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Introduction

Oil palm is the world's highest yielding oil crop and its palm oil has high nutritional value, making it an oilseed plant with important economic value and application prospects. After picking, oil palm fruits exposed to air will gradually become soft and accelerate the process of fatty acid rancidity, which will not only affect their flavor and nutritional value, but also produce substances harmful to the human body. As a result, studying the dynamic change pattern of free fatty acids and important fatty acid metabolism-related regulatory genes during oil palm fatty acid rancidity can provide a theoretical basis for improving palm oil quality and extending its shelf life.



Methods

The fruit of two shell types of oil palm, Pisifera (MP) and Tenera (MT), were used to study the changes of fruit souring at different times points of postharvesting, combined with LC-MS/MS metabolomics and RNA-seq transcriptomics techniques to analyze the dynamic changes of free fatty acids during fruit rancidity, and to find out the key enzyme genes and proteins in the process of free fatty acid synthesis and degradation according to metabolic pathways.



Results and discussion

Metabolomic study revealed that there were 9 different types of free fatty acids at 0 hours of postharvest, 12 different types of free fatty acids at 24 hours of postharvest, and 8 different types of free fatty acids at 36 hours of postharvest. Transcriptomic research revealed substantial changes in gene expression between the three harvest phases of MT and MP. Combined metabolomics and transcriptomics analysis results show that the expression of SDR, FATA, FATB and MFP four key enzyme genes and enzyme proteins in the rancidity of free fatty acids are significantly correlated with Palmitic acid, Stearic acid, Myristic acid and Palmitoleic acid in oil palm fruit. In terms of binding gene expression, the expression of FATA gene and MFP protein in MT and MP was consistent, and both were expressed higher in MP. FATB fluctuates unevenly in MT and MP, with the level of expression growing steadily in MT and decreasing in MP before increasing. The amount of SDR gene expression varies in opposite directions in both shell types. The above findings suggest that these four enzyme genes and enzyme proteins may play an important role in regulating fatty acid rancidity and are the key enzyme genes and enzyme proteins that cause differences in fatty acid rancidity between MT and MP and other fruit shell types. Additionally, differential metabolite and differentially expressed genes were present in the three postharvest times of MT and MP fruits, with the difference occurring 24 hours postharvest being the most notable. As a result, 24 hours postharvest revealed the most obvious difference in fatty acid tranquility between MT and MP shell types of oil palm. The results from this study offer a theoretical underpinning for the gene mining of fatty acid rancidity of various oil palm fruit shell types and the enhancement of oilseed palm acid-resistant germplasm cultivation using molecular biology methods.
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1 Introduction

Oil palm (Elaeis guineensis) is the most efficient oilseed crop in the world, with an average annual oil yield of 4270 kg/hm2, which is 7-8 times higher than peanut and 9-10 times higher than soybean per unit area and is known as the “world oil king” (Murphy, 2007; Xia et al., 2011; Mba et al., 2015) and has rich economic value (Xiong et al., 2009; Damayant et al., 2014). The fruit is the oil-producing organ of oil palm and the vegetable oil extracted from the mesocarp and kernel is known as palm oil (PO) and palm kernel oil (PKO), respectively (Dussert et al., 2013).The mesocarp and the kernel of oil palm make this crop unique and economically important due to their extraordinarily high oil contents (approximately 85% and 50% dry mass, respectively). PO has excellent characteristics such as high nutritional and oxidative stability (Olafisoye et al., 2015; Kadandale et al., 2019). It is low in sterols, rich in vitamin A and vitamin E, and contains 50% saturated fatty acids, 40% monounsaturated fatty acids, and 10% polyunsaturated fatty acids (Clegg, 1973; Manorama and Rukmini, 1991; Boateng et al., 2016).

Free fatty acids, also known as non-esterified fatty acids, are important substrates for cell energy metabolism and provide energy for the heart, liver, skeletal muscle and other organs. An imbalance of free fatty acid metabolism in plasma can lead to coronary atherosclerosis, diabetes and other diseases (Liu, 2021). Therefore, it is important to study free fatty acids in PO. Free fatty acids are susceptible to light, heat, oxygen and moisture in the air and enzymes break down under the influence of such factors as the oxide and hydrogen peroxide, and the intermediates that are then decomposed to aldehydes, ketones,and other compounds that lose their nutritional value and other values, this kind of phenomenon is called rancidity of fatty acids of deterioration (Yang et al., 2010). According to the different ways of producing hydroperoxides during fatty acid oxidation, the oxidation can be roughly divided into three categories: automatic oxidation, photooxidation and enzymatic oxidation (Li et al., 1997; Sun et al., 1998; Ahmed et al., 2016). Automatic oxidation is the reaction of fatty acids directly with oxygen in the air at room temperature. The reaction is completely spontaneous without direct light irradiation or the artificial addition of any catalyst. The primary mode of deterioration for vegetable oils is automatic oxidation (Wang, 2004). The oxidized rancidity of oil not only affects the flavor, color and nutritional quality of foods, but also produces toxic substances such as peroxides that are harmful to the human body in the process of rancidity, which affects the health of consumers (Wang et al., 2014). In severe cases, it can accelerate aging and cause diseases such as tumors and cardiovascular disease. Therefore, it is important to have a thorough understanding of the factors that affect lipid oxidation, which helps us take effective measures to inhibit oil oxidation and extend the shelf life. Fatty acyl-ACP thioesterase (FAT) is a key enzyme that regulates the elongation of fatty acid carbon chains during fatty acid synthesis. It can catalyze the hydrolysis of thioester bonds to terminate fatty acid synthesis, and its activity affects the content of various fatty acids in plants (Mayer and Shanklin, 2007). The Short chain dehydrogenase (Short-chain dehydrogenases/reductase, SDR) is the most widely distributed kind of oxidoreductase, in plant metabolism and plays an important role in the process (Gong et al., 2020). The fatty acid β-oxidation multifunctional protein (MFP) is a microsomal enzyme that catalyzes the hydration and dehydrogenation processes of the -oxidation pathway, which are accompanied by energy production (Novikov et al., 1994; Dieuaide-Noubhani et al., 1996; Dieuaide-Noubhani et al., 1997).

The fruit of the oil palm produces PO, which has a lower oil content in immature fruits than in mature fruits but a higher content of free fatty acids and an increased risk of rancidity in overripe fruits. Exposure to the air gradually softens the fruit, accelerating the rancidity of fatty acids. As a result, oil palm should be processed shortly after harvesting in order to maintain oil quality. In this study, the fruits of two oil palm shell types, MT and MP, were selected to analyze the dynamic changes in free fatty acid metabolite content and differentially expressed genes at 0 h, 24 h and 36 h after harvesting, combined with LC-MS/MS metabolomics technology and RNA-Seq transcriptomics technology. This study provides a theoretical basis for gene mining of fatty acid rancidity in different shell types of oil palm, improvement of fatty acid composition of palm oil and palm kernel oil, gene editing and breeding of new varieties.




2 Materials and methods



2.1 Plant materials

Fresh oil palm (Elaeis guineensis) fruits were harvested at the National Tropical Palm Germplasm Resource Nursery, Wenchang, Hainan Province, China (110.8°latitude, 19.6°longitude) 185 days after pollination from Pisifera (MP) and Tenera (MT) plants. After collection samples were left at room temperature for 0 h, 24 h, and 36 h. For further examination, samples were then immediately flash-frozen in liquid nitrogen and kept at -80°C. MP1, MP2 and MP3 were recorded at 0 h, 24 h and 36 h rancidity under natural conditions 185 days after MP pollination. The fruits of rancidity at 0 h, 24 h and 36 h under natural conditions 185 days after MT pollination were denoted as MT1, MT2 and MT3, respectively. MP and MT samples were taken for 3 replicates.




2.2 Methods



2.2.1 Metabolite extraction

For the metabolite determination, 20 mg of frozen sample was placed in a centrifuge tube, 1 mL of lipid extract (methyl tert-butyl ether: methanol =3:1, V/V, including internal standard mixture), and the tube was then closed and shaken for 30 minutes. After adding 300μL of ultrapure water, the tube was shaken for 1 minute before being placed at 4°C for 10 minutes. Then the tube was centrifuged for 3 minutes (12000 rpm, 4°C) and 400 μL of supernatant was transferred into a new centrifuge tube and concentrated at 20°C for 2 hours, or until completely dry. The solution was then vortexed for 3 minutes and centrifuged for 10 minutes (12000 rpm, 4°C) with 200 μL of lipid complex solution (acetonitrile: isopropanol =1:1, V/V). Following that, 120 μL of supernatant was transferred into the glass-lined tube until it was used.




2.2.2 Metabolomics analysis and data processing

The instrument platform for LC-MS/MS analysis was composed of ExionLC ultra-performance liquid chromatography in tandem with SCIEX QTRAP 6500+ mass spectrometer, and the chromatographic column was Thermo AccucoreC30 column (2.6 μm, 2.1 mm×100 mm i.d.). The mobile phases were: Phase A, acetonitrile/water (60/40, V/V) (containing 0.1% formic acid, 10 mmol/L ammonium formate); Phase B, acetonitrile/isopropanol (10/90, V/V) (containing 0.1% formic acid, 10 mmol/L ammonium formate). Gradient elution method: At 0 minutes, the A/B ratio was 80:20 (V/V), 70:30 (V/V) at 2 minutes, 40:60 (V/V) at 4 minutes, 15:85 (V/V) at 9 minutes, 10:90 (V/V) at 14 minutes, 5:95 (V/V) at 15.5 minutes. 5:95(V/V) at 17.3 minutes, 80:20(V/V) at 17.5 minutes, and 80:20(V/V) at 20 minutes. The flow rate was 0.35 ml/min, the column temperature was 45°C, and the injection volume was 2 μL. The main conditions for tandem mass spectrometry were Electrospray Ionization (ESI) temperature 500 °C, mass spectrum voltage 5500 V in positive ion mode, and -4500 V in negative ion mode. In the triple quadrupole, ion source gas 1 (GS1), gas 2 (GS2), and curtain gas (CUR) are at 45 psi, 55 psi, and 35 psi, respectively. Each ion pair is based on the optimized declustering potential (DP) and collision energy (CE) used for scanning detection.Three replicates of oil palm fruits in each treatment time were taken in parallel.

The software Analyst 1.6.3 was used to process the mass spectral data and combined with the information of the local lipid database, mass spectral qualitative analysis was performed on the metabolites of the samples. The mass spectral peaks detected for the same metabolite in different samples were corrected, and the integrated peak areas of all samples detected were calculated to obtain the absolute content of metabolites. The MRM model results are shown in Supplementary Figure 1. Principal component analysis (PCA) and orthogonal partial least squares analysis (OPLS-DA) were performed on 18 oil palm fruit samples from three treatments. OPLS-DA screening model Variable VIP(Variable Importance in the Pmiectio)≥1, and a combination of Fold-Change method to screening differential metabolite, with screening criteria Fold_Change≥2 and Fold_Change ≤ 0.5.



2.2.3 Total RNA extraction and high-throughput sequencing

Total RNA was extracted from 18 samples of oil palm MP and MT fruits using the instructions of RNA extraction kit. After obtaining RNA, the integrity of RNA was analyzed by agarose gel electrophoresis. The RNA purity (OD260/280 and OD260/230 ratio) was detected by NanoPhotometer spectrophotometer. The Qubit 2.0 Fluorometer was used to accurately measure RNA concentration. The Agilent 2100 bioanalyzer was used to accurately detect RNA integrity.

Total RNA(≥1ug) was used for library construction. Illumina’s NEBNext®UltraTM RNA Library Prep Kit was used for library construction. The mRNA with polyA tail was enriched by Oligo(dT) magnetic beads, which were then randomly interrupted by divalent cations in NEB Fragmentation Buffer. The first strand of cDNA was synthesized in the M-MuLV reverse transcriptase system using fragmented mRNA as a template and random oligonucleotides as primer. The RNA strand was then degraded by RNaseH and the second strand was synthesized by dNTPs in the DNA polymerase I system. After the end repair, A-tail was added and sequencing adaptor was connected, AMPure XP beads were used to screen about 200bp of cDNA, PCR amplification was performed, and AMPure XP beads were used to purify PCR products. Finally, the library was obtained. After library construction, the library was initially quantified using Qubit2.0 Fluorometer, diluted to 1.5ng/ul, and then the insert size of the library was detected using Agilent 2100 bioanalyzer. qRT-PCR was used to accurately quantify the effective concentration of the library (library effective concentration higher than 2nM) to ensure the quality of the library. After passing the library inspection, different libraries were pooled according to the requirements of effective concentration and target off-machine data volume for Illumina sequencing, and 150bp paired-end readings were generated. The basic principle of Sequencing is Sequencing by Synthesis. In the sequencing of the flow cell with four kinds of fluorescence-labeled dNTP, primers for amplification, DNA polymerase and joint in each sequence complementary chain cluster, each fluorescently labeled dNTP can release the corresponding fluorescence, and the sequencing machine captures the fluorescent signal. Through the computer software to convert optical signals into sequencing peaks, the sequence information of the fragment to be tested is obtained.



2.2.4 Transcriptome data processing and differentially expressed genes analysis

Fastp v 0.19.3 was used to filter the original data, mainly removing reads with adapter. When the N content of any measured reads exceeds 10% of the base number of reads, paired reads are removed. When the number of low-quality (Q ≤ 20) bases in any sequencing reads exceeds 50% of the number of bases in the reads, paired reads are removed. Clean reads were obtained for all subsequent analysis. HISAT v2.1.0 was used to construct the index, and the clean reads alignment sequence was aligned to the downloaded reference genome and data file. Novel gene prediction was performed using StringTie v1.3.4d, and the network flow algorithm and optional de novo assembly (de novo) were applied to splice transcripts. The recounts were calculated using featureCounts v1.6.2, and the FPKM of each gene was calculated with the recount length. Differential expression analysis between the two groups was performed using DESeq2 v1.22.1, with P-value corrected using the Benjamini&Hochberg method. Adjusted P-value and | log2Fold_Change | as the thresholds of significant differences in expression, gene screening conditions for | log2Fold_Change | ≥1 or higher, and FDR < 0.05. The quality of RNA-seq is shown in Supplementary Table 1.





3 Results


3.1 Metabolomic analysis of lipids and free fatty acids

Principal component analysis (PCA) was performed on the composition of different lipid metabolites (including quality control samples) of MP and MT oil palm fruits at 0 h, 24 h and 36 h postharvest times. Figure 1 shows that the separation degree of MP and MT sample group data is clear, and there is a good distinction between the groups. The first principal component (PC1) and the second principal component accounted for 41.16% and 23.33% of the total variables respectively.




Figure 1 | Principal component analysis of MP and MT overall samples. MP1 (MT1): 0h postharvest fruit under natural conditions; MP2 (MT2): 24h postharvest fruit under natural conditions; MP3 (MT3): 36h postharvest fruit under natural conditions; QC is the quality control sample.



The lipid differential metabolite of oil palm MP and MT fruits in different postharvest times were screened using orthogonal partial least squares discriminant analysis (OPLS-DA) with VIP = 1, Fold Change ≥ 2, and Fold Change ≤ 0.5, and the significant differential metabolite were statistically and compared.  Supplementary Figure 2A shows that there are 99 differential metabolite were detected between MP1-vs-MT1, 120 differential metabolite were detected between MP2-vs-MT2, and 138 differential metabolite were detected between MP3-vs-MT3. Supplementary Figure 2B shows that there are 63 up-regulated and 36 down-regulated differential metabolites between MP1-vs-MT1 and 102 up-regulated and 18 down-regulated differential metabolites between MP2-vs-MT2, but 117 up-regulated and 21 down-regulated differential metabolites were detected between MP3-vs-MT3. These findings indicated that the lipid differential metabolite of MP and MT shell types increased with the increase in postharvest time, as did the number of up-regulated metabolites.

The differential metabolite related to the rancidation of free fatty acids in MP and MT fruits of oil palm at different postharvest times was also screened by the above method. As shown in Figure 2A, 9 differential metabolites were detected between MP1-vs-MT1, 12 differential metabolites were detected between MP2-vs-MT2, and 8 differential metabolites were detected between MP3-vs-MT3. Figure 2B shows that there are 4 up-regulation and 5 down-regulation differential metabolites between MP1-vs-MT1 and 10 up-regulation and 2 down-regulation differential metabolites between MP2-vs-MT2, however 2 up-regulation and 6 down-regulation differential metabolites were detected between MP3-vs-MT3. These results indicated that MP2-vs-MT2 had the most significant difference in rancidity between the two shell types.




Figure 2 | Statistics of MP and MT oil palm significant differential metabolite (A) Venn diagram of metabolites with a significant difference in free fatty acids; (B) Histogram of free fatty acid metabolism with a significant difference.



The changes in free fatty acid content of oil palm at three different postharvest times are shown in Table 1. Among them, the content of saturated fatty acid palmitic acid was the highest in both MP and MT, but the content of MT was significantly higher than that of MP. In addition, the content changes with different postharvest time points in MP; it first decreases and then increases, reaching its highest in MP3. However, in MT, its content first increased and reached its highest content in MT2 and then decreased. Second, the content of steric acid, which is a type of saturated fatty acid found in oil palm, was significantly higher in MT than in MP. The contents of oleic acid and linoleic acid were the most unsaturated fatty acids, and the contents of these two fatty acids showed different trends in MP and MT. The contents of oleic acid decreased continuously in the MP1-MP3 stages, while the contents of oleic acid increased first and then decreased in MT1-MT3 stages. In the MP1-MP3 stages, the content of linoleic acid decreased first and then increased, and reaching its highest content in the MP3 stage, while in the MT1-MT3 stages, the content change trend was the same as that of oleic acid.


Table 1 | Changes of free fatty acids in MP and MT rancidity at different stages.



At the same postharvest time points, the fatty acid differential metabolite in MP and MT were compared and the results are shown in Table 2. The fatty acid results revealed significant differences between MP1-vs-MT1 (in Arachidic acid, Palmitoleic acid, Heptadecenoic acid, Nonadecenoic acid, Dotriacontanoic acid Tricosanoic Lignoceric acid, Myristic acid and Behenic acid) in, MP2-vs-MT2 in the fatty acids of (in Arachidic acid, Linolenic acid, Eicosadienoic acid, Dotriacontanoic acid, Stearic acid Acid, Tricosanoic acid, Octacosanoic acid, Lignoceric acid, Myristic acid, Palmitic acid, Heptadecanoic acid) and Behenic acid, MP3-vs-MT3 (in Palmitoleic acid, Heptadecenoic acid, Nonadecenoic acid, Dotriacontanoic acid, Tricosanoic acid, Octacosanoic Myristic acid, and Docosahexaenoic acid). However, the fatty acids Dotriacontanoic acid, Tricosanoic acid and Myristic acid were found to be different in between the three groups.


Table 2 | Statistics of significant differential metabolite of free fatty acids between groups of MP and MT rancidity in different times.



Cluster analysis of all free fatty acids in MP and MT of the three postharvest times (Figure 3) showed that the 29 free fatty acids normalized by Z-score were clustered into two categories. The content of 7 free fatty acids in the first group was higher in the three stages of MP.Among them, the contents of Tripentacosanoic acid, Oleic acid, Tristridecanoic acid, Tricosanoic acid and Dotriacontanoic acid are the highest at MP1 Whereas, the contents of Decanoic acid and Gheddic acid were the highest at MP2. However, the contents of 7 free fatty acids, particularly tricosanoic acid, dotriacontanoic acid, and tristridecanoic acid, were low in the three MT times. In the second category, the content changes of 22 free fatty acids in MP and MT can be divided into two sub-categories. In the first subcategory, the content of 12 free fatty acids was very low in MP1 and MP2 stages, and the content reached its highest in MP3 stage, which was significantly different from that in MP1 and MP2 stages. In MT1-3 stage, the content of free fatty acids in MT1 stage was generally low, but the content in MT2 and MT3 stage was increased, which is significantly different from that in MT1 stage.In the second subcategory, 10 free fatty acids generally have low content in MP and little change. However, the content in MT is very high, among which Myristic acid has the highest content in MT3, Docosapentaenoic acid has the highest content in MT1, and the other 8 free fatty acids have the highest content in the MT2.




Figure 3 | Cluster heatmap of significant differential metabolite for free fatty acids of each group. The 6 columns in each heatmap represent the fruits postharvest stages (MP1, MP2, MP3, MT1, MT2, and MT3).



In general, the content of free fatty acids of the first category was higher in MP oil palm than in MT. The contents of free fatty acids of the second major group fluctuated, and the above results showed that the changes of free fatty acids of the two shell types were significantly different.



3.2 Global analysis of gene expression in different postharvest stages

Significant false discovery rates (FDR) of< 0.05 and | log2Fold_Change | ≥1 was calculated for the MP and MT groups, and significant differentially expressed genes were examined. As shown in Figure 4A, 4708 differentially expressed genes were detected between MP1-vs-MT1, 4947 differentially expressed genes between MP2-vs-MT2, and 4261 differentially expressed genes between MP3-vs-MT3. Figure 4B showed that 2574 differentially expressed genes were up-regulated and 2134 differentially expressed genes were down-regulated between MP1-vs-MT1. There were 2868 up-regulated differentially expressed genes and 2079 down-regulated differentially expressed genes between MP2-vs-MT2. There were 2150 up-regulated differentially expressed genes and 2111 down-regulated differentially expressed genes between MP3-vs-MT3. The above results showed that MP2-vs-MT2 had the most differentially expressed genes, and the proportion of up-regulated differentially expressed genes was the largest.




Figure 4 | Oil palm differentially expressed genes statistics of MP and MT. (A) Venn diagram of differentially expressed genes; (B) Histogram of significantly differentially expressed genes.





3.3 Enrichment analysis of significantly differentially expressed genes

KEGG metabolic pathway analysis showed that the MP1 vs MT1 comparative group was enriched to 134 pathways; The MP2 vs MT2 comparative group enriched 133 pathways; The MP3 vs MT3 comparative group enriched 133 pathways. As shown in Figure 5, the gene enrichment pathways annotated by the three comparison groups are mainly “metabolic pathways”, “biosynthensis of secondary metabolites” and “plant-pathogen interaction”. Based on the above analysis, we further study the specific functional genomes related to free fatty acids.




Figure 5 | KEGG enrichment classification scatter chart for the pairwise comparisons of MP1-vs-MT1, MP2-vs-MT2, and MP3-vs-MT3.





3.4 Combined metabolomics and transcriptomic analysis of fatty acid rancidity

Fatty acid metabolome and transcriptome data were analyzed jointly according to KEGG metabolic pathways, and KEGG pathways enriched by both omics were found according to different postharvest times (Table 3). MP1-vs-MT1 was enriched on KEGG into two pathways, Fatty acid biosynthesis and Biosynthesis of unsaturated fatty acids. Palmitoleic acid and Myristic acid were included in fatty acid biosynthesis, and 22 differential genes of this pathway were annotated. The biosynthesis of unsaturated fatty acids pathway contained Arachidic acid, Lignoceric acid, and Behenic acid, and eight differential genes were annotated in this pathway. MP2-vs-MT2 was found to be enriched in five KEGG channels: Fatty acid biosynthesis, Fatty acid metabolism, Fatty acid degradation, Biosynthesis of unsaturated fatty acids, and Fatty acid elongation. Palmitic acid was found in the Fatty acid metabolism pathway, and 29 differential genes were annotated. Palmitic acid was contained in Fatty acid degradation pathways, and 19 differential genes were annotated. This pathway contained Stearic acid, Myristic acid, Palmitic acid, and 20 differential genes were annotated in this pathway. The Biosynthesis of unsaturated fatty acids pathway contained Arachidic acid, Eicosadienoic acid, Stearic acid, Lignoceric acid, Palmitic acid and Behenic acid, 8 differentially expressed genes in this pathway were annotated. Palmitic acid was found in Fatty acid elongation pathway, and eight differentially expressed genes were identified. MP3-vs-MT3 is enriched on KEGG into two pathways, the Fatty acid biosynthesis and the Biosynthesis of unsaturated fatty acids pathway. The Fatty acid biosynthesis pathway contained Myristic acid and Palmitoleic acid, and 23 differential genes were annotated. The pathway in Biosynthesis of unsaturated fatty acids contained Docosahexaenoic acid, and 8 differential genes were annotated.


Table 3 | KEGG statistics of MT and MP oil palm fatty acid metabolism pathways.



The integral values of genes and metabolites were used for correlation analysis, and the cor function in R software was used to calculate the Pearson correlation coefficient of genes and metabolites. The differentially expressed genes and differential metabolite correlations were selected from the overall correlation results for joint analysis. Four fatty acids and four key enzyme genes and proteins related to them were screened out and annotated with NR (Table 4).


Table 4 | Correlation analysis of key enzyme gene expression and main fatty acid content.



Correlation analysis of the dynamic changes in significant differential metabolite content (Table 1) and the changes in the expression of the four enzyme genes (Figure 6). Table 4 showed that the contents of the four main free fatty acids in oil palm fruits were significantly correlated with the expression of the four key enzyme genes.FATB is positively correlated with Myristic acid, Stearic acid and Palmitic acid content, but not with Palmitoleic acid content. These results indicate that FATB promotes the synthesis of Myristic acid, Stearic acid and Palmitic acid, and may inhibit the synthesis of Palmitoleic acid. SDR, FATA and MFP are negatively correlated with Myristic acid, Stearic acid and Palmitic acid contents, while Palmitoleic acid content is positively correlated or has no high correlation. These results indicate that these three enzyme genes may inhibit the synthesis of Myristic acid, Stearic acid and Palmitic acid, and may promote the synthesis of Palmitoleic acid. From the dynamic changes in the expression levels of four key enzyme genes and proteins (Figure 6), it can be seen that the expression levels of FATA gene and MFP protein have the same trend in MT and MP, with higher expression levels in MP. FATB changes in MT and MP are inconsistent. It decreases first and then increases in MP, while it continues to increase in MT. The change of SDR gene expression was the opposite in the two shell types, so the difference between the two shell types was obvious.




Figure 6 | Dynamic changes of key enzyme gene expression in MT and MP oil palm species postharvest.





3.5 QRT-PCR of the transcriptomic data

To verify the accuracy of RNA-Seq expression profile sequencing, 5 differentially expressed genes were randomly selected from related metabolic pathways and analyzed by qRT-PCR (Figure 7). The results showed that the trend of qRT-PCR was consistent with that of RNA-Seq, and the coefficient of determination (R2) was greater than 0.8.




Figure 7 | Relative expression levels of 5 selected genes during fruits postharvest rancidity stages (MP1, MP2, MP3, MT1, MT2, and MT3). The 2-ΔΔCt method was used to determine the relative expression levels of genes. The statistical differences were analyzed by ANOVA based on Duncan’s multiple test (P<0.05). Different letters indicate significant differences in the relative expression level and FPKM values.






4 Discussion

PO provides 45% of the world’s edible oil and is the preferred vegetable oil to relieve the pressure on global edible oil (Li et al., 2016). Free fatty acids will produce harmful substances after oxidative rancidity. Therefore, deep analysis of the related mechanisms of fatty acid rancidity in oil palm fruits is of great importance for inhibiting fatty acid rancidity, ensuring oil safety and extending the storage life of oil foods. In this study, LC-MS/MS metabolomics technology was used to analyze the free fatty acid metabolites in the fruits of MT and MP at three postharvest times. The results showed that the total free fatty acid content of the two shell types of oil palm fruits was significantly different, and the total free fatty acid content of MT was higher.

FAT in plants can be divided into FATA and FATB according to differences in amino acid sequences (Jones et al., 1995). Different FAT have different catalytic activities on different substrates. FATA is an important factor affecting oil accumulation. Most FATA genes in most plants have similar functions and have catalytic activity on C18: X-ACP (Kaczmarzyk et al., 2016; Tan and Lee, 2017). However, Moreno-Pérez et al. (2012) found that silencing AtFATA gene in Arabidopsis significantly increased the contents of Linolenic acid (C18:3) and erucic acid (C22:1) in Arabidopsis seeds, which provided a reference for the results of this study. The FATA gene was found to be highly expressed in MT and low expressed in MP, and it was found to be negatively correlated with Myristic acid, Stearic acid, and Palmitic acid content and positively correlated with palmitoleic acid content in this study. Combined with the dynamic changes of free fatty acid content in the metabolome, it can be inferred that the expression of FATA may inhibit the synthesis of Myristic acid, Stearic acid and Palmitic acid in MT and MP, and promote the synthesis of Palmitoleic acid. The FATB gene family mainly tends to use saturated fatty acids as substrates, especially C16:0-ACP, which has the highest catalytic activity, but some FATBs have been reported to have specific activity for unsaturated fatty acids (Salas and Ohlrogge, 2002; Sánchez-García et al., 2010). FATB overexpression in tobacco was found to lead to a 1.9-fold increase in oil content in Arabidopsis compared with controls (El Tahchy et al., 2017). Xiong et al. (2021) found that the oil content of yeast transformers of two FATB genes was significantly increased in the cloning and functional preliminary analysis of five fatty acyl-ACP thioesterase genes in Brassica napus L. and further transformed these two genes into Arabidopsis thaliana, finding that the content of saturated fatty acids in Arabidopsis thaliana was significantly increased. The FATB gene was found to be highly expressed low in MP and low expressed in MT, and it was found to be positively correlated with myristic acid, stearic acid, and palmitic acid content and negatively correlated with palmitoleic acid content in this study. Combined with the dynamic changes of free fatty acid content in the metabolome, it can be inferred that the expression of FATB may promote the synthesis of Myristic acid, Stearic acid and Palmitic acid in MP and MT, and inhibit the synthesis of Palmitoleic acid. The above results showed that FATA and FATB showed opposite characteristics in the difference of fatty acid rancidity between MT and MP of oil palm. Therefore, FATA and FATB genes play an important role in differentiating the fatty acid rancidity of the two shell types of oil palm.

SDR is used in Arabidopsis thaliana, Populus, Vitis vinifera, Glycine max, Oryza sativa, Zea mays and Sorghum bicolor (Labesse et al., 1994; Kramm et al., 2012; Xie et al., 2022). SDRs have various functions in plants, some are involved in primary metabolic pathways, such as fatty acid biosynthesis, chlorophyll synthesis and degradation, while other SDRs are mainly involved in secondary metabolisms, such as steroid, alkaloid, terpenoid synthesis, plant aroma and phytohormone synthesis, etc. (Stavrinides et al., 2018; Zhang et al., 2020). The SDR family includes -ketoacyl-ACP reductase (BKR) and enoyl-ACP reductase (ENR) in de novo fatty acid synthesis, which are involved in NADPH-dependent reduction reactions in fatty acid chain extension (Tonfack et al., 2011). Mou et al. (2000) found that deletion of ENR in Arabidopsis leads to a reduction of fatty acid content. Therefore, SDR proteins plays an important role in fatty acid synthesis. Wang et al. (2022) found in the functional study of apple short-chain dehydrogenase MdSDR that after transient overexpression of MdSDR. The genes acetylCoA carboxylase (MdACCase), -ketoacyl-ACP synthase (MdKAS), -ketoacyl-ACP reductase (MdKAR), and enylacyl-ACP reductase (MdENR) were significantly up-regulated in apples. These results indicate that MdSDR could participate in the regulation of plant fatty acid biosynthesis. In this study, according to the pathway shown on KEGG, SDR is negatively correlated with Myristic acid, Stearic acid and Palmitic acid content, but not with Palmitoleic acid content. Therefore, it is speculated that SDR may inhibit the synthesis of Myristic acid, Stearic acid and Palmitic acid and promote the synthesis of Palmitoleic acid in the rancidation process of oil palm fatty acids. However, SDR has a high expression level in MP and a low expression level in MT, which is the key enzyme gene responsible for the rout difference between MT and MP oil palm.

The β-oxidation of fatty acids in peroxisomes can be divided into two metabolic pathways based on MFP substrate specificity: the straight-chain fatty acid oxidation pathway and the branched-chain fatty acid oxidation pathway (Graham and Eastmond, 2002). Wei (2009) found that MFP protein was involved in regulating the biodecomposition of fatty acids and their derivatives in the study of EST-SSR development in sesame, genetic map construction and gene cloning related to fatty acid metabolism in cotton. Wang et al. (2016) investigated the cloning and prokaryotic expression of the multifunctional protein gene of fatty acid β-oxidation in Camellia oleifera and found that CoMFP plays a multifunctional enzyme role of hydration and dehydrogenation in fatty acid β-oxidation in camellia oleifera. This study found that MFP protein is negatively correlated with the contents of Myristic acid, Stearic acid and Palmitic acid in the process of fatty acid rancor of MT and MP, and that its expression is higher in MP. These results highlighted that the expression of MFP protein has a stronger degradation effect on Myristic acid, Stearic acid and Palmitic acid in MP, and therefore, the contents of these three fatty acids are lower in MP. Consequently, it is speculated that MFP protein may be the key enzyme gene for the difference in fatty acid rancidity between MT and MP in oil palm.




5 Conclusions

By combining metabolomics and transcriptomics analysis, we found that FATA, SDR and MFP enzyme genes and enzyme proteins were significantly negatively correlated with Myristic acid, Stearic acid and Palmitic acid in the rancidation process of oil palm fruits. These results indicate that the expression of these enzyme genes and enzyme proteins could promote the degradation of free fatty acids in the rancidity process of oil palm fruits. The expression of the FATB gene is positively correlated with Myristic acid, Stearic acid and Palmitic acid in oil palm fruit rancidity, indicating that the expression of FATB gene promotes the synthesis of free fatty acids in oil palm fruit rancidity. Combined with gene expression, FATA gene and MFP protein expression showed the same trend in MT and MP, with higher expression levels in MP. The changes to FATB in MT and MP were inconsistent. The expression of FATB in MP decreased first and then increased, while the expression of FATB in MT continued to increase. The changes in SDR gene expression were opposite in the two shell types. The above results clearly show the differences between the two shell types. In addition, MP2-vs-MT2 contained 12 free fatty acids and 4947 significant differentially expressed genes. As a result, it was found that the most obvious time of fatty acid rancidity difference between MT and MP shell types was 24 hours postharvest. The aim of this study was to compare the molecular regulation mechanism of free fatty acid metabolism in oil palm shell types with other shell types, in order to provide a theoretical basis for further genetic improvement using molecular biotechnology and promote the development of the oil palm industry.
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C22:0 Behenic acid 1.30/2.46 1.29/4.30 0.91/1.23
C34:0 Gheddic acid 0.11/0.97 0.75/0.87 0.66/0.87
C24:6 Nisioic acid 0.93/1.22 1.23/1.39 | 1.03/1.13
C24:5 Docosapentaenoic acid 0.66/1.09 1.00/1.36 0.82/1.11
C10:0 Decanoic acid 0.69/1.16 0.58/0.90 0.34/1.06

Bold represents a significant difference.
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Enzyme na Myristic Stearic

acid acid
FFA(14:0) FFA(18:0)

Palmitoyl-acyl carrier protein thioesterase, chloroplastic (FATB) 0.98 0.92
Short-chain type dehydrogenase/reductase-like (SDR) -0.89 -0.81
Oleoyl-acyl carrier protein thioesterase, chloroplastic (FATA) -0.86 -0.78
Peroxisomal fatty acid beta-oxidation multifunctional protein-like -0.86 -0.83
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KEGG pathway

Cluster-

Frequency(%)

Genome-
Frequency(%)

P-value

Corrected-P-value

MP1-vs-MT1

Fatty acid biosynthesis ko00061 22(1.32%) 88 (0.81%) 0.012141483 1

Biosynthesis of unsaturated fatty acids ko01040 8 (0.48%) 36 (0.33%) 0.177162487 1
‘ MP2-vs-MT2

Fatty acid biosynthesis ko00061 20 (1.20%) 88 (0.81%) 0.042127 1

Fatty acid metabolism ko01212 29 (1.74%) 122 (1.12%) 0.009149 1

Fatty acid degradation ko00071 19 (1.14%) 74 (0.68%) 0.014117 1

Biosynthesis of unsaturated fatty acids ko01040 8 (0.48%) 36 (0.33%) 0.176324 1

Fatty acid elongation ko00062 8 (0.48%) 52 (0.48%) 0.554664 1

MP3-vs-MT3

Fatty acid biosynthesis ko00061 23 (1.56%) 88 (0.81%) 0.001178 0.156674

Biosynthesis of unsaturated fatty acids ko01040 8 (0.54%) 36 (0.33%) 0.104823 1
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Fatty acid Changes of free fatty acids in MP and MT rancidity at Oh, 24h and 36h postharvest (nmol/g)

MP1 MP2 MP3 MT1 MT2 MT3
C10:0 Decanoic acid 206.91 235.79 181.36 239.25 212.12 192.70
C12:0 Lauric acid 8.91 14.69 27.72 7.54 16.81 17.66
C14:0 Myristic acid 101.73 74.94 256.81 371.80 553.29 581.39
C15:0 Pentadecanoic acid 36.51 33.05 104.44 40.47 58.84 54.60
C16:0 Palmitic acid 8060.21 7 844.82 12 946.03 14 345.15 17 834.69 16 177.21
Cl16:1 Palmitoleic acid 247.14 153.08 615.26 118.02 162.31 151.12
C17:0 Heptadecanoic acid 103.22 98.20 282.87 137.42 228.11 203.24
C17:1 Heptadecenoic acid 125.01 89.95 264.70 41.74 71.82 55.26
C18:0 Stearic acid 1756.83 157947 3 270.60 298875 4 480.60 3807.98
Cl18:1 Oleic acid 32 992.80 29 659.44 28 690.32 30 396.86 31 704.01 26 683.76
C18:2 Linoleic acid 13 475.84 10 080.90 17 55240 10 188.00 15 804.62 11 046.89
C18:3 Linolenic acid 237.34 172.55 560.86 189.08 431.63 281.12
C19:1 Nonadecenoic acid 29.67 21.72 71.95 12.10 21.03 15.75
C20:0 Arachidic acid 75.33 77.28 330.68 178.70 403.69 299.03
C20:1 Eicosaenoic acid 395.73 300.02 726.46 392.81 570.14 472.84
€20:2 Eicosadienoic acid 3.67 2.49 10.14 3.96 6.77 533
€22:0 Behenic acid 42.29 51.82 134.03 104.06 223.00 164.21
€22:3 Docosatrienoic acid 19.44 16.87 23.20 22.56 25.13 2253
C22:4 Docosatetraenoic acid 5.60 5.07 7.29 6.14 6.25 6.07
€22:6 Docosahexaenoic acid 9.55 8.18 3149 7.15 9.35 9.59
C24:0 Lignoceric acid 63.93 68.41 209.22 128.63 298.43 222,01
C24:5 Docosapentaenoic acid 9.76 7.72 8.19 10.66 10.47 9.10
C24:6 Nisioic acid 45.71 42.61 43.52 55.90 59.22 48.98
€28:0 Octacosanoic acid 78.27 57.06 59.38 102.38 137.54 125.64
€30:0 Tricosanoic acid 11.78 5.40 622 3.52 228 243
(€32:0 Dotriacontanoic acid 7.80 4.41 372 2.13 2.00 175
(C33:0 Tristridecanoic acid 9.23 9.12 6.48 6.87 6.98 6.39
C34:0 Gheddic acid 7.88 8.37 5.58 7.68 7.25 4.86
(C35:0 Tripentacosanoic acid 33.83 31.87 23.63 34.80 30.81 24.65
C€36:0 Trihexadecanoic acid 29.48 27.66 20.57 30.63 28.19 21.59

Total fatty acid content 58 2314 50 782.96 66 475.12 60 174.76 73 407.38 60 715.68





