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Abstract

:

Fruit abscission is triggered by multiple changes in endogenous components of the fruit, including energy metabolism. However, it is still unknown how the core energy metabolism pathways are modified during fruit abscission. Here, we investigated the relationship between carbon starvation-induced fruitlet abscission and energy metabolism changes in litchi. The fruitlet abscission of litchi ‘Feizixiao’ was induced sharply by girdling plus defoliation (GPD), a carbon stress treatment. Using liquid chromatography tandem mass spectrometry (LC-MS/MS) targeted metabolomics analysis, we identified a total of 21 metabolites involved in glycolysis, TCA cycle and oxidative phosphorylation pathways. Among them, the content of most metabolites in glycolysis pathways and TCA cycles was reduced, and the activity of corresponding metabolic enzymes such as ATP-dependent phosphofructokinase (ATP-PFK), pyruvate kinase (PK), citrate synthase (CS), succinate thiokinase (SAT), and NAD-dependent malate dehydrogenase (NAD-MDH) was decreased. Consistently, we further showed that the expression of the relative genes (LcPFK2, LcPK2, LcPK4, LcCS1, LcCS2, LcSAT, LcMDH1 and LcMDH2) was also significantly down-regulated. In contrast, the level of ATP, an important metabolite in the oxidative phosphorylation pathway, was elevated in parallel with both higher activity of H+-ATPase and the increased expression level of LcH+-ATPase1. In conclusion, our findings suggest that carbon starvation can induce fruitlet abscission in litchi probably by energy depletion that mediated through both the suppression of the glycolysis pathway and TCA cycle and the enhancement of the oxidative phosphorylation pathway.
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1. Introduction


Litchi (Litchi chinensis Sonn.) is an important economic fruit crop widely grown in South China and Southeast Asia. According to different varieties, there will be three to five fruit drop waves during the development of fruit, which is the major cause of low yield and serious alternate bearing that greatly limits the healthy development of the litchi industry [1]. Thus, it is of great significance to explore the regulation mechanism of litchi fruit abscission, which would help to improve current cultural and management practices.



Glycolysis, tricarboxylic acid cycle and oxidative phosphorylation are three major energy metabolism pathways during plant development. The glycolysis pathway (EMP), the oxidization of glucose to pyruvate and produce ATP, is a common pathway of glucose degradation in all biological organisms [2]. The tricarboxylic acid cycle, also known as the Krebs cycle or TCA, occurs in mitochondria [3]. TCA is the hub and final metabolic pathway of carbohydrate, lipid, and amino acid. The oxidative phosphorylation pathway (OXPHOS) refers to the process by which mitochondria uses the energy generated from the oxidation process of sugar, lipid and amino acid to produce adenosine triphosphate (ATP) by promoting the combination of adenosine diphosphate (ADP) and inorganic phosphate [4]. Through these energy metabolism pathways, nutrients are transformed into various metabolites, and ATP is produced in plants, thus providing sufficient energy for plant growth and development [5,6,7].



In plants, the energy metabolism pathways, such as EMP, TCA and OXPHOS, are changed significantly under stress conditions, and the change patterns are different in individual plants under different environments. Liu et al. [8] analyzed sugar beet roots under salt stress by transcriptome and metabolome techniques, and found that both the content of most metabolites and the expression level of genes encoding enzymes involved in the EMP and TCA cycle were increased, indicating that the EMP and TCA cycle are enhanced in response to salt stress. The activity of ATP synthase, fructose diphosphate aldosterone, and malate dehydrogenase was also significantly increased in bermudagrass under drought stress [9]. In contrast, the content of glucose-6-phosphate, fructose-6-phosphate, succinic acid, fumaric acid and malic acid was significantly reduced in barley buds and roots under phosphorus deficiency, suggesting that barley could adapt to a low level of phosphorus by regulating the EMP and TCA [10]. By metabolomics analysis on wheat leaves under drought stress, Guo et al. [11] also found that the content of malic acid, citric acid, aconitic acid, and other metabolites involved in the TCA cycle was significantly reduced, suggesting that the TCA cycle might be suppressed in wheat under drought stress. In addition, the energy metabolism of peach and banana under low temperature after harvest was deprived as the activity of H+-ATPase, succinic dehydrogenase, and ATP content was decreased [12,13]. Collectively, these findings suggest that the energy metabolism pathways show different change patterns in response to different stress conditions. However, it remains poorly understood how the energy metabolism pathways are altered during fruit abscission.



In the study of plant organ abscission, it was found that carbon stress (insufficient carbon supply) could lead to massive organ abscission. For example, decreased carbon assimilation by shading treatment would induce the abscission of apple fruit and grape flower [14,15]. In litchi and longan, carbon starvation induced by girdling resulted in a large amount of fruit abscission [16,17]. What’s more, there has been increased evidence that energy metabolism was changed during the process of organ abscission caused by carbon stress. Domingos et al. [18] found that the expression of ATPase related genes was significantly up-regulated in shading-treated grapevine flower organs. Meanwhile, genes related to EMP, such as those encoding pyruvate dehydrogenase and citrate synthase, were down-regulated in the process of litchi fruit abscission induced by carbon stress [19]. These results imply that energy metabolism is altered during the process of fruit abscission caused by carbon stress. However, the precise changes of energy metabolism pathways involved in carbon stress-induced fruit abscission are yet unknown.



Metabolomics can be used to qualitatively analyze all the small molecule metabolites in cells at a given time and environment condition, so as to quantitatively describe the whole body of endogenous metabolites and their response to changes in the internal and external factors [20]. At present, metabolomics has been widely used in the study of plant responses under stress conditions. In this study, LC-MS/MS targeted metabolomics was used to analyze the energy metabolites in the process of litchi fruitlet abscission induced by carbon stress. Additionally, we further determined the activity of the major metabolic enzymes involved in these metabolites and the expression of genes encoding these enzymes during fruitlet abscission. This study provides new insight into the multi-dimensional changes of energy metabolism pathways in carbon stress induced litchi fruitlet abscission, including gene expression, enzyme activity, and metabolite content.




2. Materials and Methods


2.1. Plant Material and Treatments


Three randomly selected 16-year-old litchi trees (Litchi chinensis Sonn.cv. Feizixiao) grown in a Xili orchard (Shenzhen, China) were chosen. One plant was a biological repeat, and twenty fruit-bearing shoots with similar diameter (diameter of about 5~8 mm) located in different directions from each tree were tagged. Ten of them were treated with girdling (a ring of bark about 0.5 cm in width and cambium was removed from the branch base) followed by defoliation (removing all leaves above the girdle) at 35 days after anthesis (GPD treatment), while the other untreated shoots were used as control (CK). Among these three sets, three of each were used to monitor the fruit abscission dynamic and the others were sampled for further experiments. The collected samples were quickly frozen in liquid nitrogen and stored at −80 °C for future analysis.




2.2. Measurement of Energy Metabolites


Litchi fruitlet retrieved from −80 °C storage were ground into fine powder in liquid nitrogen. Powder (60 mg) was vortexed in a 1 mL solution of methanol/acetonitrile/H2O (2:2:1, v/v/v). After sonication for 30 min on ice, the mix was stored at −20 °C for 1 h to precipitate proteins. The mix was centrifuged for 20 min (14,000 rpm, 4 °C) and dried by a vacuum drying system. A targeted metabolic analysis was performed using a LC-MS/MS system. The dried metabolites were dissolved in 100 μL of acetonitrile/ H2O (1:1, v/v) and centrifuged for 15 min (14,000 rpm, 4 °C). Finally, the supernatant was sampled for analysis. Electrospray ionization was conducted with an Agilent 1290 Infinity chromatography system and AB Sciex QTRAP 5500 mass spectrometer. Ammonium acetate solution (15 mM) and acetonitrile were used as mobile phases A and B, respectively. The sample was placed in a 4 °C automatic sampler, the column temperature was 45 °C, the flow rate was 300 μL/min, and the injection volume was 4 μL. A relative liquid gradient was used as follows: the gradient for B was 0–18 min at 90% to 40%; 18–18.1 min at 40% to 90%; and 18.1–23 min at 90%. In the sample queue, a QC sample was set for each interval of a certain number of experimental samples, which was used to detect and evaluate the stability and repeatability of the system; the standard mixture of energy metabolism substances was set up in the sample queue to correct the retention time of chromatography. The AB Sciex QTRAP 5500 mass spectrometer was operated in the negative mode under the following conditions: source temperature 450 °C, ion Source Gas (Gas1): 45, Ion Source Gas2 (Gas2): 45, Curtain gas (CUR): 30, ion Sapary Voltage Floating (ISVF): −4500 V; MRM mode was used to detect the ion pairs to be measured.




2.3. Enzyme Activity Analysis


Extraction of enzyme solution: fruit sample (0.1 g) was ground thoroughly, then added 1.8 mL of precooled extraction buffer (100 mM Hepes-NaOH (pH7.5), 5 mM MgCl2, 1 mM EDTA, 2.5 mM DTT, 0.5% TritonX-100, 1% BSA, 5% PVPP and 10% glycerol). Next, the homogenate was centrifuged at 13,000 rpm for 10 min at 4 °C, and the supernatant was collected for enzyme activity examination.



The activity of NAD-dependent malate dehydrogenase (NAD-MDH), citrate synthase (CS), fumarase (FUM) was determined according to the method described by Jenner et al. [21]. The activity of ATP-dependent phosphofructokinase (ATP-PFK), pyruvate kinase (PK) was examined according to the method described by Burrell et al. [22]. The activity of succinate thiokinase (SAT) was tested according to the method of Danson et al. [23]. The activity of succinate dehydrogenase (SDH) activity was determined by the method of Schirawski and Unden [24]. The activity of H+-ATPase activity was determined according to the method of Zhang et al. [25].




2.4. RNA Extraction


Total RNA was extracted from litchi fruitlet using an ultrafast plant RNA Extraction Kit (Huayueyang, Beijing, China) according to the instructions. RNA concentration and purity was determined by a NANODROP 2000 ultramicro spectrophotometer (USA). The cDNA synthesis was generated using 2 µg total RNA according to the manual of the TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix Kit (TransGen, Beijing, China).




2.5. Real-Time PCR Analysis


Energy metabolism relative genes were identified from the litchi genome database (http://121.37.229.61:82/, accessed on 1 January 2021). Next, primers were designed with primer 5.0 (see Table 1 for the primer sequence). Bio-Rad ABI 7500 Real-Time PCR System (Bio-Rad, Hercules, CA, USA) was used for real-time quantitative PCR. The program was set as follows: pre denaturation at 95 °C for 5 min, denaturation at 95 °C for 10 s, annealing at 55 °C for 30 s, extending for at 72 °C 30 s, and for 40 cycles, followed by melting curve analysis. Each sample was quantified at least in triplicate and expression normalized against that of EF-1a as an internal control [26]. The relative expression level of target genes was calculated using the 2–ΔΔCT method.




2.6. Data Analysis


The chromatographic peak area and retention time were extracted by multiquant software. The retention time was corrected by the standard substance of energy metabolism substance, and the metabolites were identified. Significant differences were determined by one-way analysis of variance (ANOVA) using SPSS W version 13.0 (SPSS, Inc., Chicago, IL, USA), while statistical differences were assessed with a significance level of 5%. Graphs were drawn with SigmaPlot 10.0 and Excel 2003.





3. Result


3.1. Carbon Starvation Induced Fruitlet Abscission in Litchi


We have previously shown that GPD treatment can induce carbon starvation in litchi fruitlet in a short time period [19]. Consistent with this, the cumulative fruitlet abscission rate was significantly increased after GPD treatment. On the second day, the cumulative abscission rate of GPD-treated fruitlets was 53.76%, while it was only 18.33% in the control fruitlet. On the third day, 100% of GPD-treated fruitlets dropped; in contrast, only 23.74% of control fruitlets dropped (Figure 1). These results indicate that GPD-induced carbon starvation can activate litchi fruitlet abscission in a couple of days.




3.2. Effect of Carbon Starvation on Energy Metabolites in Litchi Fruitlet


In order to examine how the energy metabolites were changed in GPD-treated fruitlets, we performed LC-MS/MS targeted metabolomics. As shown in Figure 2, the RSD (relative standard deviation) of the detected energy metabolites, except NADP, was less than 30%, indicating that the detection instrument used in this experiment has good stability and high data quality, which can be used for further analysis. In total, 21 energy metabolites related to EMP, TCA cycle and OXPHOS were identified.



For EMP, a total of seven metabolites were detected, including glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), dihydroxyacetone phosphate (DHAP), 3-phosphoglycerate (3GP), phosphoenolpyruvate (PEP), pyruvate, and lactic acid. As shown in Figure 3, the content of both 3GP and PEP was slightly increased at day 1, but decreased from day 2, and reached a significant low level at day 3 after GPD treatment. Similarly, pyruvate content in GPD-treated fruitlet was significantly induced at day 1, but significantly decreased at day 2 and day 3 compared to that of control. In addition, the DHAP level decreased greatly after GPD treatment at day 2 and day 3. Taken together, these results indicate that the content of most metabolites (3PG, PEP, DHAP, pyruvate) related to EMP were significantly decreased in GPD-treated litchi fruitlets. However, the decreases observed do not correspond to the timing of GPD induced abscission.



For the TCA cycle, six metabolites including citric acid, cis-aconitate, isocitrate, α-ketoglutarate, malic acid and oxaloacetate were identified. As shown in Figure 4, the content of five metabolites including isocitrate, citrate, cis-aconitate, α-ketoglutarate and malic acid was significantly decreased, of which, its content, from day 1 in GPD-treated fruitlet, except for isocitrate, whose content was decreased at day 3 only. Collectively, these findings show that the level of most metabolites related to the TCA cycle were remarkably decreased in litchi fruitlet from day 1 after GPD treatment, suggesting that the TCA cycle was suppressed prior to the occurrence of GPD induced fruit abscission in litchi.



For OXPHOS, seven metabolites, including succinic acid, fumaric acid, adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine acid (AMP), flavin mononucleotide (FMN) and nicotinamide adenine dinucleotide (NAD), were identified. As shown in Figure 5, the content of succinic acid was significantly decreased, while the fumaric acid content was increased from day 2 in GPD-treated fruitlet compared to that of the control. As an important metabolite of OXPHOS, ATP content was increased remarkably in GPD-treated fruitlet at day 1 and day 2. And the level of AMP and ADP was also significantly increased from day 1 or at day 2 in GPD-treated fruitlets, respectively. In addition, the level of both FMN and NAD was significantly higher from day 2 after GPD treatment. Together, these results indicate that OXPHOS was enhanced in GPD-treated litchi fruitlets.




3.3. Effect of Carbon Starvation on the Activity of Enzymes Related to Energy Metabolism


PK and ATP-PFK are two key regulatory enzymes in the EMP metabolic process. ATP-PFK catalyzes fructose-6-phosphate into fructose 1,6-diphosphate, and PK catalyzes the conversion of phosphoenolpyruvate to pyruvate. We found that the activity of both PK and ATP-PFK was significantly reduced from day 1 and 2, and their activity was reduced by 50.92% and 44.03% after GPD treatment at day 2, respectively (Figure 6A,B).



In the TCA cycle, CS is the first enzyme that catalyzes the synthesis of citric acid from oxaloacetate and acetyl-CoA. As shown in Figure 6C, CS activity was first decreased and then increased after GPD treatment, with its obviously lower activity at day 2. SAT catalyzes the formation of succinyl-CoA to succinic acid and coenzyme A, while NAD-MDH catalyzes the conversion of malic acid to oxaloacetate. Similarly, the activity of both SAT and NAD-MDH was also significantly decreased in fruitlet after GPD treatment, with a significant reduction of 41.89% SAT activity in GPD-treated fruitlet at day 1 (Figure 6D,E). In contrast, the activity of FUM, which catalyzes fumaric acid to oxaloacetate, was increased to 164.96% in GPD-treated fruitlet at day 2 compared to that of control (Figure 6F).



SDH, which catalyzes the conversion of succinic acid to fumaric acid, is a key enzyme in OXPHOS. SDH activity was found to be significantly increased by 105.94% in GPD-treated fruitlets compared to that in control fruitlets (Figure 6G). Another key enzyme, H+-ATPase, can consume ATP to transfer hydrogen ions directionally; its activity saw a significant increase of 36.59% after GPD treatment at day 2 (Figure 6H).




3.4. The Expression of Genes Related to Energy Metabolism in GPD-Treated Fruitlet in Litchi


Given that the activity of enzymes related to energy metabolism was changed in GPD-treated fruitlet in litchi, we thus hypothesized that the expression of genes encoding these enzymes might also be changed. To test this, we carried out qRT-PCR analysis on the expression of 12 genes that encode enzymes involved in EMP, TCA, and OXPHOS. Among these 12 genes, one ATP-PFK (named LcPFK) and two PK genes (named LCPK1-2) that were related to EMP were significantly down-regulated in GPD-treated fruitlets from day 1 (Figure 7).



For the TCA cycle, two CS (named LcCS1-2), one SAT (named LcSAT), one FUM (LcFUM), and two NAD-MDH genes (named LcMDH1-2) were investigated. We found that the expression of LcCS1, LcCS2, LcMDH1 and LcMDH2 was greatly repressed from day 1 after GPD treatment, of which LcCS2 was the most inhibited gene. The level of LcSAT transcripts was also significantly lower in GPD-treated fruitlet than that in control fruitlet at day 1 and day 3. In contrast, the expression of LcFUM in fruitlet was increased after GPD treatment with a peak at day 1.



A total of 1 SDH (named LcSDH) and 2 H+-ATPase genes (named LcH+-ATPase1-2) involved in OXPHOS were identified from the litchi genome. As shown in Figure 7, the expression level of LcSDH was significantly higher in GPD-treated fruitlets than that in the control fruitlet at day 2. Additionally, LcH+-ATPase1 was significantly increased from day 1 after GPD treatment, while the expression of LcH+-ATPase2 was significantly up-regulated at day 1 after GPD treatment.





4. Discussion


Throughout the fruit development, the excessive fruit abscission is a major problem that causes serious economic loss for the growers. Previous studies have revealed that endogenous hormone changes and carbohydrates in short supply are the main factors for fruit abscission [17,27,28,29]. Carbohydrates, as the source of energy, play an indispensable role in plant growth and development [30]. In this study, the fruitlet abscission was initiated from day 1, and 100% of litchi fruitlet dropped at day 3 after carbon starvation treatment (Figure 1).



EMP is an important pathway of energy metabolism, with its main function in converting sucrose into pyruvate and producing energy substance ATP in plant cells. In this study, we detected seven energy metabolites related to EMP in litchi fruitlets after GPD treatment. We found that the EMP metabolites were significantly down-regulated after GPD treatment. Particularly at day 3 when the abscission had been initiated, four metabolites (3PG, PEP, pyruvate and DHAP) were apparently decreased in GPD-treated fruitlets compared to that in the control fruitlets (Figure 3). In general, the metabolic enzyme activity is responsible for the corresponding metabolite level [31]. PK, as key regulatory enzyme of EMP, determines the concentration of PEP by catalyzing the terminal reaction of EMP. ATP-PFK is the most important rate-limiting enzyme in the oxidation process of sugar, and the reaction is irreversible [32]; the change of ATP-PFK activity will cause significant subsequent changes in the content of metabolites such as G6P [22]. Our findings showed that the activity of both ATP-PFK and PK was significantly decreased in GPD-treated fruitlets. Interestingly, the expression of genes encoding ATP-PFK and PK, such as LcPFK, LcPK1 and LcPK2, was significantly down-regulated before the abscission had been initiated. Therefore, we propose that under carbon starvation, the expression of LcPFK, LcPK1, and LcPK2 is down-regulated, which causes a low activity of both ATP-PFK and PK, leading to the reduction of related metabolites in EMP after the abscission had been initiated.



The TCA cycle is the most effective way to gain energy through driving the oxidation of sugar nutrients, which also acts as the main energy source during plant life [33]. In our study, a total of seven energy metabolites related to the TCA cycle were detected in litchi fruitlets. Similar to the changes of EMP metabolites in litchi fruitlets under carbon starvation, the TCA metabolites were decreased after GPD treatment. At day 2 when the abscission had been initiated, the content of four metabolites, including citric acid, cis-aconitate, isocitrate, and malic acid, was significantly decreased. Decrease in the content of these metabolites might be due to a low activity of CS, SAT, and NAD-MDH (Figure 6 C–E). We found that their activity, including CS, SAT, and NAD-MDH, were inhibited when the abscission had been initiated by carbon starvation treatment, which was consistent with the results of metabolite content changes. Furthermore, we found that the expression of relative genes including LcCS1, LcCS2, LcSAT, LcMDH1 and LcMDH2 was significantly down-regulated before the abscission had been initiated (Figure 7), supporting the decreased activity of enzymes encoded by these genes. Together, these findings indicate that the TCA cycle is suppressed when the abscission had been initiated in GPD-treated fruitlets.



OXPHOS, which occurs in mitochondria or bacteria of eukaryotic cells, is the main pathway of ATP production [34]. OXPHOS is a process by which substances release energy during oxidation to produce ATP via coupling ADP and inorganic phosphorus. In our study, we found that the level of fumaric acid, FMN, NAD, AMP and ATP was greatly elevated before or when the abscission had been initiated. H+-ATPase is a key enzyme in mitochondrial respiration and metabolism, and its activity directly affects the production of energy substance ATP [25]. Here, we showed that the level of ATP was consistent with the H+-ATPase activity, which was further correlated with the expression level of LcH+-ATPase1 in GPD-treated fruitlets before the abscission had been initiated. In addition, as one enzyme that locates at the mitochondrial inner membrane, SDH is not only involved in TCA cycle, but also plays important roles in OXPHOS. We found that SDH activity was significantly increased at day 2, probably due to the up-regulated expression LcSDH in GPD-treated fruitlets. Based on these results, we speculated that OXPHOS was enhanced when the abscission had been initiated in litchi fruitlet under carbon starvation.



In conclusion, we proposed a model that illuminates a role of energy metabolics in litchi fruitlet abscission under carbon starvation (Figure 8). At day 1 before the abscission had been initiated after GPD treatment, the level of metabolites related to EMP, TCA and OXPHOS was less affected, except for ATP and AMP. At day 2 when the abscission had been initiated, metabolites involved in both EMP and TCA cycle were significantly decreased. Whereas both the ATP content and the activity of H+-ATPase and SDH in the OXPHOS pathway were dramatically enhanced. At day 3, metabolites related to the EMP and TCA cycle continued to decrease. Interestingly, it seems to be a very strong transcriptional response, since most genes related to EMP, TCA and OXPHOS were significantly changed before the abscission had been initiated, compared with metabolite and enzyme activity assays, which suggests that there are other genes that may be affected that are more important than those related to carbon metabolism, since the changes in the enzyme activity and metabolites come later. While these genes are part of the response, there may be others with altered expression that are more important to initiate abscission. Together, we speculate that carbon starvation will trigger OXPHOS, which allows fruitlets to consume the stored substrate and produce a large amount of the energy substance ATP in a short period of time as a stress response. However, the EMP and TCA cycle are suppressed in parallel, which leads to the failure of new substrate supply for energy synthesis, thereby aggravating the exhaust of energy in GPD-treated fruitlets and accelerating fruitlet abscission.
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Figure 1. The effect of starvation stress on fruitlet abscission of litchi. Each value represented the means of three biological replicates from three different trees, with the SE indicated by vertical bars. And p < 0.05 (∗) according to student t-test was considered as significant differences. 
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Figure 2. The RSD distribution of QC samples. All the samples were mixed into quality control (QC) samples. The stability and repeatability of the data were evaluated by QC samples. The smaller the RSD (RSD < 30%) of the substance to be tested in QC samples indicates that the metabolite is relatively stable and less affected by the matrix effect, and the quantitative value of each metabolite can reflect the difference. 
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Figure 3. The effect of starvation stress on the content of metabolites related to glycolysis. The response intensity value represents the response intensity of relevant metabolites on the instrument. Values were expressed as the means ± SD of triplicate assays, and p < 0.05 (∗) according to the Student’s t-test was considered as significant differences. 






Figure 3. The effect of starvation stress on the content of metabolites related to glycolysis. The response intensity value represents the response intensity of relevant metabolites on the instrument. Values were expressed as the means ± SD of triplicate assays, and p < 0.05 (∗) according to the Student’s t-test was considered as significant differences.



[image: Horticulturae 07 00576 g003]







[image: Horticulturae 07 00576 g004 550] 





Figure 4. The effect of starvation stress on the content of metabolites related to TCA cycle. The response intensity value represents the response intensity of relevant metabolites on the instrument. Values were expressed as the means ± SD of triplicate assays, and p < 0.05 (∗) according to student t-test was considered as significant differences. 
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Figure 5. The effect of starvation stress on the content of metabolites related to oxidative phosphorylation pathways. The response intensity value represents the response intensity of relevant metabolites on the instrument. Values were expressed as the means ± SD of triplicate assays, and p < 0.05 (∗) according to student t-test was considered as significant differences. 
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Figure 6. The effect of starvation stress on the activity of enzymes related to energy metabolism. ATP-dependent phosphofructokinase (A), Pyruvate kinase (B), Citrate synthase (C), Succinate thiokinase (D), NAD-dependent malate Dehydrogenase (E), Fumarase (F), Succinate dehydrogenase (G), H+-ATPase (H). Values were expressed as the means ± SD of triplicate assays, and p < 0.05 (∗) according to student t-test was considered as significant differences. 
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Figure 7. The effect of starvation stress on the expression of genes related to energy metabolism. Transcript abundance was determined using qRT-PCR. The value of transcript levels in control was set to 1. Values were expressed as the means ± SD of triplicate assays, and p < 0.05 (∗) according to student t-test was considered as significant differences. 
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Figure 8. An overview of changes in energy metabolism in carbon starvation-induced fruitlet abscission in litchi. Red shading indicates a significant up-regulation, green shading indicates a significant down-regulation. 1d, 2d and 3d represent the days after GPD (girdling plus defoliation ) treatment. 
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Table 1. Primer sequences used in this study.
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	Name
	Forward Primer (5′-3′)
	Reverse Primer (3′-5′)





	LcPFK
	AGACTGCTTTCTTCTACCAACC
	TCAGACTTTCTCCATCCAACA



	LcPK1
	GGAGTTTTAGTGGAGCCTTTG
	TTGTAGACTCGGCAGGATGT



	LcPK2
	TCGCAATCAAAGCGTCCG
	TTCCCACTCACCTGCGTCA



	LcCS1
	GCGGCTGCGTTAAATGGT
	GCTCCTTGGTTGCGTTCTC



	LcCS2
	ATTCGGGTGGTGGCTATTA
	ATGGTTCCAGCAGTGTCGC



	LcSDH
	CTCTTCCCTCTTGGTCCTCC
	GGTTAGCAACTTCCTGTCCG



	LcSAT
	AGGAGTCGCTGCTTCTTCG
	CCACCCTTGAGACCACTTTTA



	LcFUM
	CGGTGAGATTGCTGGGTGA
	CCTTGTGGGCTTTCTTTGC



	LcMDH1
	GTTGTCACTTCTCAAATCCGTC
	TCTGATCCAGAAAATTGTGCTGACT



	LcMDH2
	GATGGAGGGACAGAAGTCGT
	AAGGTAATTCGGTGATGGTTG



	LcH+-ATPase1
	GTTCATCATCCGCTACGCTT
	CTCCCTTTCCATAGTCTTTCTTG



	LcH+-ATPase2
	AGTTCGATTTCTCGCCTTTC
	TGGATCTTACACCGAATTTGTC
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