Cell Tiss. Org. Cult. 2008, 93, 39–54. [Google Scholar] [CrossRef]

	



Ray, S.S.; Ali, M.N.; Mukherjee, S.; Chatterjee, G.; Banerjee, M. Elimination and molecular identification of endophytic bacterial contaminants during in vitro propagation of Bambusa balcooa. World J. Microbiol. Biotechnol. 2017, 33, 31. [Google Scholar] [CrossRef] [PubMed]

	



Tewelde, S.; Patharajan, S.; Teka, Z.; Sbhatu, D.B. Assessing the efficacy of broad-spectrum antibiotics in controlling bacterial contamination in the in vitro micropropagation of ginger (Zingiber officinale Rosc). Sci. World J. 2020, 2020, 6431301. [Google Scholar] [CrossRef]

	



Shehata, A.M.; Wannarat, W.; Skirvin, R.M.; Norton, M.A. The dual role of carbenicillin in shoot regeneration and somatic embryogenesis of horseradish (Armoracia rusticana) in vitro. Plant Cell Tissue Organ Cult. (PCTOC) 2010, 102, 397–402. [Google Scholar] [CrossRef]

	



Tang, H.; Ren, Z.; Krczal, G. An evaluation of antibiotics for the elimination of Agrobacterium tumefaciens from walnut somatic embryos and for the effects on the proliferation of somatic embryos and regeneration of transgenic plants. Plant Cell Rep. 2000, 19, 881–887. [Google Scholar] [CrossRef]

	



Izarra, M.L.; Panta, A.L.; Maza, C.R.; Zea, B.C.; Cruzado, J.; Gutarra, L.R.; Rivera, C.R.; Ellis, D.; Kreuze, J.F. Identification and control of latent bacteria in in vitro cultures of sweetpotato [Ipomoea batatas (L.) Lam]. Front. Plant Sci. 2020, 11, 903. [Google Scholar] [CrossRef]

	



Nauerby, B.; Billing, K.; Wyndaele, R. Influence of the antibiotic timentin on plant regeneration compared to carbenicillin and cefotaxime in concentrations suitable for elimination of Agrobacterium tumefaciens. Plant Sci. 1997, 123, 169–177. [Google Scholar] [CrossRef]

	



Ogawa, Y.; Mii, M. Screening for highly active β-lactam antibiotics against Agrobacterium tumefaciens. Arch. Microbiol. 2004, 181, 331–336. [Google Scholar] [CrossRef]

	



Priya, A.M.; Pandian, S.K.; Manikandan, R. The effect of different antibiotics on the elimination of Agrobacterium and high frequency Agrobacterium-mediated transformation of indica rice (Oryza sativa L.). Czech J. Genet. Plant Breed. 2012, 48, 120–130. [Google Scholar] [CrossRef]

	



Cheng, Z.M.; Schnurr, J.A.; Kapaun, J.A. Timentin as an alternative antibiotic for suppression of Agrobacterium tumefaciens in genetic transformation. Plant Cell Rep. 1998, 17, 646–649. [Google Scholar] [CrossRef]

	



Leone, G.F.; Andrade, P.A.M.; de Almeida, C.V.; de Almeida, C.V.; Dini Andreote, F.; de Almeida, M. Use of antibiotics to control endophytic bacterial growth migration onto culture medium in Eucalyptus cloeziana F. Muell.: A micropropagation approach. In Vitro Cell. Dev. Biol. Plant 2019, 55, 421–432. [Google Scholar] [CrossRef]

	



Tamošiūnė, I.; Andriūnaitė, E.; Vinskienė, J.; Stanys, V.; Rugienius, R.; Baniulis, D. Enduring effect of antibiotic timentin treatment on tobacco in vitro shoot growth and microbiome diversity. Plants 2022, 11, 832. [Google Scholar] [CrossRef]

	



Andriūnaitė, E.; Tamošiūnė, I.; Gelvonauskienė, D.; Vinskienė, J.; Stanys, V.; Baniulis, D.; Rugienius, R. Effect of endophytic bacteria isolates on growth and oxidative stress injury of transgenic tobacco shoots in vitro. Zemdirbyste 2022, in press. [Google Scholar]

	



Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55, 373–399. [Google Scholar] [CrossRef]

	



Su, L.-J.; Zhang, J.-H.; Gomez, H.; Murugan, R.; Hong, X.; Xu, D.; Jiang, F.; Peng, Z.-Y. Reactive oxygen species-induced lipid peroxidation in apoptosis, autophagy, and ferroptosis. Oxid. Med. Cell Longev. 2019, 2019, 5080843. [Google Scholar] [CrossRef]

	



Shapiguzov, A.; Vainonen, J.P.; Wrzaczek, M.; Kangasjarvi, J. ROS-talk—How the apoplast, the chloroplast, and the nucleus get the message through. Front. Plant Sci. 2012, 3, 292. [Google Scholar] [CrossRef]

	



Li, M.; Kim, C. Chloroplast ROS and stress signaling. Plant Commun. 2022, 3, 100264. [Google Scholar] [CrossRef]

	



Asada, K. Production and scavenging of reactive oxygen species in chloroplasts and their functions. Plant Physiol. 2006, 141, 391–396. [Google Scholar] [CrossRef]

	



Bauwe, H.; Hagemann, M.; Fernie, A.R. Photorespiration: Players, partners and origin. Trends Plant Sci. 2010, 15, 330–336. [Google Scholar] [CrossRef]

	



Voss, I.; Sunil, B.; Scheibe, R.; Raghavendra, A.S. Emerging concept for the role of photorespiration as an important part of abiotic stress response. Plant Biol. 2013, 15, 713–722. [Google Scholar] [CrossRef]

	



Miyake, C. Alternative electron flows (water–water cycle and cyclic electron flow around psi) in photosynthesis: Molecular mechanisms and physiological functions. Plant Cell Physiol. 2010, 51, 1951–1963. [Google Scholar] [CrossRef]

	



Frohnert, B.I.; Bernlohr, D.A. Protein carbonylation, mitochondrial dysfunction, and insulin resistance. Adv. Nutr. 2013, 4, 157–163. [Google Scholar] [CrossRef]

	



Winterbourn, C.C. Toxicity of iron and hydrogen peroxide: The Fenton reaction. Toxicol. Lett. 1995, 82–83, 969–974. [Google Scholar] [CrossRef]

	



Kehrer, J.P. The Haber-Weiss reaction and mechanisms of toxicity. Toxicology 2000, 149, 43–50. [Google Scholar] [CrossRef]

	



Stadtman, E.R.; Levine, R.L. Protein Oxidation. Ann. N. Y. Acad. Sci. 2000, 899, 191–208. [Google Scholar] [CrossRef]

	



Møller, I.M.; Rogowska-Wrzesinska, A.; Rao, R.S. Protein carbonylation and metal-catalyzed protein oxidation in a cellular perspective. J. Proteom. 2011, 74, 2228–2242. [Google Scholar] [CrossRef]

	



Stadtman, E.R.; Levine, R.L. Free radical-mediated oxidation of free amino acids and amino acid residues in proteins. Amino Acids 2003, 25, 207–218. [Google Scholar] [CrossRef]

	



Ciacka, K.; Tymiński, M.; Gniazdowska, A.; Krasuska, U. Carbonylation of proteins—An element of plant ageing. Planta 2020, 252, 12. [Google Scholar] [CrossRef]

	



Levine, R.L.; Garland, D.; Oliver, C.N.; Amici, A.; Climent, I.; Lenz, A.-G.; Ahn, B.-W.; Shaltiel, S.; Stadtman, E.R. Determination of carbonyl content in oxidatively modified proteins. Methods Enzymol. 1990, 186, 464–478. [Google Scholar] [CrossRef]

	



Fedorova, M.; Bollineni, R.C.; Hoffmann, R. Protein carbonylation as a major hallmark of oxidative damage: Update of analytical strategies. Mass Spectrom. Rev. 2014, 33, 79–97. [Google Scholar] [CrossRef]

	



Georgiou, C.D.; Zisimopoulos, D.; Argyropoulou, V.; Kalaitzopoulou, E.; Ioannou, P.V.; Salachas, G.; Grune, T. Protein carbonyl determination by a rhodamine B hydrazide-based fluorometric assay. Redox Biol. 2018, 17, 236–245. [Google Scholar] [CrossRef] [PubMed]

	



Cassells, A.C.; Curry, R.F. Oxidative stress and physiological, epigenetic and genetic variability in plant tissue culture: Implications for micropropagators and genetic engineers. Plant Cell Tiss. Org. Cult. 2001, 64, 145–157. [Google Scholar] [CrossRef]

	



Saher, S.; Piqueras, A.; Hellin, E.; Olmos, E. Hyperhydricity in micropropagated carnation shoots: The role of oxidative stress. Physiol. Plant. 2004, 120, 152–161. [Google Scholar] [CrossRef] [PubMed]

	



Bairu, M.W.; Kane, M.E. Physiological and developmental problems encountered by in vitro cultured plants. Plant Growth Regul. 2011, 63, 101–103. [Google Scholar] [CrossRef]

	



Jajic, I.; Sarna, T.; Strzalka, K. Senescence, stress, and reactive oxygen species. Plants 2015, 4, 393–411. [Google Scholar] [CrossRef] [PubMed]

	



Edwards, K.D.; Fernandez-Pozo, N.; Drake-Stowe, K.; Humphry, M.; Evans, A.D.; Bombarely, A.; Allen, F.; Hurst, R.; White, B.; Kernodle, S.P.; et al. A reference genome for Nicotiana tabacum enables map-based cloning of homeologous loci implicated in nitrogen utilization efficiency. BMC Genom. 2017, 18, 448. [Google Scholar] [CrossRef] [PubMed]

	



Minibayeva, F.; Kolesnikov, O.; Chasov, A.; Beckett, R.P.; Luthje, S.; Vylegzhanina, N.; Buck, F.; Bottger, M. Wound-induced apoplastic peroxidase activities: Their roles in the production and detoxification of reactive oxygen species. Plant Cell Environ. 2009, 32, 497–508. [Google Scholar] [CrossRef]

	



Monshausen, G.B.; Bibikova, T.N.; Weisenseel, M.H.; Gilroy, S. Ca2+ regulates reactive oxygen species production and pH during mechanosensing in Arabidopsis roots. Plant Cell 2009, 21, 2341–2356. [Google Scholar] [CrossRef]

	



Prasad, A.; Sedlářová, M.; Balukova, A.; Rác, M.; Pospíšil, P. Reactive oxygen species as a response to wounding: In vivo imaging in Arabidopsis thaliana. Front. Plant Sci. 2020, 10, 1660. [Google Scholar] [CrossRef]

	



Benson, E.E. In vitro plant recalcitrance: An introduction. In Vitro Cell. Dev. Biol. Plant 2000, 36, 141–148. [Google Scholar] [CrossRef]

	



Benson, E.E. Special symposium: In vitro plant recalcitrance do free radicals have a role in plant tissue culture recalcitrance? In Vitro Cell. Dev. Biol. Plant 2000, 36, 163–170. [Google Scholar] [CrossRef]

	



Schafer, C.; Simper, H.; Hofmann, B. Glucose feeding results in coordinated changes of chlorophyll content, ribulose-1,5-bisphosphate carboxylase-oxygenase activity and photosynthetic potential in photoautrophic suspension cultured cells of Chenopodium rubrum. Plant Cell Environ. 1992, 15, 343–350. [Google Scholar] [CrossRef]

	



Hdider, C.; Desjardins, Y. Reduction of ribulose-1,5-bisphosphate carboxylase/oxygenase efficiency by the presence of sucrose during the tissue culture of strawberry plantlets. In Vitro Cell. Dev. Biol. Plant 1995, 31, 165–170. [Google Scholar] [CrossRef]

	



Van Huylenbroeck, J.M.; Debergh, P.C. Impact of sugar concentration in vitro on photosynthesis and carbon metabolism during ex vitro acclimatization of Spathiphyllum plantlets. Physiol. Plant. 1996, 96, 298–304. [Google Scholar] [CrossRef]

	



Santamaría, J.M.; Talavera, C.; Lavergne, D.; Trabelsi, S.; Verdeil, J.L.; Huet, C.; Rival, A.; Hamon, S.; Nato, A. Effect of medium sucrose on the photosynthetic capacity of coconut vitroplants formed from zygotic embryos. In Current Advances in Coconut Biotechnology; Oropeza, C., Verdeil, J.L., Ashburner, G.R., Cardeña, R., Santamaría, J.M., Eds.; Springer: Dordrecht, The Netherlands, 1999; pp. 371–381. [Google Scholar]

	



Laetsch, W.M.; Stetler, D.A. Chloroplast structure and function in cultured tobacco tissue. Am. J. Bot. 1965, 52, 798–804. [Google Scholar] [CrossRef]

	



Jo, E.A.; Tewari, R.K.; Hahn, E.J.; Paek, K.Y. In vitro sucrose concentration affects growth and acclimatization of Alocasia amazonica plantlets. Plant Cell Tiss. Org. Cult. 2008, 96, 307. [Google Scholar] [CrossRef]

	



Fu, A.; He, Z.; Cho, H.S.; Lima, A.; Buchanan, B.B.; Luan, S. A chloroplast cyclophilin functions in the assembly and maintenance of photosystem II in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2007, 104, 15947–15952. [Google Scholar] [CrossRef]

	



Sirpiö, S.; Khrouchtchova, A.; Allahverdiyeva, Y.; Hansson, M.; Fristedt, R.; Vener, A.V.; Scheller, H.V.; Jensen, P.E.; Haldrup, A.; Aro, E.M. AtCYP38 ensures early biogenesis, correct assembly and sustenance of photosystem II. Plant J. 2008, 55, 639–651. [Google Scholar] [CrossRef]

	



Parry, M.A.; Andralojc, P.J.; Mitchell, R.A.; Madgwick, P.J.; Keys, A.J. Manipulation of Rubisco: The amount, activity, function and regulation. J. Exp. Bot. 2003, 54, 1321–1333. [Google Scholar] [CrossRef]

	



Salvucci, M.E. Association of Rubisco activase with chaperonin-60β: A possible mechanism for protecting photosynthesis during heat stress. J. Exp. Bot. 2008, 59, 1923–1933. [Google Scholar] [CrossRef]

	



Bracher, A.; Whitney, S.M.; Hartl, F.U.; Hayer-Hartl, M. Biogenesis and metabolic maintenance of Rubisco. Annu. Rev. Plant Biol. 2017, 68, 29–60. [Google Scholar] [CrossRef] [PubMed]

	



Lawson, T.; Bryant, B.; Lefebvre, S.; Lloyd, J.C.; Raines, C.A. Decreased SBPase activity alters growth and development in transgenic tobacco plants. Plant Cell Environ. 2006, 29, 48–58. [Google Scholar] [CrossRef] [PubMed]
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Figure 1. Variation of O2•− (A), H2O2 (B), and carbonyl (C) content in control (TC) and timentin-treated (PA) tobacco shoot tissues during the propagation cycle. Time scale is presented as days after shoot transfer to fresh medium; data are presented as the mean  ±  standard error of the mean; different letters denote significant difference between the mean values (p < 0.05). 
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Figure 2. A functional interaction network of tobacco in vitro shoot proteins responsive to culture senescence or timentin treatment. The network was built using the String database using Arabidopsis homologs related to the identified tobacco proteins. Node base color represents proteins differentially expressed between the early and late phase (corresponding to one and three weeks of cultivation, respectively) of the shoot propagation cycle (red), proteins with carbonylation content changes in timentin-treated shoot samples compared to control (blue), or proteins responsive to both factors (magenta). The color of the node border represents a decrease (green), increase (red), or contrasting response (grey) of protein abundance or carbonylation content compared to the control. The thickness of the connecting lines represents the significance of the interaction. Two nodes that lack significant interactions within the network are shown at the bottom. 
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Table 1. Proteins differentially expressed between timentin-treated tobacco in vitro shoot samples collected at the early and late stages of the propagation cycle.
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No.

	
Peptide ID 1

	
Protein Name 1

	
TAIR ID

	
Protein Symbol

	
Score/P.N./S.C.

	
M.W./pI

	
R.A./p-Value






	
1.

	
0009646g0060.1

	
Glyceraldehyde 3-phosphate dehydrogenase

	
AT1G42970.1

	
GAPB

	
359/7/25

	
45.5/8.3

	
−1.72/0.002




	
2.

	
0006485g0040.1

	
Rubisco activase

	
AT2G39730.1

	
RCA

	
898/18/47

	
47.9/7.6

	
−1.75/0.007




	
3.

	
0000722g0100.1

	
466/9/35

	
49.4/7.5

	
−1.67/0.002




	
4.

	
0000722g0100.1

	
1303/18/45

	
49.4/7.5

	
−2.03/0.001




	
5.

	
0023724g0010.1

	
1136/27/58

	
47.4/8.2

	
−1.79/0.001




	
6.

	
0000527g0230.1

	
421/11/36

	
45.1/7.6

	
1.74/0.008




	
7.

	
0002564g0010.1

	
Vacuolar ATP synthase subunit E1

	
AT4G11150.1

	
TUF

	
86/2/9

	
28.9/6.8

	
−1.81/0.001




	
8.

	
0009806g0020.1

	
Glutamine synthetase

	
AT5G37600.1

	
GLN1-1

	
423/8/20

	
38.9/5.4

	
−1.75/0.006




	
9.

	
0001317g0050.1

	
Fructose-bisphosphate

aldolase

	
AT4G38970.1

	
FBA2

	
797/12/39

	
43.7/6.5

	
−1.56/0.006




	
10.

	
0003337g0010.1

	
Carbonic anhydrase

	
AT3G01500.2

	
CA1

	
617/9/48

	
32.7/6.7

	
−1.87/0.001




	
11.

	
0007257g0020.1

	
Heavy metal-associated protein 31

	
AT3G56240.1

	
CCH

	
278/5/34

	
12.3/4.8

	
−1.55/0.006




	
12.

	
0003337g0100.1

	
Cyclophilin-like protein

	
AT3G01480.1

	
CYP38

	
549/7/30

	
42.8/4.7

	
1.65/0.003




	
13

	
0003337g0100.1

	
646/11/41

	
42.8/4.7

	
1.86/0.003




	
14.

	
0004193g0010.1

	
Remorin

	
AT3G48940.1

	
AT3G48940

	
111/5/17

	
23.3/5.5

	
2.27/0.004




	
15.

	
0002814g0040.1

	
Chlorophyll A/B binding protein

	
AT1G29930.1

	
CAB1

	
709/13/40

	
54.1/5.5

	
1.89/0.001




	
16.

	
0002814g0040.1

	
469/10/37

	
54.1/5.5

	
2.12/0.007




	
17.

	
0002814g0040.1

	
576/10/39

	
54.1/5.5

	
2.17/0.003




	
18.

	
0005511g0010.1

	
AT2G05100.1

	
LHCB2.1

	
677/11/64

	
28.6/5.5

	
2.22/0.003




	
19.

	
0000441g0070.1

	
AT3G27690.1

	
LHCB2.3

	
187/3/18

	
28.6/5.5

	
2.20/0.003




	
20.

	
0008321g0040.1

	
Photosystem II PsbP

	
AT1G06680.1

	
PSBP-1

	
396/8/40

	
27.1/8.6

	
2.17/0.005




	
21.

	
0004422g0010.1

	
Germin

	
AT5G20630.1

	
GER3

	
381/5/44

	
21.5/5.8

	
2.25/0.001




	
22.

	
0001313g0070.1

	
NADH-ubiquinone/plastoquinone oxidoreductase chain 4L

	
ATCG01070.1

	
NDHE

	
209/3/15

	
27.3/8.6

	
1.81/0.005








1 The protein ID and name are based on the N. tabacum genome database [59]. Abbreviations: TAIR ID—the Arabidopsis Information Resource accession identifier; P.N.—peptide number; R.A.—relative abundance estimated as standardized log abundance-based expression ratio between samples collected at the early and late stage (after one and three weeks of cultivation, respectively) of the propagation cycle; S.C.—sequence coverage; M.W.—molecular weight; pI—isoelectric point.
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Table 2. Proteoforms differentially carbonylated between timentin-treated and control tobacco in vitro shoot samples.
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No.

	
Peptide ID 1

	
Protein Name 1

	
TAIR ID

	
Protein Symbol

	
Score/P.N./S.C.

	
M.W./pI

	
R.A./p-Value






	
1.

	
0003983g0050.1

	
Translation elongation

factor EFG related

	
AT1G62750.1

	
SCO1

	
108.4/4/7.6

	
85.9/5.4

	
1.5/0.008




	
2.

	
0001329g0110.1

	
Transketolase

	
AT3G60750.1

	
AT3G60750

	
104/3/5

	
79.8/6.2

	
1.4/0.035




	
3.

	
0002354g0050.1

	
V-type ATP synthase

catalytic subunit alpha

	
AT1G78900.2

	
VHA-A

	
262/8/16

	
68.6/5.2

	
1.4/0.009




	
4.

	
0023724g0010.1

	
Rubisco activase

	
AT2G39730.1

	
RCA

	
190/5/17

	
47.4/8.2

	
1.8/0.009




	
5.

	
0000249g0010.1

	
Peptidase M41

	
AT2G30950.1

	
VAR2

	
436/12/24

	
75.6/5.9

	
1.5/0.024




	
6.

	
0004126g0010.1

	
Chaperonin Cpn60

	
AT2G28000.1

	
CPN60A

	
130/4/8

	
62.1/5.3

	
1.5/0.035




	
7.

	
0000697g0210.1

	
S-adenosyl-L-homocysteine hydrolase

	
AT4G13940.1

	
HOG1

	
76/3/6

	
52.9/6.4

	
1.5/0.023




	
8.

	
0002183g0050.1

	
Ribulose bisphosphate

carboxylase, large subunit

	
ATCG00490.1

	
RBCL

	
43/2/2

	
50/5.8

	
1.3/0.034




	
9.

	
0002183g0050.1

	
107/2/4

	
50/5.8

	
1.4/0.011




	
10.

	
0010922g0010.1

	
Enolase

	
AT2G36530.1

	
LOS2

	
1003/21/64

	
47.6/6.5

	
1.4/0.005




	
11.

	
0000565g0160.1

	
UDP-glucose/GDP-

mannose dehydrogenase

	
AT3G29360.1

	
UGD2

	
113/2/6

	
51.8/6.6

	
1.2/0.005




	
12.

	
0000578g0090.1

	
S-adenosylmethionine

synthetase

	
AT2G36880.2

	
MAT3

	
39/2/3

	
51.4/6.5

	
1.4/0.003




	
13.

	
0001592g0070.1

	
NAD-dependent

epimerase/dehydratase

	
AT5G28840.2

	
GME

	
206/6/21

	
42.5/5.9

	
1.2/0.035




	
14.

	
0000029g0330.1

	
Phosphoglycerate kinase

	
AT1G79550.2

	
PGK

	
49/2/4

	
42.3/5.7

	
1.4/0.001




	
15.

	
0000369g0010.1

	
Sedoheptulose-1,7-

bisphosphatase

	
AT3G55800.1

	
SBPase

	
609/14/40

	
44.4/6.1

	
1.4/0.040




	
16.

	
0012115g0030.1

	
Fructose-bisphosphate

aldolase 2

	
AT4G38970.1

	
FBA2

	
410/9/26

	
42.4/6.1

	
1.4/0.016




	
17.

	
0012714g0020.1

	
259/7/23

	
43.4/6.8

	
1.4/0.004




	
18.

	
0010299g0040.1

	
Glyceraldehyde-3-

phosphate dehydrogenase

	
AT1G12900.1

	
GAPA-2

	
1041/23/65

	
40.8/8.5

	
1.2/0.020




	
19.

	
0003337g0010.1

	
Carbonic anhydrase

	
AT3G01500.2

	
CA1

	
352/10/41

	
32.7/6.7

	
1.7/0.007




	
20.

	
0003600g0030.1

	
Actin-related protein

	
AT3G12110.1

	
ACT11

	
451/9/32

	
41.7/5.4

	
1.7/0.039




	
21.

	
0002064g0070.1

	
AT5G09810.1

	
ACT7

	
308/9/36

	
38.9/5.2

	
−1.5/0.009




	
22.

	
0000441g0070.1

	
Chlorophyll A/B binding protein

	
AT3G27690.1

	
LHCB2.3

	
318/8/45

	
28.6/5.5

	
1.42/0.001




	
23.

	
0000441g0070.1

	
219/4/19

	
28.6/5.5

	
1.42/0.002




	
24.

	
0001434g0050.1

	
AT1G29930.1

	
CAB1

	
41/2/3

	
30.7/6.4

	
−1.7/0.026




	
25.

	
0011777g0030.1

	
Glutamate-1-semialdehyde aminotransferase

	
AT3G48730.1

	
GSA2

	
362/8/32

	
47.7/7.6

	
−1.4/0.001




	
26.

	
0004607g0010.1

	
Triosephosphate isomerase

	
AT3G55440.1

	
TPI

	
128/4/21

	
27.2/5.7

	
−1.7/0.044








1 The protein ID and name are based on the N. tabacum genome database [59]. Abbreviations: TAIR ID—the Arabidopsis Information Resource accession identifier; P.N.—peptide number; R.A.—relative abundance estimated as standardized log abundance-based expression ratio between the timentin-treated and control samples; S.C.—sequence coverage; M.W.—molecular weight; pI—isoelectric point.
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