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Abstract

As a typical sucrose-accumulating fruit, longan commonly experiences sugar receding
during on-tree preservation, leading to quality deterioration. To investigate the mecha-
nism of sucrose degradation in longan fruit, we conducted genome-wide identification
and analysis of key genes involved in sucrose synthesis and catabolism based on the
‘Shixia’ (5X) genome. The results revealed that longan contained 8 sucrose synthases (SUSs),
4 sucrose phosphate synthases (SPSs), and 26 invertases (INVs). Notably, members of
the longan SUS, SPS, and cell wall invertase (CWINV) families all contained the motif
10 sequence, while cytoplasmic invertase (CINV) members exhibited diverse motif combi-
nations. Similarity analysis revealed that sequence similarity was reliable only when the
sequence lengths of the compared genes were comparable. Cis-acting elements and miRNA
prediction showed that these genes were enriched in MYB elements and regulated by
miR156/827/171. Additionally, the expansion of SUS, SPS, and INV genes was driven by
segmental duplication events under purifying selection. Furthermore, the ‘Chuliang’ (CL)
cultivar exhibited slower on-tree sucrose degradation than SX, with sucrose accounting
for 72.2% of total sugars at maturity, which is 33.4% higher than SX. Enzyme activity assay
during the sucrose decline stage revealed that SUS, SPS, and INV activities were generally
higher in SX pulp than in CL. Furthermore, correlation analysis showed that the activities
of AINV and A/N-INV were both significantly negatively correlated with TSS and sucrose
content, respectively. Additionally, the expression of DICWINV10 exhibited a negative
correlation with TSS (p < 0.05) and sucrose content (r = —0.6, p = 0.07), suggesting that
DICWINV10 may play an important role in the sucrose degradation process. In summary,
this study elucidates the characteristics of SUS, SPS, and INV gene families in longan
and their potential roles in sucrose metabolism, providing a theoretical foundation for
understanding the on-tree sucrose degradation mechanism.
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1. Introduction

Longan (Dimocarpus longan Lour.), as a typical subtropical and tropical fruit, is widely
cultivated in Southeast Asia and other regions. Its fruit is rich in sugar, various vitamins,
and antioxidant compounds, serving both as a fresh food and for medicinal purposes,
making it highly popular among consumers [1]. However, whether during postharvest
storage or on-tree preservation, longan fruit commonly experiences a rapid decline in
sugar content after ripening, leading to quality deterioration and significant economic
losses [2,3]. As a sucrose-accumulating fruit, sucrose metabolism is the core physiological
process determining the sweetness, quality, and preservation of longan fruit [4]. Therefore,
investigating the key enzymes involved in sucrose synthesis and catabolism in longan
holds significant scientific and practical value.

Sucrose, the primary product of plant photosynthesis, serves as the main carbon
transport form between source and sink organs, with its metabolism involving two key
processes: synthesis and degradation [5]. In source organs, SPS catalyzes the reaction of
UDP-glucose with fructose-6-phosphate to produce sucrose-6-phosphate, which is subse-
quently dephosphorylated by sucrose phosphate phosphatase to form free sucrose. Notably,
SPS acts as the pivotal enzyme in sucrose synthesis [5,6]. The sucrose degradation pathway
comprises two principal mechanisms: (1) INV-mediated hydrolysis of sucrose into glucose
and fructose [5] and (2) SUS-catalyzed cleavage of sucrose into UDP-glucose and fructose
using UDP, a reaction that predominantly occurs in sink organs such as fruit, seeds, and tu-
bers. Importantly, this SUS-catalyzed reaction is reversible, meaning SUS can also facilitate
sucrose synthesis under specific conditions [5,7].

Different protein families are typically distinguished by their conserved domains. SUS
proteins generally contain two core structural domains: glycosyl transferase group 1 and su-
crose synthase. Phylogenetic analysis reveals that the SUS gene family has already formed
three major evolutionary clades (Groups I-III) prior to the divergence of monocotyledonous
and dicotyledonous plants [8]. The SPS gene family encodes proteins that not only share
the conserved domains of SUS but also possess a highly conserved sucrose-6F-phosphate
phosphohydrolase domain. The SPS gene family exhibits significant evolutionary diversity
in plants. In dicots, SPS is classified into three subfamilies (A, B, and C), whereas in mono-
cots (e.g., Poaceae), an additional subfamily D has emerged [9,10]. INV are classified based
on their optimal pH for enzyme activity into acid invertase (AINV) and neutral /alkaline
invertase (A/N-INV). Furthermore, they are also categorized by their subcellular localiza-
tion into CWINYV, vacuolar invertase (VINV), and CINV. Typically, CWINV and VINV are
classified as AINV, while CINV belongs to A/N-INV. Structurally, AINV and A/N-INV
are members of the glycoside hydrolase family 32 and glycoside hydrolase family 100,
respectively [11].

Sucrose serves not only as a primary storage substance that influences fruit and
vegetable quality, but also functions as a signaling molecule regulating plant growth, devel-
opment, and stress responses [6]. SUS, SPS, and INV are key enzymes that regulate sucrose
synthesis and degradation, directly affecting the dynamics of sugar accumulation. The
phylogenetic relationship, expression pattern, and functional diversification of their gene
family members have garnered considerable attention in recent years. With the advance-
ment of whole-genome sequencing technology, systematic identification of SUS, SPS, and
INV gene families in multiple species has provided new perspectives for elucidating their
biological functions [7,12]. The number of gene family members and their functions in key
sucrose metabolic enzymes exhibit diversity across different plant species. For instance,
the SUS gene family in tobacco [13], Arabidopsis [14], rice [15], and tomato [16] contains 14,
6, 6, and 6 members, respectively, and is associated with sucrose degradation and stress.
Gene expression analysis indicates that Ntab0259170 and Ntab0259180 play major roles
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in sucrose metabolism during tobacco leaf development. The expression of Ntab0288750
and Ntab0234340 is significantly induced under low temperature and virus treatment [13].
Furthermore, AtSUS1/4 maintains root metabolism under hypoxia [14]. This suggests that
SUS plays a crucial role in the increased glycolysis during abiotic and biotic stresses.

The SPS gene family has been identified to contain four members in Arabidopsis [9],
five members in wheat [10], seven members in apple [16], and four members in tomato [12],
and these members are associated with sucrose synthesis and stress responses. For instance,
MdSPSA2.3 in apple regulates fruit sucrose accumulation [16]. Under stress treatments with
PEG, NaCl, H,O,, ABA, and SA, SISPS3 in tomato is down-regulated in leaves during early
stress stages, while SISPS1 is significantly up-regulated in roots, indicating the involvement
of SPS in stress responses [12].

INV family members in tobacco [17], Arabidopsis [18,19], and tomato [12] are com-
prised of 36 (20 CINVs, 4 VINVs, and 12 CWINVs), 17 (9 CINVs, 2 VINVs, and 6 CWINVs),
and 19 (8 CINVs, 2 VINVs, and 9 CWINVs) members, respectively, participating in sucrose
degradation, stress responses, and growth and development. For instance, the inhibition of
NtNINV10 expression reduces glucose and fructose content in tobacco leaves. Furthermore,
NtNINV, NtVINV, and NtCWINV respond to various stresses and hormone treatments [17].
In tomato, SIINVVR1 is highly expressed in multiple tissues (e.g., parenchyma, fruit) and
may influence fruit ripening and sugar metabolism, while SINVAN5 and SIINVAN7 are
generally down-regulated under stress, potentially by inhibiting sucrose degradation to
conserve energy [12]. Overall, these enzymes play crucial roles in plant development,
adaptation to adversity, and agronomic traits by regulating sugar metabolic balance.

As a sucrose-accumulating fruit, longan exhibits sugar degradation during both
postharvest storage and on-tree preservation, particularly in the latter process, which
provides excellent experimental material for studying fruit sugar degradation. However,
there have been no reports on genome-wide identification and expression analysis of key
enzymes (SUS, SPS, and INV) involved in sucrose metabolism in longan to date. Therefore,
identifying the gene family members of key sucrose-metabolizing enzymes in longan and
analyzing their conserved motifs, physicochemical properties, evolutionary relationships,
promoter cis-acting elements, gene expression patterns, and enzymatic activities is of great
significance. This research helps uncover critical genes involved in sugar metabolism in
longan fruit and lays a molecular foundation for addressing sugar degradation issues and
extending shelf life.

2. Materials and Methods
2.1. Identification of SUS, SPS, and INV in Longan

The SX longan genome was downloaded from the SapBase database [20]. Simultane-
ously, protein sequences for members of the SUS, SPS, and INV gene families in Arabidopsis
thaliana were obtained from the Tair database. HMM files for SUS (PF00534 and PF00862),
SPS (PF00534, PF00862, and PF05116), and INV (CWINV: PF00251 and PF08244; VINV:
PF00251, PF08244, and PF11837; and CINV: PF12899) families were downloaded from
the Pfam database (http://pfam.xfam.org/). Candidate genes were identified through
BLAST (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 14 January 2025)) and HM-
MER (v3.4) searches performed using TBtools [21]. Subsequently, these candidate genes
were subjected to conserved domain confirmation using Pfam (https://pfam.xfam.org/
(accessed on 11 February 2025)), SMART (https:/ /smart.embl.de/ (accessed on 12 Febru-
ary 2025)), and NCBI (https://www.ncbi.nlm.nih.gov/ (accessed on 12 February 2025))
domain searches to obtain the final members of the longan SUS, SPS, and INV gene
families. The conserved domains of these identified genes were then visualized using
TBtools (v2.030) software.


http://pfam.xfam.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://pfam.xfam.org/
https://smart.embl.de/
https://www.ncbi.nlm.nih.gov/

Horticulturae 2025, 11, 1270

40f24

2.2. Bioinformatic Characterization of SUS, SPS, and INV Family Members

The gene structures, CDS similarity, collinearity, and Ka/Ks analyses of the lon-
gan SUS, SPS, and INV family members were all performed using the TBtools soft-
ware. Phylogenetic analysis was constructed using MEGA 12.0, with alignments per-
formed in ClustalW mode. For Maximum Likelihood tree construction, the Adap-
tive Bootstrap (fast) mode was employed with a bootstrap value of 100. Finally,
the resulting phylogenetic trees were beautified using Chiplot (https://www.chiplot.
online/ (accessed on 23 February 2025)). Conserved motifs were predicted using the
MEME (https://web.mit.edu/meme/current/share/doc/overview.html (accessed on
12 February 2025)) website and visualized with TBtools. Further, the number of mo-
tifs was set to 15, and all other parameters remained default settings. Physicochemical
properties were calculated using the Expasy (https://web.expasy.org (accessed on 14
February 2025)) website, while transmembrane domains and signal peptides were pre-
dicted by TMHMM-2.0 and SignalP-6.0, respectively. Subcellular localization was pre-
dicted using Cell-PLoc 2.0. Cis-acting elements were predicted using the PlantCARE
(https:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed on 18 February
2025)) website and visualized with TBtools and Origin 21.0. Using the longan SUS, SPS,
and INV gene family members as target genes, upstream miRNA regulatory genes were
predicted by selecting the longan miRNA library from the SapBase database.

2.3. Determination of TSS and Sugar Content

Fresh fruits of the fast sugar receding cultivar ‘Shixia’ and the slow sugar receding
cultivar ‘Chuliang’ longan [4] were selected as experimental materials. Fruits at different
stages were harvested from Hejie Orchard in Hezhou city, Guangxi Province, and trans-
ported to the laboratory within 1 h. Fruits were collected from 15-year-old longan trees,
with three trees per cultivar. To cover developmental, maturity, and sugar receding stages
(on-tree preservation), sampling was conducted on 24 July (S1, 240 fruit), 13 August (S2,
180 fruit), 27 August (S3, commercial maturity stage, 150 fruit), 10 September (54, 150 fruit),
and 24 September (S5, 150 fruit), 2023, for each cultivar, using total soluble solids (TSS)
content as the reference indicator. Additionally, the collected fruits from the three trees
were placed in one bag. The arils were separated, flash-frozen in liquid nitrogen, and
immediately stored at —80 °C for subsequent assays.

TSS content (%) was measured using a handheld refractometer (ATAGO, Tokyo,
Japan). Fresh longan pulp powder was used to determine the sugar contents (mg-g~!)
of sucrose, glucose, and fructose. The procedures were conducted as described in our
previous study [2], including the use of the HPLC system, column, mobile phase, and
flow rate. Specifically, the Waters SugarPak1l column (Waters, MA, USA) was used for
sugar quantification, with ultra-pure water as the mobile phase. The injection volume
was 10 pL, and the flow rate was 0.6 mL min—!. A refractive index detector was em-
ployed for detection, with no specific detection wavelength. The calibration curves for
sucrose, glucose, and fructose were as follows: sucrose: y = 0.0000079911x + 0.0524386820
(R? = 0.9966), glucose: y = 0.0000077454x + 0.0119526238 (R? = 0.9998), and fructose:
y = 0.0000070367x — 0.0006726081 (R% = 0.9999). The contents detection range for all three
sugars was from 0.01 to 1 mg-mL ™.

2.4. Determination of SUS, SPS, AINV, and A/N-INV Activity

The extraction and activity determination of SUS, SPS, AINV, and A/N-INV followed
our previously published methods for longan aril analysis [2]. One unit (U) of enzyme
activity was defined as the amount of sucrose or glucose generated by tissue protein per
minute. All enzyme activities were expressed as U-g~!.
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Enzyme extraction from longan aril was performed using a buffer containing 5 mM
MgClp, 1 mm EDTA, 2.5 mm DTT, 0.05% Triton X-100, 0.5 g-L~! BSA, and 10% glycerol
(Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China). The powder was mixed with
the buffer and centrifuged at 13,000 x g for 15 min at 4 °C to obtain the supernatant. One
milliliter aliquot of the supernatant was used to remove sugar via a PD-10 column. Finally,
the collected rinse solution was the crude enzyme extract.

AINV activity was assessed by incubating 0.3 mL of crude extract with 0.7 mL of
0.1 M phosphate buffer (pH 7.5) containing 1% sucrose, 5 mM MgCl,, and 1 mm EDTA at
34 °C for 1 h. The reaction was terminated by adding 2.0 mL of 3,5-dinitrosalicylic acid,
followed by boiling for 5 min. Absorbance was measured at 540 nm. A/N-INV activity
was measured similarly, with 0.1 M acetate buffer (pH 5.5) replacing the phosphate buffer.

SUS activity was determined by incubating 0.1 mL of crude extract with 0.1 mL of
reaction solution (80 mm MES buffer, pH 5.5, 5 mm NaF, 100 mm sucrose, and 5 mm UDP)
at 37 °C for 3 h. Glucose production was quantified using the DNS method.

SPS activity was assessed by incubating 0.1 mL of crude extract with 0.1 mL of reaction
solution (100 mm Hepes-NaOH, pH 8.0, containing 10 mm UDP-glucose, 5 mm fructose-
6-phosphate, 15 mM glucose-6-phosphate, 15 mm MgCl,, and 1 mm EDTA) at 34 °C for
1 h. The reaction was terminated with 0.2 mL of 30% KOH, followed by boiling for 10 min.
After cooling, 3.5 mL of anthrone solution (0.15 g anthrone in 100 mL 81% sulfuric acid)
was added to the reaction mixture, and sucrose production was determined.

2.5. Real-Time Quantitative PCR (qRT-PCR) Assay

Total RNA was extracted using the FastPure® Universal Plant Total RNA Isolation Kit
(Vazyme Biotech Co., Ltd., Nanjing, China), with RNA quality verified by 1.0% agarose
gel electrophoresis. First-strand cDNA synthesis was carried out using the HiScript®
IIT 1st Strand cDNA Synthesis Kit (Nanjing Novogene Bioinformatics Technology Co.,
Ltd., Nanjing, China). The qRT-PCR experiment was conducted following our previous
methods [2]. Gene-specific primers were designed using TBtools software based on the SX
longan genome database. Primer sequences are listed in Table S1.

2.6. Data Analysis

All experiments were conducted with three replicates. Data significance analysis was
performed using the Dunn-Sidak method, and graphical plotting was completed with
Origin 21.0 software. Correlation analysis was performed using the Pearson method on the
Chiplot website. Asterisks *, **, and *** denote significant differences at p < 0.05, 0.01, and
0.001, respectively, between different cultivars at the same time point.

3. Results
3.1. SUS, SPS, and INV Family Members and Phylogenetic Analysis

Using the SX longan genome as a reference database, a total of 8 DISUS,
4 DISPS, and 26 DIINV (DICINVs: 14, DIVINVs: 2, and DICWINVs: 10) sucrose metabolism
genes were identified through conserved domain confirmation (Figure 1C), which were
named DISUSI-DISUS8, DISPS1-DISPS4, DICINV1-DICINV14, DIVINV1-DIVINV2, and
DICWINV1-DICWINV10, respectively. Within the SUS family, all members except DI-
SUS6 possessed a sucrose synthase N-terminal domain. Intraspecies phylogenetic analysis
(Figure 1A) revealed that the SUS, SPS, and INV gene families in longan were distinctly
separated, with SUS and SPS families exhibiting closer evolutionary relationships. Among
the INV family, CWINV and VINV subgroups shared greater phylogenetic affinity. Gene
structure visualization analysis (Figure 1B) demonstrated that, compared to INV family
members, SUS and SPS gene family members in longan generally contained more exons,
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with relatively uniform distribution. Similarly, CWINV and VINV subgroup members
showed comparable exon numbers. Among INV subgroups, CWINV and VINV members
showed comparable exon numbers, whereas striking structural diversity was observed in
the CINV family. Specifically, DICINV6 contained only one exon, while DICINV14 com-
prised 10 exons. This variation may reflect their functional differentiation and adaptability
to different physiological processes.
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Figure 1. Phylogeny (A), gene structure (B), and conserved domains (C) of SUS, SPS, and INV family
members in longan.

The MEME conserved motif analysis (Figure 2) revealed that all members of the
longan SUS family contained motifs 10/6/15/9/3. Additionally, DISUS6/7/8 possessed
an extra motif 6 at the C-terminus. Members of the SPS family universally harbored
motifs 10/9/3, suggesting their potential evolutionary divergence from the SUS family.
All members of the CWINV family contained motifs 10/8/5/4/7. Meanwhile, the VINV
family members shared motifs 8/5/7 with the CWINV family, with DIVINV1 addition-
ally containing motif 10 and DIVINV2 containing motif 4. Regarding CINV members,
DICINV5/1/3/14/2/12/13/11 all carried motifs 12/13/1/6/14/2/11, while other CINV
members possessed one or multiple of these motifs. Significantly, motif 10 was conserved in
the SUS, SPS, and CWINYV families, as well as in DIVINV1, highlighting potential functional
or evolutionary connections among these enzyme families.
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Figure 2. Conserved motifs of SUS, SPS, and INV family members in longan.

To gain a better understanding of the phylogeny of longan SUS, SPS, and INV
gene family members, phylogenetic trees were constructed with tomato and Arabidopsis.
Figure 3 shows that the SUS family members were divided into three subfamilies: I, II, and
III. The SPS family members were classified into three subfamilies: A, B, and C. The INV
family members were clearly separated into two major branches: CINV and the combined
CWINV-VINV subgroups. Following the classification by Duan et al. [12], DISUS1 belonged
to the SUS subfamily I, DISUS2/3/4/5 were members of the SUS subfamily II, and DI-
SUS6/7/8 constituted the SUS subfamily III. In the SPS family, DISPS1/2 were members of
the SUS subfamily A, DISPS3 belonged to the SUS subfamily B, and DISPS4 was part of the
SUS subfamily C. Notably, DISPS3 and DISPS4 exhibited closer evolutionary relationships.
Within the INV family, VINV and CWINV were grouped into a single major branch. How-
ever, VINV members did not exhibit a dispersed or interspersed pattern within the CWINV
members. Specifically, DIVINV1 showed a closer relationship with SIINVVRI1, while DIV-
INV2 was more closely related to SINVVR2 and AtVINVs. DICWINV1, DICWINV10,
and DICWINV2-9 independently formed three distinct small branches. CINV formed
an independent major branch, which was further divided into two small branches. DI-
CINV2/12/13/9/10/11 formed one lineage, and DICINVS8/14/3/1/4/7/5/6 constituted
another lineage.
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Figure 3. Phylogenetic analysis of SUS, SPS, and INV family members in longan, tomato, and
Arabidopsis. Gene names and corresponding IDs for tomato are consistent with Duan et al. [12].
Arabidopsis members are detailed in Table S2.

3.2. Similarity and Physicochemical Properties Analysis

To understand the similarity among members of the longan SUS, SPS, and INV gene
families for better selection of key genes for future functional validation, we performed
a similarity analysis on their CDS sequences. The results presented in Figure 4 indicate
that the similarities between DISUS7 and DISUS8, DISUS2 and DISUS3, and DISUS4 and
DISUSS5 reached 99.9%, 94.5%, and 87.3%, respectively. Notably, the CDS sequence of
DISUS3 was entirely a part of DISUS2 (Figure S1). The similarities between DICWINVS
and DICWINV7, DICWINV6, and DICWINV9 were 97.8%, 91.6%, and 89.6%, respectively.
Furthermore, DICWINV7 showed similarities of 91.1% and 89.7% with DICWINV6 and
DICWINV9, respectively, while the similarity between DICWINV6 and DICWINV9 was
89.9%. Although the sequence similarity between DICWINV8 and DICWINV5 was only
76.4%, the CDS sequence of DICWINV5 was almost entirely contained within DICWINVS,
with only 1-2 base differences scattered at different positions (Figure S4). A similar situation
was observed between DICINV10 and DICINV11, with only 31.2% similarity between them
(Figure S3). The similarity between DICINV6 and DICINV5 was only 17.0%; however, aside
from the initial 13 differing bases at the beginning of DICINV6, the remaining sequence
was identical to DICINVS (Figure S2).
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Figure 4. CDS sequence similarity matrix of SUS, SPS, and INV gene family members in longan.
Note: The matrix displays the pairwise sequence similarity of the CDS for the SUS, SPS, and INV
gene family members in longan. Each cell in the matrix represents the similarity percentage between
two gene family members, with darker colors indicating higher sequence similarity.

To better infer the biological functions of the longan SUS, SPS, and INV family mem-
bers, their physicochemical and other properties were predicted. The gene ID results
showed that DISUS1-3, DISPS1-3, DICWINV1, and DICINV1 were located on chromosome
(Chr) 1. DICWINV2-9 was located on Chr 3. DISUS4/5 and DICINV2/3 were located on
Chr 4. DICINV4-7 was located on Chr 5. DICINVS was located on Chr 7. DISUS6 and
DIVINV1 were located on Chr 8. DISPS4 and DICINV9-12 were located on Chr 9. DICINV13,
DICINV14, and DICWINV10 were located on Chr 11, 13, and 14, respectively. DISUS7/8 and
DIVINV?2 were located on Chr 15 (Table 1).

Furthermore, Table 1 shows that the protein molecular weights of longan SUSs ranged
from 85.50 to 101.79 KDa, SPSs from 79.51 to 126.27 KDa, CINVs from 13.19 to 75.84 KDa,
and CWINV-VINVs from 48.11 to 72.41 KDa. The theoretical isoelectric points of SUS,
SPS, CINV, and CWINV-VINV proteins were between 5.89~8.05, 6.40~6.92, 5.17~8.71, and
5.10~9.54, respectively. Regarding the instability index, aliphatic index, and GRAVY, the
values for SUS protein family members were 35.39~37.98, 85.04~97.63, and —0.32 to —0.10,
respectively; for SPS family members, 43.92~48.22, 86.92~89.37, and —0.37 to —0.38; for
CINV family members, 37.94~61.97, 79.32~107.33, and —0.34 to —0.01; and for CWINV-
VINV family members, 28.05~41.21, 75.39~85.82, and —0.57 to —0.28. Notably, except for
DIVINV1 and DICWINV], all CWINV-VINV and SUS family members were predicted
to be stable proteins. In contrast, except for DICINV1/5/6, the remaining CINV and SPS
family members were unstable. Furthermore, all longan SUS, SPS, and INV family proteins
exhibited negative GRAVY values, indicating an overall hydrophilic tendency.
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Table 1. Characteristic analysis of SUS/SPS/INV.
Molecular Signal
Gene Name Gene ID Weight Theoretical Instability ~ Aliphatic Gravy Tg;??:;g?‘eme Peptide Subcellular
pI Index Index . /Cleavage Localization
(KDa) Region Site
DISUS1 Dil.01g002340.1.t1 92.37 6 36 96.37 —0.23 No No Chl
DISUS2 Dil.01g036930.1.t1 98.21 6.09 37.68 92.13 —0.22 Yes, 13-32 No Chl
DISUS3 Dil.01g038010.1.t1 92.66 591 37.98 88.94 —0.29 No No Chl
DISUS4 Dil.04g010950.1.t1 85.5 6.11 35.49 97.63 -0.1 No No Chl
DISUS5 Dil.04g011070.1.t1 92.31 5.89 37.08 91.13 —0.24 No No Chl
DISUS6 Dil.08g000380.1.t2 82.04 7.88 35.39 88.58 —0.32 No No Chl, Cyt
DISUS7 Dil.15g012640.1.t1 101.79 8.05 36.05 85.04 —0.32 Yes, 873-890 No Chl
DISUSS8 Dil.15g012700.1.t1 101.79 8.05 36.05 85.04 —0.32 Yes, 873-890 No Chl
DISPs1 Dil.01g006920.1.t2 126.27 6.92 47.43 87.94 —0.38 No No Chl
DISPS2 Dil.01g003580.1.t1 112.72 6.4 43.92 86.92 —0.37 No No Chl
DISPS3 Dil.01g029800.1.t1 79.51 6.44 48.22 89.37 —0.37 No No Chl
DISPS4 Dil.09g023980.1.t1 115.38 6.76 46.02 89.01 —0.37 No No Chl
DICINV1 Dil.01g035430.1.t1 74.34 5.58 37.94 91.88 -0.22 No No Chl
DICINV2 Dil.04g015620.1.t1 75.16 5.17 50.56 83.24 —0.31 No No Chl
DICINV3 Dil.04g018020.1.t1 73.45 6.31 43.74 87.65 —0.19 No No Chl, Cyt
DICINV4 Dil.05g023100.1.t1 30.24 8.71 49.24 90.04 —-0.16 Yes, 7-29 No Chl
DICINV5 Dil.05g023220.1.t1 74.8 7.88 39.5 85.72 —0.22 No No Chl
DICINV6 Dil.05g023350.1.t1 13.19 8.7 38.5 89.13 —0.01 No No Chl, Cyt, Per
DICINV?7 Dil.05g023360.1.t1 55.07 6.08 40.84 86.24 —-0.27 No No Chl
DICINVS Dil.07g000070.1.t1 17 6.4 46.54 107.33 0.1 No No Nu
DICINV9 Dil.09g002880.1.t1 40.99 6.34 50.53 91.74 —0.13 No No Nu
DICINV10 Dil.09g002890.1.t1 20.26 6.59 61.97 79.32 —0.34 No No M, IC\I}EI Cyt,
DICINV11 Dil.09g002990.1.t2 63.22 7.48 58.46 87.29 —0.07 No No Chl, Cyt
DICINV12 Dil.09g019890.1.t1 63.14 6.11 455 87.21 —0.19 No No Chl
DICINV13 Dil.11g021180.1.t1 63.84 6.31 56 85.48 —0.23 No No Chl
DICINV14 Dil.13g008610.1.t1 75.84 5.98 46.25 88.1 —0.24 No No Cyt, Nu
DIVINV1 Dil.08g013930.1.t1 71.8 5.1 41.21 82.95 -0.28 Yes, 34-56 No Va
DIVINV2 Dil.15g010550.2.t1 72.41 5.64 31.26 80.82 —0.28 Yes, 34-53 No Va
DICWINV1 Dil.01g011230.1.t1 66.85 5.63 40.03 79.36 —0.32 No Yes,20/21 Ccw
DICWINV2 Dil.03g002960.1.t1 65.21 8.99 28.05 78.06 —0.43 Yes, 7-26 Yes,26/27 Ccw
DICWINV3 Dil.03g002970.1.t1 62.83 591 34.07 85.82 -0.31 No Yes,26/27 Ccw
DICWINV4 Dil.03g003000.1.t1 56.98 8.44 36.93 77.78 —0.42 No No ([@%%
DICWINVS Dil.03g003010.1.t1 48.11 9.25 33.11 77.03 —0.57 No No ([@%%
DICWINV6 Dil.03g003040.1.t1 57.8 9.25 31.62 77.78 —0.55 No No (@7
DICWINV7 Dil.03g003070.1.t1 59.24 9.54 31.13 76.5 —0.55 No No Ccw
DICWINVS Dil.03g003080.1.t1 59.47 9.51 30.49 75.39 -0.57 No No (@Y
DICWINV9 Dil.03g003090.1.t1 58.58 9.02 36.65 77 4 —0.53 No No ([@%%
DICWINV10 Dil.14g010350.1.t2 64.47 8.98 30.81 78.05 —0.37 No Yes, 27/28 CwW

Note: Gravy, grand average of hydropathicity; Chl, chloroplast; Cyt, cytoplasm; Per, peroxisome; Nu, nucleus;
CM, cell membrane; Va, vacuole; and CW, cell wall.

Transmembrane domain prediction suggested that only DISUS2/7/8, DICINV4, DIV-
INV1/2, and DICWINV2 possessed transmembrane helices (Table 1). Signal peptide
analysis indicated that only DICWINV1/2/3/10 contained signal peptides, with cleavage
sites detailed in Table 1. Subcellular localization prediction showed that in the SUS and
SPS families, all members were localized to the chloroplast, except for DISUS6, which
may reside in the chloroplast or cytoplasm. The CINV family exhibited diverse local-
ization patterns: DICINV3 and DICINV11 may localize to the chloroplast or cytoplasm;
DICINV6 to the chloroplast, cytoplasm, or peroxisome; DICINV8 and DICINV?9 to the
nucleus; DICINV10 to the cell membrane, chloroplast, cytoplasm, or nucleus; DICINV14 to
the cytoplasm or nucleus; and the remaining to the chloroplast. VINV and CWINV family
members were predicted to localize to the vacuole and cell wall, respectively.

3.3. Collinearity and Ka/Ks Analysis

To investigate homologous gene segments within the same species or across different
species, we performed collinearity analysis. The intraspecies collinearity results revealed
that there were nine collinear gene pairs among SUS, SPS, and INV family members in
longan, including DISUS2/DISUS3, DISUS2/DISUS5, DISUS3/DISUS4, DISUS4/DISUSS,
DISPS2/DISPS1, DICINV4/DICINV?7, DICINV13/DICINV11, DICINV14/DICINV3, and DIV-
INV2/DIVINV1, all of which were attributed to segmental duplication events (Table 2).
Furthermore, Ka/Ks ratio calculations indicated that all gene pairs, except DISUS2/DISUS3,
exhibited Ka/Ks values less than 1. However, we observed that both Ka and Ks values for
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the DISUS2/DISUS3 gene pair were 0, indicating that the gene duplication event occurred
very recently.

Table 2. Homologous gene pairs of SUS, SPS, and INV family members in longan and their

Ka/Ks analysis.

Duplication Gene Pairs Ka Ks Ka/Ks Duplication Type
DISPS2/DISPS1 0.1328 1.1497 0.1155 Segmental duplication
DISUS2/DISUS3 0.0000 0.0000 NaN Segmental duplication
DISUS2/DISUS5 0.1176 1.2103 0.0972 Segmental duplication
DISUS3/DISUS4 0.1558 1.3795 0.1129 Segmental duplication
DISUS4/DISUS5 0.0403 0.0736 0.5476 Segmental duplication

DICINV4/DICINV7 0.0540 0.1016 0.5318 Segmental duplication
DICINV13/DICINV11 0.1204 2.7311 0.0441 Segmental duplication
DICINV14/DICINV3 0.1348 1.5582 0.0865 Segmental duplication
DIVINV2/DIVINV1 0.3073 1.6888 0.1820 Segmental duplication

The results of the collinearity analysis of SUS, SPS, and INV gene families in litchi,
longan, and lemon revealed that there were 37 pairs of collinear genes between litchi and
longan, and 63 pairs between longan and lemon (Figure 5). Specifically, between litchi and
longan, DISUS1/6/7/8 each had one pair; DISUS2/3/5 each had two pairs; DISPS1 and DISPS2
each had two pairs, while DISPS3 and DISPS4 each had one pair; DICINV1/2/5/7/9/12/13
each had one pair; DICINV3/11/14 each had two pairs; DICWINV1/2/9/10 each had one
pair; and DIVINV1 and DIVINV?2 each had two pairs. Between longan and lemon, DISUS1
had two pairs located on lemon Chr 04A and 04B, respectively; DISUS2 had four pairs
on lemon Chr 05/09A and 05/09B, with DISUS3/5 exhibiting the same syntenic pairs as
DISUS?2. Additionally, DISUS4 had one pair co-localized with DISUS2 on lemon Chr 05A;
DISUS6 had two pairs; DISPS1 had four pairs, sharing the same syntenic pairs as DISPS2;
DISPS3 had two pairs; DICINV1 and DICINV2 each had two pairs; DICINV3 and DICINV14
shared identical syntenic pairs (four pairs each); similarly, DICINV5 and DICINV6 each
had two pairs; DICINV4 syntenic pairs coincided with DICINV5 on Chr 03B; DICINV12/13
each had two pairs; DICINV10 had one pair; DICWINV1/2/10 each had two pairs; and
DIVINV1 and DIVINV?2 shared identical syntenic pairs (four pairs each). These results
indicate that DISUS1/2/3/5/6, DISPS1/2/3, DICINV1/2/3/5/12/13/14, DICWINV1/2/10, and
DIVINV1/2 exhibit highly conserved gene segments in both sweet and sour fruit.

79) M7 DI_Chr10 DI_ChrRy DI_Chr12 D{Chr13 DISZhr14 DINghr15
(— C_]
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Figure 5. Collinearity analysis of SUS, SPS, and INV gene family members among Dimocarpus longan,
Litchi chinensis, and Citrus limon. Note: Gene family members are represented by colored lines,
with each color corresponding to a specific species. Genes conserved across multiple species are
connected by lines. The inverted triangle chart indicates that the chromosome contains members of
the DISUS, DISPS, and DIINV gene families. The analysis was conducted using TBtools, and includes
comparisons between litchi, longan, and lemon. The syntenic regions highlight the conserved gene
order and structural relationships among the species.
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3.4. Cis-Acting Elements Analysis

Prediction of cis-acting elements in a gene promoter region allows for the inference of
the factors that may regulate it. The cis-acting elements of the longan SUS, SPS, and INV
gene family members were primarily classified into four major categories: light-responsive
(454 elements), biotic and abiotic stress (837 elements), phytohormone-responsive (421 el-
ements), and plant growth and development (211 elements) elements (Figure 6B). Gene
clustering based on the number of cis-elements revealed that members of each family
grouped together (Figure 6A). Additionally, the promoter regions of SUS, SPS, and INV
gene family members all contained numerous MYB elements. Furthermore, these promoter
regions also harbored abundant Box 4, G-box, ARE (anaerobic induction), MYC, ABRE (ab-
scisic acid), ERE (ethylene), and MeJA (methyl jasmonate) regulatory elements, indicating
that the SUS, SPS, and INV gene family members are regulated by light, abiotic stress, and
hormones. Figure 6B shows that DICINV13 possessed the highest total number of cis-acting
elements, followed by DICINV12 and DISUS4, while DICWINV4 had the fewest, followed
by DICWINV8 and DICWINV3. The gene with the most light-responsive elements was
DIVINV1 (21 elements), while the fewest were found in DICWINV5/6 and DICINV6 (five
elements each). For biotic and abiotic stress elements, DICINVS had the most (40 elements),
whereas DIVINV1 and DICINV5 had the fewest (12 elements each). The highest number
of phytohormone-responsive elements was observed in DICINV13 (38 elements), while
DICWINV4 had the fewest (four elements). Regarding plant growth and development
elements, DICINV13 again ranked highest (19 elements), whereas DICWINV3 had none
(0 elements).

3.5. miRNA Prediction

MicroRNAs (miRNAs) are a class of small non-coding RNAs, typically 18-21 nu-
cleotides in length, which regulate gene expression through two primary mechanisms:
mRNA cleavage and translational repression, depending on their degree of complementar-
ity with target mRNAs [22]. Table 3 shows that among the SUS, SPS, and INV gene family
members in longan, only DISUS2/3, DISPS2, and DIVINV1 were potentially regulated by
miRNAs. Specifically, DISUS2 and DISUS3 may be targeted by miR156¢, DISPS2 may be
regulated by miR827, and DIVINV1 may be modulated by miR171a/b/d/e/f. Furthermore,
based on the penalty score analysis, these miRNAs were likely to exert their regulatory
effects primarily through translational repression rather than mRNA cleavage on DISUS2/3,
DISPS2, and DIVINV1.

Table 3. Prediction of miRNA targeting members of the SUS/SPS/INV gene family.

miRNA Name  Target Gene  Start Position End Position Penalty miRNA Sequence(5'-3)
miR156¢ DISUS?2 217 237 5 UGACAGAAGAGAGAGAGCGC
miR156¢ DISUS3 76 96 5 UGACAGAAGAGAGAGAGCGC
miR827 DISPS2 836 857 5 UUAGAUGACCAUCAACAAACG
miR171a DIVINV1 1411 1431 5 UGAUUGAGCCGUGCCAAUAUC
miR171b DIVINV1 1411 1431 5 UGAUUGAGCCGUGCCAAUAUC
miR171d DIVINV1 1411 1431 5 UGAUUGAGCCGUGCCAAUAUC
miR171e DIVINV1 1411 1431 5 UGAUUGAGCCGUGCCAAUAUC
miR171f DIVINV1 1411 1431 5 UGAUUGAGCCGUGCCAAUAUC
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Figure 6. Cis-acting elements in the promoters of SUS, SPS, and INV gene family members in longan
(A) and their classification count (B). Note: In panel (A), green represents a low quantity (0-5); light
green represents a medium quantity (7-12); dark green represents a high quantity (13-18); brown

represents a higher quantity (19-24); red represents an extremely high quantity (25-30).

3.6. TSS and Main Sugar Content

As a sugar-accumulating fruit, the changes in sugar content play a crucial role in the
quality of longan fruit. In this study, fruits at different developmental (51~52), ripening

(53), and sugar receding (54~S5) stages were used as materials to measure the contents of
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TSS, sucrose, glucose, and fructose in the pulp. As shown in Figure 7, during the S3~S5
stages, the TSS and sucrose contents of the CL cultivar were significantly higher than those
of SX, while the glucose and fructose contents showed the opposite trend. Furthermore,
within the corresponding stages, sucrose content in each cultivar was higher than glucose
and fructose. Additionally, the content of these four indicators in both the SX and CL
cultivars showed a trend of initially increasing and then decreasing. However, the timing
of their peak accumulation differed. Across the five stages, the CL cultivar’s TSS and
sucrose reached their highest levels at S3 and subsequently declined, indicating sucrose
degradation. Glucose and fructose peaked at 54 and then decreased, but remained higher
than in the S1~53 stages. In SX, TSS peaked at S3 and then declined, while sucrose peaked
earlier at S2 before decreasing and stabilizing. The peak stages for glucose and fructose in
SX were the same as in CL. When considering the sum of the three sugar contents as the
total sugar, the proportions of sucrose, glucose, and fructose in SX at S3 were 38.8%, 34.7%,
and 26.5%, respectively, and at S5 were 40.5%, 33.2%, and 26.3%. For CL, these proportions
at S3 were 72.2%, 15.0%, and 12.8%, respectively, and at S5 were 55.6%, 24.3%, and 20.1%.
Moreover, at the S3 stage, the sucrose content of CL was 2.75 times higher than that of
SX. These results suggest that a higher proportion of sucrose during the mature stage is
beneficial for delaying the onset of on-tree sugar reduction.
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Figure 7. TSS and main sugar contents in longan pulp at different stages. (A) TSS; (B) sucrose content;
(C) glucose content; (D) fructose content. Asterisks ** denote significant differences at p < 0.01.

3.7. Activities of Sucrose Metabolic Enzymes

As shown in Figure 8, during the S1, S2, and S3 stages, the activities of SUS, SPS, and
AINV in the aril of SX longan were higher than those in CL. A/N-INV also exhibited higher
activity in these periods, except for S1, with a particularly significant difference observed
in S3. During the S4~S5 stages, the activities of SPS, AINV, and A/N-INV remained higher
than those in CL, whereas SUS activity exhibited the opposite trend. Throughout the S1~55
stages, the activities of SUS and SPS in SX generally showed an increasing trend followed by
a decrease, peaking in S3 and 54, respectively. In contrast, the SUS activity in CL exhibited
less fluctuation and peaked in S5. SPS activity in CL peaked in S2, with activities in other
stages being similar to those of SX in the S1 and S5 stages. The overall trend for AINV
activity in both SX and CL was a decline. A/N-INVI activity showed a trend similar
to AINV activity. These findings suggest that sucrose synthesis and degradation occur
throughout the developmental, ripening, and sugar receding stages of longan pulp. The SX
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cultivar exhibits high activities of both synthesis and degradation enzymes, which may be
the reason for its faster rate of sugar decline.
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Figure 8. Sucrose metabolism-related enzymatic activities in longan pulp at different stages. (A) SUS
activity; (B) SPS activity; (C) AINV activity; (D) A/N—INV activity. Asterisks *, **, and *** denote
significant differences at p < 0.05, 0.01, and 0.001, respectively.

3.8. Gene Expression

Based on our research group’s transcriptome data (unpublished) from developmental
to sugar receding stages of longan pulp, some SUS, SPS, and INV genes were selected for
the qRT-PCR experiment, with the values of the S1 stage in SX as the reference. Figure 9
shows that among these genes, DISUS2/6, DIVINV?2, and DICWINV2 exhibited relatively
high expression levels, reaching dozens of copies at their peak, while the other genes
remained below 10. Additionally, DISUS5/6, DISPS2, and DIVINV1 were consistently more
highly expressed in SX than in CL across all stages, whereas DISUS2 showed the opposite
trend. In SX, DICWINV2, DICINV1/12, and DISUS8 were expressed at lower levels during
stages S1~53 than S4~S5, particularly DICWINV2 and DISUS8, which showed 9.37-fold and
2.37-fold higher expression, respectively, at S5 compared to S3. Conversely, DICWINV3/10,
DISPS1/3/4, DISUS5, and DIVINV1 were more highly expressed during stages S1~5S3 than
54~S5. In CL, DISPS1/2/3, DICWINV?2, DISUS2/8, and DICINV3/5/12/13/14 were expressed
at lower levels during stages S1~S3 than 54~S5, with DICWINV2 showing an 18.91-fold
increase at S5 compared to S3. Meanwhile, DICWINV3/10, DIVINV1, and DISPS4 were
generally more highly expressed during stages S1~53 than 54~S5.

3.9. Correlation Analysis

The TSS content is a simple and direct indicator for assessing the sweet taste of
longan. A correlation analysis (Figure 10) of physiological and gene expression indicators
related to sucrose metabolism in longan pulp at different stages of SX and CL longan was
conducted. The results revealed a significant positive correlation between TSS content
and the contents of glucose and sucrose (p < 0.05), while a significant negative correlation
was observed with the expression of DICWINV10, AINV activity, and A/N-INV activity
(p < 0.05). Furthermore, we also observed a negative correlation between sucrose content
and the expression of DICWINV10 (r = —0.6, p = 0.07), AINV activity (p < 0.05), and
A/N-INV activity (p < 0.05).
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Figure 9. The expression of sucrose metabolism-associated genes in longan pulp at different stages.
(A) DISUST; (B) DISUS2; (C) DISUS4; (D) DISUS5; (E) DISUSG6; (F) DISUSS; (G) DISPS1; (H) DISPS2;
(I) DISPS3; (J) DISPS4; (K) DICINV1; (L) DICINV3; (M) DICINV5; (N) DICINV12; (O) DICINV13;
(P) DICINV14; (Q) DIVINV1; (R) DIVINV2; (S) DICWINV?2; (T) CWINV3; (U) CWINV10. Asterisks *,
** and *** denote significant differences at p < 0.05, 0.01, and 0.001, respectively.



Horticulturae 2025, 11, 1270

17 of 24

-0
--0.5
--0.93

078 | 068 | 052 | 0.55 | 0.73 | 0.10 | 0.63 | 0.04 | 0.06 | 0.21 | -0.34| -0.65| -0.12[ -0.06| -0.58] 0.05 | 0.02 | -0.03 0.18 | 0.31 | -0.23] 0.55 | 0.36 | 0.12 | 0.29 | 0.31 [ 0.28 | 0.23 | SUS activity
a 074 | 0.78 | 070 | 0.46 | 0.27 | 0.60 | -0.13[ -0.12] 0.01 | -0.32] -0.69] 0.08 | -0.02| -0.52( -0.13] -0.12| -0.33] 0.15 | 0.23 | 0.11 | 0.65 | 0.42 | 0.30 | 0.39 | 0.54 | 0.56 | 0.50 | DISUS4
B 0.73 | 0.69 | 0.35 | 0.42 | 0.7 | 0.06 | 0.26 | 0.06 | -0.07| -0.43] -0.06| -0.21 -0.47| -0.25] -0.15| -0.49| 0.08 | 0.26 | 0.07 | 0.49 | 0.16 | 0.20 | 0.24 | 0.51 | 0.51 | 0.57 | DISUS6
** * 0.41 | 0.44 | 0.58 | 0.82 | -0.02 0.19 | 0.34 | -0.20] -0.52| 0.05 | -0.12| ~0.60| ~0.20| -0.30| -0.54] 0.07 | -0.01] -0.02| 0.53 | 0.21 | 0.22 | 0.37 | 0.31 | 0.35 | 0.49 [ DISUSS
B 0.15 | 018 | 0.38 | 0.05 | -0.02| -0.22| -0.21| -0.16| -0.32[ -0.31] -0.49] -0.30] -0.10] -0.37| 0.02 | 0.25 | 0.27 | 0.47 | 048 | 0.28 | 0.0 [ 0.64 | 0.61 | 0.64 | SPS activity
* 0.16 | 0.63 | 0.34 | 0.36 | 0.66 | -0.10 -0.14 -0.33] -0.21)| -0.44] 0.31 | -0.03| 0.09 | 0.25 | 0.04 | -0.54] 0.43 | 0.37 | -0.09] 0.26 | -0.08| -0.03| -0.08|- DISPS3
0.76 | 0.64 [ 072 | 0.61 | 0.47 | -0.07| -0.39| -0.54| -0.43| -0.59| -0.82| -0.94| ~0.48| -0.70| -0.34| -0.06] -0.37| -0.20] -0.37| ~0.29| -0.19[ -0.08|- AINV activity
* = |IEZ o 045 | 0.62 | 0.64 | 0.12 | -0.30 -0.32| -0.39] -0.66 -0.31| -0.51 -0.64] -0.15| -0.25| -0.39) 0.33 | -0.01| -0.06| 0.03 | 0.00 | 0.06 | 0.47 - DIVINVT
2 0.82 | 063 | 0.65 | 0.40 | -0.79| -0.57 ~0.07| -0.28| -0.68| -0.52| -0.36| -0.72| ~0.50 ~0.16| -0.22| -0.30| -0.48| -0.46| -0.32| -0.41|- A/N-INV activity
* ** 0.80 | 0.69 | 0.39 | -0.58| -0.74| -0.30| -0.30| -0.54] -0.56] -0.40| -0.57| -0.69| -0.31| ~0.44| ~0.56| -0.56| -0.57 -0.50| -0.38 - DISPS4
* L ** 0.40 | 0.17 | -0.41| -0.55| ~0.46| ~0.06| ~0.43| -0.30| -0.28| -0.55| -0.86| -0.18] ~0.27| -0.56 | -0.34| ~0.69| -0.63| -0.50\- DICWINV3
H B 0.28 | -0.16] -0.38| 0.16 | -0.48] -0.60 -0.45] -0.64 -0.67| -0.50| -0.68) -0.71| -0.68| -0.73] -0.59| -0.47| -0.61}- DICWINV'10
* -0.60[ -0.54| 023 | 0.21 | 012 [ 0.11 | 0.04 | -0.16] -0.11] -0.31 0.02 | -0.22| -0.35] -0.33| -0.34| -0.18} DISUST
** 067 | 0.8 | 0.01 | 0.31 | 0.31 [ 0.01 | 0.36 | 0.21 | -0.16] -0.25( -0.03] 0.23 | 0.14 | 0.10 | 0.03 | DIVINY2
* E 037 [ 0.1 | 021 [ 0.47 | 047 | 0.27 | 0.44 | 0.15 | 0.11 | 0.41 | 0.52 | 034 | 0.35 | 0.14 | DICWINV?2
* 042 [ 0.20 | 033 | 0.36 | 0.11 | 0.44 | -0.08[ -0.06| 0.27 | 0.19 | 0.07 | 0.3 | -0.15} DICINV I
079 [ 0.70 | 0.89 | 0.59 | 0.15 | 0.44 | 0.53 | 0.34 | 0.60 | 0.15 | 0.11 | 0.06 | DISPST
o * o 0.80 [ 0.75 | 0.89 | 0.33 | 0.26 | 0.44 | 0.26 [ 0.49 | 0.34 | 0.20 | 0.26 | Sucrose content
wax | x = I 0.49 | 0.60 | 0.07 [ 0.03 | 033 | 0.06 | 0.35 | 0.05 | -0.04| 012} DISUS2
* == | 073 | 049 | 0.75 | 0.72 | 0.67 | 0.83 | 0.55 | 0.52 | 0.48 |- DICINV5
* * - i o 0.47 | 0.49 | 0.54 | 0.42 | 0.63 | 0.66 | 0.53 | 0.56 |- TSS
x| 0.50 | 0.47 | 0.84 | 0.59 | 0.82 | 0.80 | 0.74 |- DISUSS
* * ki 0.84 | 0.83 | 0.86 | 0.76 | 0.77 | 0.73 | DICINV'14
* £ e 0.70 | 0.74 | 0.70 | 0.69 | 0.66 [ DICINV13
* &3 il (e & 082 | 081 | 0.82 | 0.76 |- DICINVI2
& b bl I 072 | 073 | 066 |- DICINV3
B @ Sl e ! el (e I 097 | 0.91 |- Glucose content
| [l I | I 0.87 |- Fructose content
5 w Tx [T [T x| e | e | pisps2
T T T . T T T T T , T T T T T
FELgrs s" & .g: X X 4 NP c,\ & sW £ év $% <\ & J ¥
St 9\%‘* s 4\“ oy ' \,&‘ " v“i & \oe S \s‘* & S P o o“ \Oe < B \‘3%
& é $® 9 ‘ @c’
?5 %oe 0\0 Q‘o

Figure 10. Correlation analysis of physiological indices and gene expression related to sucrose
metabolism in longan pulp at different stages. Asterisks *, **, and *** denote significant differences at
p <0.05,0.01, and 0.001, respectively. Red represents a positive correlation, blue represents a negative
correlation, and the color intensity from dark to light indicates the absolute value of the correlation
from 1 to 0.

Moreover, the correlation analysis (Figure 10) revealed that SUS activity is positively
correlated with the expression of all DISUS genes measured in this study, with particu-
larly significant positive correlations observed for the expression of DISUS4 and DISUS6
(p < 0.05). Similar results were found in the SPS, AINV, and AN-INV families. For example,
SPS activity was significantly positively correlated with DISPS2 expression (p < 0.05); AINV
activity was significantly positively correlated with DIVINV1 expression (p < 0.05). These
correlations suggest that the activity of sugar-metabolizing enzymes is under the regulatory
control of corresponding genes.

4. Discussion

This study represents the first comprehensive identification and characterization
of the key sucrose metabolic gene families in longan, including 8 DISUS, 4 DISPS, and
26 DIINV (14 DICINVs, 2 DIVINVs, and 10 DICWINVs) members (Figure 1). Notably, the
number of members in the SUS and SPS families showed minor variations across fruit with
sour, neutral, and sweet tastes. For instance, lemon [23] contains six SUS and four SPS
members; grape has five [24] and four [25], respectively; apple has five [26] and seven [16];
rice has six [15] and five [27]; tomato [12] has six and four; kiwifruit [28] has six and six;
litchi has five [29] and four [30]; and sugarcane has seven [31] and eight [32]. In contrast, a
considerable difference in the number of INV family members was observed. For example,
tomato [12] possesses 19 INVs (8 CINVs, 2 VINVs, and 9 CWINVs), lemon [22] has 15
(8 CINVs, 2 VINVs, and 5 CWINVs), rice [18] has 19 (8 CINVs, 2 VINVs, and 9 CWINVs),
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apple [33] has 17 (11 CINVs, 3 VINVs, and 3 CWINVs), grape [34] has 18 (10 CINVs,
3 VINVs, and 5 CWINVs), and sugarcane [35] has 14 (6 CINVs, 1 VINVs, and 7 CWINVs).
These findings suggest that the INV family might be a primary determinant for the distinct
sweet flavors observed in different fruits, particularly the CINV and CWINYV subfamilies.
This aligns with the crucial role of soluble AINV in regulating the sucrose/hexose ratio
during sugar receding in longan pulp [3]. Furthermore, research in passion fruit has
indicated that PeCWINVS5 participates in hexose accumulation [36].

Gene structure analysis revealed differences among the gene families. Longan SUS
and SPS members possessed a relatively high number of uniformly distributed exons,
whereas CINV members exhibit substantial variation in exon numbers (Figure 1B). This
suggests functional conservation in SUS and SPS, while CINV family members may gener-
ate isoforms through alternative splicing to adapt longan fruit to different physiological
environments [12,23]. Phylogenetic analysis within species revealed (Figure 1A) that the
SUS and SPS families were closely related, while CWINV and VINV within the INV fam-
ily cluster together, suggesting a potential common evolutionary origin. This finding is
consistent with observations in lemon [23], apple [33], and sugarcane [35]. Based on the
phylogenetic tree constructed with dicotyledonous plants (Figure 3), members of the longan
SUS, SPS, and INV families are consistent with the classification of tomato and Arabidopsis
species [12]. This corroborates the division of dicotyledonous SUS into subfamilies I-III,
SPS family members into subfamilies A-C, and INV family members into AINV and A/N-
INV subfamilies, implying functional coupling of genes involved in sucrose synthesis and
degradation pathways during the evolution of dicots.

MEME motif analysis (Figure 2) revealed that all SUS family members contained
motifs 10/6/15/9/3, whereas SPS members retained motifs 10/9/3 (lacking motif 6/15).
This suggests that the SPS lineage may have evolved from an ancestral SUS gene through
motif loss. This finding aligns with the notion that “functional domain differentiation
is a key mechanism in gene family evolution” [6,37]. Notably, VINV family members
completely encompassed the CWINV motifs 8/5/7, implying that VINV evolved and
diverged from CWINV. The cross-family motif conservation, such as the widespread
presence of motif 10 in SUS/SPS/CWINYV family members and DIVINV1, indicates its
potential role in encoding core catalytic function. In contrast, family-specific motifs (e.g., the
C-terminal motif 6 in the SUS III subfamily) may be responsible for sub-functionalization.
CDS sequence similarity analysis unveiled potential gene duplication or alternative splicing
events. The high similarity of 94.5% between DISUS2 and DISUS3 (Figure 4), coupled
with the complete inclusion of DISUS3 within the DISUS2 sequence (Figure S1), suggests
that these two may originate from recent gene duplication or represent alternative splicing
isoforms of the same gene [38]. Furthermore, the Ka/Ks calculation analysis supports this
conclusion (Table 2). Similar phenomena were also observed in DICWINV5 and DICWINV8
(76.4% similarity but highly overlapping sequences) and DICINV5 and DICWINV6 (17%
similarity but with shared sequence segments), underscoring that similarity analysis is
only reliable when sequence lengths are comparable. These sequence anomalies could stem
from mutations in splice sites or selective exon skipping, thereby contributing to protein
functional diversification.

Physicochemical property prediction showed that the SUS and CWINV families pre-
dominantly exhibited stable protein properties (instability index < 40), whereas most SPS
and CINV members were unstable proteins (Table 1). This is consistent with findings in
pineapple [39], pomegranate [40], kiwi fruit [28], and apple [33]. All members displayed
negative GRAVY values (—0.57 to —0.01), indicating their preference for hydrophilic en-
vironments, consistent with the known functional role of sucrose metabolic enzymes in
hydrolysis reactions [6]. Analysis of specific domain structures revealed that only a few
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members contained transmembrane structures (DISUS2/7/8, DICINV4, DIVINV1/2, and
DICWINV2) or signal peptides (DICWINV1/2/3/10). This suggests their potential involve-
ment in membrane-bound transport or extracellular secretion, corroborating experimental
results by Zhang et al. [41], where the PbrvacInv1-GFP fusion protein accumulated at the
vacuolar membrane. Furthermore, signal peptide prediction results for maize INV family
members also indicate that signal peptides are found only in CWINV members [42], which
is consistent with the findings of the current study.

Subcellular localization predictions indicated that longan SUS/SPS proteins were
primarily localized to chloroplasts, while the CINV family exhibited diverse localization
patterns, predominantly in chloroplasts, cytoplasm, and nucleus. CWINV and VINV
members were predicted to localize to the cell wall and vacuole, respectively (Table 1).
However, discrepancies were observed among different subcellular prediction tools. For
example, PSORT predicted that SUS members in sweet potato are mainly localized to
the cytoplasm and chloroplasts [43], whereas ExPASy predicted nuclear localization for
both SUS and SPS family members [44]. Additionally, YLoc predictions for INV fam-
ily members in maize revealed that most CWINV proteins localize to vacuoles, while
CINV members are primarily localized to the cytoplasm and chloroplasts [42]. PSORT
predictions for apple CWINV and VINV members align with the results of this study,
whereas CINV members are predominantly predicted in the cytoplasm and mitochondria.
Experimental validation of subcellular localization demonstrated that one CINV mem-
ber predicted to localize to mitochondria was actually found in the cytoplasm [33]. In
tomato, functional studies confirmed that a CWINV member localizes to the cell wall and
a CINV member resides in the cytoplasm [12]. Moreover, the Arabidopsis CINV member
At-A/N-InvE was experimentally verified to localize to chloroplasts [45]. Zhang et al. [41]
reported that the PbrvacInv1-GFP fusion protein accumulated in the vacuolar membrane,
with a minor fraction detected in the vacuolar lumen, consistent with predictions, further
supporting vacuolar localization of VINV members. These findings collectively suggest
that subcellular localization predictions should be interpreted with caution and serve
primarily as references. Nevertheless, Cell-PLoc 2.0 demonstrates relatively higher accu-
racy in predicting subcellular localization for CWINV and VINV members compared to
other tools.

Intraspecies analysis identified nine collinear gene pairs in longan (Table 2), all result-
ing from segmental duplication events, indicating that segmental duplication serves as the
primary driver for the expansion of sucrose metabolism gene families in this species. Ka/Ks
ratio analysis demonstrated that all gene pairs except DISUS2/DISUS3 exhibited values
less than 1 (Table 2), suggesting strong purifying selection on these genes. This reflects
the stability and evolutionary conservation of sucrose metabolism genes, which is consis-
tent with findings in lemon [23]. Cross-species collinearity comparisons revealed more
homologous genes between longan—lemon than longan-litchi. This discrepancy may be
attributed to the AB-type Chr in lemon, formed by ancestral polyploidization events, which
facilitates the retention of duplicated gene pairs [46]. Notably, DISUS1/2/3/5/6, DISPS1/2/3,
DICINV1/2/3/5/12/13/14, DICWINV1/2/10, and DIVINV1/2 exhibited high collinearity across
species. This conservation highlights their critical roles in sucrose metabolism, suggesting
their orthologs may represent core genes regulating fruit sugar accumulation in multiple
species [26,47]. Collectively, these results demonstrate that core sucrose metabolism genes
in fruit are under strong selective constraints, likely due to their critical functions in carbon
allocation and stress adaptation [6].

Analysis of cis-acting elements in the promoter regions of longan sucrose metabolism
genes revealed a multi-layered regulatory network, wherein MYB binding sites were ubig-
uitously enriched (Figure 6). This finding is consistent with previous studies in lemon [23],
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melon [44], pear [48], and sweet potato [43]. In addition, research suggests that MYB may
mediate the involvement of SPS in longan sucrose accumulation [49]. Furthermore, Gao
et al. [50] reported that the up-regulation of CmMYB44 could inhibit the expression of
CmSPS1, thereby reducing sucrose accumulation in eastern melon fruit. Concurrently, the
widespread presence of hormonal elements such as ABRE and Me]J A indicates the signifi-
cance of abscisic acid and jasmonic acid signaling in longan stress responses, analogous
to ABRE-mediated drought responses in tobacco [17]. Additionally, the high frequency of
light-responsive elements underscores the crucial role of light signals in sucrose synthe-
sis [51]. These results suggest that MYB transcription factors may be central regulators of
sucrose synthesis and degradation in longan, coordinating sucrose metabolism alongside
light, stress, and hormone response elements. The bioinformatic predictions identified
that among the longan SUS, SPS, and INV gene families, only DISUS2/3, DISPS2, and
DIVINV1 might be regulated by specific miRNAs (miR156, miR827, and miR171) (Table 3).
However, this is inconsistent with the miRNAs that regulate SUS and SPS in melon [44]
and tobacco [52], but congruent with miRNAs regulating certain INV family members in
tobacco [17], indicating the diversity of miRNAs involved in sucrose metabolism regulation.

Sucrose is the most abundant sugar accumulated in mature longan fruits, and its
content is closely related to fruit quality [4]. Longan fruits that remain on the tree and
maintain their freshness after entering the mature stage can extend their market supply
period for greater economic value. However, fruit retention on trees for preservation may
lead to a phenomenon of sugar decline, characterized by a decrease in TSS and sucrose
degradation [3]. In this study, from stage S3 onwards, both the TSS and sucrose contents of
CL were higher than those of SX (Figure 7), which is consistent with SX longan being a rapid
sugar-declining cultivar and CL being a slow sugar-declining cultivar [4]. Furthermore, the
proportion of sucrose in the CL cultivar was higher than in SX, aligning with research on
sucrose as a stable carbon reserve in citrus [53]. Sucrose homeostasis is intricately linked
to the activities of SUS, SPS, and INV [5]. For instance, Zhang et al. [16] found that the
expression level of the MdSPS gene in apple showed a significant positive correlation with
sucrose content. In this work, Figure 8 shows that the SX cultivar likely exhibited an enzyme
activity pattern of high synthesis-high degradation of sucrose. For instance, during stage
53, the activities of sucrose synthesis (SPS) and degradation (SUS, AINV, and A/N-INV)
enzymes were significantly higher in SX than in CL, thereby driving rapid sugar decrease
through accelerated sucrose-to-hexose conversion [3]. In contrast, higher AINV and A/N-
INV activities in early longan fruit development promoted sucrose degradation, leading to
increased accumulation of glucose and fructose to meet the higher metabolic and energy
demands of early fruit development. This finding is consistent with the results reported by
Shi et al. [54] and Tan et al. [55]. The increase in SPS activity during stages S3~54 (SX) and
52 (CL) indicates that SPS is a major factor in sucrose accumulation in longan, which is in
agreement with the findings of Li et al. [49] and Fang et al. [56]. qRT-PCR analysis revealed
that the high expression of DISPS2 in SX (Figure 9) coincided with the peak of SPS activity
(Figure 8), corroborating the direct regulation of enzyme activity by SPS gene expression.
Furthermore, correlation analysis (Figure 10) also supported these results. Notably, we
found that the expression of DICWINV10 was negatively correlated with TSS (p < 0.05)
and sucrose (r = —0.6, p = 0.07), while both TSS and sucrose showed significant negative
correlations with AINV and A/N-INV activities, suggesting that AINV may play a vital
role in promoting sucrose hydrolysis. This finding is consistent with the results reported
by Luo et al. [3]. Research has indicated that transient overexpression of PecCWINV5 in
passion fruit leads to a more pronounced accumulation of fructose and glucose compared
to sucrose, while showing no significant difference in sucrose accumulation compared to
the control [36]. Additionally, INV family members primarily function in the process of
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sucrose degradation in plants [5]. These results suggest that DICWINV10 may play a crucial
role in the sucrose degradation process of longan fruit.

In addition, an interesting phenomenon was observed in this study (Figure 7): the peak
of TSS content (S3) and the peak of sucrose content (S2) in the SX variety of longan occurred
at different times. In contrast, both the TSS and sucrose peaks in the CL variety occurred
simultaneously at S3. This discrepancy with previous studies may be attributed to regional
climatic differences. Past research on longan sugar degradation has primarily focused
on regions in China, such as Guangzhou city (23°16' N, 113°23" E) [3,4], Guangdong
Province, and Fuzhou city (26°08' N, 119°28' E) [49], Fujian Province, both of which
are in typical subtropical climates with higher average temperatures. In contrast, the
longan in this study were grown in Hezhou city (25°09’ N, 111°05" E), Guangxi Province,
where the temperature is relatively lower, and the longan matures later (with fruit still
being commercially harvestable as late as the end of August). As a result, the SX variety,
which experiences rapid sugar degradation, began sucrose loss before reaching commercial
maturity (Figure 7). This is consistent with higher AINV activity and lower SPS activity in
the SX variety at this period (Figure 8). Furthermore, correlation analysis also indicates that
AINV is the main enzyme for sucrose degradation, which is consistent with the findings of
Luo et al. [3]. However, intense sugar accumulation continued at stages S3~54 (with higher
SPS activity in SX compared to CL), leading to the observed discrepancy between sucrose
and TSS peak timings in this study. This suggests that sugar degradation in tree-retained
longan may result from the combined actions of both sucrose synthesis and degradation,
which is consistent with the findings of Huang et al. [57].

5. Conclusions

This study conducted a comprehensive identification and analysis of the SUS, SPS,
and INV gene family members in longan, revealing their basic characteristics, phylogenetic
relationships, and potential roles in the sugar receding process of fruit. The research re-
vealed significant differences among these gene family members in terms of gene structure,
conserved motifs, physicochemical properties, and subcellular localization, especially in
INV families. Moreover, the expression patterns of different family members from fruit
development to sucrose degradation showed close correlations with enzymatic activity
changes, among which certain genes, DICWINV10, were identified as potentially playing
crucial roles in sucrose degradation. These findings provide critical molecular insights into
the mechanism of sugar receding in longan fruit during on-tree preservation and establish
a foundation for subsequent functional validation and cultivar improvement.
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