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Abstract

:

The present investigation aimed to evaluate the effect of Chitosan-Indole Butyric Acid (IBA) in the seed of Salicornia bigelovii under field conditions in Sonora, Mexico. During two vegetative cycles (2018/2019–2019/2020), cuttings of S. bigelovii were treated with 100 and 50% Chitosan from shrimp exoskeletons and indole butyric acid at 0.937 and 1.25 g·kg−1 and placed in basins under conditions of the Sonora desert, Mexico. Variables were measured: seed production, physicochemical analysis and lipid profile of the seed. The results affected significant increases (p < 0.05) in the evaluated variables, highlighting the treatment based on Chitosan 100%—IBA 0.937 g·kg−1. The results based on chitosan and IBA in cuttings, are a biostimulant in the morpho-physiology, yield production, and lipid content of S. bigelovii. Large-scale studies as a production system should be considered in further studies.
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1. Introduction


Salicornia bigelovii Torr. is a native plant of the Sonora Desert, it belongs to the group of halophytes [1]. Its life cycle ranges between 9 and 11 months, its height ranges between 35–50 cm, it has ramifications that give the appearance of a “candelabrum”, the fruit of Salicornia is a pubescent (hairy) angular seed of 1–1.5 mm long. The seeds of S. bigelovii are found in the terminal spike formed by the stems and leaves.



Over the years, Salicornia has been a plant of great interest to different cultures, including France and England, where its gastronomy includes its consumptions. In Mexico, Salicornia is native to the state of Sonora, where it is mainly associated with hot and dry weather and the prevalence of saline soils [1]. Among its main applications are: human food, soap production, glass, medicinal, forage for animal consumption, biofuels, among others [2].



Halophyte S. bigelovii is a plant rich in lipids, highlighting palmitic acid (6.9%), stearic 45 (2.3%), oleic (14.1%), linoleic (73.1%), linoleic (2.4%) and others (1.2%) [3,4]. The above suggests an interesting source for the production of edible oils or biodiesel, as well as to obtain by-products such as flour with high protein content (for food supplement for live-stock, fish and shrimp) after having processed the halophyte. In previous studies, the determination of the yield and analysis of the Salicornia seeds has been analyzed [5], finding that the values for the oil of the halophyte seed are higher than those of some seeds used in the industry to obtain oils and fats, such as soybeans and cotton. Likewise, it has been reported that the oil content of S. bigelovii is much higher in seeds harvested in coastal environments implemented with fertilizer, which is attributed to the salt tolerance of these halophytes and the availability of urea and ammonium nitrate and the seasonal behavior in the crop.



An adverse factor that influences the establishment of the culture is the ecophysiological characteristics itself, as well as the techniques used in the cultivation of this halophyte, which affects the yield of oil obtained from S. bigelovii [3]. The latter has promoted the study and evaluation of modalities that positively influence its incorporation as a crop. In this regard, studies show that it is feasible to achieve the propagation of Salicornia through techniques such as cuttings, using chitosan of marine origin as a growth promoter [6]. Similarly, studies have been developed where the plant-microorganism interaction is analyzed [7], however, there is still some controversy about its results at productive levels, which encourages the continued evaluation of the effect of novo biofertilizers of natural origin such as chitosan, which is proposed in the present study and could be a favorable alternative to increase the lipid capacity of the halophyte seed.



At an industrial level, chitosan is obtained mainly from chitin obtained from crustacean sources such as shrimp and crab, although it is also possible to obtain it from crabs and squid feathers as well as from fungi and insects [8,9,10,11,12,13]. This biopolymer has been widely used in agriculture in crops such as corn [14], tobacco [15], rice [16], orchid [17], improving the seed germination process, crop yields and adsorption of micro-nutrients from different crops and stimulating the defense mechanism of plants and the formation of physical barriers [18,19]. Studies related to chitosan and the culture of S. bigelovii are reduced to that of López-Corona et al. [6], which is aimed at vegetative levels, so the present study led to evaluate it and know the effect on the performance and lipid properties of the S. bigelovii seed and thus propose chitosan as a viable and effective source in the increase and quality of oils, making it more attractive for various sectors, by increasing its value and profitability.




2. Materials and Methods


The experimental process was developed in Northwestern Mexico between the parallels 28°22′ and 29°05′ of the north latitude and the meridians 111° and 112°25′ of west longitude with an average altitude of 70 m above sea level. The semi desert has a climate in summer with high average temperatures ranging between 48 to 54 °C and in winter with minimums of 0 °C, and a relative humidity between 15 and 25%.



2.1. Obtaining Chitosan and Preparation of Indole Butyric Acid-IBA-


Shrimp exoskeletons obtained in processing industries were used for the extraction of chitosan, which were reduced to a particle size when using a sieve smaller than 250 μm. For this process, the methodology proposed by Hernández Cocoletzi et al. [20] was carried out.



The process was carried out in different stages in which the chitin was first extracted and then the chitosan (QUI) was obtained. The chemical method was used, where HCl and NaOH solutions were used in order to remove lipids, minerals, pigments and proteins bound to chitin [20]. The QUI concentrations used in the treatments were 50% and 100% (w/v), and to know these percentages firstly the overall yield (RG) of the QUI extraction process in the exoskeletons was obtained using the following expression: RG = RR/RT × 100 where: RR: real yield, amount in grams of the final product (QUI); RT: theoretical yield, quantity in grams of the sample with which the process was started. From 154.63 g of shrimp exoskeleton sample and after the process previously mentioned, 81.22 g was obtained of dry QUI as final product and considered as a 100%; to obtain the other treatment, the QUI as a final product, was reduced at 50% for which a 2% (v/v) acetic acid solution was used. Carrying out the dissolution at a temperature of 60 °C with constant magnetic stirring, they were subsequently filtered to discard impurities in the solution [6,21,22,23].



According to the preparation of the IBA, a solid commercial product was used (RADIX®10,000). The IBA was prepared, placing 0.937 and 1.25 mg in 1 g of inert and odorless agricultural talc (hydrated magnesium silicate), respectively. Later, it was mixed with a domestic mixer to homogenizer and to proceed to treat the cuttings. These concentrations were selected, according to the results obtained for IBA in previous studies using woody species [24].




2.2. Treatment of Cuttings


A completely randomized design with nine treatments was used, as seen in (Table 1), each treatment contained 12 repetitions. Cuttings were used, which were obtained from vegetative stems (1 cm in diameter and 25 cm in length) of the middle part of S. bigelovii plants, collected from Bahía de Kino, Sonora (Lat. 29°9′26.62″ N and Long. 112°14′40.66″ W), in flowering stage (eight months after emergence). The study was carried out in two different cycles (2018–2019 and 2019–2020) with plant cuttings. Each cutting obtained had a cross-shaped cut at the base and it was submerged in each treatment based on chitosan (QUI) and/or IBA for 15 min.




2.3. Transplanting Cuttings in Micro-Basins


Cuttings obtained from the S. bigelovii plant were first placed in black polyethylene bags, which were 30 cm high and 20 cm in diameter. Then, sand was sieved in a sieve with a 1 mm mesh opening, which was used as a substrate for 30 days, a process that allowed for a “softening of bark = pre-rooting” for each treatment with QUI and IBA (Table 1). This pre-rooting was conducted under nursery conditions (>90% RH and at 27 ± 2 °C). After 30 days, the cuttings were treated again (according to their treatment), and then they were located in micro-basins under field conditions. The conditions (T °C, RH, photosynthetically active radiation (Par: me m−2 s−1), and average annual insolation (Aai h)) that prevailed in the field are indicated in Table 2.



Basins of 7 m long and 1.5 m wide were used; the cuttings were located at an approximate distance of 0.27 m between cuttings, considering a row, with 45 cuttings per treatment, yielding a total of 405 experimental units in each one from the two production cycles. Prior to transplantation, an analysis was carried out on the substrate to determine the content of organic matter (O.M.), macro and micronutrients, as well as the pH of the soil (Table 3).



The irrigation used in the first stage = rooting = (during the 30 days after transplantation (dat)) was the daily waterlogging (47 L·m−2). Subsequently, alternate watering (every third day), by means of a system of micro-sprinkling was used for 190 days, after waterlogging (daw); the remaining 20 days were reduced to once a week (47 L·m2) and 20 without irrigation application.




2.4. Variables Evaluated. Root Length (cm), Fresh and Dry Root Weight (Root g/Plant), and Number and Length of Shoots per Cutting (cm)


The variables evaluated were final root length, fresh and dry root weight, the number and length of shoots per cutting. For the final root length 10 plants at 180 days were selected in each of the vegetative cycles; after the plants were obtained and washed in the laboratory, the root was determined after sectioning and was measured using a vernier and a millimeter ruler. The fresh weight of the root was sectioning aerial part of the cuttings from the base of the stem. The dry weight was obtained after dehydrating the roots at 80 °C in an oven (Shel Lab model 1380 FM). The values reflected in the results of these variables are the average of both production cycles. For its part, the number of shoots per cutting was counted and the length of the shoots was measured in each treatment by means of a millimeter rule of the second third (central part) of the plant; this variable was carried out 180 dat.




2.5. Nitrates in Sap


In the phenological state of flowering, the content of nitrates in sap (N-NO3 mg·mL−1 of sap) was obtained using the Coombs [25] technique and analyzed according to Wood [26].




2.6. Seed Production


Seed production was evaluated considering end life time of each treatment; 10 plants were randomly selected to which the variable seed production per plant (g·plant−1) was quantified, where the value was determined by multiplying the average obtained of seed production per plant, by the total number of plants that they were transplanted in basins [27]. Subsequently, the dry matter produced by micro basin was evaluated (dry matter in g·m−2). The values reflected in the results are the average of both production cycles.




2.7. Physicochemical Analysis of the Seed (Ash, Protein and Lipid Ratios of the S. bigelovii Seed)


The variables of protein, moisture, ash and total lipids were quantified in the seed samples produced in each of the treatments. The technique to obtain proteins was developed by the Microkjeldajl method; for ash due to weight difference, calcining the sample at 500 °C for 24 h. Within the total lipid variable, the absolute percentage of fatty acids (palmitic, stearic, oleic, linoleic and linolenic) was obtained, applying the technique suggested by Arredondo et al. [28] for these analyzes. For the corresponding derivation of fatty acids, the technique of Sato and Murata [29] was applied. The values reflected in the results are the average of both production cycles.




2.8. Statistical Analysis


An analysis of variance of the variables evaluated in the two established cycles and the multiple comparison of means was performed using the Tukey test (between cycles (2018–2019/2019–2020), between treatments and year × treatments) one-way, with a level 95% significance. All analyzes were performed using the SAS statistical package.





3. Results


3.1. Root Length


The results on the length of the roots are observed in Table 4, being able to appreciate that in between vegetative cycles (2018–2019/2019–2020) and between treatments there were significant meanings with (p < 0.05), the opposite occurred in year × treatments. Root development behavior showed that, 30 days after pre-rooting, none of the cuttings showed root development in all treatments. The presence of roots in both vegetative cycles based on cuttings, was evidenced (p < 0.05) in the treatments with Chitosan (QUI) 50% in its presentations with IBA at a rate of 0.937 and 1.25 g·kg−1 at 60 dat); although, in the experimental units of the control (treatment with water) there was also root development, these were 300% exceeded by the previously mentioned treatments (QUI 50% + IBA at a rate of 0.937 and 1.25 g·kg−1). A similar behavior was witnessed in the subsequent evaluation days (90, 120, 150 and 180 dat, in both vegetative cycles (2018/2019 and 2019–2020). In the last evaluation of root length (180 dat), the treatments showed a significant difference vs. the control treatment (Table 4), with those based on QUI at 50 and 100% + IBA 0.937 g·kg−1 appearing in the first place. For its part, the control obtained the significantly lower values of root development (around 39% lower in relation to the highest value obtained).




3.2. Fresh and Dry Root Weight in S. bigelovii Cuttings


Results of fresh weight of the root system indicate that between cycles (2018–2019/2019–2020) and between treatments were significant, while in the interaction of cycle × treatments it was the adverse (Table 4); it can be seen that at 180 dat, in the fresh weight of the root system there were significant differences between the treatments (p < 0.05), with the lowest values the control and the treatment (QUI 100% + IBA 1.25 g·kg−1 and the IBA at 0.937 g·kg−1).



It should be revealed that, in the 2018/19 cycle, compared to 2019/20, the numerical behaviors differed between treatments, with the control having the lowest values (30 and 20% lower vs. the superior treatment of QUI 100% + IBA 0.937 g·kg−1, respectively). A similar behavior was conceived in dry weight in relation to fresh weight (significance be-tween cycles (2018–2019/2019–2020) and between treatments; the opposite in the interaction of cycle × treatments), but with the particularity that the superior treatment was the Control in both cycles (p < 0.05) (Table 4); the lowest values obtained were in the QUI 50% and the QUI 100% + IBA 1.25 g·kg−1 treatments (88.8 and 81.4 mg root/plant, respectively).




3.3. Number and Length of New Shoots in S. bigelovii Cuttings


No significant differences were observed with p < 0.05, in the number of shoots developed in the cuttings subjected to different treatments (Table 5) per cycle and between treatments and cycle × treatment, however numerically it can be seen that the superior treatment was that of QUI 50% + IBA 0.937 g·kg−1. It can be seen that in the length of shoots there was significance with p < 0.05 between cycles (2018–2019/2019–2020); between treatments and year × treatments. In the first cycle (2018/2019), the treatments based on QUI and IBA in their various formulations significantly surpassed the control, values above the latter, by 69% by the QUI 100% and the QUI 50% + IBA 0.937 g·kg−1. Regarding the number of outbreaks, there were no significant differences between treatments, it was even possible to see that the control numerically surpassed the treatments based on QUI 50% and QUI 100% + IBA 0.937 g·kg−1. A similar behavior between treatments was observed in the second 2019/2020 cycle in both variables (length and number of shoots), showing that, numerically, the second period 2019/2020 was superior. Likewise, the 50% QUI and 100% QUI + IBA 0.937 g·kg−1 treatments turned out to be the most affected in these variables.




3.4. Nitrates in Sap


The results show that there were significant differences between treatments based on QUI and IBA in their different forms evaluated in the present study (Table 5), however, it was observed in the variance analyzes that between cycles (2018–2019/2019–2020) and year × treatments there was no significance; between treatments it was observed that in comparison with the control the values were significant. In both vegetative cycles, the control behaved with lower values than the other treatments. Between cycles there were no significant differences in the production of nitrates from sap. However, the treatment that stands out in this variable are those mixtures based on 100% QUI + IBA at 0.937 and 1.25 g·kg−1.




3.5. Seed Production


The results obtained for the seed production variable (Table 6) show that the plants treated with QUI 100% + IBA 0.937 g·kg−1 produced a greater quantity of seeds with p < 0.05 (1.56 g·plant−1), followed by the concentrations of QUI 50% + IBA 0.937 g·kg−1 and QUI 50% (1.56, 1.55 and 1.52, respectively); the lower values were obtained in those treatments based on IBA 0.937 g·kg−1 and the one named as control with 0.55 and 0.54 g·plant−1; the results did not vary between cycles (2018/2019 and 2019/2020) in addition to the significance of year × treatments being null. Notwithstanding the above, these results of g per plant were significantly reflected in the variables of g·m−2 and kg·ha−1 between cycles (2018–2019/2019–2020) and between treatments, highlighting the QUI 100% + IBA 0.937 kg·ha−1 with a production of 671.3 kg·ha−1; 350% higher compared to the control treatment (191.1 kg·ha−1); the analyzes at the level of year × treatments, the values were not shown to be significant.



Regarding biomass production (g·m−2), the treatments that showed higher and significant values were QUI 100% + IBA 0.937 and 0.125 g·kg−1, with 2213 and 2098 g·m−2, respectively; however, these values were similar between vegetative cycles (p < 0.05), surpassing the less productive treatment (1.441 g·m−2 for the control), by 53%; in the interaction cycle × treatments there were no differences.




3.6. Ash, Protein, and Lipid Ratios of the S. bigelovii Seed


The results obtained in analysis of ash, moisture and protein, showed significant differences between treatments with the exception of lipid content; it was observed that between productive cycles the values behaved in a similar way as well as in the interaction cycle × treatments. In Table 6, it can be seen that, in the content of seed protein, the QUI at 50 and 100% + IBA 0.937 g·kg−1 were the outstanding ones with p < 0.05 (24.60 and 25.91%, respectively), in comparison of the other treatments; on the other hand, the witness is the one who throws the lowest values.



Regarding lipid content, there were no significant differences between treatments, except for the IBA 1.25 g·kg−1, which was the one that showed the lowest values (83.42 mg·g), while the QUI at 50% + IBA 0.937 (95.16 mg·g) was the one that yielded the highest. In moisture and ash, the behavior was opposite to those obtained in protein and lipids, the IBA 1.25 g·kg−1, was the treatment that obtained the highest values compared to the others (Table 6).




3.7. Lipid Profile of S. bigelovii Seed


Based on the proportions of fatty acids (Table 7), statistical analyzes indicate significant differences (p > 0.05) between treatments. It can be seen that QUI 50% + IBA 0.937 g·kg−1, is the one that significantly influences in two fatty acids: palmitic and stearic. The contrary occurred in oleic, it is surpassed by the treatments based on QUI 100% + IBA 0.937 g·kg−1, IBA 1.25 g·kg−1 and QUI 100%. Although the control in these three fatty acids be haved with the lowest values, for the case of linoleic and linolenic it turned out to be the highest values (Table 7). No significant values were found between the production cycles and their interaction cycle treatments.




3.8. Chitosan and IBA Life Period in S. bigelovii


Regarding the life period (planting of cuttings until seed production), due to the effect of Chitosan and IBA in the cuttings of S. bigelovii, the results obtained in Table 7 indicate that the control (fresh water without QUI and IBA) lasted for less time (188 dat until physiological maturity (seed production)), compared with other treatments analyzed (p < 0.05), with the life cycle of the plants oscillating from 220 to 254 dat. The longest treatment was based on QUI 100% + IBA 1.25 g·kg−1. No significant difference was found between cycles and cycle × treatments.





4. Discussion


The yield obtained for the chitosan extraction process in the present study could be compared with authors such as Hernández Cocoletzi et al. [21], De la Paz et al. [30] and Vargas and Taquez [31], who obtained similar yields, who have considered this extraction process as an effective method where a percentage of obtaining can be obtained with an efficient synthetic transformation [22]. It has been reported that some of the factors that influence chitosan yields are: raw material, method used, temperature, reaction time and concentration of solvents [21,32]. Therefore, the method used in the present study can be considered optimal for the effective obtaining of chitosan from marine sources. Likewise, it has been reported that chitin and chitosan yields vary among species, being higher in crab and shrimp [21]. Chitosan generally represents about 70% of the chitin of the species [32,33]. Moreover, different conditions to obtain chitosan could modify the molecular weight of chitosan obtained is 6.22 × 105 ± 5 × 103 g·mol [21].



In the present study, the results showed that those treatments with chitosan and IBA, separately or in synergy, were those that had a positive effect on an increase in seed production compared to the control treatment. Studies related to IBA show that it is frequently used for the propagation of cuttings or cuttings and layers; This type of growth hormones has shown a positive effect on the development of plants (mainly woody ones), by stimulating the formation of lateral roots [34], an effect that was visualized in the pre-sent study; It could also be seen that the IBA individually, when used above 1000 g kg−1, in S. bigelovii offers significant results compared to the control and in contrast to those found by Dias et al. [23] indicates that in concentrations above 1000 mg kg−1 they can affect the proper development of plants to a certain degree, in addition to revealing that IBA at high doses can be harmful to the plant.



On the other hand, the biostimulant effect by chitosan on seeds has been studied by [24]. With the results obtained in the present study, the efficacy of chitosan (rooting, seed production, lipid quality and biomass) was increased using IBA, which suggests the synergy between both compounds. Although the investigations on chitosan in halophytes are null, several studies carried out by other authors [13,24,35], using chitosan in different crops (rice, cucumber, cereals and fruit trees), summarize the beneficial effects of the biopolymer on the production variable. Our results coincide with what was previously revealed, since the participation of chitosan and IBA (in their individual form or in a mixture), influenced the generation of roots (Table 3), an advantage that, in the subsequent phenological stages, had a positive impact according to the variables evaluated in the present study. Some works have reported a biomass yield of S. bigelovii around 1.7–2.46 t/ha [36] and of 430 ± 220 kg/ha of seed [37]; With the results obtained in the present investigation, the association between chitosan and IBA, promise results above 2000 kg/ha, competent values in forage production and rich in protein (>14%), such as alfalfa (queen of forage crops) which makes it a prospective plant for multiple industries. Biostimulants such as chitosan contain active principles, which act on the physiology and development of plants, improving their productivity and performance [36], which led to obtaining beneficial effects from this biopolymer in synergy with IBA, on the halophyte S. bigelovii.



In the present work, the experimental conditions in which it was developed (Table 2), do not show a contrast in the edaphoclimatic factors (Table 2 and Table 3), however it can be seen that although the second vegetative cycle developed with a month of anticipation compared to the first, weather conditions influence the variables (root length, fresh and dry root weight, number and length of shoots, seed production g·plant−1, g·m−2 and kg·ha−1, ash, moisture and protein in addition to the profile of fatty acids in seed; the opposite occurred in nitrates, biomass (g·m−2), total lipids in seed and life time). It can be seen in Table 3 that the properties of the soil in the experiment had the same conditions in the two vegetative cycles, which together with the environment (T°, RH, Par and Aai = Table 2) generated a favorable atmosphere that managed to reach harvest yields, since factors typical of the crop soil, density and spacing of the stakes and spacing between them, are adequate, otherwise factors such as a water deficiency, can significantly reduce the aerial biomass, harvest index, weight or seed size and seed yield. It could be recommended to carry out additional studies, lagging the transplantation of cuttings in totally different months (to the present study) in temperature and relative humidity (considering seasons of the year) including variability in the type of soil, to know the effect of these conditions on the variables studied in the present study.



It has been mentioned that the productivity in some crops depends on the relationships of complementation and competition between the species and the components of the agrosystem. In Salicornia the productivity of this halophyte has been related to the availability of nitrogen in the biomass, in those cases where there is nitrogen deficiency, different types of fertilizers have been used, some of them of natural origin and other chemicals, the latter not so beneficial. For the environment. In the case of chitosan in synergy with the IBA, when observing in the current work high productions of seed and biomass, they invite to hypothesize about a better use of solar radiation, nitrogen, water and nutrients present in the development. However, it is advisable to use sources rich in N, P and K. It has been reported that seeds that are treated with chitosan show better characteristics [38,39], this thanks to the beneficial effects of chitosan in the synthesis, degradation and translocation of fat and carbohydrate biomolecules [40,41,42], in addition to actively influencing the defense response of the plant, the release of nutrients and protecting from microbial damage [43,44,45,46]. Likewise, in recent studies, the content of protein, fiber and total ash has been reported for Salicornia between 30–40%, 4.5–8% and 5.5–8.5% respectively [6], and although in the present study was not analyzed in green matter, these variables can highlight Salicornia in the formulation of food for shrimp and fish, due to the high content of protein and fiber, an aspect that makes it comparable to other flours such as wheat [22].



Based on lipid studies in seeds in S. bigelovii, there are those in plants inoculated with bacteria that promote plant growth and fixation of N2, obtaining higher values of lipids, proteins, ash and humidity compared to those plants that are not inoculated [1]. These results agree with those obtained in the present work, to use Chitosan-IBA as a nutritional source. In the present study, the agronomic characteristics of Salicornia are improved when treated with chitosan, which is an environmentally friendly biopolymer that can be implemented in different crops and agricultural techniques, to improve their yields and development characteristics, helping largely to agricultural production [6]. The high content of lipids of halophyte allows it to be considered for the cosmetology and biofuel industry, in the latter, it can comply with the three principles of second generation biofuels: it does not use food for humans or animals, it is not produced on land for cultivation and does not use water for irrigation or human consumption. For S. bigelovii, a content of saturated and unsaturated fatty acids of 15.8% and 83.9% respectively has been reported, being predominant in the latter with linoleic and oleic acid with values of 69.5–75% and 12–14.5% respectively [1]. In addition to being rich in these acids, especially linoleic acid, it also contains palmitic acid and lower levels of stearic and α-linolenic acid that range in values of 7.52–8.7%, 1.45–2.4% and 2.4–2.7 correspondingly [1].



During all the phenological stages of S. bigelovii, chitosan remained actively, managing to provide the plant with the necessary protection for its optimal development. In addition to this, the polymer structure is composed of two N-acetyl-D-glucosamine and D-glucosamine units [24], which present about 7% Nitrogen [27,47] that during the development stages of the halophyte could be exploited in a beneficial way. Likewise, the irrigation system that was used (micro-sprinkling) in the present study, allows the chitosan not to be easily detached from the rooted rod of the plant, that is, since it is not a flood irrigation, the system only moistens the plant without a wash.



Finally, it should be noted that the plants treated with Chitosan-IBA presented longer phenological stages, compared to the control. This is due to the fact that the plants not treated as the control do not have enough nutrient available, therefore, the life cycle is shortened. In this sense, when conditions are favorable and there is the presence of necessary nutrients in the plants, as is the case with those treated with Chitosan and IBA, these probably influence the speed of metabolism and the cell cycle of halophyte, delaying the phenological stages, which is reflected in more vigorous plants and better yields. Chitosan is a compound that has a wide range of applications thanks to its biological properties: antimicrobial, antioxidant, anti-inflammatory, antifungal, among others [45,48,49]. Although the mechanisms of action of chitosan have not yet been elucidated in detail, its multiple benefits can be exploited in the optimal development of crops of agronomic interest, as is the case of S. bigelovii in Northwest Mexico.




5. Conclusions


Currently, sustainable sources are being sought in agriculture, in order to displace the chemicals used and improve yields. In the present study, chitosan in synergy with IBA, positively influenced the vegetative development and seed yields of S. bigelovii. UNder the field conditions established in the two vegetative cycles, Chitosan-IBA increased the lipid proportion of the seeds compared to the control used. For S. bigelovii, a high content of saturated and unsaturated fatty acids has been reported, which showed an increase under the treatments based on Chitosan-IBA, compared to the control. In addition to this, significant differences were found for the variables of dry biomass and seed production, due to the biostimulant effect of the biopolymer and IBA. During all the phenological stages of the halophyte, the chitosan remained in an active way, managing to provide the plant with the nutrients and protection necessary for its optimal development. The yields obtained for S. bigelovii indicate that high productions can be obtained, which makes it a prospective plant for multiple industries, including biofuels and cosmetology, thanks to the high lipid content of its seed.
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Table 1. Treatments based on Chitosan bioproduct of marine origin (QUI) and indole butyric acid (IBA) in conditions of the Altar desert, Sonora.






Table 1. Treatments based on Chitosan bioproduct of marine origin (QUI) and indole butyric acid (IBA) in conditions of the Altar desert, Sonora.





	
Treatments






	
QUI 50%

	
QUI 50% + IBA 0.937 g·kg−1




	
QUI 100%

	
QUI 50% + IBA 1.25 g·kg−1




	
IBA 0.937 g·kg−1

	
QUI 100% + IBA 0.937 g·kg−1




	
IBA 1.25 g·kg−1

	
QUI 100% + IBA 1.25 g·kg−1




	

	
Control (Irrigation drinking water)
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Table 2. Present conditions in the different phenological stages of S. bigelovii seed production from cuttings.






Table 2. Present conditions in the different phenological stages of S. bigelovii seed production from cuttings.












	Phenological Stage/1st Experiment
	T °C
	RH

(%)
	Par

(me m−2 s−1)
	Aai·

h





	Collection of cuttings and rooting (Nov/2018)
	39 ± 2
	<45
	510.33
	8



	Pre-flowering (Dec/2018–Feb/2019)
	30 ± 4
	<35
	485.22
	7



	Flowering (March–April/2019)
	38 ± 3
	<15
	580.32
	10



	Physiological maturity (seed production)

(May–July/2019)
	48 ± 4
	<10
	589.43
	11



	Phenological stage/2nd experiment
	
	
	
	



	Rooting (Oct/2019)
	48 ± 3
	<45
	550.12
	9



	Pre-flowering (Nov/2019–Jan/2020)
	30 ± 4
	<35
	495.22
	8



	Flowering (Feb–March/2020)
	38 ± 3
	<15
	560.12
	8



	Physiological maturity (seed production) (April–June/2020)
	45 ± 4
	<10
	576.43
	11







Temperature (T) °C; Photosynthetically active radiation (Par: me m−2 s−1); Average annual insolation (Aai h·day).
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Table 3. Physical and chemical parameters of the substrate in the experimental basins under conditions of the Altar desert, Sonora.
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	Texture
	pH
	CE

dS·m
	O.M.

%
	SAR
	NO3

mg·kg−1
	NO2

mg·kg−1
	Ca

mg·kg−1
	Mg

mg·kg−1
	K

g·L−1
	Na

g·L−1





	Sandy
	7.0
	2.5
	0.02
	8.82
	0.09
	0.01
	5.80
	19.36
	0.1
	1.6







O.M: organic matter; CE: electric conductivity; SAR: sodium absorption ratio.
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Table 4. Mean values of root length (dat), fresh and dry root weight in cuttings of S. bigelovii treated with Chitosan (QUI) and Indole butyric acid (IBA) from two phenological cycles under conditions in the Altar desert, Sonora.






Table 4. Mean values of root length (dat), fresh and dry root weight in cuttings of S. bigelovii treated with Chitosan (QUI) and Indole butyric acid (IBA) from two phenological cycles under conditions in the Altar desert, Sonora.





	
Treatment

	
Root length (cm)

	
Fresh Weight

	
Dry Weight




	
dat 30

	
dat 60

	
dat 90

	
dat 120

	
dat 150

	
dat 180

	
(g·root/plant)

	
(mg·root/plant)






	
QUI 50%

	
0

	
13.9 ± 0.8

	
13.2 ± 1.9

	
27.2 ± 2.6

	
30.1 ± 2.7

	
42.2 ± 2.9 ab

	
358.09± 12.02 ab

	
89.9± 12.18 ab




	
QUI 100%

	
0

	
14.3 ± 0.6

	
14.6 ± 2.1

	
26.7 ± 2.8

	
30.1 ± 2.0

	
45.3 ± 2.8 a

	
361.11 ± 10.21 a

	
90.2 ± 9.33 ab




	
IBA 0.937 g·kg−1

	
0

	
10.9 ± 0.4

	
13.3 ± 0.7

	
25.9 ± 1.8

	
30.6 ± 2.9

	
41.4 ± 2.3 ab

	
311.3 ± 11.09 c

	
88.8 ± 8.08 b




	
IBA 1.25 g·kg−1

	
0

	
10.7 ± 0.3

	
14.3 ± 1.3

	
26.1 ± 1.8

	
30.3 ± 2.6

	
40.4 ± 2.5 ab

	
362.6 ± 9.11 a

	
90.60 ± 11.18 ab




	
QUI 50% + IBA 0.937 g·kg−1

	
0

	
16.1 ± 0.4

	
14.2 ± 2.1

	
26.7 ± 2.3

	
32.8 ± 2.8

	
47.4 ± 2.9 a

	
362.7 ± 7.28 a

	
90.65 ± 9.11 ab




	
QUI 50% + IBA 1.25 g·kg−1

	
0

	
16.0 ± 0.9

	
13.2 ± 1.8

	
26.2 ± 2.1

	
39.2 ± 3.1

	
44.3 ± 2.1 a

	
356.7 ± 11.33 ab

	
88.93 ± 6.98 ab




	
QUI 100% + IBA 0.937 g·kg−1

	
0

	
12.2 ± 1.1

	
13.0 ± 1.2

	
27.1 ± 2.8

	
31.2 ± 1.8

	
47.8 ± 2.6 a

	
366.7 ± 7.21 a

	
91.0 ± 7.45 ab




	
QUI 100% + IBA 1.25 g·kg−1

	
0

	
9.0 ± 0.5

	
12.9 ± 0.8

	
25.9 ± 1.3

	
39.9 ± 1.9

	
45.4 ± 2.1 a

	
291.1 ± 5.87 d

	
81.4 ± 12.01 b




	
Control

	
0

	
4.0 ± 1.5

	
10.8 ± 0.2

	
21.9 ± 0.4

	
32.3 ± 1.2

	
34 ± 3.9 c

	
271.7 ± 8.80 e

	
112.3 ± 9.37 a








The letters on the day 180, have indicated statistically similar with p < 0.05; dat = days after transplantation.
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Table 5. Root length, fresh and dry root weight, and number and length of shoots generated from cuttings of S. bigelovii, produced in the Altar desert, Sonora.






Table 5. Root length, fresh and dry root weight, and number and length of shoots generated from cuttings of S. bigelovii, produced in the Altar desert, Sonora.





	
Treatment

	
Shoot

1st Cycle

	
Shoot

2nd Cycle

	
Nitrates in Sap




	
Long (cm)

	
Number

	
Long (cm)

	
Number

	
N-NO3 mg·mL−1




	

	

	

	

	

	
1st Cycle

	
2nd Cycle






	
QUI 50%

	
17.28 ± 1.7 b

	
17 ± 3 a

	
19.31 ± 1.6 ab

	
18 ± 3 a

	
498.91 ± 47 ab

	
477.31 ± 38 ab




	
QUI 100%

	
22.50 ± 1.9 a

	
22 ± 3 a

	
24.76 ± 1.8 a

	
20 ± 4 a

	
511.9 ± 33 a

	
521.84 ± 31 a




	
IBA 0.937 g·kg−1

	
10.29 ± 1.7 d

	
18 ± 2 a

	
19.11 ± 1.9 ab

	
20 ± 4 a

	
502.11 ± 39 a

	
532.79 ± 32 a




	
IBA 1.25 g·kg−1

	
21.50 ± 1.5 a

	
23 ± 3 a

	
23.11 ± 1.7 a

	
23 ± 3 a

	
498.77 ± 39 ab

	
509.11 ± 23 a




	
QUI 50% + IBA 0.937 g·kg−1

	
22.52 ± 1.9 a

	
22 ± 3 a

	
24.42 ± 2.9 a

	
25 ± 2 a

	
505.81 ± 15 a

	
512.33 ± 21 a




	
QUI 50% + IBA 1.25 g·kg−1

	
19.38 ± 1.8 b

	
21 ± 2 a

	
21.12 ± 1.8 a

	
23 ± 3 a

	
525.13 ± 24 a

	
523.02 ± 21 a




	
QUI 100% + IBA 0.937 g·kg−1

	
21.58 ± 1.5 a

	
16 ± 4 a

	
23.18 ± 2.7 a

	
19 ± 4 a

	
587.29 ± 33 a

	
543.65 ± 29 a




	
QUI 100% + IBA 1.25 g·kg−1

	
14.93 ± 1.7 c

	
17 ± 3 a

	
21.11 ± 1.5 ab

	
17 ± 4 a

	
565.33 ± 31 a

	
577.08 ± 29 a




	
Control

	
9.37 ± 1.9 d

	
18 ± 2 a

	
14.43 ± 1.9 c

	
20 ± 3 a

	
334.17 ± 29 c

	
421.11 ± 16 bc








Values with equal letters within each column are not statistically similar (p > 0.05). dat = days after transplantation. QUI = Chitosan.
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Table 6. Yield and production of biomass (dry matter g·m−2) and effect on the content of lipids, proteins, humidity and ash of the seed of S. bigelovii, produced by cuttings under conditions of the Altar desert, Sonora.






Table 6. Yield and production of biomass (dry matter g·m−2) and effect on the content of lipids, proteins, humidity and ash of the seed of S. bigelovii, produced by cuttings under conditions of the Altar desert, Sonora.





	
Treatments

	
Seed Production (g)

	
Seed




	
g·plant−1

	
g·m−2

	
kg·ha−1

	
Dry Matter

g·m−2

	
Ash

(%)

	
Proteins

(%)

	
Humidity

(%)

	
Lipids

(mg/g)






	
QUI 50%

	
1.30 ± 0.09 b

	
51.1 ± 4.1 b

	
511.0 ± 4.1 b

	
1495 ± 146 bc

	
18.6 ± 1.1 b

	
21.1 ± 1.9 b

	
4.6 ± 0.1 b

	
89.0 ± 3.3 ab




	
QUI 100%

	
1.52 ± 0.09 a

	
64.2 ± 3.9 a

	
642.2 ± 3.9 a

	
1799 ± 202 b

	
22.5 ± 1.1 a

	
20.1 ± 1.9 bc

	
4.6 ± 0.3 b

	
89.7 ± 3.1 ab




	
QUI 0.937 g·kg−1

	
0.55 ± 0.04 d

	
21.0 ± 8.8 c

	
210.8 ± 8.8 c

	
1582 ± 162 bc

	
18.1 ± 1.3 b

	
21. ± 1.98 b

	
4.1 ± 0.4 b

	
86.1 ± 2.1 b




	
QUI 1.25 g·kg−1

	
1.53 ± 0.10 a

	
60.0 ± 6.3 a

	
600.3 ± 6.3 a

	
1497 ± 276 bc

	
23.4 ± 1.4 a

	
22.0 ± 1.9 b

	
4.5 ± 0.9 a

	
83.4 ± 2.2 c




	
QUI 50% + IBA 0.937 g·kg−1

	
1.55 ± 0.09 a

	
65.0 ± 6.1 a

	
650.9 ± 6.1 a

	
1775 ± 123 b

	
22.5 ± 1.0 a

	
24.6 ± 0.9 a

	
4.0 ± 0.9 b

	
95.1 ± 4.9 a




	
QUI 50% + IBA 1.25 g·kg−1

	
1.34 ± 0.8 b

	
55.0 ± 3.9 b

	
550.2 ± 3.9 b

	
1512 ± 215 bc

	
21.6 ± 1.3 a

	
23.6 ± 0.9 ab

	
4.2 ± 0.2 b

	
94.4 ± 4.1 a




	
QUI 100% + IBA 0.937 g·kg−1

	
1.56 ± 0.11 a

	
67.1 ± 7.1 a

	
671.3 ± 7.1 a

	
2213 ± 189 a

	
14.3 ± 1.1 c

	
25.9 ± 1.3 a

	
4.9 ± 0.2 ab

	
93.1 ± 3.9 a




	
QUI 100% + IBA 1.25 g·kg−1

	
1.02 ± 0.07 c

	
23.0 ± 9.9 c

	
230.9 ± 9.9 c

	
2098 ± 119 a

	
12.1 ± 0.3 d

	
21.4 ± 0.2 b

	
4.3 ± 0.5 b

	
88.0 ± 1.4 ab




	
Control

	
0.54 ± 0.11 d

	
19.1 ± 10.9 c

	
191.1 ± 10.9 c

	
1441 ± 129 c

	
21.12 ± 0.9 b

	
19.0 ± 0.3 c

	
4.7 ± 0.3 b

	
92.2 ± 2.7 a








Means with equal letters within each column are not differences statistically (p > 0.05). QUI = Chitosan.
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Table 7. Effect of the application of Chitosan (QUI) and Indole Butyric Acid (IBA) on the profile of fatty acids (palmitic, stearic, oleic, linoleic and linolenic) in the seed of S. bigelovii plants and life cycle (in days) under conditions of the Altar desert, Sonora.
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Treatments

	
Fatty Acids (%)

	




	
Palmitic

	
Stearic

	
Oleic

	
Linoleic

	
Linolenic

	
Life Time *






	
QUI 50%

	
11.51 ± 1.3 c

	
1.87 ± 0.10 b

	
14.85 ± 0.31 ab

	
66.55 ± 1.39 b

	
2.32 ± 0.69 a

	
233 ± 10 ab




	
QUI 100%

	
10.36 ± 1.1 c

	
1.62 ± 0.12 c

	
13.24 ± 1.53 b

	
67.00 ± 1.13 b

	
2.58 ± 0.25 a

	
227 ± 10 b




	
IBA 0.937 g·kg−1

	
10.61 ± 1.1 c

	
1.21 ± 0.40 c

	
13.18 ± 1.69 b

	
67.00 ± 1.09 a

	
2.55 ± 0.29 a

	
221 ± 9 b




	
IBA 1.25 g·kg−1

	
14.26 ± 0.7 ab

	
1.00 ± 0.41 c

	
14.14 ± 0.32 ab

	
67.00 ± 0.94 b

	
2.50 ± 0.37 a

	
220 ± 8 b




	
QUI 50% + IBA 0.937 g·kg−1

	
15.67 ± 0.9 a

	
2.11 ± 0.12 a

	
13.18 ± 0.39 b

	
66.65 ± 1.54 b

	
2.49 ± 0.41 b

	
244 ± 9 a




	
QUI 50% + IBA 1.25 g·kg−1

	
12.76 ± 0.4 bc

	
1.99 ± 0.13 b

	
13.87 ± 0.69 b

	
68.55 ± 1.11 b

	
2.83 ± 0.28 a

	
249 ± 7 a




	
QUI 100% + IBA 0.937 g·kg−1

	
13.71 ± 0.3 b

	
1.09 ± 0.33 c

	
15.21 ± 1.07 a

	
67.98 ± 1.34 b

	
2.01 ± 0.53 a

	
251 ± 9 a




	
QUI 100% + IBA 1.25 g·kg−1

	
15.46 ± 0.9 a

	
1.11 ± 0.22 c

	
12.98 ± 0.39 c

	
68.32 ± 1.03 b

	
2.13 ± 0.59 a

	
254 ± 10 a




	
Control

	
9.58 ± 1.9 c

	
1.44 ± 0.20 c

	
13.90 ± 0.11 c

	
72.09 ± 0.78 a

	
2.99 ± 0.56 a

	
188 ± 1.9 c








Means with equal letters within each column are not differences statistically (p > 0.05). * Life time (days).
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