
Citation: Peng, J.; Du, J.; Ma, W.;

Chen, T.; Shui, X.; Liao, H.; Lin, X.;

Zhou, K. Transcriptome Analysis on

the Underlying Physiological

Mechanism of Calcium and

Magnesium Resolving “Sugar

Receding” in ‘Feizixiao’ Litchi Pulp.

Horticulturae 2022, 8, 1197.

https://doi.org/10.3390/

horticulturae8121197

Academic Editor: Silvia Farinati

Received: 13 November 2022

Accepted: 12 December 2022

Published: 14 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Transcriptome Analysis on the Underlying Physiological
Mechanism of Calcium and Magnesium Resolving “Sugar
Receding” in ‘Feizixiao’ Litchi Pulp
Junjie Peng 1,2, Jingjia Du 1,2, Wuqiang Ma 1,2 , Tiantian Chen 1,2, Xian Shui 1,2, Haizhi Liao 2, Xiaokai Lin 2

and Kaibing Zhou 1,2,*

1 Sanya Nanfan Research Institute of Hainan University, Sanya 572025, China
2 College of Horticulture, Hainan University, Haikou 570228, China
* Correspondence: zkb@hainanu.edu.cn; Tel.: +86-137-0044-2604

Abstract: The sugar contents of ‘Feizixiao’ litchi (Litchi chinensis Sonn.) decrease at full maturity;
calcium (Ca) and magnesium (Mg) foliar fertilizer can resolve this “sugar receding”. To investigate
the physiological mechanism of Ca and Mg foliar fertilizer used to resolve the “sugar receding”
phenomenon in ‘Feizixiao’ litchi pulp, 16-year-old litchi trees were treated with 0.3% CaCl2 + 0.3%
MgCl2 foliar spraying or water as a control. We determined the pulp sugar content over a two-year
period in 2020 and 2021. Pulp total RNA was extracted for transcriptome sequencing in 2020, and the
expression pattern of 10 differentially expressed genes (DEGs) was verified by real-time PCR in 2020
and 2021. The results showed that the fertilizer treatment significantly increased pulp fructose and
total soluble sugar contents at maturity in both years. According to Gene Ontology (GO) functional
enrichment analysis, there were 155 DEGs divided into 35 GO categories, among which 49 DEGs were
divided into 49 pathways according to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis. We isolated sugar-metabolism-related enzyme genes, including sucrose synthase
(SS), acid invertase (AI), neutral invertase (NI), sucrose phosphate synthase (SPS), and hexokinase
(HK). All sucrose-metabolism-related enzyme (NI, AI, SS, SPS) genes were downregulated, and six
of the seven HK genes were downregulated. The expression patterns of the 10 DEGs were verified
by real-time PCR, which showed significant linear relationships (r2020 = 0.9127, r2021 = 0.8705). In
conclusion, the fertilizer treatment inhibited the synthesis of sucrose and phosphorylation of hexose
by downregulating the expression of the SS, SPS, and HK genes, thus increasing the fructose and
total soluble sugar contents in ‘Feizixiao’ litchi.
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1. Introduction

Litchi (Litchi chinensis Sonn., Sapindaceae) is a tropical and subtropical evergreen fruit
tree that originated in China [1] and is cultivated in the regions of Guangdong, Guangxi,
Hainan, Sichuan, Yunnan, and Taiwan. As a result of its juicy flesh and rich nutrition, it
has the reputation of being the “king of Lingnan fruit”. ‘Feizixiao’ litchi, a medium- to
early-maturing plant variety, is one of the main cultivars in Hainan Province, and has high
economic value. However, there is a problem of “sugar receding” during the ripening
period of litchi fruit. The sugar content starts to decrease when the peel turns red [2], which
seriously affects fruit quality.

Fructose, glucose, and sucrose are the main sugars in ‘Feizixiao’ litchi pulp, with the
hexoses (fructose, glucose) being the most prevalent [3]. The photosynthetic products
from the leaves of higher plants are transported, mainly in the form of sucrose, to the fruit
via the phloem [4]. Subsequently, sucrose is converted into fructose, glucose, or uridine
diphosphate glucose (UDPG) under the action of sucrose-metabolism-related enzymes.
Sucrose-metabolism-related enzymes include acid invertase (AI), neutral invertase (NI),
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sucrose synthase (SS), and sucrose phosphate synthase (SPS). SS catalyzes the reversible
reaction between fructose, UDPG, and sucrose [5], SPS catalyzes the synthesis of sucrose,
and the invertase enzymes catalyze the hydrolysis of sucrose to fructose and glucose [6].
Hexose is the primary energy source for most plant metabolic pathways [7], and its uti-
lization by plants requires further reactions. The first step in hexose metabolism is hexose
phosphorylation; hexose phosphorylation converts hexose into hexose phosphate, which
then enters the glycolytic pathway (EMP) and pentose phosphate pathway (PPP), providing
materials and energy for plant growth and development. The conversion of hexose into
hexose phosphate directly leads to a decrease in sugar content, which means the “sugar
receding” effect should be related to hexose phosphorylation. The enzymes known to
catalyze hexose phosphorylation are hexokinase and fructokinase [7]. In grape berries, hex-
okinase has been reported to be involved not only in sugar metabolism but also as a hexose
sensor, regulating the expression of various genes through signaling and thus affecting
fruit growth and development [8–10]. In pears, PbHXK1, a gene involved in modulating
sugar content, was positively correlated with hexokinase activity and negatively correlated
with fruit sugar content, and affected fruit quality [11]. In apples, hexokinase affects fruit
sugar metabolism as well as growth and development [12]. Overall, these results suggest
that hexokinase has a significant regulatory effect on fruit quality.

Cell wall degradation begins during fruit senescence and is characterized by a subse-
quent decrease in fruit hardness and enhanced respiration. Calcium (Ca) and magnesium
(Mg) are important minerals in fruit growth and development, and it has been shown that
Ca delays ripening and inhibits fruit senescence [13], mainly by reducing fruit respira-
tion [14]. For example, the increase in Ca content in sweet cherry fruit is accompanied by a
decrease in fruit respiration rate and an increase in peel hardness [15]. It has been shown
that Ca is able to maintain cell wall structure [16] and reduce fruit deterioration [17,18].
Moreover, Mg plays an important role in the loading and transport of photosynthetic
assimilates from the phloem to the sink tissue [19] and is involved in leaf photosynthesis
and carbohydrate, lipid, protein, and nucleic acid synthesis [20–22].

We have found that Ca and Mg foliar fertilizers can resolve the “sugar receding” effect
in litchi, but the underlying mechanism is not clear. In this study, the sugar content of litchi
fruit was measured after treating litchi trees with a foliar spray of 0.3% CaCl2 + 0.3% MgCl2
aqueous solution or water as a control. Transcriptome sequencing analysis was performed
on the pulp RNA to identify key genes affecting sugar content and explain the mechanism
by which Ca and Mg foliar fertilizer mediates the “sugar receding” effect in litchi fruit. The
results of this study will provide theoretical support for better artificial regulation of sugar
content in ‘Feizixiao’ litchi.

2. Materials and Methods
2.1. Experimental Design and Materials

In Team 5 Litchi Garden, Jinpai Farm, Chengmai County, Hainan Province, 10 16-year-
old ‘Feizixiao’ litchi trees with basically the same growth vigor and no bad performance
were selected as test materials in 2020, and another 10 trees were selected with the same
standard in 2021. A foliar spray application of 0.3% CaCl2 + 0.3% MgCl2 aqueous solution
was used as the treatment, and a foliar spray application of water was used as the control.
There were five replicates in the treatment and control groups. In the garden, the fruit
began to ripen 63 days after anthesis (DAA) in 2020 and 2021 and ripened completely at
69 DAA in 2020 and 70 DAA in 2021 [23]. Treatment was started at the end of the phys-
iological fruit drop period (35 DAA). The treatment times were 35, 42, and 50 DAA in
2020 and 35, 42, and 49 DAA in 2021. Sampling occurred during the fruit expansion period
and fruit ripening period, starting at 35 DAA (19 April 2020, 18 April 2021), and five fruit
with the same average size in the middle and periphery of each tree were selected. The size
and color of the five fruit were used as a reference for subsequent sampling, with highly
similar fruit selected as the test materials at 30 fruit per tree. The sampling times were
35, 42, 50, 56, 63, and 69 DAA in 2020 and 35, 42, 49, 56, 63, and 70 DAA in 2021. After
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collection, the samples were placed in liquid nitrogen for quick freezing and returned to
the lab for storage in an ultralow temperature freezer (−80 ◦C).

2.2. Extraction and Determination of Glucose, Fructose, and Sucrose

The method described by Wang et al. [3] was used with some modifications. First,
0.5 g of pulp was weighed into a mortar and heated in a microwave oven for 30 s; then,
5 mL of 90% ethanol was added, and the sample was ground thoroughly and centrifuged
at 10,000× g for 15 min. The supernatant was collected, and 5 mL of 90% ethanol was
added for a second extraction. The two supernatants were combined and evaporated to
dryness in a 90 ◦C water bath, followed by the addition of deionized water to 10 mL. A
small amount of the supernatant was then aspirated with a syringe and filtered through a
0.45 µm membrane for testing. The sugar content was determined by high-performance
liquid chromatography with an evaporative light-scattering detector (model 2695; Waters
Corp., Milford, MA, USA) and an amino column (Boston Analytics, Watertown, MA, USA).
The mobile phase was acetonitrile:water = 8:2, the flow rate was 1 mL·min−1, the column
temperature was 35 ◦C, and the injection volume was 10 µL. High-purity glucose, fructose,
and sucrose (Beijing Tanmo Quality Inspection Technology Co., Ltd., Beijing, China) were
used as the standards, and high-purity acetonitrile (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) was used as the mobile phase. Sucrose, fructose, and glucose have been
identified as the main sugars in litchi [24], so the sum of the fructose, glucose, and sucrose
contents was used as the soluble sugar content.

2.3. RNA Isolation and Sequencing

Total RNA was extracted from the treated and control litchi pulp samples at 35 and
69 DAA in 2020 for transcriptome sequencing, with 3 biological replicates for each period.
An RNA extraction kit (RNAprep Pure Plant Plus Kit, Tiangen Biochemical Technology Co.,
Ltd., Beijing, China) was used for RNA extraction following the manufacturer’s protocol.
After the RNA was purified and qualified, a cDNA library was established (Wuhan Metwell
Biotechnology Co., Ltd., Wuhan, China), and the Illumina HiSeq platform was used for
transcriptome sequencing after the library was qualified.

2.4. Sequence Assembly

After sequencing, the raw reads were filtered to remove low-quality reads with
adapters to obtain clean reads. Trinity software [25] was used to splice the clean reads.
The obtained data were stored in FASTA format, and the longest transcript obtained after
hierarchical clustering was considered a unigene.

2.5. Gene Annotation and Differentially Expressed Genes (DEGs) Screening

Unigenes were compared to the Kyoto Encyclopedia of Genes and Genomes (KEGG) [26],
the National Center of Biotechnology Information (Bethesda, MD, USA) nonredundant (NR)
database [27], the SwissProt protein sequence database [28], Gene Ontology (GO) [29], cluster
of orthologous groups of proteins and euKaryotic ortholog groups (COG/KOG) [30,31], and
TrEMBL databases [32], and the predicted amino acid sequences of the unigenes were compared
to the protein family (Pfam) [33] using HMMER software [34] to obtain annotation information.
Fragments per kilobase of transcript per million fragments mapped (FPKM) was used to
calculate the expression of the unigenes. DESeq2 software [35,36] was used to identify DEGs.

2.6. DEGs Enrichment Analysis

GO and KEGG enrichment analyses were performed for the DEGs, and significant GO
terms and KEGG pathways were identified. A hypergeometric test was applied to find the
pathways and GO terms that were significantly enriched for DEGs in the context of the
whole genome.
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2.7. Primer Design and Real-Time PCR Verification

Some high-expression genes related to sugar metabolism were screened, and the
FPKM values for these genes were horizontally normalized and drawn into a heatmap
with TBtools [37]. Ten genes were randomly selected from transcriptome sequencing (RNA-
seq) data, and real-time PCR primers were designed with Primer3 [38] and synthesized
(Shanghai Bioengineering Co., Ltd., Shanghai, China). The extracted pulp RNA was
reverse transcribed into cDNA using a cDNA synthesis kit (HiScript II 1st Strand cDNA
Synthesis Kit; Novizan Biotechnology Co., Ltd., Nanjing, China) and a PCR instrument
(T100TM Thermal Cycler; BIO-RAD Inc, Hercules, CA, USA). The procedure was performed
according to the manufacturer’s instructions. Real-time PCR verification was performed
using a real-time PCR instrument (qTOWER3; Analytik Jena Inc, Jena, Germany) with a
real-time PCR kit (Taq Pro Universal SYBR qPCR Master Mix; Vazyme Inc., Nanjing, China).
The procedure was as follows: (1) The mixture was prepared in a 96-well plate with 8 µL
of Taq Pro Universal SYBR qPCR Master Mix, 1 µL each of forward and reverse primers,
and 5 µL of cDNA; (2) the reaction program was predenaturation at 95 ◦C for 30 s, a cycle
reaction (40 cycles) at 95 ◦C for 10 s, and 60 ◦C for 30 s. Each real-time PCR reaction was
performed with three technical repeats. The relative expression of genes was calculated
using the 2−∆∆Ct method [39] with 35 DAA as the reference, and litchi actin was used as
the internal reference gene [40]. The primers are shown in Table 1.

Table 1. Internal reference and real-time PCR gene primers.

Primer Names Left Primer Sequences (5′ to 3′) Right Primer Sequences (5′ to 3′) Primer Efficiency

Cluster-6206.78756 CTGCCTCCATTTGTGGCTAT CAAAATCAAGCTCGAGCACA 1.097
Cluster-6206.79539 TGGGTTTTGAGAAAGGTTGG CATCGGTACTCTCCCAAGGA 1.090
Cluster-6206.80820 GACTTGTGGCCTTCCAACAT ATTTTATGCCAGTGGCTTGG 1.078
Cluster-6206.70575 AAGCTTTGCTCAAGGTGGAA GTCATTGGAGAAGGGACGA 1.028
Cluster-6206.77750 TCCTCCTTCATTGGGTCAAG CCGATTGTGATCCTCCACTT 1.069
Cluster-6206.71042 GGGAGAAGTCGTACGCAGAG TTTTCAGTTTCGGTGGAACC 1.083
Cluster-6206.88230 GTCGCCCAAAAGATTGTTGT GCAAAGACCACCACACGTTA 1.074
Cluster-6206.71164 GGGGAGCTTCTCAGCTTTTT CCAGTGCCCTTCATACCAGT 1.086
Cluster-6206.79974 TCTATCTGGGCATGGGAGTC AAGCTTCAAAGGACCCACCT 1.061
Cluster-6206.77879 AATCTTGCCCTCAACATTGC GAGCACCAGCCTTAACAAGC 0.990

actin AGTTTGGTTGATGTGGGAGAC TGGCTGAACCCGAGATGAT 1.085

2.8. Data Analysis

Data were submitted to analysis of variance (ANOVA) using statistical software
(SAS version 9.4; SAS Institute Inc., Cary, NC, USA). Student’s t-test was used to analyze
significant differences between the fertilizer treatment and control at the same stage.

3. Results and Analysis
3.1. Changes in Fructose, Glucose, Sucrose, and Soluble Sugar Contents

As shown in Figure 1a–h, the fructose content showed an overall increasing trend
between the treated and control fruit in a two-year period, and the fructose content of the
treated fruit was significantly higher than that of the control at 63 days after anthesis (DAA)
in 2021. At full maturity (69 DAA in 2020 and 70 DAA in 2021), the fructose content of
the treated fruit was significantly higher than that of the control fruit in both years. At
50 and 56 DAA in 2020, the glucose content of the treated fruit was significantly lower and
significantly higher than that of the control, respectively. At 56 DAA in 2021, the sucrose
content of the treated fruit was significantly higher than that of the control. At full maturity,
the soluble sugar content of the treated fruit was significantly higher than that of the control
in both years.
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Figure 1. Dynamic changes in sugar contents in ‘Feizixiao’ litchi pulp between the treated and control
group in 2020 and 2021: (a,b) fructose; (c,d) glucose; (e,f) sucrose; (g,h) soluble sugar. ** indicates a
significant difference at the p < 0.01 level, * indicates a significant difference at the p < 0.05 level. Error
bars are expressed as standard errors.

The “sugar receding” effect occurred in the control group when the fruits were fully
ripe, but the soluble sugar content of the treated fruit did not decrease because the treatment
promoted the accumulation of fructose. In conclusion, the regulatory effect of the fertilizer
treatment on the sugar contents of pulp was similar in both years.

3.2. Quality Assessment and Assembly of Transcriptome Sequencing Result

The quality assessment of transcriptome sequencing in 2020 is shown in Table 2. At
least 42,158,766 raw reads were obtained in all samples, and at least 40,912,018 clean reads
were obtained after filtration, with a total of 60.1 Gb clean bases and at least 6.14 Gb clean
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bases for each sample. The error rate was 0.02%, Q20 was more than 98%, Q30 was more
than 94%, and GC content was more than 45%. These results indicated that the sequencing
quality was favorable for subsequent analyses.

Table 2. Statistical results of transcriptome sequencing of ‘Feizixiao’ litchi pulp in 2020.

Sample Raw Reads Clean Reads Clean Base (G) Error Rate (%) Q20 (%) Q30 (%) GC Content (%)

A1-1 46,959,760 45,551,644 6.83 0.02 98.30 94.88 47.25
A1-2 44,303,098 43,024,646 6.45 0.02 98.34 95.00 45.96
A1-3 46,957,052 45,774,790 6.87 0.02 98.29 94.86 45.91
A2-1 42,158,766 40,912,018 6.14 0.02 98.40 95.04 45.12
A2-2 42,572,238 41,238,516 6.19 0.02 98.50 95.33 45.35
A2-3 45,151,584 43,462,948 6.52 0.02 98.35 94.98 45.43
B2-1 42,733,518 41,547,074 6.23 0.02 98.34 94.98 45.19
B2-2 52,085,004 50,219,550 7.53 0.02 98.35 94.99 45.45
B2-3 50,267,754 48,917,760 7.34 0.02 98.21 94.59 45.70

Note: Q20: The percentage of the number of bases with a Qphred value not less than 20 in the total number of
bases. Q30: The percentage of the number of bases with a Qphred value not less than 30 in the total number
of bases. GC Content: The percentage of the sum of the quantities of G and C in the total number of bases in
high-quality reads. A1-1, A1-2, and A1-3 represent 35 d after anthesis, A2-1, A2-2, and A2-3 represent 69 d after
anthesis of control, and B2-1, B2-2, and B2-3 represent 69 d after anthesis of treatment.

A total of 165,886 transcripts were assembled, and 161,697 unigenes were obtained by
transcriptome sequencing. The length distribution is shown in Figure 2, with an average
length of 1471 bp and 1502 bp.
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3.3. Unigene Annotation Results

As shown in Figure 3, a total of 161,697 unigenes were obtained from all the samples by
transcriptome sequencing, of which 83,859 were annotated in the KEGG database, 110,106
were annotated in the NR database, and 78,728 were annotated in the SwissProt database.
A total of 109,690 were annotated in the TrEMBL database, 69,420 in the KOG database,
91,005 in the GO database, and 81,266 in the Pfam database.
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3.4. Quantification and KEGG and GO Enrichment Analyses of DEGs

The number of DEGs between the treatment and the control group at 69 DAA was
counted, and the results are shown in Figure 4a. There were 155 DEGs, of which 100 were
upregulated and 55 were downregulated.

The above DEGs were enriched by KEGG and GO enrichment analysis, and the results
are shown in Figure 4b,c. According to KEGG pathway annotation, 49 DEGs were annotated
into 49 pathways, among which 29, 11, 4, and 4 DEGs were detected in metabolic pathways,
biosynthesis of secondary metabolites, oxidative phosphorylation, and starch and sucrose
metabolism, respectively. According to GO functional annotation, the 155 DEGs were
divided into 40 categories, which were summarized into cell component, biological process,
and molecular function. In the cell component category, there were more DEGs enriched in
the terms cell, cell part, organelle, and membrane. In the molecular function category, there
were more DEGs enriched in the terms catalytic activity and binding. In the biological
process category, there were more DEGS enriched in the terms metabolic processes and
cellular processes.
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Figure 4. Volcano diagram, KEGG, and GO enrichment analysis diagram of differentially expressed
genes in ‘Feizixiao’ litchi pulp obtained by comparing the treated and control groups at 69 DAA in
2020: (a) Volcano diagram; (b,c) KEGG and GO enrichment analysis diagram.

3.5. Screening and Expression Pattern Analysis of Sugar Metabolism-Related Genes

The highly expressed sucrose-metabolism-related enzyme genes and HK genes were
isolated from the transcriptome data, and the FPKM values of these genes were normalized
and plotted as a heatmap. As shown in Figure 5, compared with the control, all sucrose-
metabolism-related enzyme genes were downregulated, and six of the seven HK genes
were downregulated in the treated fruit at 69 DAA.
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3.6. Real-Time PCR Validation

Ten genes were randomly selected for real-time PCR validation, and the results are
shown in Figure 6a,b. The linear relationship between transcriptome data and real-time
PCR was significant (r2020 = 0.9127, r2021 = 0.8705), which verified the reliability of the
transcriptome results.
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4. Discussion
4.1. The Ca and Mg Foliar Fertilizer Increased the Sugar Content in ‘Feizixiao’ Litchi Pulp

Mineral nutrition is an important factor affecting fruit quality, and different mineral
elements have different effects on fruit quality. The increase in fruit Ca content facilitates
the transport of carbohydrates to storage organs through the phloem, which can effec-
tively increase the sugar content of fruit [41]. Moreover, the photosynthetic efficiency
of leaves is also related to the sugar content of fruits. Mg content in leaves is involved
in protein synthesis, and 35% of Mg exists in chloroplasts. Mg deficiency leads to a re-
duction in chlorophyll content, reduces the accumulation of photosynthetic products in
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plants, and inhibits the synthesis and transport of carbohydrates [42]. Therefore, foliar
spraying of Ca and Mg fertilizer may promote the formation of chloroplasts and lead to
enhanced photosynthesis. As a result, more photosynthates are transported to the fruit,
making the sugar content of the treated fruit higher than that of the control. In this study,
foliar application of Ca and Mg fertilizer significantly increased fruit fructose content,
thus increasing soluble sugar content in ‘Feizixiao’ litchi pulp. Similar results have also
been reported in which the application of lime, which is mainly composed of Ca, and
Mg improved the yield and quality of citrus, as well as the content of soluble solids in
fruit [43,44].

4.2. Ca and Mg Foliar Fertilizer Regulates the Sugar Content in ‘Feizixiao’ Litchi Pulp by Altering
the Expression of Sugar Metabolism-Related Enzyme Genes

Transcriptome sequencing technology has advantages such as high throughput, low
cost, and high efficiency. In this study, using transcriptome sequencing technology, we
analyzed the differentially expressed gene profiles in ‘Feizixiao’ litchi pulp from the treated
and control fruit. We found that at 69 DAA, sucrose-metabolism-related enzyme genes
were downregulated, whereas the fructose content was increased in the treated fruit, which
indicates that sucrose synthase and sucrose phosphate synthase genes may play a dominant
role in promoting fruit to accumulate more hexose by inhibiting sucrose synthesis.

During fruit ripening, hexokinase activity is negatively correlated with hexose con-
tent [45]. Similar results were also found in a study on grapes [46], which showed that
a low hexose content was accompanied by high hexokinase activity in the early growth
and development of grapes. Hexokinase activity decreased sharply, and hexose content
increased at maturity. Moreover, the hexokinase gene may modulate fruit sugar content by
regulating the expression of sucrose synthase and invertase genes. Our results suggest that
fertilizer treatment downregulates hexokinase gene expression at 69 DAA, which may lead
to decreased hexokinase activity, thus limiting hexose metabolism and ultimately resulting
in hexose accumulation. Additionally, fructokinase specifically catalyzes the phosphory-
lation of fructose, but this study found that all fructokinase genes were expressed at low
levels and that the expression levels were not significantly different between the treated
and control fruit. Although hexokinase can also catalyze the phosphorylation of fructose,
it mainly catalyzes the phosphorylation of glucose. In our study, the fertilizer treatment
downregulated the expression of the hexokinase gene, and although the phosphorylation of
glucose and fructose was partially inhibited, hexokinase has a higher affinity with glucose
and glucose is the primary source of carbon and energy for most plants [47,48], resulting in
more glucose being consumed through hexokinase phosphorylation. Overall, there was a
significant increase in fructose content but no significant change in glucose content in the
treated fruit.

5. Conclusions

The Ca and Mg foliar fertilizer resolved the phenomenon of “sugar receding” in ‘Feiz-
ixiao’ litchi pulp. On the one hand, the fertilizer treatment downregulated the expression
of sucrose synthase and sucrose phosphate synthase genes at 69 DAA to inhibit sucrose
synthesis and promote hexose accumulation. On the other hand, the treatment down-
regulated the expression of the hexokinase gene at 69 DAA to inhibit the flow of hexose
to the EMP and PPP, promoting the accumulation of hexose. Since glucose is the main
source of carbon and energy for plants and hexokinase has a higher affinity for glucose, the
fructose content in the treated fruit increased significantly, whereas there was no significant
change in glucose content. In conclusion, foliar spraying fertilizer treatment with Ca and
Mg increased the total soluble sugar and fructose contents and improved litchi fruit quality
at maturity.
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