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Abstract

:

The present investigation was undertaken to assess the effects of different doses (100, 300, and 500 mJ) of low power He–Ne laser (632.8 nm) irradiation on seed germination and thermodynamics attributes and activities of potential germinating enzymes in relation with changes in seed metabolites. He–Ne laser seed irradiation increased the amylase (Amy), protease (Pro) and glucosidase (Gluco) activities, with a significant improvement in seed thermodynamics and seed germination attributes. A fast increase was found in free fatty acids (FFA), free amino acids (FAA), chlorophyll (Chl), carotenoids (Car), total soluble sugars (TSS) and reducing sugars (RS) in laser treated seeds in parallel with fast decline in seed oil contents and total soluble proteins (TSP). Significant positive correlations were recorded in laser-induced enhanced seed energy levels, germination, activities of germination enzymes with levels of FAA, FFA, Chl, TSS and RS, but a negative correlation with the levels of TSP and oil. In conclusion, the seed treatment with 100 and 300 mJ He–Ne laser was more effective to improve the seed germination potential associated with an improvement in seed energy levels due to increased activities of germination enzymes due to the speedy breakdown of seed reserves to simple metabolites as building blocks.
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1. Introduction


Among different factors responsible for better crop production, a good and uniform crop stand establishment is of prime importance [1]. It depends on fast and speedy seed germination and seedling emergence [2]. The better, fast and uniform seed germination as well as seedling emergence is the function of the activities of seed metabolic enzymes [1]. Various methods and techniques are being currently used to increase/speed up the seed germination for uniform crop stand leading to better final crop yield [2]. These methods are categorized as biological, chemical and physical ones [3]. Among these, the interest in physical methods are increasing. These include irradiation with low-power non-destructive laser, microwaves, ultrasound, as well as magnetic fields. These are considered as most suitable due to their low cost, without any side effects to other organisms, and their nature-friendly emissions [4]. For example, it was found that germination of wet lettuce seeds increased when treated with low doses of red light [5], and it was depicted that it is due to the action of red light on membrane photoreceptors known as phytochromes also present in seeds that are sensitive to light, which have a potential role in seed germination [6,7,8,9]. In some earlier studies, it has been found that some metabolic processes during seed germination and activity of enzymes involved in seeding growth significantly improved under infrared and visible light of various wavelengths [7,10,11].



Furthermore, it was found that laser irradiation of low doses are also effective to prolong the plant vegetative period and to delay the reproductive stage [12,13]. In earlier studies it was depicted that in corn seed irradiation with diode laser, CO2 laser, argon laser and He–Ne laser were found effective in boosting seed germination, plant growth, and enhanced tolerance against pathogenic diseases [13,14,15]. Seed irradiation with lasers also provided protection to cells against damages by UV-B radiations [15,16,17]. Similarly, pre-treatment of seeds with low doses of lasers have been reported to influence the thermodynamic parameters of seeds [8,13]. Furthermore, irradiation of seeds with lasers has found useful for tomato [18,19], Chinese medicinal herb Isatis indogotica [13], maize [12], spring barley [20], green gram [21], broad bean [16], sunflower [8], Chinese pine seeds [22] as well as wheat [23]. The studies reveal that the main effect of the applied low power laser was the increase in the seed internal energy due to exogenous applied laser. Furthermore, it has been found that the seeds with high stored energy showed speedy germination [23]. However, the suitable applied laser energy for better germination depends upon the type of seed and type of the applied laser. After laser seed treatment, the given laser energy is used to activate the germination related process at high-energy doses that results in speedy metabolic activities with the involvement of activities of germination enzymes that generates energy, improves seed thermodynamics and increases the simple metabolites that later on has use in seedling building blocks. In view of the information available, it can be explained that laser-applied influences on seed germination and seedling emergence is a complex mechanism that is the function of various metabolic activities. It still has various missing gaps that need to be fully explored. Moreover, as the literature depicts, both the positive and negative influences of different types of lasers, including the He–Ne lasers, on seed treatment for seed germination and seedling emergence are due to laser type, dose of applied laser and specific plant species. However, these laser-energy induced processes are laser-energy dose dependent [23,24].



Safflower (Carthamus tinctorius L.) is an annual plant belonging to family Asteraceae. Its flower is a source of natural dyes to dye the clothes. Its seed is a source of edible oil, which reduces risk of heart attack due to the high percentage (more than 70%) of linoleic acid that is effective to reduce the hardening of blood vessels. It is grown as a winter crop in Pakistan in the months of October–November. In these days, there are seed germination and seedling emergence problems, leading to uniform crop stands that are necessary for better crop production [25]. The seed germination of safflower normally takes 10–15 days and in months of seed sowing the seed containing soil surface dries between watering, creating a problem in proper seed germination [25]. So, it was hypothesized that He–Ne laser seed treatment might be effective to speed up the seed germination and emergence.



The present experiment was planned with the aim to assess the most effective laser dose for better seed germination and seedling vigor of safflower, in relation with changes in activities of germination enzymes, seed thermodynamics and the changing trends in seed metabolite levels. Until now very little or no work has been reported in relation to studying the enhancement of seed germination of safflower (Carthamus tinctorius L.) through He–Ne laser irradiation, considering seed thermodynamics and germination in relation with activities of germination enzymes and the seed metabolite levels.




2. Materials and Methods


Safflower (Carthamus tinctorius L.) seeds were purchased from Ayub Agricultural Research Institute, Faisalabad, Pakistan. Before laser irradiation the seeds were soaked in distilled water for three hours, then the seeds were air-dried after absorbing the excess water using a blotting paper. Seeds were irradiated with continuous wave portable He–Ne laser. The laser (Model No. 1508P-1256, JDS Uniphase USA, wavelength 632.8 nm and beam diameter 1.5 mm) was used for seed irradiation. The laser output power was measured using power ⁄energy meter (Quantel, France). The seeds were irradiated one by one with He–Ne laser beam with energies of 100, 300 and 500 mJ by following the procedure reported by Chen et al. [13]. For irradiation purposes, more uniform and healthy seeds were selected.



2.1. Measurement of Seed Thermodynamic Parameters


Seed thermodynamic parameters were measured using PARR Oxygen Bomb Calorimeter, 6000 Series, Moline Illinoise, USA. From each treated seed lot, ten seeds (ca. 0.5 g) were taken in calorimeter at constant temperature (25 °C). The thermograms of germinating seeds were recorded continuously up to 72 h after taken in calorimeter. Then different thermodynamic attributes of seeds were using different formulas. The change in enthalpy (∆H) was calculated from thermogram area of germinating seeds i.e., (∆H = R ptdt), entropy generation (∆S)c = ∆H divided by absolute temperature (T), entropy flux (∆S)e = −(∆S)c, entropy generation ratio (∆S)c/∆t is (∆S)c divided by change in time (∆t) and entropy flux (∆S)e/∆t is −(∆S)e divided by ∆t.




2.2. Estimation of Seed Germination Attributes


For the estimation of different germination attributes, the experimental setup was arranged in the research area of the Department of Botany, University of Agriculture Faisalabad, under natural environmental conditions. The design of the experiment was CRD with three replications of each treatment. The laser irradiated seeds were sown in plastic pots (25 cm diameter × 30 cm height) filled with properly washed river sand and supplied with full strength Hoagland’s nutrient solution. Ten seeds were sown in each plastic pot. Before sowing the seeds were treated with 0.05% HgCl2 solution for five minutes and washed with distilled water for ten minutes. Then the pots were kept in a glass house at 25.8 °C. After germination of seeds, light of approximately 900 mol m−2 s−1 µ “photosynthetic photon flux” was supplied to the seedlings for 8 h day−1 as daily photoperiod. The germinated seeds were counted on daily basis until the constant count was reached. The instructions given in Handbook of the Association of Official Seed Analysis [26] were followed. Then different attributes regarding seed germination and vigor were estimated from recorded data.



2.2.1. Germination Percentage


Germination percentage of seeds was recorded on alternate days for 5 days and calculated by using the formula:


Germination % age = (Number of germinated seeds/total number of seeds) × 100












2.2.2. Days to 50% Germination


Days to 50% seedling emergence (E50) was worked out following the formula of Coolbear et al. [27]:


E50 = ti + [(N/2 − ni) (tj − ti)/nj − ni]








where N represents the final number of seeds emerged, and ni and nj represents the cumulative number of seeds emerged by adjacent counts at times ti and tj, respectively, when ni < N/2 < nj.




2.2.3. Mean Emergence Time


Mean emergence time (MET) was calculated following Ellis and Roberts [28]. The equation used for estimation of MET is as under:


MET = (Σ Dn/Σ n)








where n represents the number of seeds, emerged on day D, and D represents the number of days from the initiation of seed germination.




2.2.4. Coefficient of Uniformity of Emergence (CUE)


CUE was worked out following Bewley and Black [29] using the following equation:


CUE = Σ n/Σ [(t/ − t)2 × n]











In the equation above t represents the time in days, starting from the day of sowing, and n is the number of seeds that have completed emergence on day t, and t/ represents the mean emergence time (MET).




2.2.5. Emergence Index


Emergence index (EI) was calculated following the method described in the Association of Official Seed Analysis [30] using the following formula:


EI = (No. of germinated seeds/days of first count) +……










+ (No. of germinated seeds/ days of final count)












2.2.6. Germination Energy


Energy of germination (GE) was calculated on the 4th day after sowing of seeds following Ruan et al. [31]. The percentage of germinating seeds 4 d after sowing is relative to the total number of seeds tested.





2.3. Activities of Seed Germination Enzymes


He–Ne laser pretreated seeds of safflower were surface sterilized for 5 min with 0.1% solution of HgCl2. Then the seeds were washed properly in distilled water. After washing the sterilized seeds was placed in 14 cm glass Petri-dishes containing double-lined filter paper. Ten mL of Hoagland’s nutrient solution were used for each Petri-dish and four replications of each treatment (radiated and un-radiated) were placed in a completely randomized design in the growth room at 26 ± 2 °C, then the seeds allowed to germinate in dark. After 24 h of sowing of seeds, fresh samples of each treatment were collected with 24 h interval up to 72 h for the assay of the activities of α-amylase and protease.



2.3.1. Estimation of Amylase Activity


Ten seedlings from each replicate were ground properly in a pestle and mortar. Extraction was carried out with cold 1% NaC1 solution prepared in 0.2 mM phosphate buffer (pH 5.5). Then the homogenate was centrifuged for 10 min at 10,000 rpm and the supernatant used for the assay of enzymes following Chrispeel and Varner [32]. The activity of enzymes was expressed as mg of starch hydrolyzed g−1 fresh weight h−1.




2.3.2. Estimation of Protease Activity


Protease activity was appraised following Ainouz et al. [33]. From each replicate five seedlings were ground in a pestle and mortar. The extraction was carried out with cold 1% NaCI solution prepared in 0.2 mM phosphate buffer (pH 7.0). Then the homogenate was centrifuged for 30 min at 12,000 rpm. One ml of the supernatant in 5 mL of 1% casein solution in 0.2 M phosphate buffer (pH 6.0) was incubated at 50 °C. After one hour the reaction was terminated with 1 mL of 40% TCA (trichloroacetic acid) solution. The proteolytic activity in TCA soluble fraction after reaction with Folin phenol reagent was measured at 570 nm following Lowry et al. [34].




2.3.3. Estimation of Glucosidase Activity


The incubation mixture contained 0.1 mL of maltose of desired concentration, prepared in McIlvaine buffer [35], pH 5, 0.3 mL of the same buffer, and 0.1 mL of glucosidase preparation. The reaction was started by the addition of enzyme. The assay mixture was incubated for 30 min at 37 °C. The glucosidase activity was determined from the glucose liberated from maltose by the glucose oxidase method [36]. After glucose reagent addition the reaction mixture was incubated for 50 min at 37 °C, and the reaction was terminated by adding 2.5 mL of 5 N HCl with a vigorous mixing. The absorbance at 525 nm was measured.





2.4. Estimation of the Levels of Different Seed Metabolites during Germination at Different Time Intervals


2.4.1. Estimation of Chl Content of Germinating Seeds


The estimation of total chlorophyll content in the germinating seeds and seedlings was performed following Arnon [37]. Briefly, fresh germinating seeds (0.25 g) were homogenized in 80% acetone and centrifuged at 10,000× g the absorbance of the supernatant was read using a spectrophotometer (Hitachi U-2001, Tokyo, Japan) at 645, 663 and 480 nm. The Chl content was measured following the equation:


Total chl (mgg−1) = [(0.0202 × A645) + (0.00802 × A663) × 10]/sample weight











Here A is the absorbance at respective wavelength.




2.4.2. Estimation of Carotenoid Content of Germinating Seeds


For the estimation of total carotenoid content of germinating seeds, acetone-hexane (4:6) solvent (10 mL) was added on 0.25 g sample and homogenized well. Then the homogenate was settled down of two prepared phases, the absorbance of the upper phase was read using a spectrophotometer Hitachi U-2001, Tokyo, Japan) at 480, 645 and 663 nm wavelengths. Total carotenoid content was calculated according to Kirk and Allen [38] using the equation:


Total carotenoids (mgg−1) = A480 + (0.114 × A663 − 0.638 × A645)












2.4.3. Estimation of TSS and RS Contents of Germinating Seeds


TSS and RS from the samples were extracted following Tonguç et al. [39]. The content of TSS was estimated following Dubois et al. [40] using phenol sulfuric acid assay and RS content was estimated following the Somogyi [41]. The quantification of TSS and RS was performed using a standard curve prepared from pure glucose.




2.4.4. Estimation of TSP and FAA Contents of Germinating Seeds


The method described by Larson and Beevers [42] was used for the extraction of protein from the germinating seeds and fresh leaf (0.5 g) was homogenized in 5 mL phosphate buffer (pH 7) in a pre-chilled pestle and mortar according to Bradford [43]. After centrifugation, 100 µL of the supernatant was mixed with 5 mL of the Bradford reagent. The absorbance of the mixture was noted at 595 nm using a spectrophotometer. The free amino acids from the germinating seeds were extracted using the method as described by Noctor et al. [44] and content was estimated using ninhydrin method as ascribed by Lee and Takahashi [45]. Standard curve was prepared using L-valine as standard.




2.4.5. Estimation of Oil and FFA Contents of Germinating Seeds


Nuclear magnetic resonance (NMR, Brükermqone) was employed for the estimation of oil content from the germinating seeds and the method described by Lowry and Tinsley [46] was employed for the estimation of the free fatty acid content of lipids. Samples (0.5 g) were extracted with hexane and the extracted lipids (4 μL) were dissolved in 5 mL benzene. Cupric acetate-pyridine reagent (1 mL) was added, and the samples were vortexed for 90 s. After centrifugation, the 3 mL of the supernatant were used to determine the free fatty acid contents of the samples. The total free fatty acid content of samples (%) was determined as oleic acid equivalents.





2.5. Statistical Analysis


To find out the significant variation among treatments of studied attributes CoStat Computer Program (window version 6.303, PMB 320, Monterey, CA, 93940 USA) was used. The Least Significant Difference Test (LSD) at 5% level of probability was used to find out the significant differences among means of studied attributes. XLSTAT Computer Program was used for PCA analysis and to find out correlations among studied attributes.





3. Results


3.1. Effect of He–Ne Laser Energy on Seed Internal Energy during Germination


Seed internal energy increased significantly of safflower seeds irradiated with different doses of He–Ne laser (Figure 1). This increase in seed energy was recorded in both laser treated, and non-treated seeds after starting of seed germination and the maximum increase was recorded after 48 h of seed germination. However, this increase in seed internal energy was comparatively more in seeds irradiated with He–Ne laser in comparison with non-treated ones. Comparatively, the maximum increase in seed internal energy was in seeds treated with 100 mJ followed by 300 mJ.




3.2. Effect of He–Ne Laser Energy on Seed Thermodynamics during Germination


Data presented in Table 1 for different thermodynamic attributes of germinating seeds shows that seed irradiation with different He–Ne laser doses significantly improved them. Regarding seed enthalpy (ΔH), the maximum increase was found in seeds treated with a 500 mJ energy dose of He–Ne laser that was not significantly different with other energy doses. Like enthalpy, other thermodynamic attributes were also increased due to the He–Ne laser seed treatment. Increase in other thermodynamic parameters was also observed in laser pretreated seeds during germination. For example, entropy generation [(∆S)c] and entropy generation ratio [(∆S)c/∆t] improved by 53% while entropy flux [(∆S)e] and entropy flux ratios [(∆S)e/∆t] increase by 51% as compared with non-treated ones. Comparatively the seeds treated with 300 and 500 mJ of energies doses showed more increase and this increase in these attributes was more after 24–48 h of seed sowing.




3.3. Effect of He–Ne Laser Energy on Seed Germination Related Attributes


Seed irradiation with different energies of He–Ne laser significantly affected the different studied germination attributes (Figure 2). Significant reduction in mean emergence time (p ≤ 0.001) and time to 50% germination (E50) (p ≤ 0.01) was recorded and the maximum reduction was found in E50 and mean emergence time in seeds irradiated with 300 mJ followed by 100 mJ dose of energy, respectively. However, there was a significant (p ≤ 0.001) increase in CUE and GI due to seed irradiation with the He–Ne laser and the maximum was found in the seeds irradiated with the 100 mJ energy dose, followed by the 300 mJ energy dose. Similarly, seed G% and GE was maximum at the 100 mJ energy dose of He–Ne laser energy dose.




3.4. Effect of He–Ne Laser Energy on Activities of Seed Germination Enzymes


Seed treatment of different energies with the He–Ne laser significantly influenced the activities of the studied seed germination enzymes. The seed Amy activity increased in the laser treated germinating seeds and the maximum increase was found in the seeds treated with 300 mJ of laser energy dose. The maximum increase in seed Amy activity was found after 48 h of seed sowing in all treatments, but this increase was maximum in germinating seeds treated with 300 mJ energy dose. However, a little decrease in activity after 72 h of seed sowing was recorded in laser treated as well as non-treated seeds, but the activity was more in laser treated seeds as compared to non-treated ones (Figure 3).



A significant increase in seed Pro activity was also found due to seed treatment with He–Ne laser. Among different applied laser doses, the 300 mJ energy dose was found most effective. The maximum increase in seed Pro activity was found during 48–72 h after seed sowing in all treatments and then a decreasing trend was found. However, this decrease in seed Pro activity was more in non-irradiated seeds as compared with irradiated seeds. Furthermore, increased activities of Amy and Pro at 300 mJ level of laser energy were positively related with the seed G% (Figure 3).



Seed Gluco activity increased significantly due to the He–Ne laser seed treatment; comparatively, the 300 mJ energy dose was found effective and maximum activity of Gluco was recorded after 48 h of seed sowing and a decreasing trend in the activity was found after 72 h of seed sowing. However, this decrease in seed Gluco activity was more in non-treated seeds as compared with laser treated seeds. Furthermore, increased activities of Amy and Pro at 300 mJ level of laser energy were positively related with the seed germination percentage (Figure 4).




3.5. Effect of He–Ne Laser Energy on Seed Metabolites during Seed Germination


Data presented in Table 2 for the Chl and carotenoids biosynthesis shows that He–Ne laser seed treatment significantly increased their biosynthesis, but the extent of increase was laser dose specific. This increased biosynthesis of Chl and carotenoids in seeds and was found maximum at the 300 mJ laser energy dose, followed by 100 mJ compared to non-treated ones, and the minimum increase was recorded at the 500 mJ laser energy dose (Table 2).



Seed TSS and RS during germination increased significantly in safflower seeds due to the He–Ne laser seed treatment, but this increase was laser dose specific. The more increase in TSS and RS was recorded due to seed treatment with 300 mJ He–Ne laser dose followed by 100 and 500 mJ laser doses and the minimum increase in TSS and RS was recorded due to seed treatment with the 500 mJ dose of laser energy comparative to the non-treated ones (Table 2).



Data presented in Table 3 shows that seed TSP and oil contents decrease significantly during seed germination. Seed laser treatment with different levels of He–Ne laser significantly speed up the decrease in TSP and oil contents, but the extent of decrease was laser dose specific. The speedier decrease in these metabolites during seed germination was recorded in seeds irradiated with the 300 mJ laser energy dose as compared with other doses, and the minimum decrease was at 500 mJ laser energy dose.



A significant increase in seed contents of FAA and FFA increased significantly during seed germination, and this accumulation in seed FAA and FFA contents further increased with time. Seed treatment with He–Ne laser further sped up the increment in seed FAA and FFA contents during seed germinations up to 72 h, but a decrease in FAA and FFA was recorded after 72 h of seed sowing. The more accumulation in these metabolites was found due to seed treatment with the laser dose of 300 mJ energy as compared with other laser doses and non-treated ones (Table 3).




3.6. Correlations of Studied Attributes


Correlation data regarding the activities of germination enzymes (Amy, Pro, Gluco) at different time intervals, seed germination attributes and different thermodynamic attributes are presented in Table 4 and Figure 5. The activities of different germination enzymes are strongly correlated with each other at all time intervals during germination and positively correlated with GI, CUE, ∆H, (∆S)c, GE, G% and (∆S)c/∆t. However, these attributes are negatively correlated with MET, (∆S)e, (∆S)e/∆t, and E50 at all intervals. Data presented in Figure 5 further shows that the maximum contribution was of the components, F1 and F2 to find out the variation among all studied attributes. Among the components the major contribution was of F1 (85.56%) followed by F2 (11.39%) with accumulative contribution of 96.95%. The F1 component divided the studied attributes in three groups as encircled in Figure 5. The first group includes the activities of seed germination enzymes at different intervals, group II includes the GI, CUE, ∆H, (∆S)c, GE, G% and (∆S)c/∆t and the 3rd group include the MET, (∆S)e, (∆S)e/∆t, and E50. The parameters given in group III are strongly negatively correlated with the parameters in group I and group II.





4. Discussion


The responses of seeds to light irradiation are dependent on the light transmittance of seed coat, intensity of light and duration of exposure, which is the function of wavelength and energy dose [8,23,47]. Generally, all the biological, chemical and physical phenomena lead to thermal changes in system, that are of theoretical and practical importance. In living organisms, each metabolic process is associated with heat change. During seed germination and seeding growth the heat generation is a well-known example of thermogenesis that has the involvement of conversion of matter to energy [48]. However, in case of laser application to plant cells, the applied laser energy is stored by living tissues by radiation energy. Similarly, regarding the seed light treatment, where applied light energy is absorbed by seed living tissue that later on is being used in different growth processes in the form of chemical energy [8,18,49,50].



In present investigation, seed treatment with low-energy continuous wave He–Ne laser doses were investigated on seed activities of germination enzymes, germination parameters, different thermodynamic parameters, and the levels of metabolites of safflower. It was found that a rapid heat was evolved during germination after 48 h of sowing, rising to a maximum, and then with a decreasing trend after 72 h of seed sowing in all treatments. Moreover, the change in ΔH was recorded as maximum in seeds not pre-treated with 500 mJ laser energy dose, but regarding the physio-chemical attributes 100 and 300 mJ energy doses were most suitable. The same was in the case of grand energy change that was recorded at the maximum at 100 as well as at 300 mJ energy. ΔH which is related to internal energy is also known as ‘growth heat effect’. In the present study, seed enthalpy change due to laser seed treatment is positively related to change in seed internal energy that takes place during seed germination. This ΔH is an indicator of internal molecular force during germination [51]. Moreover, it has also been found that ΔH is the function of entropy flux and free energy change, and the former one is considered as the of molecular randomness, positional uncertainty, arbitrariness and ‘chaos’ [52]. In the present study, the 500 mJ laser energy dose as compared with the 100 and 300 mJ laser doses was not suitable, because the extra energy in the form of 500 mJ given to seeds resulted in an adverse impact on biochemical reactions. In the present study, the thermograms of germinating seeds were obtained at constant temperature (25 °C). So, it can be concluded that He–Ne laser treated seeds were at higher temperatures during germination as compared with non-treated ones (with an increased ∆S of laser treated germinating seeds leading to increased ∆H) with a decrease in activities of biomolecules at the specific laser dose.



In general, it is found that seed irradiation with visible and infra-red light of various wavelength results in modulations in seed germination process [53]. In earlier studies, it was found that the germination of photosensitive buried seeds under field condition can be saturated with a milli second exposure with sunlight and a few seconds exposure with moonlight [10,47]. Furthermore, it was also found that in wet seeds of lettuce, irradiation with monochromatic red light (0.1–10 nmol m−2) is sufficient to break seed dormancy [5] because red light directly effects the photochromes (pr and pfr), that have a direct role in seed germination [6,54,55]. Furthermore, it was reported that irradiation of dry dormant seeds with weak He–Ne laser (λ = 632.8 nm) is helpful in boosting up many germinations related metabolic reactions [8,23,56]. The literature has many studies regarding laser-induced modulations in optical, biochemical and electrochemical properties of seeds and most of them describe the laser stimulation on growth and seed germination related processes [8,13,17,56,57,58,59,60,61,62]. Irrespective to the positive influences of He–Ne laser seed treatment on seed germination and seedling emergence, it was found that other types of laser were also found effective to influence the seed germination potential. For example, Rasam et al. [63] reported an increase in germination percentage of hard wheat seeds irradiated with Nd:YAG pulsed laser at 532 nm, but the effects were laser dose specific, where the higher doses showed the negative effects on the studied attributes. Pulse laser was also found to be involved in improving seed germination in soybean when applied at 532 nm [64]. Germination in many plants also improved by irradiating the seeds with diode laser, such as hard wheat seeds when applied at 650 nm and salt stressed wheat seeds when applied at 980 nm [65].



In the present study, seed G%, GI, CUE and GE increased and E50 and MET decreased due to laser seed treatment. Maximum positive response due to laser seed treatment in the studied germination attributes was recorded due to laser seed treatment with 100 and 300 mJ energies. The maximum increase in seed G%, GI, CUE and GE was 13.60, 52.26, 36.75 and 12.33%, respectively, in comparison with non-treated ones. A similar finding has also been found in sunflower [8], where 300 mJ energy level of He–Ne laser was found most effective. In some earlier studies, Vasilevski [66], Jamil et al. [23], Perveen et al. [8], and Muszyñski and Gladyszewska [7] reported an average increase of 20% to 35% in seed germination due to laser irradiation in wheat, sunflower and radish respectively. Furthermore, in some earlier studies it was reported that laser treated promotion in seed germination was due to the fact of enhanced levels of seed thermodynamics due to laser treatment in various plant species [8,13,14,67,68]. In their findings, they narrated that laser stimulated seed germination might be a fact of phytochrome-mediated light energy transformation due to phytochromes—part of photoreceptor system that is part of chloroplast membranes, mitochondrial and plasmalemma, as well as part of the cell nuclei. It is known that these phytochromes regulate the energy storage and transferring processes such as photosynthetic and oxidative phosphorylation [69]. Moreover, several studies reveal that endoplasmic reticulum, tonoplast, and plasmalemma have energy-transducing functions and have the ability to equalize the changes in membrane potential due to transforming light energy into electrochemical potential (ΔμH+) across the membranes [69,70]. Simply, we can say that in a living plant cell a well-organized membrane system is working that has the ability to transform and utilize the additional supplied energy up to an extent [66]. Studies reveal not only the positive influences of laser irradiation on seed germination, but also the negative impacts that have been found when the laser is applied in high doses, as despite the positive effects of laser there are reports that unsuitable doses of He–Ne laser may inhibit the germination and the emergence of seedlings [8,23,56,71]. The decreasing effects might be due to damaging effects of the high energy dose on the cellular membrane and activities of biomolecules [72].



In an earlier study, while working on maize and wheat Dinoeve et al. [12] reported positive influences of laser seed treatment on seed germination attributes including the seed germination energy and seed physiological state leading to both positive and negative influences on growth and development due to the function of the laser wavelength, intensity and its type. They explained that this might be due to the fact that laser treatment enhanced the activities of seed enzymes that speed up break down of macromolecules, resulting in generation of more heat energy and then the biological system works at a high-energy level due to the enhanced entropy level of the system. Comprehensively, it can be explained that seed treatment with laser led the system from higher order to disorder [73,74].



In the present study, laser seed treatment positively influenced the different studied thermodynamic parameters, germination percentage, GI, CUE and GE, MET and E50. During the germination process the newly developed seedling uses the stored reserves in seeds for the purpose of energy and building blocks. These include sugars and amino acids that fulfill the cellular energy demand, building blocks for structural purposes as well as the biosynthesis of secondary metabolites [23,24]. These all processes are dependent on the activities of specific enzymes. In the present study, seed treatment with He–Ne laser of different energies promoted the biosynthesis of Chl, carotenoid, reducing and non-reducing sugars along with increased contents of free amino acids and free fatty acids, but decreased total soluble protein and oil content and the maximum improvement in breakdown or in biosynthesis of these metabolites was due to treatment with the 300 mJ laser dose and was maximum was after 48 h and 72 h of seed sowing. Moreover, the content of FAA, FFA, and sugars increased with a decrease in TSP and oil that is the function of the increased activities of amylolytic enzymes such as amylase, protease, glucosidases that improved the breakdown of macromolecules to simple molecules with an improved energy generation. The best of these processes was found in seeds treated with 300 mJ laser dose, where maximum activities of amylolytic enzymes were recorded. The increase in chlorophyll and carotenoids might be best attributed to their better biosynthesis, with the availability of basic simple metabolites as building blocks. As a result, there was speedy germination and seedling emergence with better thermodynamics.



External environmental factors influence significantly physiological processes of growth and development that are limited with cellular enzyme activities and suitable laser doses have positive influences on activities of enzymes [8,15]. The present findings revealed that seed laser treatment with different energies enhanced the activities of amylases, proteases and glucosidases and the 300 mJ treatment was found most effective. These findings can be correlated with findings of previous studies on faba bean seeds of the variety Nadwilanski, as it was found that seed treatment with laser increased activity of the seed amylolytic enzymes during the early period of germination [75], and all applied laser doses were found equally effective. However, in some other studies it was found that lower doses of laser as seed treatment were more effective in boosting up the activities of germination enzymes as well as the biosynthesis of de-novo proteins [8,14,76]. Similarly, like the findings of present study, it was reported by Hong and Lin. [77] that laser treatment of seeds increased the activity of amylase in Bailan melon. In the present findings, the increase in activities of seed germination enzymes has a positive correlation with seed thermodynamic attributes such as ΔH, (ΔS)c, (ΔS)e, (ΔS)c/Δt and (ΔS)e/Δt that increased significantly with seed laser treatment, as similar to the findings of Chen et al. [13] on Isatis indogotica. The present findings reveal a positive correlation of different seed germination attributes (germination percentage, GI, CUE and GE) with thermodynamic attributes (ΔH, (ΔS)c and (ΔS)c/Δt), but a negative correlation with MET and E50 was found.




5. Conclusions


In conclusion, laser seed irradiation increased the activities of seed germination enzymes, which was the result of improvements in different seed thermodynamic attributes that boosted the physiological and biochemical metabolisms, leading to speed up the seed germination related phenomena. Laser-applied improvements in cellular metabolism were associated with the increased activities of germination enzymes at higher-energy levels, which resulted in the speedy breakdown of larger metabolites such as proteins, starch and lipids. It resulted in more energy generation and provided the building blocks to structural molecules for the newly developing seedlings that sped up the germination and emergence processes of safflower seeds. In the future, further studies are needed to find out the impacts of seed laser treatment on physiological and biochemical mechanism of safflower plants at later growth stages as well as on final seed yield and its quality.
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Figure 1. Seed energy during three days of germination of safflower seeds irradiated with He–Ne laser of different energies (mean ± SE; n = 4); (here poly. (0 mJ), poly. (100 mJ) … corresponds to polynomial regression to find out the trend). 
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Figure 2. Different germination attributes of safflower seeds irradiated with laser of different energies (mean ± SE; n = 4). GE = germination energy; GI = germination index; CUE = coefficient of uniformity of emergence; MET = mean emergence time; E50 = time to 50% emergence; % increase or decrease = increase or decrease in laser treated seeds relative to non-treated ones (0 mJ). 
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Figure 3. α-Amylase and protease activities during germination of safflower seeds irradiated with He–Ne laser of different energies (mean ± SE; n = 4). 
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Figure 4. Activity of glucosidase during germination of safflower (Carthamus tinctorious L.) seeds irradiated with He–Ne laser of different energies (mean ± SE; n = 4). 
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Figure 5. PCA of seed germination attributes of germinating enzymes of laser treated safflower seeds. List of abbreviations ∆H = enthalpy change; (∆S)c = entropy generation; (∆S)c/∆t = entropy generation ratio; (∆S)e = entropy flux; (∆S)e/∆t = entropy flux ratio; GE = germination energy; G % = germination percentage; G I = germination index; MET = mean emergence time; E50 = time to 50% seed germination; Amy (24) = activity of α-amylase after 24 h of seed sowing; Amyl (48) = activity of α-amylase after 48 h of seed sowing; Amy (72) = activity of α-amylase after 72 h of seed sowing; Pro (24) = activity of protease after 24 h of seed sowing; Pro (48) = activity of protease after 48 h of seed sowing; Pro (72) = activity of protease after 72 h of seed sowing; Gluco (24) = activity of glucosidase after 24 h of seed sowing; Gluco (48) = activity of glucosidase after 48 h of seed sowing; Gluco (72) = activity of glucosidase after 72 h of seed sowing. 






Figure 5. PCA of seed germination attributes of germinating enzymes of laser treated safflower seeds. List of abbreviations ∆H = enthalpy change; (∆S)c = entropy generation; (∆S)c/∆t = entropy generation ratio; (∆S)e = entropy flux; (∆S)e/∆t = entropy flux ratio; GE = germination energy; G % = germination percentage; G I = germination index; MET = mean emergence time; E50 = time to 50% seed germination; Amy (24) = activity of α-amylase after 24 h of seed sowing; Amyl (48) = activity of α-amylase after 48 h of seed sowing; Amy (72) = activity of α-amylase after 72 h of seed sowing; Pro (24) = activity of protease after 24 h of seed sowing; Pro (48) = activity of protease after 48 h of seed sowing; Pro (72) = activity of protease after 72 h of seed sowing; Gluco (24) = activity of glucosidase after 24 h of seed sowing; Gluco (48) = activity of glucosidase after 48 h of seed sowing; Gluco (72) = activity of glucosidase after 72 h of seed sowing.



[image: Agronomy 11 01411 g005]







[image: Table] 





Table 1. Different seed thermodynamic attributes of germinating safflower seeds irradiated with He–Ne laser of different energies (mean ± S.E).
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He–Ne Laser Energy Doses (mJ)




	

	
0

	
100

	
300

	
500

	
LSD 5%






	
∆H (J)

	
108.57 ± 3.43 a

	
158.15 ± 2.98 b

	
162.83 ± 3.82 b

	
164.58 ± 4.60 b

	
10.01




	
(∆S)c (J/K)

	
0.36 ± 0.011 a

	
0.530 ± 0.12 b

	
0.54 ± 0.013 b

	
0.55 ± 0.015 b

	
0.03




	
(∆S)e (J/K)

	
−0.36 ± 0.011 a

	
−0.531 ± 0.012 b

	
−0.546 ± 0.013 b

	
−0.552 ± 0.015 b

	
0.03




	
(∆S)c/∆t (μW/K)

	
1.41 ± 0.045 a

	
2.048 ± 0.040 b

	
2.108 ± 0050 b

	
2.13 ± 0.061 b

	
0.13




	
(∆S)e/∆t (μW/K)

	
−1.41 ± 0.045 a

	
−2.05 ± 0.038 b

	
−2.108 ± 0.050 b

	
−2.14 ± 0.052 b

	
0.12








Mean values with different letters in superscript in a row differ significantly at p ≤ 0.05.
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Table 2. Seed/seedlings chlorophyll, carotenoids, total soluble sugars and reducing sugar contents at different time intervals during germination when grown after irradiation with different doses of He–Ne laser (mean ± SE; n = 4).
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Chlorophyll (mg/g of Germinating Seeds) (LSD 5% = 0.25)

	
Carotenoids (μg/g of Germinating Seeds) (LSD 5% = 0.065)




	
Time Interval (h)

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ




	
0

	
w 0 c

	
w 0 b

	
w 0 c

	
w 0 d

	
w 0 c

	
w 0 c

	
w 0 c

	
w 0 c




	
24

	
w 0.09 ± 0.002 c

	
w 0.16 ± 0.070 b

	
w 0.122 ± 0.005 c

	
w 0.114 ± 0.005 d

	
w 0.014 ± 0.006 c

	
w 0.042 ± 0.003 b

	
w 0.034 ± 0.001 c

	
w 0.028 ± 0.002 c




	
48

	
w 0.19 ± 0.010 c

	
w 0.42 ± 0.037 b

	
x 0.710 ± 0.029 b

	
w 0.410 ± 0.031 c

	
x 0.054 ± 0.003 c

	
x 0.110 ± 0.006 b

	
w 0.142 ± 0.005 b

	
x 0.113 ± 0.006 b




	
72

	
w 0.61 ± 0.028 b

	
x 1.09 ± 0.073 a

	
x 1.221 ± 0.065 a

	
x 1.082 ± 0.060 b

	
z 0.150 ± 0.021 b

	
y 0.260 ± 0.015 a

	
w 0.349 ± 0.016 a

	
x 0.280 ± 0.014 a




	
96

	
w,x 1.08 ± 0.055 a

	
w,x 1.28 ± 0.076 a

	
w 1.429 ± 0.069 a

	
w 1.371 ± 0.069 a

	
y 0.280 ± 0.013 a

	
x 0.320 ± 0.016 a

	
w 0.407 ± 0.017 a

	
x 0.329 ± 0.018 a




	
Total Soluble Sugars (mg/g of Germinating Seeds) (LSD 5% = 6.56)

	
Reducing Sugars (mg/g of Germinating Seeds) (LSD 5% = 4.10)




	
Time Interval (h)

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ




	
0

	
w 16.25 ± 0.92 e

	
w 18.24 ± 0.88 e

	
w 20.35 ± 0.75 e

	
w 16.45 ± 0.88 e

	
w 5.90 ± 0.25 d

	
w 5.99 ± 0.31 d

	
w 6.15 ± 0.33 d

	
w 6.05 ± 0.33 d




	
24

	
y 17.31 ± 0.88 d

	
x 24.33 ± 0.99 d

	
w 32.25 ± 1.33 d

	
x,y 21.12 ± 0.55 d

	
w 7.25 ± 0.28 c,d

	
w 7.12 ± 0.33 d

	
w 8.11 ± 0.35 d

	
w 7.43 ± 0.25 d




	
48

	
x 34.33 ± 1.55 c

	
x 39.55 ± 1.95 c

	
w 52.21 ± 2.15 c

	
x 38.23 ± 1.55 c

	
y 11.35 ± 0.58 c

	
yx 14.65 ± 0.61 c

	
w 20.23 ± 0.61 c

	
x 15.65 ± 0.55 c




	
72

	
x 47.56 ± 1.99 b

	
x 51.65 ± 2.25 b

	
w 67.65 ± 1.99 b

	
x 49.33 ± 1.55 b

	
z 16.35 ± 0.91 b

	
x,y 34.15 ± 1.82 b

	
w 42.11 ± 1.55 b

	
y 31.12 ± 0.99 b




	
96

	
x 58.65 ± 1.97 a

	
x 64.33 ± 3.01 a

	
w 72.15 ± 3.15 a

	
x 61.23 ± 1.85 a

	
y 32.11 ± 0.99 a

	
x 43.00 ± 1.98 a

	
w 53.23 ± 1.99 a

	
x 41.25 ± 2.01 a








Mean values with different letters in a column (with letters a, b, c…) and in a row (with letters w, x, y…) in superscript differ significantly to each other.
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Table 3. Seed/seedlings total proteins, total free amino acid, seed oil and free fatty acid contents at different time intervals during germination when grown after irradiation with different doses of He–Ne laser (mean ± SE; n = 4).






Table 3. Seed/seedlings total proteins, total free amino acid, seed oil and free fatty acid contents at different time intervals during germination when grown after irradiation with different doses of He–Ne laser (mean ± SE; n = 4).





	
Total Protein (mg/kg of Germinating Seeds) (LSD 5% = 62.40)

	
Total Free Amino Acids (mg/kg of Germinating Seeds) (LSD 5% = 51.70)




	
Time Interval (h)

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ




	
0

	
w 688 ± 8.9 a

	
w 699 ± 5.56 a

	
w 711 ± 4.45 a

	
w 710 ± 5.6 a

	
w 55 ± 1.99 d

	
w 67 ± 2.33 e

	
w 63 ± 2.34 e

	
w 67 ± 2.34 d




	
24

	
w 600 ± 5.7 b

	
w 570 ± 4.99 b

	
w 540 ± 3.65 b

	
w 592 ± 4.3 b

	
x 75 ± 1.65 d

	
w,x 121 ± 3.21 d

	
w 135 ± 3.15 d

	
w,x 99 ± 3.25 d




	
48

	
w 460 ± 4.5 c

	
x,y 340 ± 7.11 c

	
y 305 ± 4.35 c

	
x 401 ± 6.3 c

	
x 175 ± 2.24 c

	
w,x 225 ± 3.22 c

	
w 242 ± 2.99 c

	
w,x 201 ± 3.43 c




	
72

	
w 290 ± 6.3 d

	
w,x 240 ± 5.11 d

	
x 215 ± 7.12 d

	
w,x 262 ± 8.0 d

	
x 345 ± 2.65 b

	
w 405 ± 3.21 b

	
w 435 ± 3.45 b

	
w 399 ± 3.45 b




	
96

	
w 230 ± 5.2 d

	
w,x 190 ± 4.10 e

	
x,y 165 ± 4.98 d

	
y 215 ± 8.1 e

	
y 499 ± 3.11 a

	
w 601 ± 2.44 a

	
w 605 ± 3.65 a

	
x 561 ± 3.55 a




	
Oil Content (LSD 5% = 3.36)

	
Free Fatty Acids (LSD 5% = 7.61)




	
Time Interval (h)

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ

	
0 mJ

	
100 mJ

	
300 mJ

	
500 mJ




	
0

	
w 33.05 ± 2.16 a

	
w 33.1 ± 0.13 a

	
w 33.05 ± 0.12 a

	
w 32.95 ± 0.14 a

	
w 45 ± 2.33 d

	
w 38 ± 2.44 d

	
w,x 41 ± 2.45 e

	
x 36 ± 2.78 d




	
24

	
w 32.9 ± 3.25 a,b

	
x 28.7 ± 0.08 b

	
y 24.65 ± 0.32 b

	
w,x 30.85 ± 0.22 a

	
w 65 ± 1.55 c

	
w 67 ± 2.34 c

	
w 65 ± 2.44 c

	
w 70 ± 1.56 c




	
48

	
w 26.1 ± 2.14 b

	
x 20.5 ± 0.11 c

	
y 15.90 ± 0.22 c

	
w 24.90 ± 0.11 b

	
x 105 ± 2.34 b

	
w 120 ± 2.54 b

	
w 115 ± 2.45 b

	
w 115 ± 1.67 b




	
72

	
w 18.9 ± 0.15 c

	
x 14.6 ± 0.21 d

	
y 8.80 ± 0.23 d

	
w,x 15.85 ± 0.10 c

	
x,y 125 ± 1.65 a

	
x 131 ± 2.56 a

	
w 201 ± 2.36 a

	
y 121 ± 1.22 a




	
96

	
w 12.5 ± 0.08 d

	
w 10.2 ± 0.11 e

	
x 5.45 ± 0.12 e

	
w 9.40 ± 0.04 d

	
x 120 ± 1.45 a

	
w 128 ± 2.45 a

	
x 120 ± 2.34 b

	
wx 123 ± 2.33 a








Mean values with different letters in a column (with letters a, b, c…) and in a row (with letters w, x, y…) in superscript differ significantly to each other.
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Table 4. Spearman’s correlation coefficients for different seed germination attributes of safflower treated with different laser energies.
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	Variables
	Amy (24)
	Amy (48)
	Amy (72)
	Pro (24)
	Pro (48)
	Pro (72)
	Gluco (24)
	Gluco (48)
	Gluco (72)





	Amy (24)
	1
	0.972 ***
	0.982 ***
	0.967 ***
	0.972 ***
	0.916 ***
	0.982 ***
	0.942 ***
	0.890 ***



	Amy (48)
	0.972 ***
	1
	0.977 ***
	0.897 ***
	0.972 ***
	0.939 ***
	0.985 ***
	0.962 ***
	0.945 ***



	Amy (72)
	0.982 ***
	0.977 ***
	1
	0.961 ***
	0.932 ***
	0.863 ***
	0.999 ***
	0.988 ***
	0.955 ***



	Pro (24)
	0.967 ***
	0.897 ***
	0.961 ***
	1
	0.882 ***
	0.787 ***
	0.950 ***
	0.924 ***
	0.852 ***



	Pro (48)
	0.972 ***
	0.972 ***
	0.932 ***
	0.882 ***
	1
	0.985 ***
	0.941 ***
	0.882 ***
	0.841 ***



	Pro (72)
	0.916 ***
	0.939 ***
	0.863 ***
	0.787 ***
	0.985 ***
	1
	0.880 ***
	0.809 ***
	0.780 ***



	Gluco (24)
	0.982 ***
	0.985 ***
	0.999 ***
	0.950 ***
	0.941 ***
	0.880 ***
	1
	0.988 ***
	0.960 ***



	Gluco (48)
	0.942 ***
	0.962 ***
	0.988 ***
	0.924 ***
	0.882 ***
	0.809 ***
	0.988 ***
	1
	0.988 ***



	Gluco (72)
	0.890 ***
	0.945 ***
	0.955 ***
	0.852 ***
	0.841 ***
	0.780 ***
	0.960 ***
	0.988 ***
	1



	E 50
	−0.902 ***
	−0.781 ***
	−0.871 ***
	−0.972 ***
	−0.801 ***
	−0.694 **
	−0.852 ***
	−0.810 ***
	−0.708 ***



	MET
	−0.811 ***
	−0.727 **
	−0.687 **
	−0.738 **
	−0.866 ***
	−0.870 ***
	−0.691 **
	−0.571 *
	−0.473 *



	CUE
	0.885 ***
	0.784 ***
	0.784 ***
	0.854 ***
	0.892 ***
	0.860 ***
	0.781 ***
	0.679 **
	0.575 *



	G index
	0.874 ***
	0.767 ***
	0.770 ***
	0.849 ***
	0.878 ***
	0.844 ***
	0.766 ***
	0.663 **
	0.555 *



	G %
	0.854 ***
	0.728 **
	0.752 ***
	0.855 ***
	0.839 ***
	0.791 ***
	0.743 **
	0.643 **
	0.525 *



	G.E
	0.855 ***
	0.718 **
	0.763 ***
	0.880 ***
	0.816 ***
	0.751 ***
	0.751 ***
	0.660 **
	0.539 *



	∆H
	0.855 ***
	0.718 **
	0.763 ***
	0.880 ***
	0.816 ***
	0.751 ***
	0.751 ***
	0.660 **
	0.539 *



	(∆S)c
	0.855 ***
	0.718 **
	0.763 ***
	0.880 ***
	0.816 ***
	0.751 ***
	0.751 ***
	0.660 **
	0.539 *



	(∆S)e
	−0.855 ***
	−0.718 **
	−0.763 ***
	−0.880 ***
	−0.816 ***
	−0.751 ***
	−0.751 ***
	−0.660 **
	−0.539 *



	(∆S)c/∆t
	0.855 ***
	0.718 **
	0.763 ***
	0.880 ***
	0.816 ***
	0.752 ***
	0.751 ***
	0.660 **
	0.539 *



	(∆S)e/∆t
	−0.850 ***
	−0.711 **
	−0.757 ***
	−0.877 ***
	−0.809 ***
	−0.744 **
	−0.744 **
	−0.653 **
	−0.530 *







*, ** and *** = significant at 0.05, 0.01 and 0.001 levels respectively.
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