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Introduction

The level of fatty acid unsaturation in seeds is one of the major determinants of cold germination ability, particularly in oilseeds. The presence of cis double bonds in unsaturated fatty acids creates bends that lowers their melting temperatures compared to saturated fatty acids. Unsaturated fatty acids with low melting points mobilize faster at low temperatures providing seeds with sufficient energy for germination.





Methodology

To investigate the effects of fatty acid unsaturation on the ability of cotton seeds to germinate under cold conditions, four recombinant inbred lines (RILs) of cotton with unique fatty acid profiles were evaluated using a set of developmental and biochemical assays at 12°C (critically low temperature), 15°C (cardinal minimum temperature) and 30°C (optimum temperature). Furthermore, whole seed lipidome profiling using liquid chromatography with mass spectrometry was done to compare the lipid compositional changes at 12°C and 30°C after imbibing cotton seeds of all the six genotypes for 0 hours, 3 hours and 6 hours.





Results and discussion

The RILs with higher unsaturation/saturation ratios registered robust germination performance, lower solute leakage, and optimum water uptake rates under cold stress. Imbibition at 30°C for 8 hours before cold exposure significantly improved the germination of cold sensitive genotypes, indicating that the first few hours of water uptake are critical for cold stress. Whole seed lipidome profiling of all the genotypes specifically associated cold germination ability with higher unsaturation levels of phospholipids during early imbibition. The presence of cis double bonds in phospholipids creates kinks that maintain the fluidity of cell membranes under low temperature. Membrane flexibility under cold conditions is essential for facilitating key germination events including membrane organization and respiration. The current results highlight the importance of fatty acid composition in cold germination ability of upland cotton.
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Introduction

The relative proportions of saturated to unsaturated fatty acids in seeds are significant determinants of germination ability under variable temperatures. In general, seeds of tropical plants that require warm temperature for germination tend to have lower unsaturated fatty acid contents compared to their temperate counterparts (Iba, 2002; Upchurch, 2008). Palm seed for example, which germinates best at 30-35°C, contains approximately 48% unsaturated fatty acids (Marcus, 2013; Costa et al., 2018). In contrast, sunflower (Helianthus annus L.) seeds, which have optimum germination at 12-15°C, possess approximately 89% unsaturated fatty acids (Akkaya, 2018). Examination of other species within the genus Helianthus growing under a climate gradient that extends from Texas to Canada demonstrated a strong correlation between cold germination ability and higher unsaturated fatty acid contents (Linder, 2000).

The reported effects of fatty acid composition on seed germination ability in relation to temperature are linked to the variable melting temperatures of saturated and unsaturated fatty acids (Shim et al., 2019). The sharp 30-degree bends present in each cis double bond of unsaturated fatty acids pushes the lipid molecules away from each other, considerably lowering the melting points of unsaturated fatty acids (Kanicky and Shah, 2002). For instance, the introduction of a single covalent bond in the saturated stearic acid (18:0) to turn it into a monounsaturated oleic acid (18:1) substantially reduces melting point from 69.3°C to 13.4°C (Linder, 2000). Under colder conditions, unsaturated fatty acids characterized by lower melting temperatures maintain a liquid crystalline phase, in contrast to saturated fatty acids that undergo a transition from a liquid crystalline to a more solid gel state. The quicker transition of saturated fatty acids into a solid state can seriously disrupt membrane fluidity, cellular homeostasis, molecular transport, cellular signaling and respiration under colder conditions. In Escherichia coli for example, cold-induced rigidity of mitochondrial membranes has been reported to hinder the movement of the electron transport carrier, ubiquinone. Consequently, electron transport decelerates, triggering the excessive generation of reactive oxygen species (ROS) that causes oxidative damage and death of cold-exposed cells (Gohrbandt et al., 2022).

Cotton is a tropical/subtropical plant species and therefore has inherent sensitivity to cold at all growth stages. Its seeds contain approximately 50% linoleic acid, 22–26% palmitic acid, 16–20% oleic and 2–3% stearic acid (Liu et al., 2009; Dowd et al., 2010; Dowd, 2015; Shim et al., 2019). Despite a relatively high level of overall unsaturation, cotton seeds have a cardinal minimum temperature of 15°C for germination. Temperatures below 15°C constitutes cold stress that negatively affects germination, starting from excessive cellular leakage (Sanchez et al., 2019; Dhaliwal et al., 2021). In a previous study, we identified recombinant inbred lines (RILs) of cotton that germinated robustly under temperatures below the cardinal minimum for the crop (15°C). Compared to conventional cultivars, the lines have higher linoleic acid (unsaturated fatty acid) but lower palmitic acid (saturated fatty acid) content (Shim et al., 2019). While the ability of the RILs to sustain germination under cold stress correlated with the potentially improved cellular energetics as conferred by the non-conventional fatty acid profile of the RILs, the hypothesis has yet to be confirmed by empirical data. Using four cotton RILs with unique profiles for the four major fatty acids present in cotton seeds, this research was undertaken to determine the effects of increased fatty acid unsaturation on the ability of seeds to germinate under cold stress. In addition, the effects of overall unsaturation/saturation content of seeds on the composition of membrane lipids following cold water imbibition were determined by lipid profiling.





Materials and methods




Plant materials

Seeds of two conventional cotton cultivars (SA 2580 and SC 9023) and four recombinant inbred lines (RILs) (FAM 1, FAM 2, FAM 3, FAM 4) with varying fatty acid profiles were used in the study (Table 1). The RILs were generated by intercrossing the M5 mutants AFIS 1-1422-A5 and SCM3-7-3-A3 and advancing the resulting F1 to F8 generation by single seed descent. The mutants were generated from the chemical mutagenesis of SA 2580 and SC 9023 and were initially selected for herbicide tolerance and fiber quality traits, respectively. At the M5 generation, the mutants were also determined to have low palmitic (18.10-18.70%) and high linoleic acid contents (56.80-58.70%) (Shim et al., 2019; Thompson et al., 2019). Sibs of the RILs have been reported previously to be robust germinators under cold stress (Shim et al., 2019).


Table 1 | Fatty acid composition of cotton seeds used in the study.







Fatty acid profiling of the RIL seeds

The fatty acid composition of the RIL seeds was analyzed from cotyledon tissues of each sample using gas chromatography (GC) after fatty acid methyl esterification (FAME) of extracted oils (Thompson et al., 2019). Briefly, seed tissues were sampled distally from the embryo and ground in 1 ml hexane. The extracted oil was transferred to a reacti-vial and separated from hexane by N2 evaporation of the solvent. The resulting clear, solid residue was dissolved in 1.5 ml FAME solution composed of 29.1 ml of 14% borontrifluoride in methanol (MeOH), 20 ml toluene and 50.9 ml MeOH. The mixture was heated at 90°C for 30 minutes, cooled, supplemented with 1.5 ml distilled water, and transferred to a larger test tube where it was rinsed twice with 1.5 ml hexane. Following N2 evaporations of the solvent, fatty acid methyl esters of the extracted oil were re-suspended in 1 ml hexane for GC analysis.

Samples at 2 µl were injected into an Agilent 6890 GC system with split inlet and FID detector operated at 300°C and fitted with a Supelco SP 2380 capillary column (30 m x 0.25 mm id- 0.20 um film thickness). Helium was used as the carrier gas at a linear velocity of 20 cm per second. The initial temperature was set to 200°C for 1 minute and then increased by 2°C per minute until it reached 214°C. After 3 minutes at 214°C, the temperature was further increased by 3°C per minute until it reached 230°C. The temperature was held at 230°C for 10 minutes to complete a run time of 26.3 minutes. Calibration of the GC system for the cotton FAMEs was performed using an RM-3 mixture as a standard.

Fatty acid detection was carried out using the Agilent Chem station for GC systems. Cumulative melting temperature (CMT) for each genotype was determined based on the four major fatty acids detected by GC in the seeds namely palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1) and linoleic acid (C18:2). CMT was calculated using the formula CMT = (% C16:0*62.78°C) + (% C18:0*69.44°C) + (% C18:1*13.33°C) + (% C18:2* -5°C)/100 (Thompson et al., 2019).





Imbibition rate and water content assessment

To determine the effects of cold stress on the hydration rates of germinating cotton seeds, the water uptake patterns of the six genotypes were determined under normal (30°C) and cold temperature (12°C). Seeds were kept under ambient temperature and 60% relative humidity for 4 days to equilibrate moisture content to 10% (Usberti et al., 2006). Following equilibration, three seeds per genotype were weighed and allowed to re-hydrate for 24 hours at 30°C and 12°C under dark conditions. Imbibing seeds were weighed at 30-minute intervals. Changes in water uptake were calculated as percent change in the weight of imbibed seeds relative to the weight of dry seeds. The three phases of water uptake in cotton were established by plotting water uptake rates against the time elapsed.





Electrolyte leakage measurements

Ten seeds per genotype were placed in a 50 ml falcon tube containing nanopure water for 1, 2, 3, 4 and 8 hours at a critically low temperature of 12°C, cardinal minimum temperature of 15°C and optimum temperature of 30°C. Initial electrical conductivity of the leachates was measured after each time point using a conductivity meter (Thermo Scientific, USA). Final electrical conductivity was obtained after boiling the seeds at 95°C for 45 minutes. Total conductivity expressed as relative electrolyte leakage (REL) was determined by dividing the initial with the final electrical conductivity. To avoid weight bias, REL values for each genotype were divided by the weight of the respective seeds used in the experiment.





Lipid peroxidation analysis

The extent of oxidative damage on lipids following imbibition of seeds at 12°C, 15°C and 30°C for 3 and 6 hours was determined based on malondialdehyde (MDA) content expressed in nmol/ml (Heath and Packer, 1968; Hodges et al., 1999). Briefly, imbibed seeds were ground in liquid nitrogen and mixed in 1 ml of 0.1% trichloroacetic acid (TCA). The solution was then centrifuged at 13,000 rpm for 15 minutes and 400 µl of the supernatant was aliquoted into 0.5% thiobarbituric acid (TBA) solution prepared in 20% TCA. The resulting mixture was incubated in a water bath set at 85°C for 30 minutes and centrifuged at 13,000 rpm for 5 minutes. MDA content in the supernatant was estimated using a plate reader. Background noise in the absorbance readings was removed by path length correction where absorbance obtained at 600 nm wavelength was subtracted from absorbance obtained at 530 nm. The experiment was set up in duplicates to reduce the chances of experimental error.





Cold germination screening

The germination performance of the experimental materials was evaluated at 12°C, 15°C and 30°C following a modified protocol (Shim et al., 2019; Liu et al., 2021). Briefly, twenty seeds per genotype were placed between three sheets of sterile filter paper contained in petri dishes and sprayed with approximately 6 ml of sterile, distilled water. The petri dishes were maintained for 14 days in a growth chamber programmed at different target temperatures.

The effects of hydropriming on the cold germination ability of the seeds were also examined under cold stress. Twenty seeds per genotype were plated as previously described and allowed to imbibe water for 8 h at 30°C before transferring them to 12°C or 15°C. After 14 days under cold stress, the plates were moved to normal temperature to determine the germination recovery of the seeds. All set-ups were prepared in duplicates.

Germination of seeds based on 2 mm radicle protrusion was monitored daily for 14 days and used to determine germination percentage (GP), mean germination time (MGT), mean daily germination (MDG), peak value (PV) and germination index (GI) for all genotypes. GP was derived by dividing the final number of germinated seeds by the total number of seeds and multiplying the quotient by 100. MGT was established following the formula MGT = Σ (n * m) ∕ Σn where n = number of seeds germinated on day m. MDG was established as the total germination percentage at the end of the test/total length of experiment period. PV was calculated by diving the cumulative percentage of full-seed germination on any day to the number of days to have that percentage (Djavansher and Pourbeik, 1976; Orchard, 1977). GI was derived using the formula GI = (14*n1) + (13*n2) + (12*n3) +………+ (1*n14), where n1, n2…. n14 are the seeds that germinated on the 1st through 14th day and 14, 13……and 1 are the weights given to the corresponding days of germination (Kader, 2005).





Lipidome profiling

Based on the established water uptake patterns of germinating cotton seeds, temporal profiling of the whole seed lipidome of the six cotton genotypes was conducted using liquid chromatography with tandem mass spectrometry (LC-MS/MS). Five seeds per genotype that imbibed nanopure water at 12°C for 3 and 6 hours were ground into fine powder using liquid nitrogen. Ground tissues at 400 mg were mixed with 3 ml hot (70°C) isopropanol and 10 µl EquiSPLASH LIPIDOMIX Quantitative Mass Spec Internal Standard (Avanti Polar Lipids, USA). The resulting solutions were mixed thoroughly with 3 ml chloroform and 3 ml of 0.9% (w/v) NaCl and kept at 4°C overnight to allow clear phase separation. After 24 hours, 4 ml of the organic phase was transferred to a new tube, dried, and re-suspended in 50% methanol: 50% chloroform solution for lipid analyses.

Each sample at 5 µl volume was injected into a Q-Exactive HF (Thermo Fisher Scientific, USA) mass spectrometer ionized with a heated electrospray (HESI) probe. The HESI probe was set at a spray voltage of 3.8 kV in the positive (+) mode and 2.8 kV in the negative (−) mode, and capillary temperatures of 300°C (+) and 310°C (−), respectively. The lipid samples were chromatographically separated on a Vanquish LC system using an Acquity UPLC column (2.1 mm x 100 mm, BEH C8, 1.7 µm, 130 A) (Waters Corporation, MA, USA). Two solvents composed of water, 0.1% formic acid and 5 mM ammonium formate (Solvent A), and 85% methanol:15% isopropanol, 0.1% formic acid and 2 mM ammonium formate (Solvent B) were used to separate the lipids at a gradient of 28 minutes, flow rate of 400 µl/minute and column temperature of 50°C. Mass spectrometry analysis based on data-dependent acquisition mode with two scan events was carried out in both ion modes for every sample. The first scan event was a full MS scan of 250–1200 m/z at a mass resolution of 120,000 full width with an automatic gain control target of 1 × 106 and a maximum injection time of 100 milliseconds. The first ten ions with the highest intensity identified during the first scan were scanned a second time at 30 x 103 resolution.

Lipid molecules detected with LC-MS/MS were identified using the LipidSearch software v4.1. The extracted MS/MS spectra were examined in silico for exact matches in lipid spectral libraries. While the mass tolerance for the precursor and MS/MS products were maintained at 3 ppm and 5 mDa, respectively, MS/MS similarity score threshold was kept at five. The potential adductions involve -H, -Na and –NH4 for the positive ion mode (+) and hydrogen loss and formate for the negative ion (-) mode. Lastly, data in the ESI+ and ESI– modes were merged and the area under peaks for each lipid ID were used for the statistical analysis using Metaboanalyst 3.0.

Cold-induced alterations in the seed lipidome of all the genotypes were characterized based on changes in the content and composition of fatty acids that make up the lipid subclasses after 3 and 6 hours of imbibition at 12°C. Lipid unsaturation levels were calculated as unsaturated to saturated ratios (US/S) (Dogras et al., 1977). Graphical representation of the data was carried out using MS Excel and RStudio version 1.4.1106 (RStudio Inc, 2015).





Statistical analysis

A post hoc Tukey’s test followed by a two-way analysis of variance (ANOVA) at p<0.05 significance level was carried out using R studio version 3.6.2 (RStudio Inc, 2015) to examine the differences among the genotypes for germination ability, electrolyte leakage, water uptake rates and lipid peroxidation under cold stress.






Results




Overall oil unsaturation and cumulative melting temperature depend on the relative proportions of fatty acids in seeds

The cotton RILs derived from the artificial hybridization of the M5 mutants AFIS 1-1422-A5 and SCM3-7-3-A3 produced genotypes with fatty acid profiles that deviate from those of the conventional cotton cultivars. FAM 1 and FAM 2 in particular, are characteristically high in linoleic acid but low in palmitic acid. FAM 3 has low linoleic and palmitic acids but high oleic acid content. FAM 4 contains high palmitic acid, high oleic acid but low linoleic acid content (Table 1). Based on the proportions of palmitic, stearic, oleic, and linoleic acids in the seeds, oil content in FAM 1, FAM 2 and FAM 3 were determined to have higher unsaturation levels compared to the conventional cultivars. Conversely, FAM 4 recorded an unsaturation level that is even lower than those of the conventional cultivars. The calculated cumulative melting temperature was lowest in FAM 1 (12.56°C) and FAM 2 (13.67°C), and highest in FAM 4 (27°C) (Table 1).





Cotton genotypes with higher proportions of unsaturated fatty acids maintain optimum water uptake rate and low electrolyte leakage during cold water imbibition

Seeds of most plant species re-hydrate in a tri-phasic manner before they can germinate. Under normal temperature, seeds of all cotton genotypes except SC 9023 and FAM 4 exhibited a rapid initial water uptake that allowed seeds to reach ≥50-70% of their original dry weight within 3-4 hours of imbibition. In the next 6 hours, water uptake generally decelerated, although seeds continued to gain up to 70-80% of their original dry weight (Figure 1A). Lower temperatures significantly slowed down water uptake by the seeds, with all the genotypes except FAM 4 reaching ≥50% of their original dry weight after 7 hours of imbibition at 15°C (Figure 1B). Within the same duration at 12°C, only the cotton genotypes with higher fatty acid unsaturation namely FAM 1, FAM 2 and FAM 3 reached ≥50% of their original dry weight (Figure 1C).




Figure 1 | Water uptake patterns in cotton seeds imbibing water at (A) 30°C, (B) 15°C and (C) 12°C. Horizontal, red-dotted line indicates water uptake equivalent to 50% of dry seed weight.



To assess the effects of cold water imbibition on the integrity of the membranes, cellular leakage, measured in terms of relative electrical conductivity (REL), was assessed at various time points during imbibition. During the first 4 hours of rapid imbibition at normal temperature, seeds of the RILs and SC 9023 consistently showed lower cellular leakage compared to SA 2580. After 8 hours, cellular leakage in SA 2580 reached significantly higher levels compared to the rest of the genotypes (Figure 2A). At 15°C, the RILs also maintained generally lower values of REL compared to SA 2580 and SC 9023 throughout the 8-hour duration of water uptake (Figure 2B). At 12°C, the RILs were still able to maintain significantly lower cellular leakage compared to the conventional cultivars, especially during the first 4 hours of imbibition (Figure 2C).




Figure 2 | Histograms showing electrolyte leakage values after 1, 2, 3, 4 and 8 hours of imbibition at 30°C (A), 15°C (B) and 12°C (C). Error bars signify standard deviation between two replications. Asterisks indicate significantly different values at p<0.05.



To determine the degree of cold-induced, oxidative damage on the lipid components of the cell membrane, malondialdehyde (MDA) content was measured in cold-imbibed seeds. A general increase in MDA concentration was observed in FAM 1, FAM 2, FAM 4, and SA 2580 with decreasing temperature from 30°C to 12°C within the first 3 hours of imbibition. In contrast, FAM 3 maintained constant MDA content, whereas SC 9023 recorded decreasing values for the same parameter (Figures 3A–C). After 6 hours of water uptake, MDA content in FAM 1, FAM 2, FAM 3, and SA 2580 were higher in seeds that imbibed at 12°C than 30°C (Figures 3A–C).




Figure 3 | Histograms showing malondialdehyde (MDA) content in cotton seeds after 3 and 6 hours of imbibition at 30°C (A), 15°C (B) and 12°C (C). Error bars indicate standard deviation values for three replications.







Cotton genotypes with higher proportions of unsaturated fatty acids have better cold germination ability

Seeds of all the tested genotypes showed high germination under normal temperature, ranging from 85% in SC 9023 to 100% in FAM 2. With decreasing temperature from 30°C to 12°C, germination percentage decreased, with SC 9023 seeds not germinating at all at 12°C. An overall general reduction in MDG, PV and GI, and an increase in MGT accompanied the decrease in germination in response to cold stress (Table 2).


Table 2 | Mean values of germination parameters used to evaluate the germination ability of the RILs and conventional cultivars at three different temperatures viz., 12°C, 15°C and 30°C.



Across genotypes, FAM 1 and FAM 2 maintained >50% germination even under 12°C, which translated into significantly higher average values for GP, GI, MDG and PV, and lower average values for MGT compared to the rest of the experimental materials. At the cardinal minimum temperature of 15°C, all RILs have either significantly or numerically higher average values for GP, GI, MDG and PV, and lower mean values for MGT. No considerable differences were observed among genotypes for the mean values of all the five parameters at 30°C (Table 2).

Hydropriming for 8 hours at 30°C prior to cold exposure of seeds facilitated a more uniform and faster radicle emergence in both the RILs and obsolete cultivars at 12°C and 15°C, with higher GP, GI, MDG and PV, and lower MGT.





Cold imbibition altered the membrane composition of cotton seeds

A total of 378 lipid molecules in dry seeds of FAM 1, 349 in FAM 2, 361 in FAM 3, 111 in FAM 4, 381 in SA 2580 and 361 in SC 9023 belonging to six subclasses of membrane lipids or glycerophospholipids were identified (Figure 4). The glycerophospholipid subclasses detected in the seeds were phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylinositol (PI) and phosphatidylserine (PS). Among the lipid subclasses, PC made up the largest fraction in the dry seeds of all genotypes except FAM 4, which was composed largely of PE. Although the fatty acid composition of the molecular species comprising the different glycerophospholipids was highly variable (Supplementary Table S1), five fatty acids viz., palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2) and linolenic acid (18:3) were the most abundant. The combined proportion of these five major fatty acids belonging to different glycerophospholipids is provided in Figure 4B. Each of the glycerophospholipids contained at least 58% fraction of these five major fatty acids. The individual content of the five major fatty acids in the dry seeds of all the genotypes are presented in Supplementary Table S2.




Figure 4 | Pie charts in (A) represent the number of different glycerophospholipid sub-classes detected in the dry seeds of six genotypes. Pie-charts in (B) show combined percentage of five major fatty acids including palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:1) and linolenic acid (18:2) in the dry cotton seeds of six different genotypes. The glycerophospholipids are abbreviated as: PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine.



To unravel the cold-induced changes in membrane lipid unsaturation of germinating cotton seeds, the unsaturation/saturation ratios (US/S) in dry and imbibed seeds of all the genotypes were calculated based on the proportion of the five major fatty acids. Analysis of unsaturation content showed that imbibition for 3 hours at cold temperature increased the unsaturation of PS in FAM 1; PC and PI in FAM 2; PA, PC, PI, PG and PS in FAM 3; PG, PI and PS in FAM 4; PC and PE in SA 2580; and PC, PE, PG and PI in SC 9023 (Figure 5). Extended cold imbibition up to 6 hours increased the unsaturation content of PC, PG, PI, and PS in FAM 1; PC, PG and PI in FAM 2; PA, PE, PI, PG and PS in FAM 3; PC, PG and PS in FAM 4; PA and PE in SA 2580; and PE and PI in SC 9023 (Figure 5).




Figure 5 | Fold changes in the unsaturation/saturation ratios (US/S) of glycerophospholipids after 3 and 6 hours of imbibition at 30°C and 12°C relative to dry seeds. Asterisks indicate significant fold change in US/S at p< 0.05. Error bars indicate standard deviation values for three replications.








Discussion

Germinating seeds uptake water in a tri-phasic manner (Turner et al., 2021). The first phase is characterized by a rapid influx of water (i.e. imbibition) that is facilitated by the low water potential of mature, dry seeds. The second phase is defined by a hydration plateau (phase II) as the seed transitions from a quiescent to a metabolically active state. The third phase (phase III) is marked by a secondary increase in water uptake following the protrusion of the radicle through the seed coat and the elongation of the embryonic axis. In the present study, phase I of water uptake in germinating cotton seeds lasts up to 4 hours under normal temperature. Within this timeframe, the seeds absorbed water up to ≥50% of their dry weight. At 12°C, seeds of the conventional cultivars, as well as FAM 4 imbibed water at slower rates compared to FAM 1, FAM 2, and FAM 3 (Figure 1). Based solely on the fatty acid profiles of the experimental materials, the higher proportions of unsaturated fatty acids in FAM 1, FAM 2, and FAM 3 could have facilitated optimum water uptake rates even under cold stress. Interestingly, FAM 4 and SC 9023 imbibed slowly even under the normal temperature of 30°C. Neither genotype did not even reach the 50% water uptake margin throughout the 10-hour duration of the experiment. SC 9023 was bred specifically for the cold-prone areas of Texas High Plains where chilling fronts commonly occur during the planting season for upland cotton (Hinze et al., 2015). It is possible that seeds of this cultivar acquired traits like hard-seededness to slow down its water uptake to avoid imbibitional chilling injury. Testa of some seeds contains specific structures that control the imbibition process (Bewley et al., 2013).

Cold imbibition exacerbates solute leakage during germination. Cellular leakage during cold stress mainly involves the loss of electrolytes such as potassium ions. A simple way to quantify the amount of electrolytes leaked from the seeds is to measure the change in electrolytic conductivity of water used in seed imbibition. Changes in electrical conductivity are indicative of the relative quantity of cells that were unable to avoid solute leakage during cold water imbibition (Demidchik et al., 2014). Three genotypes named FAM 1, FAM 2, and FAM 3 with higher unsaturation content in their seeds recorded lower REL relative to SC 9023 (Figure 2). Interestingly, FAM 4 and SC 9023 also registered lower REL values compared to the other conventional cultivars. This may be attributed to the slow water uptake of SC 9023 and FAM 4 up to 7 and 10 hours after imbibition at 12°C, respectively. Although the genotypes with higher unsaturation content recorded significantly lower REL values compared to SA 2580 for the first few hours of imbibition under cold stress, the difference among them after 8 hours of imbibition was not as pronounced, indicating that the first few hours of imbibition are critical under cold stress. The results of the water imbibition experiment (Figure 1) confirm the well-established fact that phase 1 of water uptake, which is also known as the imbibition phase, is a cold-sensitive step of the germination process (Bewley et al., 2013; Yu et al., 2015; Noblet et al., 2018).

Overproduction of reactive oxygen species (ROS) in response to several abiotic stresses such as cold, drought and salinity is known to cause lipid peroxidation (Shen et al., 2000; Mittler et al., 2004; Gong et al., 2005; Celikkol et al., 2010; Gong et al., 2011). Lipid peroxidation causes structural and functional alterations in cells which disrupt membrane permeability, as well as the proper functioning of several membrane proteins (Simon, 1974; Bailly et al., 1996). To measure the effects of fatty acid composition on the extent of lipid peroxidation in seeds under cold stress, malondialdehyde (MDA) content was measured after imbibing seeds of all genotypes for 3 and 6 hours at 12°C, 15°C and 30°C. Oxidative damage in response to cold imbibition was evidenced by the higher MDA content detected in seeds of almost all the genotypes during phase I of water uptake at 12°C compared to 30°C. This confirms the well-established effects of low temperature stress on membrane stability (Suzuki and Mittler, 2006; You and Chan, 2015; Hussain et al., 2018; Xia et al., 2019). However, no correlation was established between MDA content and fatty acid composition of the cotton seeds imbibed for 3 and 6 hours. The lack of correlation might be attributed to the increased sensitivity of unsaturated fatty acids towards lipid peroxidation. Although genotypes with higher unsaturation content exhibit cold tolerance, their susceptibility to lipid peroxidation confounds the MDA results, particularly when comparing genotypes with varying fatty acid levels. These results are similar to the findings of Noblet et al. (2018), which showed non-significant differences in the MDA content of cold-sensitive and cold-tolerant corn seeds after 24 hours of imbibition at 10°C.

The better water uptake rates and low solute leakage in FAM 1 and FAM 2 seeds with higher unsaturation content translated to a better, faster, and more uniform germination under cold stress (Tables 1, 2). In contrast, the reduced water uptake rates and higher solute leakage in FAM 4 (HP/HO/LL) and conventional cultivars having lower unsaturated fatty acid proportions led to abnormal metabolic processes in seeds, germination delay, and poor uniformity. Interestingly, FAM 3 recorded poor germination at 12°C despite the higher unsaturation levels in its seeds (Table 1). Relative to FAM 1 and FAM 2, FAM 3 possesses lower linoleic acid:oleic acid ratio (Table 1). At low temperatures, germination rate depends on the faster metabolization of polyunsaturated fatty acids such as linoleic and linolenic than the monounsaturated oleic acid (Jungman and Schubert, 2000). In peanut, germination percentage at lower temperatures (16°C and 14°C) decreased with increased oleic/linoleic acid ratio (Jungman and Schubert, 2000). Other studies have also reported poor seed vigor, poor germination, and reduced yield of peanut genotypes with high oleic acid content relative to genotypes with normal levels of oleic acid (Sun et al., 2014; Upadhyaya et al., 2014; Bera et al., 2019).

Hydropriming for 8 hours at 30°C prior to cold exposure of seeds facilitated a more uniform and faster radicle emergence in all the genotypes at 12°C and 15°C. The conventional cultivars registered as high as 1400% improvement in germination performance, indicating that the first few hours of warm imbibition are critical for cold stress. These results support previous findings on the positive effects of hydropriming on the ability of cold-sensitive genotypes to germinate under low temperature stress (Płażek et al., 2018; Zhu et al., 2021).

Early imbibition involves an extensive biosynthesis of phospholipids necessary for membrane repair and replacement (Pollock and Toole, 1966). During phase I, for instance, phospholipids quickly reorganize themselves from a leaky hexagonal II configuration to a semi-permeable lamellar configuration in the cell membrane (Christiansen and Thomas, 1969; Buitink and Leprince, 2008). While the hexagonal II configuration is an ill-configured and leaky structure, lamellar configuration is a non-leaky, semi-permeable structure. If water imbibition begins while the seed is in hexagonal II configuration, solutes may leak out from the cell, leading to seed metabolic dysfunction, embryo death and poor germination (Dhaliwal and Angeles-Shim, 2022). To restore cellular homeostasis, phospholipids quickly reorganize membranes into a lamellar configuration upon rehydration. The successful completion of membrane reorganization has been reported as the most crucial event, serving as a pre-condition for the majority of the other cellular events during germination (Yu et al., 2015). At low temperatures, the lipid components of cell membranes are forced into a highly rigid organization that results in the loss of membrane fluidity (Simon, 1974). Consequently, this delays the re-organization of cell membranes into a bi-layer, exacerbating solute leakage and ultimately leading to radicle tip abortion and embryo death (Sanchez et al., 2019).

Cold acclimating plants, however, tend to increase lipid unsaturation, which is needed for membrane fluidity, re-organization and signaling (Kates et al., 1984; Stubbs and Smith, 1984). Phospholipidome studies on maize showed that cold exposure for 24 hours at 10°C increased the unsaturation content of the phospholipids PC, PE, PG and PI in seeds, which facilitated their germination even at low temperatures (Noblet et al., 2018). In the present study, the better water uptake rates as well as low solute leakage observed in FAM 1, FAM 2 and FAM 3 during early imbibition indicate towards the integrity of membranes even under colder conditions.

To specifically investigate whether cold tolerant genotypes exhibit elevated membrane lipid unsaturation during early imbibition, lipidome profiling was done after imbibing cotton seeds for three and six hours at low and normal temperatures. Interestingly, no correlation was found between the cold tolerance levels and the unsaturation/saturation ratios of membrane lipids in the dry seeds of all the six genotypes (Supplementary Table S3). To explore it furthermore, cold induced changes in the unsaturation content were investigated by calculating fold changes in the unsaturation/saturation ratio during early imbibition compared to dry seeds. FAM 1, FAM 2, and FAM 3 recorded a significant increase in the unsaturation of the major phospholipid classes PC, PG, PI, and PS upon imbibition. A significantly high, 4-fold change in the unsaturation of fatty acids comprising PG was recorded in the seeds of FAM 1, FAM 2, and FAM 3 following 6 hours of imbibition under cold stress (Figure 5). In contrast, the conventional cultivars significantly increased the unsaturation content of only PE after 3 and 6 hours of imbibition (Figure 5). The unsaturation content of the other membrane lipids either decreased significantly or increased in negligible amounts. In the conventional cultivars and FAM 4, which showed higher solute leakage and poor germination performance at 12°C, no significant increase in unsaturation content was recorded in any of the membrane lipids even after 6 hours of continuous cold exposure.

The elevated unsaturation levels observed in the imbibed seed of FAM 1, FAM 2 and FAM 3 could be attributed to the hydrolysis of unsaturated TAGs during early imbibition. Enzymatic lipolysis hydrolyzes TAGs to release free fatty acids which then enter peroxisomes for β-oxidation. However, the activation of free fatty acids into acyl-CoAs in the cytoplasm is a prerequisite before their entry into peroxisomes, influencing the content and composition of acyl-CoA pools and consequently impacting the composition of membrane lipids (Yu et al., 2021). It might be possible that the unsaturated oil of FAM 1, FAM 2 and FAM 3 enriched acyl CoA pool with unsaturated fatty acids resulting in their accumulation in membrane lipids during early imbibition.

In the present study, the enhanced unsaturation content of the phospholipids in FAM 1, FAM 2 and FAM 3 conferred fluidity to the membranes leading to better uptake rates and reduced solute leakage even at the critically low temperature of 12°C. In particular, increased unsaturation content of PG ensured crucial chloroplast functions necessary for the successful emergence of radicle (Xu et al., 2020). In a previous study, chilling tolerance of sensitive tobacco (Nicotiana tabacum) plants was improved by increasing the desaturation of PG through the overexpression of the glycerol-3-phosphate acyltransferase gene (Murata et al., 1992). In contrast, failure to enhance desaturation content in seeds of the sensitive conventional cultivars and FAM 4 in response to cold disrupted cell membrane organization, leading to excessive solute leakage. This ultimately led to poor germination performance.





Data availability statement

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





Author contributions

LK: Data curation, Investigation, Writing – original draft. JS: Data curation, Investigation, Writing – review & editing. DA: Investigation, Resources, Writing – review & editing. RA-S: Conceptualization, Funding acquisition, Supervision, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by Cotton Incorporated as part of the project entitled “Novel sources of seedling cold tolerance and vigor traits in cotton: Identification, characterization and use in markerassisted breeding” (18-282).





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1286908/full#supplementary-material




References

 Akkaya, M. R. (2018). Prediction of fatty acid composition of sunflower seeds by near-infrared reflectance spectroscopy. J. Food Sci. Technol. 55, 2318–2325. doi: 10.1007/s13197-018-3150-x

 Bailly, C., Benamar, A., Corbineau, F., and Come, D. (1996). Changes in malondialdehyde content and in superoxide dismutase, catalase and glutathione reductase activities in sunflower seeds as related to deterioration during accelerated aging. Physiol. Plant. 97, 104–110. doi: 10.1111/j.1399-3054.1996.tb00485.x

 Bera, S. K., Kamdar, J. H., Kasundra, S. V., Patel, S. V., Jasani, M. D., Maurya, A. K., et al. (2019). Steady expression of high oleic acid in peanut bred by marker-assisted backcrossing for fatty acid desaturase mutant alleles and its effect on seed germination along with other seedling traits. PloS One 14 (12), e0226252. doi: 10.1371/journal.pone.0226252

 Bewley, J. D., Bradford, K. J., Hilhorst, H. W., Nonogaki, H., Bewley, J. D., Bradford, K. J., et al. (2013). “Germination,” in Seeds: Physiology of Development, Germination and Dormancy (New York: Springer Science & Business Media), 3rd Edition, 133–181.

 Buitink, J., and Leprince, O. (2008). Intracellular glasses and seed survival in the dry state. Comptes rendus biol. 331 (10), 788–795. doi: 10.1016/j.crvi.2008.08.002

 Celikkol, A. U., Ercan, O., Kavas, M., Yildiz, L., Yilmaz, C., Oktem, H. A., et al. (2010). Drought-induced oxidative damage and antioxidant responses in peanut (Arachis hypogaea L.) seedlings. Plant Growth Regul. 61, 21–28. doi: 10.1007/s10725-010-9445-1

 Christiansen, M. N., and Thomas, R. O. (1969). Season-long effects of chilling treatments applied to germinating cottonseed. Crop Sci. 9, 672–673. doi: 10.2135/cropsci1969.0011183X000900050052x

 Costa, C. R. X., Pivetta, K. F. L., de Souza, G. R. B., Mazzini-Guedes, R. B., Pereira, S. T. S., and Nogueira, M. R. (2018). Effects of temperature, light and seed moisture content on germination of Euterpe precatoria palm. Am. J. Plant Sci. 9 (1), 98–106. doi: 10.4236/ajps.2018.91009

 Demidchik, V., Straltsova, D., Medvedev, S. S., Pozhvanov, G. A., Sokolik, A., and Yurin, V. (2014). Stress-induced electrolyte leakage: the role of K+-permeable channels and involvement in programmed cell death and metabolic adjustment. J. Exper Bot. 65 (5), 1259–1270. doi: 10.1093/jxb/eru004

 Dhaliwal, L. K., and Angeles-Shim, R. B. (2022). Cell membrane features as potential breeding targets to improve cold germination ability of seeds. Plants 11 (23), 3400. doi: 10.3390/plants11233400

 Dhaliwal, L. K., Gannaban, R. B., Shrestha, A., Shim, J., Kaur Mangat, P., Singleton, J. J., et al. (2021). Integrated morpho-biochemical and transcriptome analyses reveal multidimensional response of upland cotton (Gossypium hirsutum L.) to low temperature stress during seedling establishment. Plant-Environ Interact. 2 (6), 290–302. doi: 10.1002/pei3.10067

 Djavansher, K., and Pourbeik, H. (1976). Germination value: a new formula. Silvae Genet. 25 (2), 79–83.

 Dogras, C. C., Dilley, D. R., and Herner, R. C. (1977). Phospholipid biosynthesis and fatty acid content in relation to chilling injury during germination of seeds. Plant Physiol. 60 (6), 897–902. doi: 10.1104/pp.60.6.897

 Dowd, M. K. (2015). “Seed,” in Cotton, 2nd edn. Eds.  D. D. Fang, and R. G. Percy (Wisconsin: Agron Monogr), 745–781.

 Dowd, M. K., Boykin, D. L., Meredith, W. R., Campbell, B. T., Bourland, F. M., Gannaway, J. R., et al. (2010). Fatty acid profiles of cottonseed genotypes from the national cotton variety trials. J. Cotton Sci. 14, 64–73.

 Gohrbandt, M., Lipski, A., Grimshaw, J. W., Buttress, J. A., Baig, Z., Herkenhoff, B., et al. (2022). Low membrane fluidity triggers lipid phase separation and protein segregation in living bacteria. EMBO J. 41, e109800. doi: 10.15252/embj.2021109800

 Gong, X., Chao, L., Zhou, M., Hong, M., Luo, L., Wang, L., et al. (2011). Oxidative damages of maize seedlings caused by exposure to a combination of potassium deficiency and salt stress. Plant Soil 340, 443–452. doi: 10.1007/s11104-010-0616-7

 Gong, Z. Z., Dong, C. H., Lee, H., Zhu, J. H., Xiong, L. M., Gong, D. M., et al. (2005). A DEAD box RNA helicase is essential for mRNA export and important for development and stress responses in Arabidopsis. Plant Cell 17, 256–267. doi: 10.1105/tpc.104.027557

 Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts. I Kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophys. 125 (1), 189–198. doi: 10.1016/0003-9861(68)90654-1

 Hinze, L. L., Fang, D. D., Gore, M. A., Scheffler, B. E., Yu, J. Z., Frelichowski, J., et al. (2015). Molecular characterization of the Gossypium diversity reference set of the US national cotton germplasm collection. Theor. Appl. Genet. 128, 313–327. doi: 10.1007/s00122-014-2431-7

 Hodges, D. M., DeLong, J. M., Forney, C. F., and Prange, R. K. (1999). Improving the thiobarbituric acid-reactive-substances assay for estimating lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 207, 604–611. doi: 10.1007/s004250050524

 Hussain, H. A., Hussain, S., Khaliq, A., Ashraf, U., Anjum, S. A., Men, S., et al. (2018). Chilling and drought stresses in crop plants: implications, cross talk, and potential management opportunities. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00393

 Iba, K. (2002). Acclimative response to temperature stress in higher plants: Approaches of gene engineering for temperature tolerance. Annu. Rev. Plant Biol. 53, 225–245. doi: 10.1146/annurev.arplant.53.100201.160729

 Jungman, B. S., and Schubert, A. M. (2000). The effect of fatty acid profiles on peanut seed germination at low soil temperatures. Proc. Amer Peanut Res. Educ. Soc 32, 36.

 Kader, M. A. (2005). A comparison of seed germination formulae and the associated interpretation of resulting data. J. Proceed R. Soc. New South Wales 138, 65–70. doi: 10.5962/p.361564

 Kanicky, J. R., and Shah, D. O. (2002). Effect of degree, type, and position of unsaturation on the pKa of long-chain fatty acids. J. Colloid Interface Sci. 256 (1), 201–207. doi: 10.1006/jcis.2001.8009

 Kates, M., Pugh, E. L., and Ferrante, G. (1984). “Regulation of membrane fuidity by lipid desaturases,” in Membrane Fluidity. Eds.  M. Kates, and L. A. Manson (Springer: Boston, MA), 379–395.

 Linder, C. R. (2000). Adaptive evolution of seed oils in plants: accounting for the biogeographic distribution of saturated and unsaturated fatty acids in seed oils. Am. Nat. 156 (4), 442–458. doi: 10.1086/303399

 Liu, J., Magwanga, R. O., Xu, Y., Wei, T., Kirungu, J. N., Zheng, J., et al. (2021). Functional characterization of cotton C-repeat binding factor genes reveal their potential role in cold stress tolerance. Frontiers in. Plant Sci. 12, 766130. doi: 10.3389/fpls.2021.766130

 Liu, Q., Singh, S., Chapman, K., and Green, A. (2009). “Bridging traditional and molecular genetics in modifying cottonseed oil,” in Genetics and genomics of cotton, vol 3. Crops and models. Plant genetics and genomics. Ed.  A. H. Paterson (New York: Springer).

 Marcus, J. B. (2013). “Lipids Basics: Fats and Oils in Foods and Health,” in Culinary Nutrition (Amsterdam, The Netherland: Elsevier).

 Mittler, R., Vanderauwera, S., Gollery, M., and Van, B. F. (2004). Reactive oxygen gene network of plants. Trend Plant Sci. 9, 490–498. doi: 10.1016/j.tplants.2004.08.009

 Murata, N., Ishizaki-Nishizawa, O., Higashi, S., Hayashi, H., Tasaka, Y., and Nishida, I. (1992). Genetically engineered alteration in the chilling sensitivity of plants. Nature 356, 710–713. doi: 10.1038/356710a0

 Noblet, A., Leymarie, J., and Bailly, C. (2018). Chilling temperature remodels phospholipidome of Zea mays seeds during imbibition. Sci. Rep. 7, 8886. doi: 10.1038/s41598-017-08904-z

 Orchard, T. (1977). Estimating the parameters of plant seedling emergence. Seed Sci. Tech 5, 61–69.

 Płażek, A., Dubert, F., Kopeć, P., Dziurka, M., Kalandyk, A., Pastuszak, J., et al. (2018). Seed hydropriming and smoke water significantly improve low-temperature germination of Lupinus angustifolius L. Int. J. Mol. Sci. 19, 992. doi: 10.3390/ijms19040992

 Pollock, B., and Toole, V. K. (1966). Imbibition period as the critical temperature sensitive stage in germination of lima bean seeds. Plant Physiol. 41 (2), 221–229. doi: 10.1104/pp.41.2.221

 RStudio Team (2015). RStudio: Integrated development for R. RStudio (Boston, MA: PBC).

 Sanchez, J., Mangat, P. K., and Angeles-Shim, R. B. (2019). Weathering the cold: Modifying membrane and storage fatty acid composition of seeds to improve cold germination ability in upland cotton (Gossypium hirsutum L.). Agron. J. 9, 684. doi: 10.3390/agronomy9110684

 Shen, W., Nada, K., and Tachibana, S. (2000). Involvement of polyamines in the chilling tolerance of cucumber cultivars. Plant Physiol. 124, 431–439. doi: 10.1104/pp.124.1.431

 Shim, J., Gannaban, R. B., De Los Reyes, B. G., and Angeles-Shim, R. B. (2019). Identification of novel sources of genetic variation for the improvement of cold germination ability in upland cotton (Gossypium hirsutum). Euphytica 215, 190. doi: 10.1007/s10681-019-2510-6

 Simon, E. W. (1974). Phospholipids and plant membrane permeability. New Phytol. 73, 377–420. doi: 10.1111/j.1469-8137.1974.tb02118.x

 Stubbs, C. D., and Smith, A. D. (1984). The modification of mammalian membrane polyunsaturated fatty acid composition in relation to membrane fluidity and function. Biochim. Biophys. Acta 779, 89–137. doi: 10.1016/0304-4157(84)90005-4

 Sun, M., Spears, J. F., Isleib, T. G., Jordan, D. L., Penny, B., Johnson, D., et al. (2014). Effect of production environment on seed quality of normal and high-oleate large, seeded Virginia-type peanut (Arachis hypogaea L.). Peanut Sci. 41 (2), 90–99. doi: 10.3146/PS12-16

 Suzuki, N., and Mittler, R. (2006). Reactive oxygen species and temperature stresses: a delicate balance between signaling and destruction. Physiol. Plant. 126 (1), 45–51. doi: 10.1111/j.0031-9317.2005.00582.x

 Thompson, C. N., Hendon, B. R., Mishra, D., Rieff, J. M., Lowery, C. C., Lambert, K. C., et al. (2019). Cotton (Gossypium hirsutum L.) mutants with reduced levels of palmitic acid (C16: 0) in seed lipids. Euphytica 215, 1–10. doi: 10.1007/s10681-019-2423-4

 Turner, N. J., Sanchez, J., Vavra, C., Dhaliwal, L. K., Emendack, Y., Coldren, C., et al. (2021). Seed germination dynamics of silverleaf nightshade (Solanum elaeagnifolium Cav.) and implications for effective weed management. Weed Biol. Manag 21 (3), 146–155. doi: 10.1111/wbm.12233

 Upadhyaya, H. D., Dwivedi, S. L., Vadez, V., Hamidou, F., Singh, S., Varshney, R. K., et al. (2014). Multiple resistant and nutritionally dense germplasm identified from mini core collection in peanut. Crop Sci. 54 (2), 679–693. doi: 10.2135/cropsci2013.07.0493

 Upchurch, R. G. (2008). Fatty acid unsaturation, mobilization, and regulation in the response of plants to stress. Biotechnol. Lett. 30, 967–977. doi: 10.1007/s10529-008-9639-z

 Usberti, R., Roberts, E. H., and Ellis, R. H. (2006). Prediction of cottonseed longevity. Pesquisa Agropecuária Bras. 41, 1435–1441. doi: 10.1590/S0100-204X2006000900013

 Xia, J., Kong, X., Shi, X., Hao, X., Li, N., Khan, A., et al. (2019). Physio-biochemical characteristics and correlation analysis of the seeds of some cotton (Gossypium hirsutum l.) Genotypes under cold temperature stress. Appl. Eco Environ. Res. 18, 89–105. doi: 10.15666/aeer/1801_089105

 Xu, C., Fan, J., and Shanklin, J. (2020). Metabolic and functional connections between cytoplasmic and chloroplast triacylglycerol storage. Prog. Lipid Res. 80, 101069. doi: 10.1016/j.plipres.2020.101069

 You, J., and Chan, Z. (2015). ROS regulation during abiotic stress responses in crop plants. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.01092

 Yu, X., Li, A., and Li, W. (2015). How membranes organize during seed germination: Three patterns of dynamic lipid remodelling define chilling resistance and affect plastid biogenesis. Plant Cell Environ. 38, 1391–1403. doi: 10.1111/pce.12494

 Yu, L., Zhou, C., Fan, J., Shanklin, J., and Xu, C. (2021). Mechanisms and functions of membrane lipid remodeling in plants. Plant J. 107 (1), 37–53. doi: 10.1111/tpj.15273

 Zhu, Z. H., Sami, A., Xu, Q. Q., Wu, L. L., Zheng, W. Y., Chen, Z. P., et al. (2021). Effects of seed priming treatments on the germination and development of two rapeseed (Brassica napus L.) varieties under the co-influence of low temperature and drought. PloS One 16 (9), e0257236. doi: 10.1371/journal.pone.0257236




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.


Copyright © 2024 Dhaliwal, Shim, Auld and Angeles-Shim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2024.1286908_cover.jpg
& frontiers | Frontiers in Plant Science

Fatty acid unsaturation improves
germination of upland cotton (Gossypium
hirsutum) under cold stress





OEBPS/Images/fpls-15-1286908-g001.jpg
Water uptake (%) Water uptake (%)

Water uptake (%)

920

80

70

60

50

40

30

20

10

90

80

70

60

50

40

30

20

10

90

80

Phase |

Phase Il

——FAM 1
—--FAM 2
——FAM 3
——FAM 4
—o—-SA
—-SC 0023

Time (h)

Phase Il

—+—FAM 1
—-—FAM 2
—a—FAM 3
—=FAM 4
—e—SA 2580
—5-5C 9023

Time (h)

Phase Il

—+—FAM 1
~&-FAM 2
—4—FAM 3
——FAM 4
—e—SA 2580
—e-SC 9023

Time (h)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Fatty acid unsaturation improves germination of upland cotton (Gossypium hirsutum) under cold stress

      

        		

          Introduction

        



        		

          Methodology

        



        		

          Results and discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials

          



          		

            Fatty acid profiling of the RIL seeds

          



          		

            Imbibition rate and water content assessment

          



          		

            Electrolyte leakage measurements

          



          		

            Lipid peroxidation analysis

          



          		

            Cold germination screening

          



          		

            Lipidome profiling

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Overall oil unsaturation and cumulative melting temperature depend on the relative proportions of fatty acids in seeds

          



          		

            Cotton genotypes with higher proportions of unsaturated fatty acids maintain optimum water uptake rate and low electrolyte leakage during cold water imbibition

          



          		

            Cotton genotypes with higher proportions of unsaturated fatty acids have better cold germination ability

          



          		

            Cold imbibition altered the membrane composition of cotton seeds

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1286908-g005.jpg
Fold Change
(imbibed vs dry)

Fold Change
(imbibed vs dry)

FAM2 FAM3 FAM4 SA2580 SC9023

FAM1

o3hr @6hr

PG

*
5 |FAMI FAM2 FAM3 FAM4 SA2580 SC9023

O3hr o6hr

Fold Change
(imbibed vs dry)

Fold Change
(imbibed vs dry)

5
FAM1 FAM2 FAM3 FAM4 SA2580 SC9023
3 . *
1
-1
oO3hr o6hr
-3

PI

S FAM1 FAM2 FAM3 FAM4 SA2580 SC9023

* *

o3hr @6hr

Fold Change
(imbibed vs dry)

Fold Change
(imbibed vs dry)

PE

FAM2 FAM3 FAM4 SA2580 SC9023

FAM1

o3hr o6hr

PS
5 FAI\4_1 FAM2 FAM3 FAM4 SA2580 SC9023
*

3

1

» o * %

O3hr @6hr

-3





OEBPS/Images/table2.jpg
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Germination parameter Genotype
15°C 30°C 12°Ct
FAM 1 81.97 82.50° 92.11 95.00° 92.50°
FAM 2 60.00° 82.50" 100.00 97.50° 100.00*
FAM 3 15.00° 75.00" 90.00 50.00" 95.00"
Germination percentage (GP; %)
FAM 4 7.50° 84.17° 100.00 62,50 80.00°
SA 2580 20.00" 65.00° 86.67 15.00° 100.00°*
SC 9023 0.00° 10.00° 85.00 32.50" 27.50°
FAM 1 853" 5.96 1.55% 7.44° 3707
FAM 2 1046* 5.19 1.10° 6.94° 2.90%
FAM 3 1217 4.10 1.50% 8.07° 569"
Mean germination time (MGT)
FAM 4 10.50° 6.05 143 112 5.07%
SA 2580 11.88° 1131 4.87° 1067 723
SC 9023 n/a 11.25 2.74° 10.89° 7.14°
FAM 1 103,50 147.50° 235.50 144.00° 203.50°
FAM 2 57.50° 161.00° 278.00 157.50° 242,00°
FAM 3 8.50° 163.50" 243.00 69.00" 177.00°
Germination index (GI)
FAM 4 550" 143.00° 273.00 50.50" 159.00"
SA 2580 12.50° 48.00° 263.50 13.00° 155.50"
SC 9023 0.00° 13.00° 209.50 27.50° 43.50°
FAM 1 5.86 5.89° 658 475" 661"
FAM 2 429° 5.89° 7.14 488" 7.14%
FAM 3 1.07° 536" 643 2.50% 679"
Mean daily germination (MDG) - -
FAM 4 054" 6.01° 7.14 3:13% 5.72°
SA 2580 143° 464" 6.19 075° 7.14°
SC 9023 0.00° 072° 6.07 1.63% 1.96°
FAM 1 7.15° 5.89% 27.13 931% 7.75°
FAM 2 429" 857 60.00 8.92° 20.00°
FAM 3 L11° 1375 3750 385" 8.64°
Peak value (PV) : 1
FAM 4 0.70° 746" 41.67 4.68" 667
SA 2580 148" 4.64% 1161 L11® 7.42°
SC 9023 0.00° 0.83¢ 7.20 243" 241°

*With hydropriming treatment.
Values within a column followed by different letters indicate significant differences at p<0.05.
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OEBPS/Images/table1.jpg
Fatty acids

Palmitic acid  Stearic acid Oleic acid Linoleic acid US/S ratic® | Phenotype

Genotype (C18:0) (C18:1)

FAM 1 18.50 2.00 18.80 61.50 12.74 3.92 LP/HL
FAM 2 18.40 2.80 21.90 57.70 13.88 3.76 LP/HL
FAM 3 16.20 4.50 39.50 39.70 17.18 3.83 LP/HO/LL
FAM 4 37.60 4.20 22.20 30.70 2832 127 HP/HO/LL
SA 2580 2350 2.40 17.10 53.70 16.29 273 . normal
SC 9023 25.00 2.70 17.40 51.50 17.61 249 normal

“cumulative melting temperature.
Pcalculated by dividing unsaturated fatty acid content (oleic+linoleic) with saturated fatty acid content (palmitic+stearic).
LP, low palmitic acid; LL, low linoleic acid; HO, high oleic acid; HL, high linoleic acid; HS, high stearic acid.
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