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In Norway spruce, as in many other conifers, the germination capacity of somatic embryos is strongly influenced by the desiccation phase inserted after maturation. The intensity of drying during desiccation eminently affected the formation of emblings (i.e., seedlings developed from somatic embryos). Compared to non-desiccated embryos, the germination capacity of embryos desiccated at 100% relative humidity was about three times higher, but the reduction of relative humidity to 95 and 90% had a negative effect on the subsequent embryo development. The water loss observed in these embryos did not lead to an increase in lipid peroxidation, as shown by malondialdehyde levels. Another metabolic pathway in plants that mediates a response to abiotic stresses is directed toward the biosynthesis of polyamines (PAs). The activities of PA biosynthetic enzymes increased steadily in embryos during desiccation at 100% relative humidity, whereas they decreased at lower humidity. The total content of free PAs in the embryos gradually decreased throughout desiccation. The increase in free putrescine (Put) and perchloric acid-insoluble Put conjugates was observed in embryos desiccated at lower humidity. These changes were accompanied to some extent by the transcription of the genes for the PA biosynthesis enzymes. Desiccation at 100% relative humidity increased the activity of the cell wall-modifying enzymes β-1,3-glucanases and chitinases; the activities of these enzymes were also significantly suppressed at reduced humidity. The same pattern was observed in the transcription of some β-1,3-glucanase and chitinase genes. Desiccation treatments triggered metabolic processes that responded to water availability, suggesting an active response of the embryo to the reduction in humidity. A positive effect was demonstrated only for desiccation at high relative humidity. Some of the physiological characteristics described can be used as markers of inappropriate relative humidity during somatic embryo desiccation.
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Introduction

Plants are commonly exposed to various environmental stresses (drought, high temperature, and cold) during their development. Optimal and efficient stress responses at different stages of plant development are prerequisites for a good plant survival strategy (He et al., 2018). In conifers, various stress treatments have a fundamental impact on seed germination and thus the yield and quality of seedlings. The study of embryo development facilitates the explanation of seed strategy during the pre-germination phase of development (Leprince et al., 2017) with the aim of optimizing cultivation protocols. However, the genetic diversity and seasonal development of temperate tree seeds complicate the research on the effects of stressors on zygotic embryo development. These problems can be overcome using somatic embryogenesis (SE) as an experimental system. It is important to note, that SE lacks megagametophyte and is very much influenced by artificial media and conditions applied. The cultivation conditions are, moreover, very different compared to the natural conditions of zygotic embryo development. Nevertheless, SE provides the possibility of studying the effects of selected factors prior to more complex studies of their combined effects.

Somatic embryogenesis is considered an advantageous technique for breeding programs and in vitro plant propagation, including conifers (e.g., Park, 2002; Egertsdotter et al., 2019). Under suitable conditions, a relatively high number of embryos can be obtained during all SE steps (i.e., induction, proliferation, maturation, and germination); however, optimal conditions differ among conifer species and among individual embryogenic lines. Qualities of mature embryos by means of both morphological and biochemical status influence germination frequency and limit embryo conversion to plants (Högberg et al., 2001; Le et al., 2021). The period of desiccation at high relative humidity, which is often interposed between maturation and germination, is stressful, but can still have a positive effect on embryo germination (Lelu et al., 1995; Find, 1997; Hay and Charest, 1999; Hazubska-Przybyl et al., 2015; Jing et al., 2017). Our recent integration analysis of embryos desiccated at high relative humidity showed changes in carbohydrates, phytohormones, and proteome (Eliášová et al., 2022), indicating both physiological maturation and accumulation of stress-related molecules. The beneficial effect of desiccation treatment is related to the intensity of drying, while the optimal humidity during desiccation varies among species and genotypes (Roberts et al., 1990, 1991; Attree et al., 1995; Dronne et al., 1997; Jones and Van Staden, 2001).

Drop in humidity during desiccation affects the dehydration of somatic embryos and thus the rate of osmotic stress. Osmotic stress is an important signal that promotes the transformation of somatic embryos from morphological maturity to physiological maturity (Liao and Juan, 2015) and controls embryo development toward germination and subsequent conversion to seedlings in many plant species (Von Aderkas and Bonga, 2000; Yakovlev et al., 2016), including conifers (Klimaszewska et al., 2016). In a model system of Picea abies SE, several protocols have been developed to achieve physiological maturity prior to germination. This can be achieved by desiccation treatment at high relative humidity (Eliášová et al., 2022) or by low temperatures (Tikkinen et al., 2018b).

In a model system of Picea abies SE several protocols for achieving pre-germination physiological maturity were developed, it can be achieved both by application of desiccation at high relative humidity treatment (Eliášová et al., 2022) or by low temperatures (Tikkinen et al., 2018b).

Dehydration induced by desiccation is associated with the production of reactive oxygen species (ROS), which are potentially harmful to all cellular components and negatively affect cellular metabolic processes (Van Breusegem et al., 2001; Mailloux and Harper, 2011). Consequently, antioxidant defense in embryos is activated by a complex of enzymatic and non-enzymatic systems that include low-molecular-mass antioxidants (e.g., ascorbate, glutathione), ROS scavenging enzymes (e.g., catalase, peroxidase, etc.), and polyamines (PAs). Among the osmotically active substances generated during dehydration, PAs play an important role (Vondrakova et al., 2010; Vondráková et al., 2015; Cvikrova et al., 2016; Salo et al., 2016; Eliášová et al., 2018; Chen et al., 2019). PAs are ubiquitous biogenic amines that are involved in various cellular functions in all organisms (Handa et al., 2018; Igarashi and Kashiwagi, 2019). It has been suggested that PAs may mitigate the damage caused by abiotic stress (especially drought) by contributing to osmotic adjustment, maintenance of membrane stability, scavenging of free radicals, and regulation of stress-responsive genes (Groppa and Benavides, 2008; Kusano et al., 2008; Velarde-Buendia et al., 2012; Alcázar et al., 2020). Biosynthesis of the three most abundant PAs – putrescine (Put), spermidine (Spd), and spermine (Spm) – is initiated in plants either by direct decarboxylation of ornithine by the enzyme ornithine decarboxylase (ODC; EC 4.1.1.17), or by decarboxylation of arginine by the enzyme arginine decarboxylase (ADC; EC 4.1.1.19) via agmatine and N-carbomoylputrescine intermediates. Another essential enzyme in PA synthesis is S-adenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50), which is required for the formation of the aminopropyl group in Spd and Spm (for a review, see Michael, 2016). In plant cells, PAs occur as free molecules, covalently bound to small molecules, especially hydroxycinnamic acids (conjugated PAs), or bound to high molecular mass substances such as hemicelluloses and lignin, and in small amounts to proteins (bound PAs; Igarashi and Kashiwagi, 2015; Mustafavi et al., 2018).

In addition to their important role in responding to stresses, PAs play a crucial role in embryo development, and their content is specific to developmental stages (Monteiro et al., 2002; Minocha et al., 2004; Silveira et al., 2004). Similar to PAs, some cell wall modifying enzymes such as β-1,3-glucanases (Dong and Dunstan, 1997; Doxey et al., 2007) and chitinases (Grover, 2012) have shown functional diversification from various cellular to stress responses (or vice versa). β-1,3-glucanases (EC 3.2.1.39) catalyze the cleavage of 1,3-β-D-glucoside bonds in β-1,3-glucans, a major structural component of fungal cell walls (Leubner-Metzger and Meins, 1999). In plants, β-1,3-glucans include callose, which is involved in various biological processes related to plant growth, development and stress responses (Chen and Kim, 2009). Chitinases (EC 3.2.1.14) primarily catalyze the hydrolytic cleavage of the β-1,4-glycoside bond of chitin. In addition, arabinogalactan proteins are hydrolyzed by plant chitinases (Van Hengel et al., 2002), and plant cell wall glycoproteins containing N-acetylglucosamine are also considered an endogenous substrate for chitinases (Dyachok et al., 2002). Most plant chitinases and β-1,3-glucanases are expressed as a defense mechanism during pathogen infection and wounding and they are representatives of two major protein families associated with pathogenesis (Sudisha et al., 2012). It is well documented that they are also involved in plant responses to abiotic stresses, e.g., osmotic, salt, cold, wounding, and heavy metal stresses (for review see, e.g., Balasubramanian et al., 2012; Vaghela et al., 2022). Cell wall composition and flexibility are important for cell differentiation during embryogenesis. In black pine SE, the correlation between the presence of certain chitinase or glucanase isoforms and the embryogenic potential of different embryogenic cultures has been described (Fráterová et al., 2013). The chitinase and β-1,3-glucanase genes are developmentally regulated during SE in Picea glauca, and chitinases also regulate differentiation of early somatic embryos in P. abies (Wiweger et al., 2003). A basic chitinase secreted by embryogenic tissues of Pinus caribaea acts on arabinogalactan protein extracted from the same cell line, thereby generating organogenesis factors (Domon et al., 2000). Chitinases are also involved in regulation of growth and development through programmed cell death; chitinase-mediated autolysis played a role in two waves of programmed cell death required during somatic embryo development in P. abies (von Arnold et al., 2005). Chitinases have been suggested as potential markers for the process of SE (Gulzar et al., 2020).

It has been described that β-1,3-glucanases play an important role in seed maturation and also later during germination when they initiate the rupture of the seed testa (Leubner-Metzger, 2005). However, they are also involved in the early stages of somatic embryo development. This may be related to the fact that the acquisition of embryogenic competence is influenced by the physical isolation of the cell from other cells, which can be achieved by the absence of plasmodesmatal contact (Bonga et al., 2010). The deposition and degradation of callose in the neck region of plasmodesmata is one of the cellular control mechanisms regulating their permeability (Zavaliev et al., 2011) and has been demonstrated in the embryogenic cells of several plants (reviewed in Namasivayam, 2007). The deposition of callose was more pronounced in lines producing somatic embryos than in blocked lines of Brazilian pine (Navarro et al., 2022).

Desiccation at high relative humidity (approximately 100%) is routinely used in conifer SE (Roberts et al., 1990; Bomal and Tremblay, 1999; Jing et al., 2017; Vondrakova et al., 2018). Recently, the beneficial effect of desiccation on achieving metabolic maturity of Norway spruce embryos has been demonstrated (Eliášová et al., 2022). The optimal levels of osmotic stress vary among conifer species and need to be tuned empirically. Here we exposed Norway spruce somatic embryos to lower humidity during the desiccation phase to reveal how germination and morphology of emblings are affected. We were interested in investigating possible indicators of osmotic stress during desiccation of embryos at reduced humidity, such as membrane peroxidation rate and accumulation of abscisic acid (ABA), but especially metabolism of PAs and activities of cell wall-modifying β-1,3-glucanases and chitinases. We were also interested in uncovering the level at which the presumed stress response is regulated and therefore we monitored the expression of relevant genes.



Material and methods


Plant material and stress application

In the first series of experiments, we investigated the importance of the desiccation step for the development of emblings from 12 embryogenic lines of Norway spruce [P. abies (L.) Karst]. Embryogenic cultures were induced in our laboratory in August 2020 from immature zygotic embryos. Induction, proliferation, and maturation proceeded under conditions described in Vagner et al. (2005) and Gemperlova et al. (2009). During proliferation the cultures were grown on GD media (Gupta and Durzan, 1986), solidified with 0.75% agar (Sigma–Aldrich, Steinheim, Germany). The pH was adjusted to 5.8 prior to autoclaving. The medium was supplemented with 0.21 mM cefotaxime (Sefotak, Valeant Czech Pharma, Prague, Czechia), 5 μM 2,4-dichlorophenoxyacetic acid (2,4-D), 2 μM kinetin, 2 μM 6- benzylaminopurine and 30 g/l sucrose (Duchefa, Haarlem, Netherlands). All phytohormones and organic components other than sucrose were diluted separately. The solutions were then filter-sterilized and added to cooled autoclaved media. The embryogenic cultures were maintained by weekly subculturing into Magenta vessels (Magenta corporation, Chicago, IL, United States) containing 40 ml of fresh medium. Cultures were kept in darkness at 24 ± 1°C.

In order to initiate the maturation, the cytokinins and auxin in media were replaced with 20 μM ABA (Sigma–Aldrich, Steinheim, Germany) and 3.75% polyethylene glycol 4000 (PEG, Sigma–Aldrich, Steinheim, Germany), pH was adjusted to 5.8 before autoclaving. ABA and all of the organic components, except sucrose, were separately prepared and diluted, filter-sterilized and added to the cooled, autoclaved media. The PEG solution was autoclaved separately and added to the medium after autoclaving. During maturation, the cultures were subcultured onto membrane rafts (Osmotek, Rehovot, Israel) in Magenta vessels with fresh liquid maturation medium at subcultivating intervals of 1 week. Cultures were kept in darkness at 24 ± 1°C for 5 weeks.

In the first series of experiments, morphologically fully mature somatic embryos were collected after 5 weeks of maturation, embryos were characterized by apical meristem surrounded with elongated cotyledons, hypocotyl and radicle with root apical meristem and the root cap, and with protoderm on the embryo surface, as described in Eliášová et al. (2018). Embryos were either immediately germinated or treated with high relative humidity desiccation. Desiccation treatment was performed according to Vondrakova et al. (2018). During this treatment, embryos were placed on the dry filter paper laid in open small dishes situated in large Petri dish (18 cm in diameter) with several paper layers wetted by sterile water. Large dishes were covered with lids, sealed with parafilm, and kept under a light regime of 12 h photoperiod (70 μM/m2/s) at 18 ± 1°C for 3 weeks. Under this setting, the relative humidity inside Petri dishes reaches near 100%. In all experiments, treatment of embryos under 100% humidity served as a control variant.

For germination, both groups of somatic embryos (immediately after maturation or desiccation treatment at high relative humidity) were placed into the Magenta vessels containing 1/4 strength GD (Gupta and Durzan, 1986) phytohormone-free medium solidified with 0.75% (w/v) agar (Sigma–Aldrich, Germany), and supplemented with 1% (w/v) sucrose and activated charcoal (0.4%; w/v). Cultivation was performed under a 12-h photoperiod at 24 ± 1°C (120 μM/m2/s). The development of the emblings was evaluated after 3 and 6 weeks, respectively. Images of 15–20 emblings of each variant and embryogenic line were acquired using a Nikon SMZ 1500 stereomicroscope and a Nikon DS-5M color camera (Tokyo, Japan). Images were processed using the NIS-Elements AR 3.2 analysis system (Laboratory Imaging, Prague, Czechia). The number of emblings that formed primary roots, emblings with formed terminal bud, and the number of malformed emblings were counted.

In the second series of experiments, the effect of drought stress during desiccation on development of embryos/emblings was tested using selected embryogenic lines of Norway spruce (AFO 541 from AFOCEL – France, and 6 lines induced in our laboratory). Induction, proliferation and maturation proceeded as described above. Morphologically fully mature somatic embryos (after 5 weeks of maturation) were subjected to different desiccation treatments. In the control variant, conditions of the treatment were the same as in the first series of experiments – filter paper layers in large Petri dishes, where embryos were deposited in small dishes, were wetted with sterile water (near 100% relative humidity). Lower humidity in Petri dishes was achieved when a supersaturated solution of Na2HPO4.12H2O (95% relative humidity) or a supersaturated solution of ZnSO4 (90% relative humidity) was used for paper wetting instead of water (Roberts et al., 1990). Because lower humidity was lethal to embryos when applied throughout the desiccation period (results not shown), the desiccation was divided into two phases. During the first half of desiccation (11 days), embryos were maintained under lower humidity; subsequently, the small Petri dishes with embryos were transferred to 100% relative humidity for the rest of desiccation (next 11 days). Control embryos were exposed to 100% relative humidity throughout the process (22 days). The conditions for subsequent germination were as described above. After 3 weeks of germination, the development of emblings was evaluated. Images of 15–20 emblings from each variant (treatment and genotype) were acquired using a Nikon SMZ 1500 stereomicroscope equipped with a Nikon DS-5M color camera. The length of roots, hypocotyls, and whole shoots was measured using a NIS-Elements image analysis system AR 3.2.

The samples for biochemical analyses were collected at the end of maturation (M), after 11 days of desiccation treatment (D), and at the end of desiccation treatment (ED). All samples were frozen in liquid nitrogen and stored at -80°C until analyses. The scheme of the second series of experiments is presented in Figure 1, where the sampling points and sample designations are shown.
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FIGURE 1
Design of the second series of experiments and sampling. Mature somatic embryos (5 weeks of maturation, M) were subjected to three different systems of desiccation. Control embryos (in red) were exposed to 100% relative humidity throughout the process (sampling D100 and ED100). The second and third groups of embryos were subjected to 95 and 90% relative humidity, respectively, during the first half of desiccation (sampling D95 and D90) and then transferred to 100% relative humidity (sampling ED95 and ED90). The germination rate and morphology of embryos desiccated at different relative humidity levels were examined (G100, G95, and G90). The designation of all samples according to this scheme is used in the following text.




Determination of dry weight of embryos

At each sampling point, samples consisting of approximately 30 embryos were collected and weighed to determine their fresh weight (FW). The samples were collected in triplicate. They were then dried at 80°C and continuously weighed to a constant weight to obtain the final dry weight (DW). Dry matter values were expressed as %DW = DW/FW × 100 and concomitantly the water content was calculated as (FW-DW)/DW and is therefore expressed as g H2O/g DW.



Malondialdehyde assay

The malondialdehyde (MDA) content of the samples was determined using the NWLSS-malondialdehyde assay kit (Cat. No. NWK-MDA01, Northwest Life Science Specialties, LLC, Vancouver, Canada) as described in detail by Cvikrova et al. (2012). The assay is based on the reaction of MDA with thiobarbituric acid, which forms an MDAeTBA2 adduct that absorbs light strongly at 532 nm. The amount of MDA in the sample was determined using a five-point standard curve.



Abscisic acid and abscisic acid metabolite determination

Analysis of the content of ABA and its metabolites in embryos was performed as described previously (Prerostova et al., 2021). Phytohormones were extracted from frozen samples (approximately 10 mg FW aliquot) using 50 μl cold extraction solvent (1M formic acid). After addition of isotope-labeled standards and homogenization, phytohormones were separated on Kinetex EVO C18 column (2.6 μm, 150 × 2.1 mm, Phenomenex, Torrance, CA, United States). Hormone analysis was performed using an LC-MS system consisting of UHPLC 1290 Infinity II (Agilent, Santa Clara, CA, United States) set in multiple reaction-monitoring mode, using the isotope dilution method. Data acquisition and processing were performed using Mass Hunter B.08 software (Agilent). Phytohormone concentrations were calculated as the amount per 1 g of DW.



Ornithine decarboxylase, arginine decarboxylase, and S-adenosylmethionine decarboxylase activity assays

The activities of ODC (EC 4.1.1.17), ADC (EC 4.1.1.19), and SAMDC (EC 4.1.1.50) were determined using the radiochemical method developed by Tassoni et al. (2000) and modified according to Gemperlová et al. (2005). Samples were extracted in three volumes of ice-cold 0.1M Tris–HCl buffer, pH 8.5, containing 2 mM b-mercaptoethanol, 1 mM EDTA and 0.1 mM pyridoxal phosphate, and centrifuged at 20,000 × g for 30 min at 4°C. Aliquots (0.1 ml) of both supernatant (soluble fraction) and resuspended pellet (particulate fraction) were used to determine ODC and ADC activity. Enzyme activity assays were performed by measuring the 14CO2 evolution from 7.4 kBq L-[1-14C]ornithine (1.92 GBq mmol–1, Amersham Pharmacia Biotech, United Kingdom) or 7.4 kBq L-[U-14C]arginine (11.5 GBq mmol–1, Amersham Pharmacia Biotech), for ODC and ADC, respectively, in the presence of 2 mM unlabeled substrate during a 1.5-h incubation at 37°C. 14CO2 was entrapped in hyamine hydroxide and the radioactivity was counted on liquid scintillation analyzer, Tri-Carb 2900TR, Packard. To determine SAMDC activity samples were homogenized in three volumes of 0.1M phosphate buffer, pH 7.6 containing 2 mM β-mercaptoethanol and 1 mM EDTA, and centrifuged at 20,000 × g for 30 min at 4°C. The supernatant and resuspended pellet (0.1 ml aliquots) were incubated separately with 3.7 kBq [1-14C]S-adenosylmethionine (2.15 GBq mmol–1, Amersham Pharmacia Biotech) in the presence of 2.8 mM unlabeled substrate and 3 mM Put. 14CO2 evolution was measured for 1 h at 37°C. The radioactivity was counted on liquid scintillation analyzer, Tri-Carb 2900TR, Packard.

Total protein content of the samples was measured by the Bradford method using bovine serum albumin as a standard (Bradford, 1976).



Polyamine analysis

Embryos were ground in liquid nitrogen and extracted for 1 h at 4°C with 1 ml of 5% (w/v) perchloric acid (PCA) per 100 mg fresh mass of tissue. 1,7-Diaminoheptane was added as an internal standard, and the extracts were centrifuged at 21,000 g for 15 min. PCA-soluble free PAs were determined in one half of the supernatant. The remaining supernatant and the pellet were acid hydrolyzed in 6N HCl for 18 h at 110°C to obtain PCA-soluble and PCA-insoluble PA fractions. PA standards (Sigma-Aldrich, Czechia) and extracted free, PCA-soluble and insoluble PAs were benzoylated according to the method of Slocum et al. (1989), extracted by distilled diethyl ether and after evaporation stored in -20°C until analysis. Detection and quantification of benzoylamines were carried out using an HPLC-MS system consisting of an HTS-Pal auto-sampler with cooled sample stack (CTC Analytics, Zwingen, Switzerland), Rheos 2200 quaternary HPLC pump (Flux Instruments, Basel, Switzerland), Delta Chrom CTC 100 Column oven (Watrex, Praha, CR), and TSQ Quantum Ultra AM triple-quad high-resolution mass spectrometer (Thermo Electron, San Jose, United States) equipped with an electrospray interface. The dried extract was re-dissolved in 5 ml of 80% (v/v) methanol, and 0.5 ml was taken for further analysis and filtered using a 0.2 μm Micro-Spin centrifugal filter (GRACE, Deerfield, IL, United States). An aliquot of 5 μl was injected onto a Kinetex 2.6 μm C18 100 Å HPLC column, 50 × 2.1 mm (Phenomenex, Torrance, United States) and analyzed by elution with a binary gradient (water/acetonitrile) starting at 20% (v/v) and ending at 50% (v/v) acetonitrile. The residual sample was removed from the column by increasing the acetonitrile content to 90% (v/v) for 6 min, and then the column was equilibrated at 20% (v/v) acetonitrile for 6 min before the next injection. The mass spectrometer was operated in the positive SRM (single reaction monitoring) mode and 2–4 transitions were monitored for each compound. The most intensive ion was used for quantification, the others for identity confirmation. PAs were quantified using a multilevel calibration graph with diaminoheptane as the internal standard.



Zymography of chitinases and β-1,3-glucanases

Total proteins were extracted from embryos according to Hurkman and Tanaka (1986). The enzymes of chitinases and β-1,3-glucanases were detected in polyacrylamide gels as described previously (Galusova et al., 2015). Briefly, protein aliquots (10 μg) were separated in 12.5% (w/v) polyacrylamide mini-gels (Mini-PROTEAN Tetra Cell Apparatus, Bio-Rad) containing enzyme substrate; 0.01% (w/v) glycol chitin was used for chitinases and 0.01% (w/v) laminarin (Sigma) for β-1,3-glucanases. Samples were not boiled before loading. The separation of acidic/neutral and basic/neutral proteins under native conditions was performed according to the method of De Bolle et al. (1991) at 120 V for 3 h at 8°C. After electrophoresis, proteins were renatured overnight in 50 mM sodium acetate buffer (pH 5.0), 1% (v/v) Triton X-100. Chitinase fractions were stained with 0.01% (w/v) Fluorescent Brightener 28 (Sigma) in 250 mM Tris–HCl (pH 8.9) for 15 min, and detected by illumination with UV light. Fractions with β-1,3-glucanase activity were visualized as red bands by boiling the gels in 200 ml of 1M NaOH containing 0.3 g of 2,3,5-triphenyltetrazolium chloride (Sigma) in a water bath for 5–10 min. After photography (BioDoc-It 210 Imaging System, UVP, California, United States), gel images were processed using Scion Image Software1 (Galusova et al., 2015). Background-corrected integrated density (ID) of chitinase bands was calculated in areas of constant size: ID = N × (mean-background) where N is the number of pixels in the selected area and the background is the modal gray value (pixels). The sizes of individual isoforms were determined based on the co-separated molecular standard.



Quantitative real-time PCR

Relative transcript levels of the genes of interest were analyzed by real-time PCR. RNA was isolated from 100 mg of frozen embryos using the RNeasy Plant Kit (Qiagen) and treated with DNaseI (Thermo Scientific). cDNA was prepared using Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific). Quantitative RT-PCR was performed in 12 μl PCR mix containing 6 μl of PCR MasterMix (Generi Biotech), 3.5 μl of nuclease-free water, 0.5 μl of mixture of forward and reverse primers (initial concentration 10 mM) and 2 μl of cDNA. The alpha-tubulin gene from P. abies (GenBank: X57980.1) was used as a reference. Primers for the genes of interest were designed based on either gene homology: β-1,3–glucanase (GenBank: L49179.1), putative class I chitinase (GenBank: AY450922.1), class IV Chia4-Pa chitinase (GenBank: AY270016.1), or literature data – ADC, SAMDC, spermidine synthase (SPDS), and SPMS (Vuosku et al., 2012). Primer specificity was demonstrated by PCR using genomic DNA of P. abies (DNeasy Plant Mini Kit, Qiagen); PCR products were purified using QIAquick PCR Purification kit (Qiagen) and sequenced (Eurofins Genomics). Sequences were then compared with database data (NCBI). Relative transcript levels were analyzed by the modified 2–ΔΔCT method using individual amplification efficiency for each gene (Livak and Schmittgen, 2001; Schefe et al., 2006) and compared relative to expression levels at the end of maturation (prior to desiccation) as a reference (value1).



Statistical analysis

Three or four independent experiments were performed, each with at least two biological replicates. Results are presented as means ± standard deviations. The data were analyzed by one-way analysis of variance (ANOVA). The means were compared using the Tukey test, and differences between means with P-values less than 0.05 were considered significant. The statistical package SigmaPlot 14.0 was used for all analyses.




Results


The effect of high relative humidity treatment on the germination of somatic embryos

In the first series of experiments, the effect of treatment with 100% relative humidity was tested in 12 embryogenic lines. Germination of a total of 400 emblings derived from treated and untreated embryos was compared based on the percentage of emblings with developed primary root and/or terminal bud and on the number of malformed emblings (Figure 2). The results showed that the high (near 100%) relative humidity treatment promoted embryo rooting and consequently terminal bud formation. Nearly 70% of the treated embryos were able to form primary roots, in contrast to less than 20% of the untreated embryos. The positive effect of the treatment on terminal bud formation was evident after 3 weeks of germination, and was significant after 6 weeks of germination. The treatment did not cause significant damage to the embryos, as the number of malformations was similar in both groups of emblings. Therefore, the conditions of the 3-week 100% relative humidity treatment were used as control conditions in the second series of experiments, where we tested the effect of reduced relative humidity.
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FIGURE 2
The comparison of the development of somatic embryos from the first series of experiments with or without the desiccation phase. The proportion of the emblings with primary root, with growing terminal bud, and malformed emblings was evaluated after 3 and 6 weeks of germination in response to desiccation (gray columns) and without treatment (white columns). Values are expressed as means ± standard deviations (n = 12) from two independent experiments. Different letters above columns indicate a statistically significant difference at p ≤ 0.05.




The effect of reduced relative humidity treatments on embling morphology

In the second series of experiments, the 3-week-old emblings derived from control embryos (exposed to 100% relative humidity; G100), had green cotyledons, an elongated hypocotyl, and a primary root, just as in the first series of experiments. Water deprivation during the first 11 days of desiccation treatment affected the development of emblings. Hypocotyls often thickened and did not elongate, and cotyledons were poorly developed (Figure 3A). The degree of these malformations depended on stress intensity. While moderate moisture deficit (95% relative humidity) during desiccation had no significant effect on G95 emblings, desiccation at the lowest relative humidity (90%) resulted in significantly inhibited growth of G90 emblings in terms of shoot, hypocotyl and/or root lengths (Figure 3B).
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FIGURE 3
Morphology of 3-week-old emblings developed from embryos desiccated at different relative humidity levels (G100, G95, and G90). (A) Overview of emblings; (B) Length of whole shoots (dark gray columns), hypocotyls (light gray columns), and primary roots (white columns). The image of the embling inserted in the graph (B) shows the measured parts – shoot (s), hypocotyl (h), and primary root (r). Values are given as means ± standard deviations (n = 8) of four independent experiments. Different letters indicate a significant difference at p ≤ 0.05.


Root formation was less affected than shoot growth; 33% of G95 emblings and 77% of G90 emblings were able to form roots compared to 53% in G100, and root length remained comparable to the G100 control emblings (Figure 3B).



The changes in water content of embryos during desiccation

In control embryos exposed to 100% relative humidity, DW remained unchanged (20–23%) throughout the desiccation process (Figure 4, ED100). Reducing the relative humidity to 95 or 90% in the first half of desiccation caused intense water loss in the embryos, which was reflected in a sharp increase in the dry matter content. DW doubled in D95 and even tripled in D90 embryos. When D95 and D90 embryos were returned to high humidity for the rest of the desiccation, DW content in ED95 approached the value of the control embryos (ED100) and remained two-fold higher in ED90 compared to the control variant (Figure 4).
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FIGURE 4
The effect of desiccation on the dry weight and water content of mature embryos (M), control embryos at half (D100), and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to relative humidity of 95 and 90% during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Values are given as means ± standard deviations of four independent experiments (n = 8). Different letters indicate a statistically significant difference at p ≤ 0.05.




Malondialdehyde and abscisic acid content

In embryos exposed to high relative humidity (D100), the level of ROS production (measured by the amount of MDA present) increased slightly compared to mature embryos (M; Figure 5). However, a water deficit in embryos desiccated at 95% relative humidity (D95) for 11 days caused a decrease in MDA content by more than 50% and in embryos desiccated at 90% relative humidity (D90) it decreased to 25% of the control values. Although the subsequent transfer to a high relative humidity environment slightly increased the MDA content of embryos, the final values did not exceed 60% (ED95) and 34% (ED90) of the control values (ED100).


[image: image]

FIGURE 5
Malondialdehyde (MDA) content in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Values are given as means ± standard deviations of four independent experiments (n = 8). Different letters indicate a statistically significant difference at p ≤ 0.05.


The content of ABA and its metabolites was also measured in desiccated embryos and preliminary results showed the expected decrease in ABA levels (Supplementary Figure 1). Treatment at 100 and 95% relative humidity resulted in a sharp decrease in the content of ABA and its metabolites, with ABA glucose ester (ABA-GE) being the most abundant form. Reducing the relative humidity to 90% at the beginning of desiccation substantially affected the metabolism of ABA. The content of ABA and its metabolites was more than five times higher (D90) than in the control embryos (D100), and the major component of ABA metabolites was dihydrophaseic acid (DPA). This pattern was maintained until the end of desiccation (ED90).



Content of polyamines

In the course of desiccation of embryos, a significant decrease in the total content of PAs was observed. Mature somatic embryos (M) were characterized by higher Spd than Spm content, while Put content represented the lowest proportion of the sum of free, soluble, and insoluble conjugates of PAs (Supplementary Figure 2). In embryos subjected to control conditions with relative humidity of 100% (D100 and ED100), the content of free Put and Spd gradually decreased, whereas the content of Spm increased and was significantly higher than Spd at the end of the experiment in ED100 (Figure 6A). Lower relative humidity of 95% had no significant effect on the PA content of embryos (D95). However, drier air at 90% relative humidity caused a 50% decrease in Spm content in embryos (D90) and a more than eightfold increase in Put content (Figure 6A). After these embryos were subsequently exposed to 100% relative humidity (ED90), free Put content decreased to levels comparable to ED100 and ED95, but both free Spd and Spm content decreased significantly to 50% (compared to ED100).
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FIGURE 6
The content of free PAs (A), PCA-soluble PAs (B), and PCA-insoluble PAs (C) in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Values are given as means ± standard deviations. Bars represent standard deviations of four independent experiments (n = 8). Different letters indicate a statistically significant difference at p ≤ 0.05. a,b,c,d - Put forms; k,l,m - Spd forms; x,y,z - Spm forms.


The contents of PA conjugates were lower than those of free PAs. The significantly higher contents of Spd conjugates determined in D95 and D90 were the only obvious differences from those determined in the control (Figures 6B,C). The bound PAs accounted for the smallest fraction of the total pool of PAs. When embryos were exposed to 90% relative humidity, the content of bound forms of Put and Spd increased eleven-fold and 2.5-fold, respectively, compared to control conditions (D100). The fivefold increase in Put content persisted in ED90 compared to ED100.

As desiccation progressed, changes in the individual PAs resulted in changes in the ratios of Spd/Put, Spm/Put, and Spd/Spm (Supplementary Figure 3). The decrease in free Put content in D100 and D95 embryos resulted in an increase in the ratio of Spd/Put and Spm/Put compared with the values in mature embryos. In contrast, in D90 embryos, a significant increase in free and bound Put resulted in a substantial decrease in both the ratio of Spd/Put and Spm/Put. The decrease in free Put and its conjugates in ED90 embryos at the end of desiccation (compared with D90) was reflected in the increase in the ratios of Spd/Put and Spm/Put. The values of Spd/Spm ratios determined in D100, ED100, D95, and ED95 embryos showed a similar character and did not differ from each other. The different Spd/Spm ratios in D90 were caused by relatively high levels of Spd in free, conjugated, and bound forms.



Activities of ornithine decarboxylase, arginine decarboxylase, and S-adenosylmethionine decarboxylase enzymes during desiccation of somatic embryos

The activities of the three enzymes responsible for the biosynthesis of the major PAs were measured in the soluble and particulate fractions; the results are presented by the sum of the activities of both fractions (Figure 7). In embryos during desiccation, both ADC and ODC activities were responsible for Put biosynthesis. In embryos exposed to control conditions, the variations in the activities of ADC and ODC were very similar during the desiccation period; both activities increased slightly during the 3-week period in control embryos (D100 and ED100; Figure 7). Embryos desiccated at reduced relative humidity showed a decrease in enzyme activities (D95 and D90). Exposure to reduced relative humidity resulted in a decrease in ADC activities to 24 and 35% and ODC activities to 31 and 33% in D95 and D90, respectively, compared with control D100. Subsequent transfer to 100% relative humidity resulted in a significant increase in both activities: ADC to 51 and 41% and ODC to 58 and 37% in ED95 and ED90, respectively. Only moderate changes in SAMDC activity were observed in embryos exposed to control conditions, whereas embryos desiccated at reduced relative humidity showed a slight decrease in enzyme activity (D95 and D90). Subsequent transfer of embryos to 100% relative humidity increased SAMDC activity. At the end of desiccation, the ED95 and ED90 embryos reached 146 and 120%, respectively, of the SAMDC activity determined in the ED100 control.
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FIGURE 7
Activities of PA biosynthetic enzymes ADC, ODC, and SAMDC in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). ADC, arginine decarboxylase; ODC, ornithine decarboxylase; SAMDC, S-adenosylmethionine decarboxylase. Values are given as means ± standard deviations. Bars represent standard deviations of three independent experiments (n = 6). Statistical analyzes were performed for the activities of each enzyme. Different letters indicate a statistically significant difference at p ≤ 0.05. a,b,c - ADC; k,l,m,n - ODC; x,y,z - SAMDC.




Cell wall modifying enzymes

Gel separation based on protein size (SDS-containing gels) and subsequent enzyme detection identified a single fraction of ∼37 kDa β-1,3-glucanases in mature (not shown) somatic embryos. Under control conditions, their activity remained unaffected, whereas desiccation at reduced relative humidity markedly suppressed their activity. However, when embryos were subsequently transferred to a 100% relative humidity environment, strong activation of the enzyme was observed in embryos exposed to 95 and/or 90% relative humidity during the first half of desiccation (Figure 8A). This pattern apparently involves the acidic isoforms; further separation under native conditions confirmed a similar response of two of the four acidic isoforms detected (Figure 8B, isoforms A and D). The activity of all four basic enzyme fractions was pronounced during the second half of desiccation (Figure 8C).
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FIGURE 8
Separation and in-gel detection of β-1,3-glucanases (A–C) and chitinases (D–F) in mature embryos (M), control embryos at half (D100), and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% humidity (ED95 and ED90). The overall profiles of total β-1,3-glucanases (A) and chitinases (D) after separation in SDS-PAGE with specific enzyme substrates and separation of acidic/neutral (B,E) and basic/neutral (C,F) isoforms of β-1,3-glucanases and chitinases. The activity values of the isoforms that were significantly affected by the applied conditions (compared with the corresponding control variants) are indicated in the graphs below the gel images (from top to bottom). *P < 0.05; **P < 0.01; and ***P < 0.001. Data represent the means ± standard deviations. m, molecular marker.


The enzyme profile of chitinases in all embryos (including matured embryos, data not shown) comprised four different isoforms of ∼140, 37, 28, and 20 kDa (Figure 8D). Their activities during the first 11 days of desiccation appeared to be inconsistent for unknown reasons (Figures 8D,E). However, in response to transfer to 100% relative humidity, each of them was statistically significantly induced in at least one variant – typically in embryos exposed to 90% relative humidity during the first half of desiccation (ED90; Figure 8D). With separation under native conditions, we detected several acidic/neutral (Figure 8E), and basic/neutral isoforms (Figure 8F). The activity of the largest acidic fraction gradually increased at reduced humidity during the first 11 days (D95 and D90) and later when desiccation continued at 100% relative humidity (ED95 and ED90; Figure 8E, isoforms A and D). Most of the chitinase activity in the embryos likely came from the basic isoforms (Figure 8F); unfortunately, because of their very high activity, we could not quantify their activities.



Expression of genes for polyamine biosynthetic enzymes

The expression levels of four polyamine biosynthetic enzyme genes were followed by qPCR analysis during the desiccation of embryos at different humidity levels. The expression level of the ADC gene (Figure 9A) increased slightly under control conditions throughout the desiccation period (D100 and ED100). Desiccation at reduced humidity caused a slight decrease in transcription that was significant only in D95 embryos. In the course of treatment at high relative humidity conditions, the expression level of SAMDC doubled (Figure 9B, ED100). At reduced relative humidity (D95 and D90), this increase in SAMDC transcript levels became less pronounced and returned to the levels found in mature embryos at the end of desiccation (ED95 and ED90). The relative level of SPDS gene transcript increased steadily during treatment under control conditions (Figure 9C, D100 and ED100), whereas it remained unchanged at lower relative humidity levels (D95 and D90) throughout the experiment (ED95 and ED 90). The expression of S-adenosylmethionine synthase gene was not affected by any desiccation treatment (Figure 9D); a slight but not significant induction was observed in ED95 embryos.
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FIGURE 9
Relative transcript levels of polyamine biosynthetic enzyme genes ADC (A), SAMDC (B), SPDS (C), and SAMS (D) in mature embryos (M), control embryos at half (D100), and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Transcript levels are compared relative to expression levels in mature embryos (value1). Values are expressed as means ± standard deviations (n = 9). Different letters indicate statistically significant difference at p ≤ 0.05. ADC, arginine decarboxylase; SAMDC, S-adenosylmethionine decarboxylase; SPDS, spermidine synthase; and SAMS, S-adenosylmethionine synthase.




Expression of genes for cell wall modifying enzymes

The expression of the β-1,3-glucanase gene studied was affected as a function of humidity (Figure 10A). Treatment with 100% relative humidity resulted in a 16-fold increase in expression (D100) compared to mature embryos (M), remained until the end of the experiment (ED100). In embryos desiccated at lower relative humidity during the first 11 days (D95 and D90), gene expression remained unchanged compared to mature embryos (M), but increased sharply as desiccation progressed, reaching 7-fold (ED95), and 3-fold (ED90) levels compared to control ED100.
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FIGURE 10
Relative transcript level of β-1,3-glucanase (A), class I chitinase (B), and class IV chitinase (C) in mature embryos (M), control embryos at half (D100) and at the end (ED100) of treatment with 100% relative humidity, and embryos exposed to 95 and 90% relative humidity during the first half of desiccation (D95 and D90) and subsequently transferred to 100% relative humidity (ED95 and ED90). Transcript levels are compared relative to expression levels in mature embryos (value1). Values are expressed as means ± standard deviations (n = 9). Different letters indicate a statistically significant difference at p ≤ 0.05.


As for chitinases, the expression of a single class I chitinase gene and a single class IV chitinase gene were analyzed. The expression of the class I chitinase gene was not affected by any desiccation treatment (Figure 10B), in contrast to the class IV chitinase gene (Figure 10C). During treatment with 100% relative humidity, the expression of the class IV chitinase gene increased continuously compared to the transcript level in mature embryos (M). In the first half of the treatment (experiment; D100) a 20-fold higher transcript level was detected, which was further pronounced up to 40-fold higher transcript abundance at the end of the experiment (ED100). Reduced relative humidity in the first half of desiccation negatively affected expression of the class IV chitinase gene (D95 and D90), whereas transfer to 100% relative humidity restored its expression (ED95 and ED90) to the level observed in control embryos (ED100).




Discussion

The conversion of somatic embryos into high-quality emblings depends on the development of functional root and shoot systems (Hazubska-Przybyl et al., 2015). To improve the efficiency of germination, special procedures are used, such as partial drying of somatic embryos at high relative humidity (Roberts et al., 1990; Find, 1997) or low temperature treatment (Tikkinen et al., 2018b). For some species and cell lines, including P. abies (Tikkinen et al., 2018a), germination can occur without desiccation, but in general, desiccation is thought to improve germination rates and subsequent plant formation (Egertsdotter et al., 2019). Desiccation tolerance of conifer somatic embryos differs among species and genotypes and depends on the previous conditions of maturation (Hay and Charest, 1999). In all tested embryogenic cultures recently induced in our laboratory, desiccation of embryos at high relative humidity (100%, Figure 2) increased the germination rate compared with embryos germinated immediately after maturation. The desiccation treatment had a dual effect on somatic embryos’ further development depending on the humidity level – it positively affected embling germination and growth (Figures 2, 3), while causing stress due to water loss in embryos (Figure 4).

The intensity of partial drying and thus the impact of different relative humidity during the desiccation step determines the extent and outcome of these two possible effects of desiccation. ABA probably plays an important role in these processes, as it is a key regulator of plant responses to stresses and of plant growth and development. Degradation of ABA has been associated with the release of seed dormancy (Finch-Savage and Leubner-Metzger, 2006; Vondrakova et al., 2020), and decreased ABA content has been detected in spruce somatic embryos prior to germination (Find, 1997). The expressive change in ABA content in embryos during desiccation compared to mature embryos is likely due to the maturation medium being supplemented with a relatively high concentration of ABA that is omitted during desiccation (Vondrakova et al., 2018). Then, the differences in ABA content between embryos desiccated at different relative humidity correlate with the ability of the embryos to metabolize ABA (remaining in the embryos after maturation). At the same time, synthesis of ABA can be induced by stress conditions. Our preliminary data on ABA (Supplementary Figure 1) showed higher levels of ABA and ABA metabolites in embryos exposed to 90% relative humidity. The higher levels of ABA and DPA, the final product of the ABA hydroxylation pathway, suggest that embryos are unable to catabolize successfully the huge amount of ABA present after maturation. In contrast, in embryos from all other treatments, the prevailing ABA metabolite was ABA-GE, which is thought to be a reversibly inactive form of ABA (Seo and Marion-Poll, 2019). The reduced degradation rate of ABA may be related to the low water content in embryos exposed to 90% relative humidity and the consequent slowing of the enzymatic ABA degradation machinery.

As somatic embryos are exposed to osmotic stress during desiccation, ROS could accumulate excessively, leading to lipid peroxidation and damage to cellular component (Mailloux and Harper, 2011). During the experiments, the changes in MDA levels were tested as a marker of the peroxidation of membrane lipids to assess the extent of ROS production. The changes in MDA levels in embryos desiccated at 100% relative humidity were small, indicating adequate antioxidant protection (Figure 5). We hypothesized that the reduced humidity applied during desiccation would increase MDA values; however, the opposite was true, the applied reduced humidity negatively affected MDA content in somatic embryos. Activation of different antioxidant defense systems in response to the lower humidity could lead to efficient scavenging of ROS predominating over their production, which could explain the lower MDA levels in D95 and D90 embryos.

Polyamines are essential biomolecules with a dual role in plants – they are known to be involved in the regulation of many plant developmental and growth processes as well as in the response to various environmental stimuli (Wuddineh et al., 2018). Our findings indicate the stress-induced changes in PA homeostasis observed in desiccated embryos. Reduced humidity during desiccation resulted in changes in the free, conjugated, and bound forms of PAs compared to control embryos (Figure 6). A markedly increased content of free Put in D90 in spite of decreased ADC and ODC activities (Figure 7) and a sharp decrease in the content of free Spm indicate that free Spm could be converted back to Spd and Spd to Put. Reconversion is the opposite reaction to PA biosynthesis and is catalyzed by the enzyme polyamine oxidase (Kusano et al., 2008). Changes in PA levels in response to various abiotic stress conditions are often accompanied by stimulation of PA oxidation (Kamada-Nobusada et al., 2008; Tiburcio et al., 2014), but knowledge of the physiological function(s) of PA catabolic enzymes and their involvement in PA homeostasis is still insufficient (Takahashi et al., 2018).

A considerable proportion of PAs in plant cells can be diverted from physiological activity by conjugation with soluble phenolic acids or with macromolecules (Grienenberger et al., 2009; Fellenberg et al., 2012). The significantly higher content of Spd conjugates in both D95 and D90 (Figures 6B,C) suggests that PA conjugation in our system is involved in PA homeostasis in addition to oxidative deamination. In general, the accumulation of bound and conjugated PAs is an important protective property in plants under adverse environmental conditions (Yu et al., 2019). It has been reported that cell wall-bound PAs mediate the formation of bonds between individual cell wall components and between the cell wall and the cell membrane (Berta et al., 1997). Changes in the content of conjugated and bound PAs have been found in the adaptation of vetiver grass to water deficit (Zhou and Yu, 2010), and the drought resistance of rice cultivars has been associated with obviously induced increases in bound PAs (Yang et al., 2007). The response to water deficit in triticale cultivars was also associated with a gradual increase in cell wall-bound PAs (Hura et al., 2015). The observed increase in conjugated and bound Spd content, and especially bound Put content in D90, is consistent with these results. Although mediation of bond formation is attributed to Spm, similar involvement of Put and thermospermine in the defense response to, e.g., biotic stress has been proposed (Jimenez-Bremont et al., 2014).

Free PAs have been studied more extensively than the soluble conjugated and/or bound forms (Chen et al., 2019). An inadequate Spd/Put ratio has also been considered an important factor in SE and has been associated with abnormal growth and disordered cell proliferation in grape somatic embryos (Faure et al., 1991). Higher values of the ratio of free forms Spd/Put and Spm/Put determined in D100 and D95 (relative to M, Supplementary Figure 3) were caused by low levels of free Put and are characteristic of Norway spruce somatic embryos during the desiccation period (Gemperlova et al., 2009). However, in the case of D90, the situation was different because both ratios of free forms, Spd/Put and Spm/Put, were very low due to the significantly increased content of free Put. Unfortunately, the physiological significance of these changes in PA ratios is still unclear (Huang et al., 2004; Murray-Stewart et al., 2018).

Like PAs, the cell wall-modifying enzymes chitinases and β-1,3-glucanases play multiple roles in plant development and responses to various stresses (Perrot et al., 2022; Vaghela et al., 2022). In conifer SE, their role has been demonstrated for example in white spruce (Dong and Dunstan, 1997; Gao et al., 2022), black pine and hybrid firs (Fráterová et al., 2013), and Norway spruce (Dyachok et al., 2002). Some of the β-1,3-glucanases are active during seed maturation and have been shown to initiate rupture of seed testa during germination (Leubner-Metzger, 2005). Remarkably, both enzymes are considered components of the second line of defense against abiotic stresses, including water deprivation. The presence of ∼37 kDa β-1,3-glucanase in Norway spruce somatic embryos (Figure 8A) is consistent with previously detected glucanases of similar size in chicory (Helleboid et al., 1998, 2000), pea (Buchner et al., 2002), or Scots pine (Pirttilä et al., 2002). Water loss during desiccation inhibited the activities of two (acidic) β-1,3-glucanases in the embryos (Figure 8B; isoforms A, D) as well as the expression of a single β-1,3-glucanase gene (Figure 10). This probably led to the deposition of the enzyme substrate – callose. The deposition of callose is the result of a shift in the balance between the degrading (β-1,3-glucanase) and the synthesizing enzyme (β-1,3-glucan synthase, also called callose synthase; van der Schoot et al., 2014). Callose forms plasmodesmal “clamps” that modulate the movement of molecules across plasmodesmata in response to developmental and environmental stimuli (De Storme and Geelen, 2014), including water deprivation (Gregorová et al., 2015). In many dormant systems, callose clogs sieve tubes as well as plasmodesmata in the shoot apical meristem, isolating the meristem from surrounding tissues (van der Schoot et al., 2014). In agreement with this, β-1,3-glucanase activities in desiccated Norway spruce embryos depended on relative humidity. Enzyme activity data were consistent with the massive expression of the studied β-1,3-glucanase gene in the second half of desiccation, probably enabling rapid symplastic transport.

We detected chitinases of four different sizes (20, 28, 37, and 140 kD) in Norway spruce somatic embryos (Figure 8). Previously, 25, 48, and 56 kDa chitinases were detected in P. caribaea (Domon et al., 2000) and more than six different isoforms were present in callus culture of Pinus sylvestris (23, 25, 31, 36.5, 75, and some ≥ 124 kDa; Pirttilä et al., 2002). In our experiment, reduced relative humidity induced at least a single acidic chitinase in embryos, whereas subsequent transfer to 100% relative humidity activated several basic and some acidic isoforms. Their putative role is the release of signaling lipochitooligosaccharides from arabinogalactan proteins in different embryo structures (Dyachok et al., 2002; Zieliński et al., 2021), which are thought to play a role in morphogenesis and defense (Rojas-Herrera and Loyola-Vargas, 2002). The molecular function of chitinases in embryos could also include antifreeze activity (Żur et al., 2013), cell wall strengthening/loosening under changing water conditions (Gregorová et al., 2015), and cell wall lysis of pathogens (Grover, 2012) or endophytes (Pirttilä et al., 2002). Expression of the class IV chitinase gene was strongly induced in Norway spruce embryos desiccated at high relative humidity (Figure 10), in contrast to the previously described class IV chitinase (Hietala et al., 2004). This suggests that this gene likely plays a role in the late stages of embryo development, or in seed adaptation to changing humidity or both. In contrast, the activity of the class I chitinase gene was not affected in our experiment. Previously, a class I chitinase was induced by low temperature in mature white spruce somatic embryos (Gao et al., 2022), but was suppressed by wounding (Hietala et al., 2004). Chitinases of different classes were also differentially expressed in P. glauca during the transition between seasonal activity and dormancy (González et al., 2015).

While chitinases likely alter cell wall elasticity (Yokoyama and Nishitani, 2004) and prevent the invasion of microbes naturally present in the soil, glycoside-hydrolyzing glucanases could affect water trafficking and/or the accumulation of soluble sugars for osmotic adjustment (Levy et al., 2007). These functions are consistent with the accumulation of PAs studied and suggest the activation of mechanisms to adapt the embryos to changing moisture conditions, possibly to avoid cell death (Wiweger et al., 2003) and ensure better survival.



Conclusion

Desiccation at high relative humidity promoted germination of Norway spruce somatic embryos, increased the activities of ADC and ODC, the activities of β-1,3-glucanases and transcription of β-1,3-glucanase and class IV chitinase genes. Exposure of matured somatic embryos to decreased humidity levels resulted in stress-induced changes in PA homeostasis as well as the content of ABA and its metabolites. The adaptation of embryos desiccated at reduced relative humidity resulted in changes in the content of free, conjugated, and bound forms of PAs. A high rate of embryo dehydration elicited a significant increase in the content of free Put, although the activities of ADC and ODC decreased, which together with a sharp decrease in the content of free Spm indicated reconversion of free Spm. The increase in bound PAs was triggered by adaptation to a severe water deficit (90% relative humidity), confirming the role of PAs in strengthening the cell wall under environmental stress conditions. Low-humidity desiccation also markedly suppressed the activities of cell wall-modifying enzymes β-1,3-glucanases and chitinases, as well as the expression of β-1,3-glucanase and class IV chitinase genes. Most of the monitored enzyme activities were temporarily attenuated by low relative humidity, but were restored after the water deficit conditions passed away. Desiccation at lower relative humidity appears to impede the processes leading to physiological maturity and subsequent ability of the embryos to develop into emblings.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary materials, further inquiries can be directed to the corresponding author.



Author contributions

MC, IM, and ZV had the main responsibility of planning and experimental set up for the study. MC and LG were responsible for MDA analysis, polyamine content and biosynthetic enzyme activity experiments. JMo and ZG did in gel analysis of β-1,3-glucanase and chitinase activities. JMa and VM conducted LC-MS analysis of polyamines and ABA. JK and JP carried out RT-PCR analysis. LF and ZV were responsible for experimental material, obtained micro-morphological data, had main responsibility for data analysis, and for writing of the manuscript draft. KE, IM, ZV, LF, MC, and VM writing—review and editing. MC, IM, and LG funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

We acknowledge the support of the Ministry of Education, Youth and Sport of the Czechia (project LTC17036) and the Czech and Slovak Academy of Sciences (bilateral mobility project SAV-AVČR 15-06).



Acknowledgments

The authors would like to thank Jaroslava Špačková and Jana Kališová for their excellent technician work.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.968982/full#supplementary-material


Abbreviations

SE, somatic embryogenesis; PAs, polyamines; ROS, reactive oxygen species; Put, putrescine; Spd, spermidine; Spm, spermine; ODC, ornithine decarboxylase; ADC, arginine decarboxylase; SAMDC, S-adenosylmethionine decarboxylase; SPDS, spermidine synthase; SPMS, spermine synthase; MDA, malondialdehyde; ABA, abscisic acid; ABA-GE, abscisic acid glucose ester; DPA, dihydrophaseic acid.

Footnotes

1     http://www.scioncorp.com


References

Alcázar, R., Bueno, M., and Tiburcio, A. F. (2020). Polyamines: small amines with large effects on plant abiotic stress tolerance. Cells 9:2373. doi: 10.3390/cells9112373

Attree, S. M., Pomeroy, M. K., and Fowke, L. C. (1995). Development of White Spruce (Picea glauca (Moench) Voss.) somatic embryos during culture with abscisic-acid and osmoticum, and their tolerance to drying and frozen storage. J. Exp. Bot. 46, 433–439.

Balasubramanian, V., Vashisht, D., Cletus, J., and Sakthivel, N. (2012). Plant β-1,3-glucanases: their biological functions and transgenic expression against phytopathogenic fungi. Biotechnol. Lett. 34, 1983–1990. doi: 10.1007/s10529-012-1012-6

Berta, G., Altamura, M. M., Fusconi, A., Cerruti, F., Capitani, F., and Bagni, N. (1997). The plant cell wall is altered by inhibition of polyamine biosynthesis. New Phytol. 137, 569–577. doi: 10.1046/j.1469-8137.1997.00868.x

Bomal, C., and Tremblay, F. M. (1999). Effect of desiccation to low moisture content on germination, synchronization of root emergence, and plantlet regeneration of black spruce somatic embryos. Plant Cell Tissue Organ Cult. 56, 193–200. doi: 10.1023/A:1006201414616

Bonga, J. M., Klimaszewska, K. K., and von Aderkas, P. (2010). Recalcitrance in clonal propagation, in particular of conifers. Plant Cell Tissue Organ Cult. 100, 241–254. doi: 10.1007/s11240-009-9647-2

Bradford, M. M. (1976). Rapid and sensitive method for quantitation of microgram quantities of protein utilizing principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Buchner, P., Rochat, C., Wuillème, S., and Boutin, J.-P. (2002). Characterization of a tissue-specific and developmentally regulated β-1,3-glucanase gene in pea (Pisum sativum). Plant Mol. Biol. 49, 171–186. doi: 10.1023/A:1014910900312

Chen, D. D., Shao, Q. S., Yin, L. H., Younis, A., and Zheng, B. S. (2019). Polyamine function in plants: metabolism, regulation on development, and roles in abiotic stress responses. Front. Plant Sci. 9:1945. doi: 10.3389/fpls.2018.01945

Chen, X. Y., and Kim, J. Y. (2009). Callose synthesis in higher plants. Plant Signal. Behav. 4, 489–492. doi: 10.4161/psb.4.6.8359

Cvikrova, M., Gemperlova, L., Dobra, J., Martincova, O., Prasil, I. T., Gubis, J., et al. (2012). Effect of heat stress on polyamine metabolism in proline-over-producing tobacco plants. Plant Sci. 182, 49–58. doi: 10.1016/j.plantsci.2011.01.016

Cvikrova, M., Vondrakova, Z., Eliasova, K., Pesek, B., Travnickova, A., and Vagner, M. (2016). The impact of UV-B irradiation applied at different phases of somatic embryo development in Norway spruce on polyamine metabolism. Trees Struct. Funct. 30, 113–124. doi: 10.1007/s00468-015-1280-6

De Bolle, M. F. C., Goderis, I. J., Terras, F. R. G., Cammue, B. P. A., and Broekaert, W. F. (1991). A technique for detecting antifungal activity of proteins separated by polyacrylamide gel electrophoresis. Electrophoresis 12, 442–444. doi: 10.1002/elps.1150120612

De Storme, N., and Geelen, D. (2014). Callose homeostasis at plasmodesmata: molecular regulators and developmental relevance. Front. Plant Sci. 5:138. doi: 10.3389/fpls.2014.00138

Domon, J.-M., Neutelings, G., Roger, D., David, A., and David, H. (2000). A basic chitinase-like protein secreted by embryogenic tissues of pinus caribaea acts on arabinogalactan proteins extracted from the same cell lines. J. Plant Physiol. 156, 33–39. doi: 10.1016/S0176-1617(00)80269-2

Dong, J. Z., and Dunstan, D. I. (1997). Endochitinase and β-1,3-glucanase genes are developmentally regulated during somatic embryogenesis in Picea glauca. Planta 201, 189–194. doi: 10.1007/BF01007703

Doxey, A. C., Yaish, M. W. F., Moffatt, B. A., Griffith, M., and McConkey, B. J. (2007). Functional divergence in the Arabidopsis β-1,3-glucanase gene family inferred by phylogenetic reconstruction of expression states. Mol. Biol. Evol. 24, 1045–1055. doi: 10.1093/molbev/msm024

Dronne, S., Label, P., and Lelu, M. A. (1997). Desiccation decreases abscisic acid content in hybrid larch (Larix x leptoeuropaea) somatic embryos. Physiol. Plant. 99, 433–438. doi: 10.1034/j.1399-3054.1997.990311.x

Dyachok, J. V., Wiweger, M., Kenne, L., and von Arnold, S. (2002). Endogenous Nod-factor-like signal molecules promote early somatic embryo development in Norway spruce. Plant Physiol. 128, 523–533. doi: 10.1104/pp.010547

Egertsdotter, U., Ahmad, I., and Clapham, D. (2019). Automation and scale up of somatic embryogenesis for commercial plant production, with emphasis on conifers. Front. Plant Sci. 10:109. doi: 10.3389/fpls.2019.00109

Eliášová, K., Konrádová, H., Dobrev, P. I., Motyka, V., Lomenech, A. M., Fischerová, L., et al. (2022). Desiccation as a post-maturation treatment helps complete maturation of norway spruce somatic embryos: carbohydrates, phytohormones and proteomic status. Front. Plant Sci. 13:823617. doi: 10.3389/fpls.2022.823617

Eliášová, K., Vondráková, Z., Gemperlová, L., Nedìla, V., Runštuk, J., Fischerová, L., et al. (2018). The Response of Picea abies somatic embryos to UV-B radiation depends on the phase of maturation. Front. Plant Sci. 9:1736. doi: 10.3389/fpls.2018.01736

Faure, O., Mengoli, M., Nougarede, A., and Bagni, N. (1991). Polyamine pattern and biosynthesis in zygotic and somatic embryo stages of Vitis vinifera. J. Plant Physiol. 138, 545–549. doi: 10.1016/s0176-1617(11)80238-5

Fellenberg, C., Ziegler, J., Handrick, V., and Vogt, T. (2012). Polyamine homeostasis in wild type and phenolamide deficient Arabidopsis thaliana stamens. Front. Plant Sci. 3:180. doi: 10.3389/fpls.2012.00180

Finch-Savage, W. E., and Leubner-Metzger, G. (2006). Seed dormancy and the control of germination. New Phytol. 171, 501–523. doi: 10.1111/j.1469-8137.2006.01787.x

Find, J. I. (1997). Changes in endogenous ABA levels in developing somatic embryos of Norway spruce (Picea abies (L.) Karst.) in relation to maturation medium, desiccation and germination. Plant Sci. 128, 75–83. doi: 10.1016/S0168-9452(97)00141-6

Fráterová, L., Salaj, T., Matušíková, I., and Salaj, J. (2013). The role of chitinases and glucanases in somatic embryogenesis of black pine and hybrid firs. Cent. Eur. J. Biol. 8, 1172–1182. doi: 10.2478/s11535-013-0234-5

Galusova, T., Rybansky, L., Meszaros, P., Spiess, N., Pirselova, B., Kuna, R., et al. (2015). Variable responses of soybean chitinases to arsenic and cadmium stress at the whole plant level. Plant Growth Regul. 76, 147–155. doi: 10.1007/s10725-014-9984-y

Gao, Y., Cui, Y., Zhao, R., Chen, X., Zhang, J., Zhao, J., et al. (2022). Cryo-treatment enhances the embryogenicity of mature somatic embryos via the lncRNA–miRNA–mRNA Network in White Spruce. Int. J. Mol. Sci. 23:1111. doi: 10.3390/ijms23031111

Gemperlová, L., Eder, J., and Cvikrová, M. (2005). Polyamine metabolism during the growth cycle of tobacco BY-2 cells. Plant Physiol. Biochem. 43, 375–381. doi: 10.1016/j.plaphy.2005.02.012

Gemperlova, L., Fischerova, L., Cvikrova, M., Mala, J., Vondrakova, Z., Martincova, O., et al. (2009). Polyamine profiles and biosynthesis in somatic embryo development and comparison of germinating somatic and zygotic embryos of Norway spruce. Tree Physiol. 29, 1287–1298. doi: 10.1093/treephys/tpp063

González, L. M. G., El Kayal, W., Morris, J. S., and Cooke, J. E. K. (2015). Diverse chitinases are invoked during the activity-dormancy transition in spruce. Tree Genet. Genomes 11:41. doi: 10.1007/s11295-015-0871-0

Gregorová, Z., Kováčik, J., Klejdus, B., Maglovski, M., Kuna, R., Hauptvogel, P., et al. (2015). Drought-induced responses of physiology, metabolites, and PR Proteins in Triticum aestivum. J. Agric. Food Chem. 63, 8125–8133. doi: 10.1021/acs.jafc.5b02951

Grienenberger, E., Besseau, S., Geoffroy, P., Debayle, D., Heintz, D., Lapierre, C., et al. (2009). A BAHD acyltransferase is expressed in the tapetum of Arabidopsis anthers and is involved in the synthesis of hydroxycinnamoyl spermidines. Plant J. 58, 246–259. doi: 10.1111/j.1365-313X.2008.03773.x

Groppa, M. D., and Benavides, M. P. (2008). Polyamines and abiotic stress: recent advances. Amino Acids 34, 35–45. doi: 10.1007/s00726-007-0501-8

Grover, A. (2012). Plant chitinases: genetic diversity and physiological roles. Crit. Rev. Plant Sci. 31, 57–73. doi: 10.1080/07352689.2011.616043

Gulzar, B., Mujib, A., Malik, M. Q., Sayeed, R., Mamgain, J., and Ejaz, B. (2020). Genes, proteins and other networks regulating somatic embryogenesis in plants. J. Genet. Eng. Biotechnol. 18:31. doi: 10.1186/s43141-020-00047-5

Gupta, P. K., and Durzan, D. J. (1986). Plantlet regeneration via somatic embryogenesis from subcultured callus of mature embryos of Picea abies (Norway spruce). In Vitro Cell. Dev. Biol. 22, 685–688. doi: 10.1007/BF02623484

Handa, A. K., Fatima, T., and Mattoo, A. K. (2018). Polyamines: bio-molecules with diverse functions in plant and human health and disease. Front. Chem. 6:10. doi: 10.3389/fchem.2018.00010

Hay, E. I., and Charest, P. J. (1999). “Somatic embryo germination and desiccation tolerance in conifers,” in Somatic Embryogenesis in Woody Plants, Vol. Volume 4, eds S. M. Jain, P. K. Gupta, and R. J. Newton (Dordrecht: Springer), 61–96.

Hazubska-Przybyl, T., Wawrzyniak, M., Obarska, A., and Bojarczuk, K. (2015). Effect of partial drying and desiccation on somatic seedling quality in Norway and Serbian spruce. Acta Physiol. Plant. 37:1735. doi: 10.1007/s11738-014-1735-1

He, M., He, C.-Q., and Ding, N.-Z. (2018). Abiotic stresses: general defenses of land plants and chances for engineering multistress tolerance. Front. Plant Sci. 9:1771. doi: 10.3389/fpls.2018.01771

Helleboid, S., Bauw, G., Belingheri, L., Vasseur, J., and Hilbert, J. L. (1998). Extracellular β-1,3-glucanases are induced during early somatic embryogenesis in Cichorium. Planta 205, 56–63. doi: 10.1007/s004250050296

Helleboid, S., Hendriks, T., Bauw, G., Inzé, D., Vasseur, J., and Hilbert, J. L. (2000). Three major somatic embryogenesis related proteins in Cichorium identified as PR proteins. J. Exp. Bot. 51, 1189–1200. doi: 10.1093/jexbot/51.348.1189

Hietala, A. M., Kvaalen, H., Schmidt, A., Jøhnk, N., Solheim, H., and Fossdal, C. G. (2004). Temporal and spatial profiles of chitinase expression by Norway spruce in response to bark colonization by Heterobasidion annosum. Appl. Environ. Microbiol. 70, 3948–3953. doi: 10.1128/AEM.70.7.3948-3953.2004

Högberg, K. A., Bozhkov, P. V., Gronroos, R., and von Arnold, S. (2001). Critical factors affecting ex vitro performance of somatic embryo plants of Picea abies. Scand. J. For. Res. 16, 295–304.

Huang, C. K., Chang, B. S., Wang, K. C., Her, S. J., Chen, T. W., Chen, Y. A., et al. (2004). Changes in polyamine pattern are involved in floral initiation and development in Polianthes tuberosa. J. Plant Physiol. 161, 709–713. doi: 10.1078/0176-1617-01256

Hura, T., Dziurka, M., Hura, K., Ostrowska, A., and Dziurka, K. (2015). Free and cell wall-bound polyamines under long-term water stress applied at different growth stages of x Triticosecale Wittm. PLoS One 10:e0135002. doi: 10.1371/journal.pone.0135002

Hurkman, W. J., and Tanaka, C. K. (1986). Solubilization of plant membrane proteins for analysis by two-dimensional gel electrophoresis. Plant Physiol. 81, 802–806. doi: 10.1104/pp.81.3.802

Igarashi, K., and Kashiwagi, K. (2015). Modulation of protein synthesis by polyamines. IUBMB Life 67, 160–169. doi: 10.1002/iub.1363

Igarashi, K., and Kashiwagi, K. (2019). The functional role of polyamines in eukaryotic cells. Int. J. Biochem. Cell Biol. 107, 104–115. doi: 10.1016/j.biocel.2018.12.012

Jimenez-Bremont, J. F., Marina, M., Guerrero-Gonzalez, M. D., Rossi, F. R., Sanchez-Rangel, D., Rodriguez-Kessler, M., et al. (2014). Physiological and molecular implications of plant polyamine metabolism during biotic interactions. Front. Plant Sci. 5:95. doi: 10.3389/fpls.2014.00095

Jing, D., Zhang, J., Xia, Y., Kong, L., OuYang, F., Zhang, S., et al. (2017). Proteomic analysis of stress-related proteins and metabolic pathways in Picea asperata somatic embryos during partial desiccation. Plant Biotechnol. J. 15, 27–38. doi: 10.1111/pbi.12588

Jones, N. B., and Van Staden, J. (2001). Improved somatic embryo production from embryogenic tissue of Pinus patula. In Vitro Cell. Dev. Biol. Plant 37, 543–549.

Kamada-Nobusada, T., Hayashi, M., Fukazawa, M., Sakakibara, H., and Nishimura, M. (2008). A putative peroxisomal polyamine oxidase, AtPAO4, is involved in polyamine catabolism in Arabidopsis thaliana. Plant Cell Physiol. 49, 1272–1282. doi: 10.1093/pcp/pcn114

Klimaszewska, K., Hargreaves, C., Lelu-Walter, M.-A., and Trontin, J.-F. (2016). Advances in conifer somatic embryogenesis since year 2000. Methods Mol. Biol. 1359, 131–166. doi: 10.1007/978-1-4939-3061-6_7

Kusano, T., Berberich, T., Tateda, C., and Takahashi, Y. (2008). Polyamines: essential factors for growth and survival. Planta 228, 367–381. doi: 10.1007/s00425-008-0772-7

Le, K.-C., Weerasekara, A. B., Ranade, S. S., and Egertsdotter, E. M. U. (2021). Evaluation of parameters to characterise germination-competent mature somatic embryos of Norway spruce (Picea abies). Biosyst. Eng. 203, 55–59. doi: 10.1016/j.biosystemseng.2020.12.013

Lelu, M. A., Klimaszewska, K., Pflaum, G., and Bastien, C. (1995). Effect of maturation duration on desiccation tolerance in hybrid larch (Larix X Leptoeuropaea Dengler) Somatic Embryos. In Vitro Cell. Dev. Biol. Plant 31, 15–20.

Leprince, O., Pellizzaro, A., Berriri, S., and Buitink, J. (2017). Late seed maturation: drying without dying. J. Exp. Bot. 68, 827–841. doi: 10.1093/jxb/erw363

Leubner-Metzger, G. (2005). β-1,3-Glucanase gene expression in low-hydrated seeds as a mechanism for dormancy release during tobacco after-ripening. Plant J. 41, 133–145. doi: 10.1111/j.1365-313X.2004.02284.x

Leubner-Metzger, G., and Meins, F. (1999). “Functions and regulation of plant β-1, 3-glucanases (PR-2),” in Pathogenesis-Related Proteins in Plants, eds K. D. Swapan and M. Subbaratnam (Boca Raton, FL: CRC Press), 49–76.

Levy, A., Guenoune-Gelbart, D., and Epel, B. L. (2007). β-1,3-Glucanases. Plant Signal. Behav. 2, 404–407. doi: 10.4161/psb.2.5.4334

Liao, Y. K., and Juan, I. P. (2015). Improving the germination of somatic embryos of Picea morrisonicola Hayata: effects of cold storage and partial drying. J. For. Res. 20, 114–124. doi: 10.1007/s10310-014-0445-2

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(T)(-Delta Delta C) method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Mailloux, R. J., and Harper, M.-E. (2011). Uncoupling proteins and the control of mitochondrial reactive oxygen species production. Free Radic. Biol. Med. 51, 1106–1115. doi: 10.1016/j.freeradbiomed.2011.06.022

Michael, A. J. (2016). Polyamines in eukaryotes, bacteria, and archaea. J. Biol. Chem. 291, 14896–14903. doi: 10.1074/jbc.R116.734780

Minocha, R., Minocha, S. C., and Long, S. (2004). Polyamines and their biosynthetic enzymes during somatic embryo development in red spruce (Picea rubens Sarg.). In Vitro Cell. Dev. Biol. Plant 40, 572–580.

Monteiro, M., Kevers, C., Dommes, J., and Gaspar, T. (2002). A specific role for spermidine in the initiation phase of somatic embryogenesis in Panax ginseng CA Meyer. Plant Cell Tissue Organ Cult. 68, 225–232. doi: 10.1023/a:1013950729576

Murray-Stewart, T., Dunworth, M., Lui, Y., Giardiello, F. M., Woster, P. M., and Casero, R. A. (2018). Curcumin mediates polyamine metabolism and sensitizes gastrointestinal cancer cells to antitumor polyamine-targeted therapies. PLoS One 13:e202677. doi: 10.1371/journal.pone.0202677

Mustafavi, S. H., Naghdi Badi, H., Sêkara, A., Mehrafarin, A., Janda, T., Ghorbanpour, M., et al. (2018). Polyamines and their possible mechanisms involved in plant physiological processes and elicitation of secondary metabolites. Acta Physiol. Plant. 40:102. doi: 10.1007/s11738-018-2671-2

Namasivayam, P. (2007). Acquisition of embryogenic competence during somatic embryogenesis. Plant Cell Tissue Organ Cult. 90, 1–8. doi: 10.1007/s11240-007-9249-9

Navarro, B. V., Elbl, P., de Oliveira, L. F., Piovezani, A. R., dos Santos, A. L. W., de Souza, D. T., et al. (2022). Cell-to-cell trafficking patterns in cell lines of Araucaria angustifolia (Brazilian pine) with contrasting embryogenic potential. Plant Cell Tissue Organ Cult. 148, 81–93. doi: 10.1007/s11240-021-02166-4

Park, Y. S. (2002). Implementation of conifer somatic embryogenesis in clonal forestry: technical requirements and deployment considerations. Ann. For. Sci. 59, 651–656.

Perrot, T., Pauly, M., and Ramírez, V. (2022). Emerging roles of β-glucanases in plant development and adaptative responses. Plants 11:1119. doi: 10.3390/plants11091119

Pirttilä, A., Laukkanen, H., and Hohtola, A. (2002). Chitinase production in pine callus (Pinus sylvestris L.): a defense reaction against endophytes? Planta 214, 848–852. doi: 10.1007/s00425-001-0709-x

Prerostova, S., Dobrev, P. I., Knirsch, V., Jarosova, J., Gaudinova, A., Zupkova, B., et al. (2021). Light quality and intensity modulate cold acclimation in arabidopsis. Int. J. Mol. Sci. 22:2736. doi: 10.3390/ijms22052736

Roberts, D. R., Lazaroff, W. R., and Webster, F. B. (1991). Interaction between maturation and high relative-humidity treatments and their effects on germination of sitka spruce somatic embryos. J. Plant Physiol. 138, 1–6.

Roberts, D. R., Sutton, B. C. S., and Flinn, B. S. (1990). Synchronous and high-frequency germination of interior spruce somatic embryos following partial drying at high relative humidity. Can. J. Bot. 68, 1086–1090. doi: 10.1139/b90-136

Rojas-Herrera, R., and Loyola-Vargas, V. M. (2002). Induction of a class III acidic chitinase in foliar explants of Coffea arabica L. during somatic embryogenesis and wounding. Plant Sci. 163, 705–711. doi: 10.1016/S0168-9452(02)00156-5

Salo, H. M., Sarjala, T., Jokela, A., Häggman, H., and Vuosku, J. (2016). Moderate stress responses and specific changes in polyamine metabolism characterize Scots pine somatic embryogenesis. Tree Physiol. 36, 392–402. doi: 10.1093/treephys/tpv136

Schefe, J. H., Lehmann, K. E., Buschmann, I. R., Unger, T., and Funke-Kaiser, H. (2006). Quantitative real-time RT-PCR data analysis: current concepts and the novel “gene expression’s C-T difference” formula. J. Mol. Med. 84, 901–910. doi: 10.1007/s00109-006-0097-6

Seo, M., and Marion-Poll, A. (eds) (2019). “Chapter One - Abscisic acid metabolism and transport,” in Advances in Botanical Research, (Oxford: Elsevier), 1–49.

Silveira, V., Floh, E. I. S., Handro, W., and Guerra, M. P. (2004). Effect of plant growth regulators on the cellular growth and levels of intracellular protein, starch and polyamines in embryogenic suspension cultures of Pinus taeda. Plant Cell Tissue Organ Cult. 76, 53–60. doi: 10.1023/a:1025847515435

Slocum, R. D., Flores, H. E., Galston, A. W., and Weinstein, L. H. (1989). Improved Method for HPLC analysis of polyamines, agmatine and aromatic monoamines in plant tissue. Plant Physiol. 89, 512–517. doi: 10.1104/pp.89.2.512

Sudisha, J., Sharathchandra, R. G., Amruthesh, K. N., Kumar, A., and Shetty, H. S. (2012). “Pathogenesis related proteins in plant defense response,” in Plant Defence: Biological Control, eds J. M. Mérillon and K. G. Ramawat (Dordrecht: Springer), 379–403.

Takahashi, Y., Tahara, M., Yamada, Y., Mitsudomi, Y., and Koga, K. (2018). Characterization of the polyamine biosynthetic pathways and salt stress response in Brachypodium distachyon. J. Plant Growth Regul. 37, 625–634. doi: 10.1007/s00344-017-9761-z

Tassoni, A., Van Buuren, M., Franceschetti, M., Fornalè, S., and Bagni, N. (2000). Polyamine content and metabolism in Arabidopsis thaliana and effect of spermidine on plant development. Plant Physiol. Biochem. 38, 383–393. doi: 10.1016/S0981-9428(00)00757-9

Tiburcio, A. F., Altabella, T., Bitrián, M., and Alcázar, R. (2014). The roles of polyamines during the lifespan of plants: from development to stress. Planta 240, 1–18. doi: 10.1007/s00425-014-2055-9

Tikkinen, M., Varis, S., Peltola, H., and Aronen, T. (2018b). Improved germination conditions for Norway spruce somatic cotyledonary embryos increased survival and height growth of emblings. Trees Struct. Funct. 32, 1489–1504. doi: 10.1007/s00468-018-1728-6

Tikkinen, M., Varis, S., and Aronen, T. (2018a). Development of somatic embryo maturation and growing techniques of Norway Spruce emblings towards large-scale field testing. Forests 9:325. doi: 10.3390/f9060325

Vaghela, B., Vashi, R., Rajput, K., and Joshi, R. (2022). Plant chitinases and their role in plant defense: a comprehensive review. Enzyme Microb. Technol. 159:110055. doi: 10.1016/j.enzmictec.2022.110055

Vagner, M., Fischerova, L., Spackova, J., and Vondrakova, Z. (2005). “Somatic embryogenesis in Norway spruce,” in Protocols for Somatic Embryogenesis in Woody Plants, eds S. M. Jain and P. K. Gupta (Dordrecht: Springer), 141–155.

Van Breusegem, F., Vranová, E., Dat, J. F., and Inzé, D. (2001). The role of active oxygen species in plant signal transduction. Plant Sci. 161, 405–414. doi: 10.1016/S0168-9452(01)00452-6

van der Schoot, C., Paul, L. K., and Rinne, P. L. (2014). The embryonic shoot: a lifeline through winter. J. Exp. Bot. 65, 1699–1712. doi: 10.1093/jxb/ert413

Van Hengel, A. J., Van Kammen, A., and De Vries, S. C. (2002). A relationship between seed development, Arabinogalactan-proteins (AGPS) and the AGP mediated promotion of somatic embryogenesis. Physiol. Plant. 114, 637–644. doi: 10.1034/j.1399-3054.2002.1140418.x

Velarde-Buendia, A. M., Shabala, S., Cvikrova, M., Dobrovinskaya, O., and Pottosin, I. (2012). Salt-sensitive and salt-tolerant barley varieties differ in the extent of potentiation of the ROS-induced K+ efflux by polyamines. Plant Physiol. Biochem. 61, 18–23. doi: 10.1016/j.plaphy.2012.09.002

Von Aderkas, P., and Bonga, J. M. (2000). Influencing micropropagation and somatic embryogenesis in mature trees by manipulation of phase change, stress and culture environment. Tree Physiol. 20, 921–928. doi: 10.1093/treephys/20.14.921

von Arnold, S., Bozhkov, P., Clapham, D., Dyachok, J., Filonova, L., Högberg, K.-A., et al. (2005). Propagation of Norway spruce via somatic embryogenesis. Plant Cell Tissue Organ Cult. 81, 323–329. doi: 10.1007/s11240-004-6662-1

Vondrakova, Z., Cvikrova, M., Eliasova, K., Martincova, O., and Vagner, M. (2010). Cryotolerance in Norway spruce and its association with growth rates, anatomical features and polyamines of embryogenic cultures. Tree Physiol. 30, 1335–1348. doi: 10.1093/treephys/tpq074

Vondrakova, Z., Dobrev, P. I., Pesek, B., Fischerova, L., Vagner, M., and Motyka, V. (2018). Profiles of endogenous phytohormones over the course of Norway spruce somatic embryogenesis. Front. Plant Sci. 9:1283. doi: 10.3389/fpls.2018.01283

Vondráková, Z., Eliášová, K., Vágner, M., Martincová, O., and Cvikrová, M. (2015). Exogenous putrescine affects endogenous polyamine levels and the development of Picea abies somatic embryos. Plant Growth Regul. 75, 405–414. doi: 10.1007/s10725-014-0001-2

Vondrakova, Z., Pesek, B., Malbeck, J., Bezdeckova, L., Vondrak, T., Fischerova, L., et al. (2020). Dormancy breaking in Fagus sylvatica seeds is linked to formation of abscisic acid-glucosyl ester. New For. 51, 671–688. doi: 10.1007/s11056-019-09751-8

Vuosku, J., Suorsa, M., Ruottinen, M., Sutela, S., Muilu-Mäkelä, R., Julkunen-Tiitto, R., et al. (2012). Polyamine metabolism during exponential growth transition in Scots pine embryogenic cell culture. Tree Physiol. 32, 1274–1287. doi: 10.1093/treephys/tps088

Wiweger, M., Farbos, I., Ingouff, M., Lagercrantz, U., and von Arnold, S. (2003). Expression of Chia4-Pa chitinase genes during somatic and zygotic embryo development in Norway spruce (Picea abies): similarities and differences between gymnosperm and angiosperm class IV chitinases. J. Exp. Bot. 54, 2691–2699. doi: 10.1093/jxb/erg299

Wuddineh, W., Minocha, R., and Minocha, S. C. (2018). “Polyamines in the context of metabolic networks,” in Methods in Molecular Biology, Vol. 1694, eds R. Alcázar and A. F. Tiburcio (Dordrecht: Springer), 1–23.

Yakovlev, I. A., Carneros, E., Lee, Y. K., Olsen, J. E., and Fossdal, C. G. (2016). Transcriptional profiling of epigenetic regulators in somatic embryos during temperature induced formation of an epigenetic memory in Norway spruce. Planta 243, 1237–1249. doi: 10.1007/s00425-016-2484-8

Yang, J. C., Zhang, J. H., Liu, K., Wang, Z. Q., and Liu, L. J. (2007). Involvement of polyamines in the drought resistance of rice. J. Exp. Bot. 58, 1545–1555. doi: 10.1093/jxb/erm032

Yokoyama, R., and Nishitani, K. (2004). Genomic basis for cell-wall diversity in plants. a comparative approach to gene families in rice and Arabidopsis. Plant Cell Physiol. 45, 1111–1121. doi: 10.1093/pcp/pch151

Yu, Y., Zhou, W. W., Liang, X., Zhou, K. J., and Lin, X. Y. (2019). Increased bound putrescine accumulation contributes to the maintenance of antioxidant enzymes and higher aluminum tolerance in wheat. Environ. Pollut. 252, 941–949. doi: 10.1016/j.envpol.2019.06.045

Zavaliev, R., Ueki, S., Epel, B. L., and Citovsky, V. (2011). Biology of callose (β-1,3-glucan) turnover at plasmodesmata. Protoplasma 248, 117–130. doi: 10.1007/s00709-010-0247-0

Zhou, Q., and Yu, B. J. (2010). Changes in content of free, conjugated and bound polyamines and osmotic adjustment in adaptation of vetiver grass to water deficit. Plant Physiol. Biochem. 48, 417–425. doi: 10.1016/j.plaphy.2010.03.003

Zieliński, K., Dubas, E., Gerši, Z., Krzewska, M., Janas, A., Nowicka, A., et al. (2021). β-1,3-Glucanases and chitinases participate in the stress-related defence mechanisms that are possibly connected with modulation of arabinogalactan proteins (AGP) required for the androgenesis initiation in rye (Secale cereale L.). Plant Sci. 302:110700. doi: 10.1016/j.plantsci.2020.110700

Żur, I., Gołêbiowska, G., Dubas, E., Golemiec, E., Matušíková, I., Libantová, J., et al. (2013). β-1, 3-glucanase and chitinase activities in winter triticales during cold hardening and subsequent infection by Microdochium nivale. Biologia 68, 241–248.



OPS/images/fpls-13-968982-g009.jpg
relative transcript level

relative transcript level

ADC

M D100 D95 D90 ED100ED95 ED90

SPDS

ab T

M D100 D95 D90 ED100ED95 ED90

SAMDC .

M D100 D95

—

D90 ED100ED95 ED90

SAMS

ab

M D100 D95

D90 ED100ED95 ED90






OPS/images/fpls-13-968982-g006.jpg
B
SBS s|| £68 s || s&E
ewmw o 2 0 — a ownw
w 800 L 2 22
- S i Qo0 0
| g TN www - B
-:m o || << o || 2882
S | £8E - I 2| 555
m m << <
S OO0
-_H—m [ B 0 1 8
3| L= 2l I\
- = N
o - o D
L L
o o
(@] |_|_ (o]
O - @)
0 (9]
F— (@]
A _ _ a
= o
S S
o @)
e — | =— s
1 1 1 I 1 1 1 I 1 1
[ <= (o= | (@] (=] o o [ ] o o o o (=] o
o o [ oo | o o o o o o [ve) (o) L 4 N
: Bjowu) Syd Jo Jusjuo (M@ ,.Blowu) syd Jo usyuo)n
< (M@ ,.6'1owu) syd Jo jJusjuo) m UANED 160} Sl JapUUBg %) _

D100 D95 D90 ED100 ED95 ED90

M





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The humidity level matters during the desiccation of Norway spruce somatic embryos



		Introduction



		Material and methods



		Plant material and stress application



		Determination of dry weight of embryos



		Malondialdehyde assay



		Abscisic acid and abscisic acid metabolite determination



		Ornithine decarboxylase, arginine decarboxylase, and S-adenosylmethionine decarboxylase activity assays



		Polyamine analysis



		Zymography of chitinases and β-1,3-glucanases



		Quantitative real-time PCR



		Statistical analysis







		Results



		The effect of high relative humidity treatment on the germination of somatic embryos



		The effect of reduced relative humidity treatments on embling morphology



		The changes in water content of embryos during desiccation



		Malondialdehyde and abscisic acid content



		Content of polyamines



		Activities of ornithine decarboxylase, arginine decarboxylase, and S-adenosylmethionine decarboxylase enzymes during desiccation of somatic embryos



		Cell wall modifying enzymes



		Expression of genes for polyamine biosynthetic enzymes



		Expression of genes for cell wall modifying enzymes







		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		Footnotes



		References

















OPS/images/fpls-13-968982-g005.jpg
160

c-l
g |
b _
o
aH

1 ] ] ] ! 1 1
o o o o o = o o
< AN o (o) © = N
e - L

(M@, B jowu) yusyuoo yaw

ED90

D100 D95 D90 ED100 ED95

M





OPS/images/fpls-13-968982-g008.jpg
D ED
kDa m 100 95 90 100 95 90

e

D ED
100 95 90 100 95 90

o O T >

Al 1111

2 i e I [

D ED
100 95 90 100 95 90

D

D ED
kDa 100 95 90 100 95 90

55(1—1—-ﬂl+11—ﬂ|_-_||—!—||__|
e
o .—-—.r+|I‘"I

35 * K K K
A |; 1=l I
25 Ok K
D . 4 ok XK K K

D ED






OPS/images/fpls-13-968982-g007.jpg
— ADC

R SAMDC

zz1 ODC

>
| e AR CR R R R RS
o

(1oud | _Bweyd) Ayanoe swAzug

L

ED90

D100 D95 D90 ED100 ED95

M





OPS/images/fpls-13-968982-g002.jpg
Number of emblings (% of total)

60 -~

40 -

20 -

LTI [
HERRERRARRRNERNE e

rooting (after desiccation)

rooting (without desiccation)

%71 terminal bud (after desiccation)
[ terminal bud (without desiccation)
E— malformations (after desiccation)
—— malformations (without desiccation)

K

!

LI LTI —~
(T

6 weeks





OPS/images/fpls-13-968982-g001.jpg
Scheme of the 2™ series of experiments

maturation

(5 weeks)

/|

desiccation germination
(22 days) (3 weeks)
relative air humidity during desiccation
11 days 11 days
—100%D100 == 100% ED100 G100 |
~ 95% D95 == 100% ED95 G95
"~ 90% D90 == 100% ED90 G90






OPS/images/fpls-13-968982-g004.jpg
100

— o

80 -

60 -

.—10'

40 -

—{ Q.

Content of dry weight (%)

20 A

1 1

I |
M D100 D95 D90 ED100 EDS5  EDS0

g H,0. gDW™’ 3,48 S P 0,87 0,32 3,61 2,81 2,28





OPS/images/fpls-13-968982-g003.jpg
W

!

14 -

1 shoot
h hypocotyl

a a
12 1 73 root

10 +

Length (mm)

SONRNY
AN ey

G 100 G 95





OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

The humidity level matters
during the desiccation
of Norway spruce somatic
embryos












OPS/images/logo.jpg
’ frontiers | Frontiers in Plant Science







OPS/images/cross.jpg
@ Check for updates.





OPS/images/fpls-13-968982-g010.jpg
A

. . iv nscript |
relative transcript level relative transcript level

relative transcript level

200
ey B-1,3-glucanase b
160 -
140 -
120 -
60 n— "
I
40 -
ab
20 4 ab
0_ ............. eve . . .-.I.......,..v..l ...........
M D100 D95 D90 ED100 ED95 ED90
2,0
class | chitinase
1,8 - a
a
i a
M D100 D95 D90 ED100 ED95 ED90
80 B
class |V chitinase
60 - b
b
40 - ‘
20 -~
odis o - R " )]

M D100 D95 D90 ED100 ED95






