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Abstract

:

Evergreen plants in permafrost ecosystems survive unfavorable autumn cooling and extremely low winter temperatures by maintaining optimal physiological activity of tissue cell membranes. To some extent, these features are due to the properties of shoot lipids performing a number of functions during adaptation. Sterols (STs) play a key role in regulating the fluidity and permeability of plant membranes (phytosterols) with a wide structural diversity. The composition of neutral lipids, STs, and fatty acids (FAs) in shoots of the evergreen shrub Ephedra monosperma growing in the Botanical Garden cryolithozone was first studied with HPTLC-UV/Vis/FLD and GC-MS. Twenty FAs were found, from C14:0 to C23:0; they included mono-, di-, tri-, and tetraene FAs. The high content of β-sitosterol among other ∆-5 sterols and an increased amount of C18:2(∆9,12) linoleic acid in lipids composition during the autumn–winter period was found to play an important role in the adaptation of ephedra shoots to the autumn–winter period, providing the cell membrane with greater plasticity, fluidity, and flexibility. The important role of diene linoleic fatty acid C18:2(∆9,12) in ephedra shoot lipids in the processes of low-temperature adaptation was shown.






Keywords:


Ephedra monosperma; sterols; sterol esters; fatty acids; low temperatures; adaptation; membranes; cryolithozone












1. Introduction


Plants are sources of valuable biologically active compounds. Phytochemical substances that are present in plant extracts are generally low toxic and have high physiological activity at low concentrations. In regions with extreme climatic conditions, there are several plant species that are excellent sources of phytochemicals [1]. Ephedra species are known as sources of biologically active compounds with potential pharmaceutical, cosmetic, food, and agricultural purposes [2]. While studying secondary metabolites of different ephedra species, alkaloids, amino acids and their derivatives, volatile substances, and phenolic compounds were revealed [3]. All ephedra species contain biologically significant alkaloids: ephedrine, pseudoephedrine, norephedrine, norepseudoephedrine, methylephedrine, and methylpseudoephedrine. The alkaloids ephedrine and pseudoephedrine have been found to have a significant effect on the central nervous system [4], and the content of these compounds in E. monosperma fluctuates and reaches 34.7 mg/g DW [5]. Generally, the genus Ephedra (Ephedraceae) includes 69 species, four subspecies, and two accepted varieties, all of which are widely spread in arid and semi-arid regions of Asia, Europe, North Africa (Sahara), southwestern North America, and South America [2]. There are 12 species of the genus Ephedra in Siberia which inhabit arid areas [6]. Under permafrost conditions (Republic of Sakha (Yakutia)), in the steppe plots and dry rocky and rubbly hillsides Ephedra monosperma J.G. Gmel. ex C.A. Mey grows (division Gymnospermae, class Gnetopsida, subclass Pinidae, family Ephedraceae Wettst, genus Ephedra) is a survivor from the Pre-Glacial Period and is one of the few evergreens shrubs grown in permafrost conditions. This species can be assigned to the group of light-loving species adapted to growth in open well-lit areas. The habitats of E. monosperma are marked by severe continental arid climate characterized by extremely low winter (to −40–−45 °C) and very high summer (up to 38 °C) temperatures with an annual precipitation of less than 200 mm, resulting in water deficit in air and soil. Its natural distribution areas are also characterized as sandy or calcareous rocks soils. In the permafrost ecosystems of the Botanical Garden of the Institute of Biological Problems of the Cryolitozone of the Siberian Branch of the Russian Academy of Sciences, which is located on the second above floodplain terrace of the Lena River valley (62°15′ N, 129°37′ E), there are areas where native, rare, and valuable plant species grow, including the pine conifer E. monosperma.



Lipophilic metabolites, which include phytosterols, are one of the important classes of compounds that play a significant role in plant adaptation to unfavorable environmental conditions [7,8,9]. STs are known to be essential components of membranes, being responsible not only for structural but also for regulatory functions in many key cellular processes. The most common ∆-5 plant STs are β-sitosterol, stigmasterol (24-ethyl sterols), and campesterol (24-methyl sterol), as well as avenasterol and cholesterol, which are contained in relatively small amounts in most species [10]. STs are found in plant tissues both in the free state and in conjunction with fatty acids, as well as in the form of sterylglycosides and acylsterylglycosides. It is assumed that β-sitosterol and 24-methyl cholesterol can regulate the fluidity and permeability of plant membranes by limiting the mobility of fatty acyl chains. STs can be involved in the adaptation of plant membranes to changes in temperature and humidity, as well as in the modulation of the activity of membrane-bound enzymes [11].



STs are structural components of the membrane, therefore, they can affect the physical state of the membrane under stress not only through quantitative changes in the sum of STs but also through changes in the ratio of their molecular species [12]. The ratio of molecular forms of STs, particularly β-sitosterol/stigmasterine, can affect the physicochemical properties of ordered microdomains, the so-called “lipid rafts” enriched with sphingolipids and STs [13,14]. Consequently, changes in the ratio of ST molecular species can modulate plant signaling and defense responses. Moreover, among the medically useful compounds, plant STs attract special interest as new functional products for the treatment of metabolic disorders in humans and animals, since they can reduce cholesterol levels and possess anti-inflammatory and antioxidant properties [15,16].



Previously, it was shown that phosphatidic acid (PA) was the dominant lipid class of shoots E. monosperma [17]. In Ephedra alata lipids, PA was also the dominant class compared to phosphatidylcholine and phosphatidylethanolamine under control conditions [18]. A large proportion of PAs in the phospholipid profile is characteristic of some extremophile organisms [19]. The lipids of seeds of four ephedra species (E. nevadensis, E. viridis, E. przewalskii, and E. gerardiana) contain delta5-unsaturated polymethylene-interrupted fatty acids (∆5-UPIFA): ∆5,9- and ∆5,11-C18:2; ∆5,9,12-C18:3; ∆5,9,12,15-C18:4; ∆5,11-C20:2; ∆5,11,14-C20:3; and ∆5,11,14,17-C20:4 acids [20]. Our studies revealed that ∆5-UPIFA was detected in frost-tolerant coniferous [21] and in the aboveground parts of wintergreen species of horsetail [22].



However, the profiling of STs and fatty acids, which play a crucial role in the cold response of E. monosperma at low temperatures, has not been reported. In the present study, we studied for the first time the absolute and relative content and composition of fatty acids as well as free and esterified STs as the main components of cell membranes isolated from the assimilating shoots of E. monosperma. In addition to the fundamental interest, the study of lipids, including the ST and FA composition of evergreen shrub E. monosperma, has also an important applied value, since it gives an idea at the physiological and biochemical levels of the adaptive responses of introduced valuable, rare and medicinal plants growing in the Botanical Garden in permafrost ecosystem conditions.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


The plants of Ephedra monosperma J.G. Gmel. ex C.A. Mey. grow naturally in a well-lit area in a clearing of a pine forest in the Botanical Garden of the Institute of Biological Problems of the Cryolithozone, Siberian Branch, Russian Academy of Sciences. The garden area is located on the second terrace above the flood plain of the Lena Valley (62°1′27″ N, 129°36′4″ E). The assimilating partial shoots of E. monosperma of the current year served as plant material for biochemical analyses (Figure 1).




2.2. Field Experiment


Samples were collected in the morning (9:00–11:00). The samples of ephedra shoots were collected from introduced plants that grew on the territory of the Botanical Garden in two points of 5−7 samples each. To reveal the seasonal dynamics of lipid composition, E. monosperma shoot samples were collected in different periods: July 12 (23.9 °C), September 25 (5.1 °C), October 30 (−8.3 °C) and December 11 (−38.4 °C). The samples were immediately fixed in liquid nitrogen and transported in Dewar vessels to the laboratory.



The samples were stored in the freezer at −80 °C prior to analysis (Panasonic, Japan). For biochemical studies, the samples of the aerial parts of E. monosperma fixed in liquid nitrogen were dried in the lyophilizer (VirTis, New York, NY, USA). The experiments were conducted in 2019. The air temperature at the experimental site was recorded with an accuracy of ±0.5 °C at 1 h intervals using a DS 1922L iButton thermograph (Dallas Semiconductor, Dallas, TX, USA). The average air temperature during the growing season (May–September) in 2019 was between 13.1 and 13.9 °C, and the total liquid precipitation was between 123 and 127 mm. The beginning of weak frosts was noted from the beginning of the second half of September, and a stable decrease in night temperatures below the 0 °C level occurred after 30 September and 9 October 2019. Minimum winter air temperatures were −44 and −54 °C. The snow cover was established on 13 October and 10 October 2019. The thickness of snow cover was 2–10 cm by the end of October, 15–21 cm in the middle of November, 18–26 cm in December, and 24–34 cm in January.




2.3. Lipid Extraction


For lipid extraction, a weighed portion of plant material (0.5 g) was fixed in liquid nitrogen and ground until a homogeneous mass was obtained. Cooled laboratory glassware and reagents were used. Therefore, 10 mL of a 1:2 chloroform/methanol mixture was added. Ionol was added to the mixture as an antioxidant (0.00125 g per 100 mL of the mixture). It was thoroughly mixed and left for 30 min until the complete diffusion of lipids into the solvent. The solution was transferred quantitatively into a separatory funnel through a filter. The mortar and filter were washed three times with the same solvent mixture. With the aim of separating the non-lipid components, some water was added.




2.4. Neutral Lipid Composition Analysis by HPTLC-UV/Vis/FLD Method


For the analysis of neutral lipids, the lower chloroform fraction was separated. Chloroform (high purity grade, stabilized with 0.005% amylene) was removed from the lipid extract under vacuum using the UL-2000 rotary evaporator (Ulab, Shanghai, China). To separate neutral lipids, we used the method of one-dimensional high-performance thin-layer chromatography (HPTLC) on silica gel plates 60 (10 × 10 cm) (Merck, Darmstadt, Germany). The plate was placed in a chamber filled with hexane:diethyl ether:acetic acid eluent (80:20:1 v/v/v). For this purpose, chromatograms were developed in 10% sulfuric acid in methanol followed by heating at 140 °C. The plate was sprinkled with reagent using a sprayer (Lenchrom, Russia) connected to a JAS 1202 compressor (JAS-AIR, Hong Kong, China), then dried and transferred to a desiccator and heated for 20 min at 140 °C. The amount of neutral lipids was determined densitometrically using the Sorbfil TLC View (Imid, Krasnodar, Russia) and documented at white light illumination (Vis), UV 254 nm, and FLD 366 nm. The calculation of the content of individual classes of lipids in chromatograms was carried out using the Sorbfil TLC Videodensitometer 2.3 program. The calculated Rf values for free sterols (Rf = 0.19) and sterol esters (Rf = 0.87–0.92) coincided with the Rf values for standard samples (cholesterol, stigmasterine, campesterol (Sigma, St. Louis, MO, USA)), β-sitosterol (European Pharmacopoeia Reference Standard, France) and the tabulated values.




2.5. Separation of Free and Bound Sterols


For lipid extraction, a weight of plant material (30 mg of lyophilically dried sample) was fixed in liquid nitrogen by adding the antioxidant 0.001% ionol. The lipids were extracted with 10 mL of chloroform/methanol mixture (2:1 v/v), thoroughly stirred, and left for 30 min until the lipids were completely diffused into the solvent. The lower chloroform fraction was separated for analysis. Chloroform was removed from the lipid extract under vacuum using an RVO-64 rotary evaporator (Czech Republic). To separate neutral lipids, the method of one-dimensional thin-layer chromatography (TLC) on Sorbfil plates (PTC-AF-B, Imid, Russia) was used. The plate was placed in a chamber filled with the eluent hexane:diethyl ether:acetic acid (80:20:1 v/v/v). To visualize the zone of STs and their esters, the edge of the plate was treated with a 10% solution of sulfuric acid in ethanol and heated on a hotplate. Then, sterols and their esters were extracted sequentially with chloroform and ethyl acetate. At each of these steps, the sample in the solvent was placed in an ultrasonic bath and centrifuged at 3000× g. The ethyl acetate fraction was taken with a 1 mL pipette, transferred to glass tubes, and evaporated to dryness in a nitrogen current [7].




2.6. Silylation


For the analysis, trimethylsilyl derivatives of the target components were prepared by heating the sample for 30 min at 70 °C with the addition of 150 µL N,O-bis (trimethylsilyl) acetamide, 50 µL hexamethyl disilazane (Sigma-Aldrich, Burlington, MA, USA), and 300 µL ethyl acetate (pure for chromatography, Component Reactiv, Moscow, Russia). Ergosterol (Sigma-Aldrich, Burlington, MA, USA) was used as an internal standard.




2.7. GC-MS Analysis of Sterols and Their Ethers


Free and bound STs were analyzed by gas chromatography using a 7777QQQ/7890N MSD/DS Agilent Technologies (Santa Clara, CA, USA) chromato-mass spectrometer. The detector mass spectrometer was used in single quadrupole mode, the method of ionization was electronic impact EI, ionization energy was 70 eV, and full ionic current registration mode was used for the analysis. An HP5-MS capillary column (30 m × 250 μm × 0.25 μm) with a stationary phase of 5% phenyl-methyl-polysiloxane was used for separation. The mobile phase was helium, gas flow rate 1 mL/min, temperature gradient: 150 to 300 °C at a rate of 10 °C/min and incubation for 23 min at this temperature. Evaporator temperature: 250 °C, ion source temperature: 230 °C, detector temperature: 150 °C, line temperature between chromatograph and mass spectrometer: 280 °C. The scanning range was 50–700 A.E.M. Sample injection volume was 1 µL, and the flow divider was 5:1 [7].




2.8. Determination of FAs Content


The extraction of lipids was performed as described above. To control the lipid extractability (%), the known amount of 10 µg of nonadecanoic acid (C19:0) was added at the homogenization stage. Fatty acid methyl esters (FAMEs) were obtained using the Christie method [23]. Additional FAME purification was carried out by thin-layer chromatography (TLC) on glass plates with KSK silica gel (Reachem, Moscow, Russia). Benzene was used as the mobile phase. To visualize the FAME zone (Rf = 0.71–0.73), the plates were sprayed with 10% H2SO4 in methanol and heated in an oven at 100 °C. The FAME zone was removed from the plate with a spatula and eluted from silica gel with n-hexane. The FAME analysis was performed by GC-MS using the 5973/6890N MSD/DS gas chromatograph–mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). The detector was a quadrupole mass spectrometer. The method of ionization was electronic impact EI, ionization energy of 70 eV. The analysis was performed in the mode of the total ion current recording. An HP-INNOWAX capillary column (30 m × 250 μm × 0.50 μm) with a stationary phase (PEG) was used to separate the FAME mixture. The carrier gas was helium, and the gas flow rate was 1 mL/min. The evaporator temperature was 250 °C, the ion source temperature was 230 °C, and the detector temperature was 150 °C. The temperature of the line connecting the chromatograph with the mass spectrometer was 280 °C. The scanning range was 41–450 amu. The volume of the injected sample was 1 μL, and the flow divider was 5:1. The separation of the FAME mixture was carried out in isothermal mode at 200 °C. To identify FAs, the NIST 08 mass spectral library, and the Christie FAME mass spectral archive were used [24]. The relative FA content was determined by the method of internal normalization in weight percent (wt.%) of the total content in the test sample, taking into account the FAs response coefficient.



The absolute content of FAs was calculated by the internal standard method (C19:0) according to the formula:


Cd = Cint.st. × Sx/Sint.st,











Cd: content of the component to be determined; Cint.st.: known content of internal standard; Sx and Sint.st.: areas of the corresponding peaks on the chromatogram.




2.9. Identification and Quantitative Analysis


The identification of sterols and FAMEs was performed using standards for the target components by comparing their retention times. Libraries of mass spectra NIST 08 and Wiley 7 were used if necessary. The quantitative analysis of the target components was performed using an external calibration method, taking into account the response of the internal standard.




2.10. Activity of Sterol Methyltransferase and Acyl-Lipid Desaturase Enzymes


The activity of the sterol methyltransferase (SMT) enzymes that catalyze the methylation reaction at the 24th carbon atom (C24) in the side chain was determined as the ratio 24-methyl sterols/24-ethyl sterols [25]. The activity of sterol C-22 desaturase was determined as the ratio of β-sitosterol/stigmasterine.



To characterize the unsaturation level of lipid FAs, the unsaturation index (UI) [26] and double-bond index were calculated (DBI = (2 × %C18:2 + 3 × %C18:3)/(%C16:0 + %C18:0 + %C18:1) [27,28]. The activity efficiencies of the ∆9-, ∆6-, and ∆3-desaturases were calculated as the palmitic desaturation ratio (PDR = %C16:1/(%C16:0 + %C16:1)), stearic desaturation ratio (SDR), oleic desaturation ratio (ODR), and linoleic desaturation ratio (LDR) [29]. Desaturation and elongation partitioning ratios were calculated based on the ratios of the following FAs: C16 desaturation—%C16:1/(%C16:0 + %C18:0 + %C18:1 + %C18:2 + %C18:3 + %C20:0 + %C22:0); C18 desaturation—(%C18:1 + %C18:2 + %C18:3)/(%C18:0 + %C20:0 + %C22:0); C16 elongation—(%C18:0 + %C18:1 + %C18:2 + %C18:3 + %C20:0 + %C22:0)/(%C16:0 + %C16:1) [30].




2.11. Statistical Processing


The table and figures show the average data from three biological replicates and their standard deviations. The experimental data were statistically processed using the statistical analysis package in the Microsoft Office Excel 2017 environment. The statistical significance of the differences between the compared mean values was assessed using Kruskal–Wallis ANOVA by ranks (p < 0.05).





3. Results


3.1. Composition of Neutral Lipids in E. monosperma Shoots by HPTLC−UV/Vis/FLD Profiling Method


The experiments were carried out from July 2019 to January 2020. The average daily air temperature decreased during this period from 24–25 °C to the range between −30 and −46 °C, and the duration of light exposure during the day shortened from 17.4 to 5.1 h. Using HPTLC-UV/Vis/FLD, the composition of neutral lipids in E. monosperma shoots was established, and the following types of lipids were identified: polar lipids (PLs), sterols (STs), fatty acid methyl esters (FAMEs), triglycerides (TAGs), sterol esters (SEs), and squalene (Sq) (Figure 2). The detection zones of sterol components appeared as pink-blue spots on the plate.




3.2. Composition and Content of Membrane Sterols in the Shrub E. monosperma Shoots


The total absolute content of all STs ranged from 661.9–798.6 μg/g DW (Figure 3). According to our data, the proportion of free STs remained comparable with the summer months until the average daily temperature decreased to 3.6 ± 1.2 °C from 18 to 24 September. However, with the onset of negative low temperatures in October, their proportion decreased by 1.2 times compared to the summer period. The absolute content of free ∆5-sterols exceeded the amount of bound STs (sterol esters) in ephedra shoots, so in summer this difference was 12.4 times in favor of free ∆5-sterols, while in autumn, there was an increase in this difference of 16–17 times compared with bound STs.




3.3. Composition and Content of Free ∆5-Sterols in Shoots of E. monosperma


Phytosterols such as cholesterol, campesterol, stigmasterine, and β-sitosterol were identified as free ∆5-sterols by GC-MS (Figure 4). In the shoots of the evergreen shrub E. monosperma, the amount of β-sitosterol was higher than that of other ∆5-sterols. The content of this ST decreased with the onset of stable negative temperatures in October and December. The content of campesterol increased 1.1-fold with the onset of low hardening temperatures in September compared to the summer period. With a further decrease in the ambient temperature in the cryolithozone at the end of October and in December, the amount of campesterol remained at the same level. The content of cholesterol decreased significantly by 2.4 times in response to a decrease in average daily air temperature compared with the summer period. The absolute content of stigmasterin increased 1.9-fold compared to the summer period; later (30 October, 11 December), the content of this ∆5-sterol was comparable to the summer values. In general, the total content of ∆5-sterols decreased significantly during the establishment of persistent negative low air temperatures in late October and December.




3.4. Composition and Content of Bound STs (Sterol Esters) in Shoots of E. monosperma


The composition of bound STs (sterol esters) fraction, which included ∆5-sterol esters (cholesterol, campesterol, and β-sitosterol) was studied (Figure 5). The ST ester fraction in ephedra shoots was dominated by β-sitosterol. In response to low-temperature stress caused by a decrease in average daily ambient temperature, the β-sitosterol content in ST ester fraction significantly decreased. The most pronounced decrease was revealed during cold hardening in September and October (by 1.7 times) compared to the summer period. During the studies, the content of another phytosterol-campesterol in E. monosperma shoots did not change. The content of cholesterol in bound ST esters was minimal compared to other sterols. Seasonal dynamics of cholesterol content in ephedra shoots was as follows: in September the amount of this ST increased 1.5-fold as compared with July, then with decreasing temperature we found that cholesterol content was comparable with summer indices. The analysis showed that the content of cholesterol in ST esters in the shoots of the evergreen ephedra shrub during winter was comparable with the September values. The total content of bound STs in ephedra shoots repeated the dynamics of β-sitosterol content, which confirms the dominance of this phytosterol in the composition of bound STs.




3.5. Activity of Sterol Methyltransferase (SMT) Enzymes in Ephedra Shoots during Quenching to Low Cryolithozone Temperatures


Having analyzed the composition and content of STs, we indirectly estimated the seasonal dynamics of sterol methyltransferase (SMT) enzyme activity in free STs and in bound STs occurring in E. monosperma shoots (Figure 6) by calculating the ratio of 24-methyl sterols/24-ethyl sterols. SMT activity for free STs increased significantly in late October and December compared with the summer period. SMT activity for ST esters was most consistently higher during the autumn–winter period compared to the summer period. A comparative analysis of enzyme activity for free and bound STs revealed that SMT activity was the highest in bound esters.




3.6. Seasonal Dynamics of Saturated and Unsaturated Fatty Acids in Ephedra Shoots


The absolute and relative content of FAMEs in ephedra shoots introduced into the Botanical Garden conditions was investigated. The study showed that in ephedra shoots, the relative content of FA groups changed depending on the season of the year, which were divided by the number of double bonds into monoene, diene, triene, and tetraene FAs (Figure 7). The qualitative composition of FAs in ephedra shoots practically did not change in all seasons; thus, 19 FAs were identified in July, September, and December, and 20 FAs in October. Unsaturated FAs dominated in ephedra shoots in all seasons, their relative content increasing in the autumn–winter period. Among unsaturated FAs, triene FAs dominated in the FAs profile. The most noticeable increase in relative content in response to the fall temperature decrease was found among diene FAs. It was shown that, in general, the total content of saturated FAs gradually decreased from the summer period to the winter one.




3.7. Seasonal Changes in Integral Indexes of Lipid Unsaturated Levels and Activity of Acyl-Lipid Desaturases in Ephedra Shoots


During the study period, two integral indices of the degree of FA unsaturation were evaluated: the level of unsaturation proper, and the number of double bonds (UI and DBI) (Figure 8). It was found that the unsaturated level of lipid FAs in ephedra shoots increased during the vegetation period; this was reflected in the number of double bonds in FAs. This integral index for the whole period of the study increased when the temperature decreased during the autumn–winter period. The ratio of n-6/n-3 acids content increased with the onset of autumn and remained high throughout late autumn and winter.



The synthesis of polyunsaturated FAs is a series of sequential desaturation reactions of the acyl residue of FAs, with the end product of the previous reaction serving as a substrate for the subsequent one. Analysis of desaturase activity performed for ephedra shoots growing under natural conditions of the Botanical Garden cryolithozone showed that this index (PDR, SDR, ODR) remained practically unchanged and remained at the same level during the growing season (Table 1). The activity of Δ3-desaturase (LDR) was higher in summer, then the activity of this enzyme decreased by fall. At the same time, the desaturation process significantly increased only for 18-FAs (Table 1) against the background of a monotonic increase in the elongation level of 16-FAs.





4. Discussion


It was found that the content of free STs exceeded the number of bound STs (sterol esters) in the shoots of ephedra plants. It is known that ST esters are contained in plant cells in much smaller amounts than free STs [11]. In the microalgae Pavlova gyrans, a native haptophyte from the southwestern coast of the Atlantic Ocean, it was shown that the highest percentage of bound sterols was found at the early stages of its cultivation (on the 2nd day). However, by the end of cultivation (the 9th day), under the influence of low-temperature stress, the proportion of free sterols increased significantly [31]. The properties of plant cell membranes, including those under low-temperature stress, are affected by changes in the ratio between campesterol, stigmasterine, and β-sitosterol [32]. These changes may concern the plasma membrane to a greater extent since it contains the main part of free cell sterols. However, it was shown for beets that under oxidative stress the level of sterols increases compared to the control, in particular stigmasterol. The authors of this work believe that, in addition to the plasmalemma, the tonoplast plays a significant role in the protection of plant cells from stress [33]. Moreover, the increase in campesterol may also be associated with protective functions in response to cold stress. The authors of the study conducted by Ozolina et al. [34] conclude that the increase in campesterol content in plasmalemma rafts isolated from beets indicates their involvement in the protective response of plant cells against oxidative stress. The increase in cholesterol content in December, as compared to October, can probably be explained by the fact that increased cholesterol content causes intensive synthesis and accumulation of spermine in cells, thus having a negative effect on plant growth [35,36]. In ephedra shoots, we observed that the content of the “stress” sterol- stigmasterine increases with the onset of low quenching temperatures in September. This may be due to a simultaneous decrease in the amount of β-sitosterol, since it is known that β-sitosterol is a precursor in stigmasterine biosynthesis [37]. However, a further decrease in average daily air temperature to −8.3 °C at the end of October and to the extremely low temperature of −38.4 °C in December did not result in an increase in stigmasterine content in ephedra shoots. The same results were obtained when wheat (Triticum aestivum) leaves were exposed to low temperatures; short-term exposure led to an increase in stigmasterine content and longer exposure to low temperatures was accompanied by restoration of indicators to control values [8]. The results obtained provide new information in support of the known thesis on the universal role of stigmasterine in the plant response to low negative ambient temperatures. The ST profile of ephedra shoots was dominated by β-sitosterol in all seasons. It is known that β-sitosterol has high antioxidant activity in the plant cell [38,39,40,41]. Cold stress in plants is characterized by the activation of oxidative processes in the plant cell [42]. Earlier it was revealed that β-sitosterol is able to neutralize free radicals of diphenylpicrylhydrazyl (superoxide anion donor) [43]. It is possible that ephedra shoots contain a high content of β-sitosterol due to the fact that the presence of the ethyl group in β-sitosterol may increase Van der Waals interactions, which leads to greater membrane adhesion and, consequently, less temperature sensitivity [44]. Changes in the composition and content of ST components entail significant changes in the functioning of membranes, cell metabolism, and the body as a whole. SMT is an integral protein localized in the EPR [45]. This enzyme is characteristic of plants and fungi and is absent in animal cells. The ratio of β-sitosterol and stigmasterol contents, in turn, is determined by the activity of C22-sterol desaturase. The activity of C22-sterol desaturase in ephedra shoots was highest in summer, which explains the high content of β-sitosterol (Table 1). It was previously shown that β-sitosterol is an important participant in the process of cell elongation [46] and also participates in their proliferation processes [47] and differentiation [48], the high content of β-sitosterol in the shoots of the evergreen shrub is most likely due to the fact that ephedra plants are in the phase of shoot growth, flowering, fruit ripening, and bud setting during the summer period. Some authors believe that plant biomass accumulation also correlates with high β-sitosterol [49]. It was shown earlier that tissues of non-embryogenic lines of Siberian larch (Larix sibirica Ledeb.) had higher levels of β-sitosterol than other sterols [50], and the analysis of the STs composition of ephedra shoots under natural conditions confirmed this tendency: in the sterol ester fraction, the content of β-sitosterol esters was maximal in summer, i.e., during active biomass accumulation, as compared to the autumn–winter period (Figure 5). Sq (squalene), a triterpene that is an intermediate in sterol biosynthesis, was identified in neutral lipids along with sterol components (Figure 2) [49].



The increase in the proportion of unsaturated FAs in September and October coincided with the prevailing outflow of metabolites and with the preparation of the photosynthetic apparatus of ephedra shoots for the dormancy period, which is initiated by a decrease in the photoperiod and lower air temperature in the fall period (Figure 7). It was found that the accumulation of unsaturated FAs in ephedra shoots, especially diene FAs such as C18:2(∆5,9) and C18:2(∆9,12), occurs at the expense of saturated levels decrease during the growing season. This increase is explained by the fact that ephedra are frost-resistant evergreen shrubs (extremophiles). It was shown earlier that cold-resistant rice genotypes are characterized by the accumulation of C18:2(∆5,9) acids after cold exposure, when C16:0 content decreases [51]. Earlier, by conducting experiments with conifers, we found that during the fall, the level of light, along with low temperatures, are stress factors for the needles of evergreen trees growing in cryolithozone conditions, which leads to an increase in the content of almost all unsaturated FAs [21]. A similar increase in diene FAs, along with a decrease in saturated FAs, was also noted for the rare evergreen fern Asplenium scolopendrium, whose buds can tolerate freezing during the fall and winter [52]. It is known that the accumulation of unsaturated FAs in cell membranes, especially polyunsaturated ones, contributes to plant resistance to low temperatures [53]. The gradual decrease in air temperature in the autumn revealed that the level of integral indexes UI and DBI in ephedra shoots increases, which indicates that active biosynthesis of unsaturated GI occurs in the shoots. It is known that the synthesis of unsaturated fatty acids in plant cells occurs with the participation of desaturase enzymes, which catalyze the introduction of a double bond into the acyl chain of FAs (desaturation reaction) [54]. As a rule, the first double bond is formed at position ∆9, followed by reactions at positions ∆12 and n-3 [55]. In this regard, the method of assessing desaturase activity by the content of end products was used. In ephedra shoots, in response to cooling temperatures in autumn, we found that C18 desaturation increased, which is explained by an active desaturation reaction of C18 acids, namely C18:2(∆5,9); C18:2(∆9,12); C18:3(isomer); C18:3(∆9,12,15); and C18:4(∆5,9,12.15). The level of the ratio of n-6/n-3 of the acids content increased during the period of autumn cooling, which is explained by the increased level of C18:2(∆9,12) linoleic acid. It is logical to assume that the presence of large amounts of unsaturated FAs in the plant cell membrane, especially diene C18:2(∆5,9), C18:2(∆9,12), whose proportion in ephedra shoots increased markedly in response to a decrease in ambient temperature (Figure 8), leads to an increase in membrane fluidity.




5. Conclusions


Seasonal changes in ∆5-sterols, ST esters, and FA groups in the shoots of the evergreen shrub E. monosperma growing in the territory of the Botanical Garden in the cryolithic zone have been revealed and analyzed. Significant qualitative and quantitative changes in the composition and content of membrane ∆5-sterols and unsaturated FAs caused by the formation of resistance to low-temperature influences during the autumn–winter period have been shown. It was revealed that the unsaturated FAs of lipids, especially linoleic acid C18:2(∆9,12), play an important role in the adaptation of ephedra shoots to the seasonal decrease in ambient temperature in the autumn–winter period. It is logical to assume that the high content of polyunsaturated FAs in ephedra shoots during the autumn–winter period gives the lipid bilayer a looser packing in the area of phospholipid-protein contact, which provides the membrane with greater plasticity, fluidity, and flexibility. The unique ability of plants with high β-sitosterol content in ∆5-sterols and a high degree of lipid FAs unsaturation may be part of the evolutionary process of plant adaptation to a wide range of temperature fluctuations and serve to maintain membrane-bound metabolic processes.



Thus, the results obtained on the seasonal dynamics of lipids of ephedra shoots provide useful information at the physiological and biochemical levels on the adaptation reactions of introduced valuable, rare, and medicinal plants growing in the Botanical Garden in permafrost ecosystem conditions.
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Figure 1. Ephedra monosperma shoots growing on the territory of the Botanical Garden in the cryolithozone of Yakutia (photo taken by Nokhsorov, May 2019). 
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Figure 2. HPTLC chromatograms of the neutral lipid extracts extracted from shoots E. monosperma. Images were taken at (a) white light after derivatization; (b) 366 nm; (c) 254 nm; Track 1—12 July, Track 2—25 September, Track 3—30 October, and Track 4—11 December. 
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Figure 3. Total content of free and bound STs in shoots of E. monosperma (μg/g DW). Values are presented as the means ± SEMs. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters. 
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Figure 4. Seasonal changes in the most abundant ∆5-sterols in shoots of the evergreen shrub E. monosperma (μg/g DW). Values are presented as the means ± SEMs. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters. 
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Figure 5. Seasonal changes in the ST ester fraction in shoots of the evergreen shrub E. monosperma (μg/g DW). Values are presented as the means ± SEMs. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters. 
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Figure 6. Activity of sterol methyltransferase (SMT) enzymes in shoots of E. monosperma. Values are presented as the means ± SEMs. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters. 
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Figure 7. The percentage of saturated and unsaturated (mono-, di-, tri-, tetraene) FA components in shoots E. monosperma Values are presented as the means ± SEMs. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters. 
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Figure 8. Unsaturation index (UI) and double-bond index (DBI), as well as the ratio n-6/n-3 in shoots E. monosperma. Values are presented as the means ± SEMs. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters. 
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Table 1. Desaturation ratios and desaturation and elongation of E. monosperma shoots in summer (12 July), autumn (25 September and 30 October), and winter (11 December).
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	Parameters
	12 July
	25 September
	30 October
	11 December





	PDR
	0.03 ± 0.01 a
	0.03 ± 0.01 a
	0.02 ± 0.00 a
	0.03 ± 0.01 a



	SDR
	0.60 ± 0.18 a
	0.50 ± 0.16 a
	0.60 ± 0.13 a
	0.60 ± 0.13 a



	ODR
	0.90 ± 0.09 a
	0.90 ± 0.13 a
	0.90 ± 0.13 a
	0.90 ± 0.07 a



	LDR
	0.60 ± 0.04 a
	0.50 ± 0.03 b
	0.50 ± 0.03 b
	0.50 ± 0.04 b



	C16 desaturation
	0.01 ± 0.00 a
	0.01 ± 0.00 a
	*,a
	0.01 ± 0.00 a



	C18 desaturation
	3.81 ± 0.24 a
	3.69 ± 0.18 a
	5.57 ± 0.31 b
	5.20 ± 0.22 b



	C16 elongation
	2.90 ± 0.12 a
	3.40 ± 0.26 b
	3.99 ± 0.17 b
	3.78 ± 0.19 b



	Sterol C-22 desaturase
	103.19 ± 10.3 a
	48.43 ± 5.8 b
	93.32 ± 7.6 a
	89.84 ± 8.9 a







Note: PDR—palmitic desaturation ratio; SDR—stearic desaturation ratio; ODR—oleic desaturation ratio; LDR—linoleic desaturation ratio; *—trace. The significance of differences between the compared mean values was assessed by Kruskal–Wallis ANOVA by ranks (p < 0.05). Different superscript letters indicate significant differences in analyzed parameters.
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