
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Xu et al. BMC Plant Biology          (2024) 24:943 
https://doi.org/10.1186/s12870-024-05621-4

BMC Plant Biology

*Correspondence:
Yousry A. El-Kassaby
y.el-kassaby@ubc.ca
Shasha Wu
shashawu1984@126.com
1The Innovation and Application Engineering Technology Research 
Center of Ornamental Plant Germplasm Resources in Fujian Province, 
National Long term Scientific Research Base for Fujian Orchid 

Conservation, Fujian Agriculture and Forestry University, Fuzhou  
350002, China
2Department of Forest and Conservation Sciences, Faculty of Forestry, The 
University of British Columbia, Vancouver, BC, Canada
3Horticulture Research Institute, Guangxi Academy of Agricultural 
Sciences, Nanning 530007, China
4Fruit Research Institute, Fujian Academy of Agricultural Sciences,  
Fuzhou 350003, China

Abstract
The sugar and organic acid content significantly impacts the flavor quality of star fruit, and it undergoes dynamic 
changes during development. However, the metabolic network and molecular mechanisms governing the 
formation of sugar and organic acid in star fruit remain unclear. In this study, 23 of 743 components were detected 
by metabonomic analysis. The highest metabolites contents were organic acids and derivatives. The highest sugar 
content in the fruit was fructose and glucose, followed by sucrose, which proved that A. carambola is a hexose 
accumulation type fruit. Genome identification preliminarily screened 141 genes related to glucose metabolism 
and 67 genes related to acid metabolism. A total of 7,881 unigenes were found in transcriptome data, 6,124 
differentially expressed genes were screened, with more up-regulated than down-regulated genes. Transcriptome 
and metabolome association analysis screened seven core candidate genes related to glucose metabolism and 17 
core genes highly related to organic acid pathway, and eight differentially expressed sugar and acid genes were 
selected for qRT-PCR verification. In addition, 29 bHLHs and eight bZIPs transcription factors were predicted in the 
glucose metabolism pathway, and 23 MYBs, nine C2H2s transcription factors and one GRAS transcription factor was 
predicted in the acid metabolism pathway, and transcription factors have both positive and negative regulatory 
effects on sugar and acid structure genes. This study increased our understanding of A. carambola fruit flavor and 
provided basic information for further exploring the ornamental and edible values of star fruit.
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Introduction
Star fruit (Averrhoa carambola), belonging to the genus 
Averrhoa and the family Oxalidaceae, is one of the main 
fruit trees in tropical and subtropical areas [1]. The fruit 
originated from South-East Asia, but is commonly har-
vested in various other Asian countries, South America, 
the United States and Oceania [2]. Because the cross 
section of A. carambola's fruit is star-shaped, it is also 
called “star pear”. Its ripe fruit has a sweet, juicy, slightly 
sour tastes with a pleasant aroma. Additionally, the fruit 
has important medicinal and edible values. Continuous 
selection and improvement efforts of star fruit resulted 
in creating a prominent position in the fruit consumption 
market; however, there remains potential for enhancing 
its fruit flavor and quality compared to better compete 
with other popular fruits. The flavor and quality of star 
fruit are primarily driven by factors such as sugar and 
organic acid contents, which are significant metabolites 
playing a crucial role in determining its fruit quality [3]. 
However, the molecular mechanism governing the sugar 
and organic acid pathways and metabolism of star fruit 
have yet to be explored.

Sugar serves as the fundamental raw material for the 
formation of fruit quality and flavor substances, as well 
as the synthesis of other nutrients. Therefore, the sugar 
content plays a crucial role as an important deter-
minant of fruit quality [4]. Recent studies have high-
lighted the significant role of transport and metabolism 
of photoassimilates in fruit sugar accumulation at the 
physiological, molecular, and signal transduction levels. 
Additionally, fructose, glucose, and sucrose serve as cru-
cial signal molecules of soluble sugar, playing important 
roles in regulating plant metabolic process and defense 
response mechanism [5, 6]. Sucrose phosphate synthase 
(SPS), sucrose synthase (SS), invertase (INV), and hexo-
kinase (including glucokinase and fructokinase) play 
major roles in this metabolic process [7–9]. Recent stud-
ies have identified these enzymes have been found in 
Saccharum officinarum, Cucumis sativus, and Cucumis 
melo. Additionally, sugar transporters have been found 
to mediate the process of sugar accumulation [10–13]. 
A large number of sugar transporter gene families, such 
as MST, SUT and SWEET families, have been identi-
fied in the model plant Arabidopsis thaliana [14–16]. A 
total of 58 and 49 members of MST family were identi-
fied in the non-model plants Vitis vinifera and Lycop-
ersicon esculentum, respectively [17, 18]. The sucrose 
transporter SUT belongs to a small gene family, with 
only four family members identified in grape and Oryza 
sativa [19, 20]. The SWEET family has been reported in 
Glycine max, Gossypium hirsutum, and Brassica napus 
[21–23]. Organic acids are organic compounds with car-
boxyl structure, present in plant fruits, seeds and leaves. 
Variation in the composition and content of organic acids 

influences the distinctive flavors of fruits. Flavor quality 
constitutes an important part of fruit quality formation 
[24].

In fruits, mitochondria serve as the primary site for 
organic acid metabolism, encompassing the tricarbox-
ylic acid (TCA) cycle within mitochondria and the trans-
port of malic acid, citric acid, and isocitrate into vacuoles 
[25]. Previous studies on the composition and content 
changes of organic acids in fruits have indicated that cit-
ric acid predominates in muskmelon, followed by malic, 
oxalic, and succinic acids, among others. Apple (Malus 
pumila) fruit contains 16 organic acids, with malic acid 
accounts for 84% [26]. The main organic acid compo-
nents of ‘Furong’ plum fruit across developmental stages 
were malic acid (73.83–92.10%), followed by tartaric 
acid (4.59–14.26%), low contents of citric, oxalic, ace-
tic and succinic acids (0.47-7.21%), and trace amount of 
fumaric acid [27]. In the entire pathway of organic acid 
metabolism, certain genes, such as malate dehydrogenase 
(MDH), malic enzyme (ME), citrate synthase (CS), phos-
phoenolpyruvate carboxylase (PEPC), and organic acid 
transport, play crucial roles in the formation of organic 
acids [28, 29]. After apple fruit harvest, proper calcium 
treatment significantly increased the expression of 
MdMDH1, MdMDH2, MdPEPC1, and MdPEPC2 [30]. In 
Ficus carica, after pollination and during fruit develop-
ment, citrate synthase and phosphoenolpyruvate carbox-
ylase increase, affecting fruit quality improvement [31].

Recently, transcriptome and metabolome data asso-
ciation analyses have become effective technical means 
for exploring the function of new genes and clarifying 
the regulatory network of metabolic pathways [32, 33]. 
These analyses have been widely used in studying musk-
melon fruit metabolism [34], kiwifruit (Actinidia chi-
nensis) fruit flavor [35], and Ficus carica fruit flavor and 
flavonoid synthesis [36]. In watermelon (Citrullus lana-
tus), Umer et al. [37] used transcriptome and metabolic 
group to construct the co-expression patterns of gene 
networks related to sugar and organic acid metabolism. 
They identified three gene networks modules, compris-
ing 243 genes related to sugar and organic acids, and 
identified seven genes involved in sugar and organic acid 
metabolism. Wu et al. [38] identified 15 structural genes 
and 12 transcription factors involved in the biosynthesis, 
transport, and regulation of fruit wax through the co-
expression network analysis of differential metabolites 
and genes. This elucidated the molecular mechanism of 
pear (Pyrus spp.) fruit wax formation. Wang et al. [39] 
integrated metabolic grouping and genome-wide tran-
scriptome analysis comprehensively, revealing the regu-
latory network of ‘Hongyang’ kiwifruit flavor formation. 
This, enabled the identification of key structural genes 
and transcriptional factors regulating the metabolism 
of soluble sugar, organic acids, and important volatiles 
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in kiwifruit. It should be noted that the genes and meta-
bolic pathways causing poor flavor in star fruit have not 
been reported. In the breeding process, two types of star 
fruit varieties have been selected: one with a sour taste 
and the other with sweet taste. Currently, there is limited 
research on the varieties with sour flavor, and the reasons 
for the poor flavor of star fruit and the molecular mecha-
nism of regulating star fruit flavor remain unclear. In this 
study, multi-combinatorial analysis was used to mine the 
candidate genes related to sugar and organic acid metab-
olism in A. carambola fruit and construct transcriptional 
regulatory network. This represents the first comprehen-
sive investigation into the molecular mechanisms under-
lying the development of sour and sweet flavors in A. 
carambola. The study aimed to provide data sources for 

the functional verification of related genes. Ultimately, 
this work will clarify the molecular mechanism of fruit 
flavor metabolism of A. carambola, and offer new per-
spectives for the cultivation and promotion of new vari-
eties of dual-purpose star fruit plants.

Results
Star fruit development and sugar and organic acid content 
dynamic changes
We investigated the dynamic changes of sugar and 
organic acid content during the star fruit 60 days devel-
opment (Fig.  1a). The accumulation and growth of fruit 
quality basically accorded with the single ‘S’ growth 
curve. As fruit development progressed, we speculated 
that the observed increase in single fruit weight may be 

Fig. 1  A. caramhola fruit morphology and physiological indexes development. a Star fruit at different developmental stages (collection stages of fruit 
samples: S1 (Green fruit stage), S2 (Young fruit stage), S3 (Stigma fruit stage), S4 (Hard fruit stage), S5 (Veraison fruit stage), and S6 (Mature fruit stage)). b 
Fruit weight after flowering. c Fruit firmness after flowering. d Fruit longitudinal and transverse diameter after flowering. e Fruit soluble sugars and titrat-
able acids after flowering
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attributable to fruit moisture content increase. This surge 
occurred notably around 30 days after flowering, signify-
ing this period as pivotal in fruit development (Fig. 1b). 
Fruit firmness increased at first and then decreased 
(Fig.  1c) with gradual increase in growth and devel-
opment between 10 and 40 days after flowering, then 
rapid decrease from 40 days after flowering to the ripen-
ing stage, followed by the start of fruit softening. Fruit 
transverse and longitudinal diameters showed continu-
ous growth trend during the whole development period 
(Fig.  1d), with overall relative growth rate of the longi-
tudinal diameter that was higher than that of the trans-
verse diameter. Between 50 and 60 days after flowering, 
the longitudinal diameter increased rapidly, while the 
transverse diameter showed minor increase., with fruit 
shape index (longitudinal diameter / transverse diameter) 
increase between 50 and 60 days. During fruit develop-
ment, total soluble sugar content increased slowly, while 
the titratable acid decreased rapidly, and the ratio of 
sugar to acid increased significantly in the middle and 
later stage of fruit development (Fig. 1e).

Analysis of sugar and organic acid metabolism during star 
fruit development
For metabolism analysis, correlation analysis showed 
that sample repeatability was good in S2, S4 and S6 
sample groups during fruit development (Fig. S1). PCA 
analysis of S2, S4, S6 and quality control samples showed 

significant separation of PC1 among S2, S4 and S6, indi-
cating significant changes in metabolites among samples 
at different developmental stages (Fig. 2a). A total of 22 
sugar contents were identified (Table S1), among which 
D-fructose 6-phosphate-disodium salt was the high-
est, accounting for 19.76% of the total carbohydrate 
metabolites, followed by glucose-1-phosphate (19.57%). 
Galactinol dihydrate content was the lowest. The top five 
carbohydrate metabolites were D-fructose 6-phosphate-
disodium salt (19.76%), glucose-1-phosphate (19.57%), 
D-fructose 6-phosphate (19.26%), D-(+)-sucrose 
(12.75%), and melibiose (10.09%). Eight carbohydrate dif-
ferential metabolites were screened in the S2 vs. S4, S2 
vs. S6, S4 vs. S6, which showed an up-regulation trend in 
the three developmental stages. The contents of 23 car-
bohydrate metabolites were significantly different among 
the different stages, and they were mostly carbohydrate 
metabolites in fruit development and mature fruit stage 
(S6) and were higher than those in young fruit stage (S2) 
(Fig.  2b). Among them, D(+)-melezitose O-rhamno-
side, D-glucose-6-phosphate, glucose-1-phosphate, and 
D-fructose 6-phosphate-disodium salt contents gradu-
ally decreased with fruit development, and peaked in the 
young fruit stage (S2). Glucosamine, ribulose-5-phos-
phate, trehalose 6-phosphate, D-sedoheptuiose 7-phos-
phate, and D-fructose-6-phosphate contents were the 
highest in the hard fruit stage (S4) and began to decrease 
with fruit ripening (S6). Maltotetraose, D(+)-melezitose, 

Fig. 2  Principal component analysis and heat map differential metabolites of sugar and organic acid in star fruit at different development stages. a Prin-
cipal component analysis (PCA). b Sugar and organic acid contents at different development stages. c Organic acid contents at different development 
stages
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D-(+)-sucrose, D-(+)-glucono-1,5-lactone, D(+)-glu-
cose, D-(+)-Mannose, melibiose, and panose contents 
in the fruit ripening stage (S6) were higher than those in 
the other two stages (S2 and S4). Glucose and fructose 
accumulated at the beginning of fruit development and 
decreased during ripening, while sucrose accumulated 
during fruit ripening. We screened 10 carbohydrate dif-
ferential metabolites in S2 vs. S4, S4 vs. S6, and S2 vs. 
S6, and no down-regulated differential metabolites were 
found, indicating that sugars were differentially up-regu-
lated during fruit development (Table 1).

On the other hand, 98 organic acids and derivatives 
were identified from star fruit (Table S2), among which 
the content of quinic acid was the highest, account-
ing for 32.98% of the total metabolite content, followed 
by methyl malonic acid (11.84%). Quinic acid O-gluc-
uronic acid content was the lowest, accounting for only 
0.000785% of the total metabolite content while the top 
10 metabolites were quinic acid (32.98%), methylmalonic 
acid (11.84%), succinic acid (11.48%), citric acid (5.45%), 
10-formyl-THF (4.81%), p–hydroxyphenyl acetic acid 
(3.75%), 2,5-dihydroxy benzoic acid O-hexside (3.40%), 
D-galacturonic acid (2.39%), D-xylonic acid (2.16%), and 
terephthalic acid (1.79%). The expression of 98 organic 
acid metabolites were analyzed (Fig. 2c) and most of the 
organic acids and derivatives were highly expressed in 
the early stage of fruit development, and decreased grad-
ually with the fruit development and ripening. Among 
them, nine organic acids were highly expressed in the 
young fruit stage (8-methyl-2-oxo-4-phenyl-2  H-chro-
men-7-yl 4-(hexyloxy) benzoate, 10-formyl-THF, diethyl 
phosphate, vanillin, D-pantothenic acid, D-erythrono-
lactone, suberic acid, 4-hydroxy-2-oxoglutaric acid, and 
D-galacturonic acid). A total of 18 organic acids were 
highly expressed in the hard fruit stage (S4), while the 
rest were highly expressed in the young fruit stage (S2). 
We screened 53 organic acid differential metabolites in 
S2 vs. S4, including eight up- and 45 down-regulated; 26 
organic acid differential metabolites in S4 vs. S6, includ-
ing six up- and 20 down-regulated; and 56 organic acid 
differential metabolites in S2 vs. S6, of which 8 were up- 
and 48 down-regulated. For organic acids, the down-reg-
ulation of differential metabolites was higher than that of 
up-regulation, indicating that the former plays an impor-
tant role in fruit development than the latter (Table 1).

Identification of sugar and organic acid related genes in 
the star fruit genome
Four sucrose phosphate synthases (SPS), seven solu-
ble sugars (SS), 21 invertase (INV), three hexokinases 
(HXK), and 15 fructokinases (FRK) genes were identi-
fied from the A. carambola genome database by Blast 
comparison (Table S3), 91 sugar transporter genes were 
obtained (Table S4), which were divided into four sucrose 
(SUC), 13 sweet sugars (SWEET), and 74 monosaccha-
ride general transporters genes (MFS). Three AcSUCs 
were identified to belong to the sucrose transporter 
(SUC) family in A. carambola. We speculate that the 
gene structure model of AcSUC1 had four exons and two 
introns (Fig.  3a), AcSUC2 and AcSUC3 had five exons, 
but AcSUC4 contained 14 exons. The phylogenetic tree 
showed that four AcSUCs were classified into three dif-
ferent branches, and four AcSUCs were highly similar 
to four strawberry sucrose transporters, indicating that 
they were closely related (Fig. S2). In addition, seven 
AtSUCs genes clustered in one branch, which may be 
overactive. The gene structure model showed that the 
AcSWEETs transporter contained two introns and four 
exons, and only four AcSWEETs members contained 
introns (Fig.  3b). Most AcSWEETs contained six exons, 
and the length of exons at 3’ end is longer than that at 
5’ end. The phylogenetic analysis showed that AcSWEETs 
and AtSWEETs are clustered into four subbranches (Fig. 
S2). Most AcSWEETs members have high similarity with 
AtSWEETs family members, and AcSWEET3 is separated 
from the other genes.

A total of 72 acid metabolism related genes were iden-
tified from the genome of A. carambola (Table S2b). 
These included four aconitase (ACO), two NADP-Iso-
citrate dehydrogenase (NADP-IDH), four NAD-Iso-
citrate dehydrogenase (NAD-IDH), five NADP-mailc 
enzyme (NADP-ME), four glutamine synthetase (GS), 
NAD-malate dehydrogenase (NAD-MDH), three phos-
phoenolpyruvate carboxylase (PEPC), and seven Glyc-
eraldehyde-3-phosphate dehydrogenases (GADPH) 
genes. Additionally, four citrate synthase (CS), four glu-
tamate dehydrogenase (GDH), five glutamate decarbox-
ylase (GAD), one phosphoenolpyruvate carboxykinases 
(PEPCK), 12 aluminum-activated malate transporters 
(ALMT), three V-ATPase, and four membrane-bound 
proton-pumping pyrophosphate (V-Ppase) genes were 
also identified.

Transcriptome analysis and differentially expressed genes
After quality filtering, the A. carambola transcriptome 
sequencing resulted in about 5.7Gb clean reads, and the 
clean bases produced an average amount of 8.6 Gb data. 
The quality values Q20 and Q30 were 97.42 and 92.93%, 
respectively, and the average GC content was 44.56%, 
meeting the assembly requirements of subsequent 

Table 1  Analysis of differences of carbohydrate and organic acid 
metabolites in different periods
Material 
category

Metabolites 
up-down-regulated

The number of DEGs
S2-S4 S4-S6 S2-S6

Carbohydrates Up-regulated
Down-regulated

2
0

2
0

6
0

Organic acids 
and derivatives

Up-regulated
Down-regulated

8
45

6
20

8
48
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sequences (Table 2). All full-length transcript sequences 
were functionally annotated and compared with NR, GO, 
KEGG, Swiss-Port, and KOG5 databases (Table S3). A 
total of 7,751 (98.3%), 5,477 (69.5%), 3,072 (38.9%), 5,580 
(71.7%), and 7,247 (92.0%) transcript sequences were 
annotated to these five databases, respectively, with 2,590 
(33.3%) common across the five databases.

Additionally, a total of 6,124 differentially expressed 
genes (DEG) were obtained. According to S2 vs. S4, S4 

vs. S6, and S2 vs. S6 the DEG were divided into three 
comparison groups, and the number of DEG between 
groups was counted. The results showed that there were 
1,959, 1,396, and 2,769 DEG between S2 and S4, S4 and 
S6, and S2 and S6, respectively (Table 3). The log2FPKM 
of these genes is represented by three-dimensional graph 
(Fig.  4a), there are significant differences in the log2F-
PKM value of many differential genes between S4 and 
S6. The total DEGs is divided into four groups according 
to different expression patterns. These groups contained 
either up- (group I 537), down- (group II 1,571 down), 
up- followed by down- (group III 175), and down- fol-
lowed by up-regulated genes (group IV 179) and the 
three comparison groups intersected (Fig. 4b). The DEGs 
in the three groups were compared with the KEGG 
database, and the first 20 metabolic pathways with the 
most significant differences are displayed and analyzed 
(Fig. 4c). During the process of fruit development, DEGs 
were enriched in metabolic pathway (ko01100), biosyn-
thesis of secondary metabolites (ko01110), biosynthe-
sis of antibiotics (ko01130), and plant hormone signal 
transduction (ko04075). In addition, starch and sucrose 
(ko00500) and carbon metabolism (ko01200), phenyl-
propanoid biosynthesis (ko00940), biosynthesis of amino 
acids (ko01230), microbial metabolism in diverse envi-
ronments (ko01120), amino sugar and nucleotide sugar 
metabolism (ko00520), flavonoid biosynthesis (ko00941), 

Table 2  Statistics of RNA-seq products in four developmental 
stages
Sample Clean reads Cleans bases Q20(%) Q30(%) GC(%)
S-2-1 63,115,132 94,672,698 97.49 93.03 44.43
S-2-2 56,145,702 84,218,553 97.47 93.04 44.78
S-2-3 63,289,202 94,933,803 97.53 93.18 44.55
S-4-1 50,547,268 75,820,902 97.4 92.92 44.67
S-4-2 53,161,454 79,742,181 97.41 92.92 44.60
S-4-3 50,535,844 75,803,766 97.36 92.77 44.69
S-6-1 61,373,698 92,060,547 97.32 92.75 44.19
S-6-2 63,221,398 94,832,097 97.49 93.09 44.56
S-6-3 58,569,980 87,854,970 97.32 92.69 44.55

Table 3  The number of different genes in three periods
DEG Set ALL DEG Down-regulated Up-regulated
S2-S4 1,959 1,357 602
S4-S6 1,396 947 449
S2-S6 2,769 1901 868

Fig. 3  Gene structure model of sucrose-related gene families. a SUC gene family. b SWEET gene family
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among other metabolic pathways involved in the fruit 
development process. Comparing of young (S2) with 
hard fruit (S4) (Fig.  4c), 188 DEGs and 82 differential 
metabolites (DEMs) were enriched into metabolic path-
way (ko01100), 118 DEGs and 57 DEMs were enriched 
into biosynthesis of secondary metabolites pathway 
(ko01110), 34 DEGs and 19 DEMs were enriched into 
microbial metabolism in diverse environments pathway 
(ko01120), 34 DEGs and 21 DEMs were enriched into 
biosynthesis of antibiotics pathway (ko01130), 21 DEGs 
and 11 DEMs were enriched into phenylpropanol bio-
synthesis pathway (ko00940) (Table S5). Comparison of 
hard fruit stage (S4) and mature stage (S6) (Fig. 4d), 143 
DEGs and 34 DEMs were enriched into metabolic path-
ways (ko01100), 92 DEGs and 34 DEMs were enriched 
into biosynthesis of secondary metabolites pathway 
(ko01110), 25 DEGs and 18 DEMs were enriched into 
biosynthesis of antibiotics pathway (ko01130), 18 DEGs 
and 13 DEMs were enriched into microbial metabolism in 
diverse environments pathway (ko01120), 15 DEGs and 4 
DEMs were enriched in the carbon metabolism pathway 
(ko01200) (Table S6). Comparison between young fruit 
(S2) and mature fruit (S6) (Fig.  4e), 252 DEGs and 93 
DEMs were enriched into metabolic pathway (ko01100), 
173 DEGs and 67 differential metabolites were enriched 

into biosynthesis of secondary metabolites pathway 
(ko01110), 60 DEGs and 22 DEMs were enriched into 
biosynthesis of antibiotics pathway (ko01130), 51 DEGs 
and 24 DEMs were enriched into microbial metabolic 
pathways in different environments (ko01120), The above 
metabolic process of 30 DEGs and 15 DEMs enriched to 
biosynthesis of amino acids pathway (ko01230) is of great 
significance for the development of fruit and the forma-
tion of flavor quality (Table S7).

Combined analysis of transcriptome and metabolome
In order to further explore the correlation between gene 
expression and metabolites in star fruit, principal com-
ponent analysis of DEGs and DEMs showed that the 
samples clustered with little dispersion. The nine samples 
were divided into three groups by PCA1 (54.87%) and 
PCA1 (58.96%). There was little difference among the 
three biological repeats in the same period (Fig. S3). The 
results show that the repeatability of the sample is high, 
and there are great differences between different periods, 
so it can be used for follow-up result analysis.

The young and hard fruit stages, hard and mature fruit 
stages, young and mature fruit stages were compared, 
and the correlation between sugar and acid DEGs and 
DEMs in different fruit stages was analyzed (Fig. S4), 

Fig. 4  Transcriptome analysis of DEGs in three comparative groups. a For the expression patterns of all differentially expressed genes, the blue to red 
color bars indicates log2FPKM ranging from − 9.5 to 8.7. b Venn diagrams of differentially expressed genes. c KEGG classification of differentially expressed 
genes in S2 vs. S4. d KEGG classification of differentially expressed genes in S4 vs. S6. e KEGG classification of differentially expressed genes in S2 vs. S6
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and the co-expression network was constructed. Com-
pared with the hard fruit stage (S4), six carbohydrate 
synthesis related genes and two metabolites were co-
expressed in the young fruit stage (S2), in which AcFRK8 
and AcFRK15 were negatively correlated with maltose 
and trehalose-6 phosphate, while AcINV3, AcINV14, 
AcSS2, and AcSPS4 were positively correlated with the 
two metabolites. In the pathway of organic acid synthe-
sis, 10 DEGs (AcALMT11, AcPEPC1, AcME3, AcMDH4, 
AcGAD1, AcMDH10, AcGADPH5, AcCS1, and AcCS4) 
were co-expressed with 53 DEMs, and the same genes 
had both positive and negative regulation on different 
metabolites, among which AcGADPH5 was only posi-
tively correlated with pantothenic acid, and AcCS4 was 
separated from other genes. Compared with mature 
fruit stage, AcSS4, AcFRK15, AcINV3, AcSS2, and pan-
ose, D (+)-melezitose, D (+)-sucrose, D (+)-galactose, 
melibiose and maltotetraose were co-expressed in the 
hard and mature fruit stage. Among them, AcINV3 was 
negatively correlated with six sugar metabolites, while 
other genes were positively correlated with metabo-
lites. Six acid biosynthesis related genes (AcACO1, 
AcME3, AcPEPC1, AcMDH4, AcACO3, and AcVHP1) 
were detected in the acid metabolism pathway, which 
had obvious regulatory networks with 26 DEMs, and 
most acid biosynthesis genes were negatively correlated 
with the expression of metabolites, among which folate 
metabolites were separated from other metabolites. From 
young to fruit ripening, 6 related DEGs and 6 DEMs (D 
(+)-melezitose, D (+)-sucrose, D (+)-galactose, meli-
biose and maltotetraose) were screened. AcINV3 and 
AcSPS4 were negatively correlated with six metabolites, 
while AcSS2, AcSS4, AcFRK8 and AcFRK15 were posi-
tively correlated with metabolites. A total of 57 DEMs 

were co-expressed with 14 acid synthesis related genes 
(AcACO1, AcALMT11, AcME3, AcACO3, AcGAD1, 
AcGAD2, AcMDH10, AcMDH9, AcVHP1, AcALMT7, 
AcPIDH1, AcCS2, AcCS1, and AcCS4) in acid metabolism 
pathways, indicating that acid metabolism pathways play 
an important role in fruit development and maturation 
(Fig. S4). Based on the above results, combined with pre-
viously related pathway studies, four AcSSs, four AcINVs, 
two AcSPSs, three AcFRKs, and one AcHXK DEGs were 
selected from sugar synthesis genes to predict glucose 
metabolism pathway (Fig. 5a and b).

Regulation of transcription factors on sugar and acid 
metabolism in fruit
The transcriptional expression of genes involved in glu-
cose metabolism pathway is regulated by bHLH and 
bZIP transcription factors. In this study, 29 bHLHs and 
8 bZIPs transcription factors were found in the entire 
fruit development stage of A. carambola (Table S8). A 
total of 21 AcbHLHs genes were annotated from young 
(S2) to mature (S6) fruit stage (Fig. 6a), 12 AcbHLHs and 
4 AcbZIPs transcription factors were identified from hard 
(S4) to mature (S6) fruit stage (Fig. 6b), and 21 AcbHLHs 
and seven AcbZIPs transcription factors were identified 
from young (S2) to mature (S6) fruit (Fig. 6c). During the 
entire fruit development period, the two transcription 
factor families had both positive and negative regulation 
on sugar structure genes.

The transcriptional expression of genes involved in 
acid metabolism pathway is regulated by MYB, C2H2, 
and GRAS transcription factors. In the present experi-
ment, 23 MYBs, 9 C2H2s and 1 GRAS transcription fac-
tors were annotated during the fruit develop tment of 
A. carambola. From young (S2) to hard (S4) fruit stage, 

Fig. 5  Expression profiles of DEGs involved in the sugar and organic acid biosynthesis. a DEGs involved in the sugar acid biosynthesis. b DEGs involved 
in the organic acid biosynthesis. The expression level of each Unigene was represented by three grids, the leftmost grid representing gene expression 
level in young fruit stage, the middle grid representing gene expression level in hard fruit stage, and the rightmost grid representing gene expression 
level in mature stage
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a total of 18 AcMYBs transcription factors were anno-
tated, of which AcMYB1 was separated from the other 
transcription factors (Fig. 6d). From hard (S4) to mature 
(S6) fruit stage, a total of 12 AcMYBs, four AcC2H2s, and 
one AcGRAS transcription factors were annotated, with 3 
transcription factor families negatively regulated organic 
acid structure genes (Fig. 6e). From young (S2) to mature 
(S6) fruit, a total of six AcC2H2s and one AcGRAS tran-
scription factors were annotated, and 14 organic acid 
structure genes were regulated both positively and nega-
tively (Fig. 6f ).

Identification of differentially expressed genes by qRT-PCR
In order to verify the relative expression pattern of unige-
nes, according to the differential expression results of 
metabolic group and transcriptional group, eight DEGs 
of glucose metabolism (AcMFS32, AcMFS73, AcFRK11, 
AcFRK15, AcSPS2, AcSS4, AcINV18, and AcSWEET9) and 
eight DEGs of organic acid metabolism (AcCS1, AcCS3, 
AcMDH10, AcIDH2, AcACO3, AcME3, AcPEPCK1, and 
AcPEPC2) were selected for qRT-PCR verification. The 
results showed that most of the genes were specifically 
expressed in tissues, such as AcFRK15 was the highest 

in stem, AcPEPCK1 in fruit mature stage (S6), AcSPS2 
in fruit mature stage (S6), leaf and stem was significantly 
higher than that in young fruit stage (S2), AcINV18 in 
hard fruit stage (S4), and AcCS3, AcACO3, AcME3 and 
AcPEPCK1 in fruit mature stage (S6) (Fig. 7). The expres-
sion trend was consistent with the expression pattern of 
transcriptome data, thus verifying the reliability of tran-
scriptome data.

Discussion
The sugar and organic acid contents produced during 
fruit development and maturity can improve its quality 
and flavor. Therefore, it is essential to clarify the meta-
bolic pathways and regulatory factors that govern the 
synthesis and accumulation of key flavor compounds in 
star fruit. It is very important to provide a new theoreti-
cal basis for improving the flavor quality of A. carambola. 
Based on the A. carambola genome, this study combined 
metabolic grouping and transcriptome data to screen the 
candidate genes related to sugar and organic acid metab-
olism in star fruit. This approach opened new avenues to 
develop the flavor and quality of star fruit.

Fig. 6  Network diagram of interaction between transcription factors and sugar and organic acid structure genes.a young fruit stage vs. hard fruit stage. 
b hard fruit stage vs. mature fruit stage. c young fruit stage vs. mature fruit stage. d young fruit stage vs. hard fruit stage. e hard fruit stage vs. mature fruit 
stage. f young fruit stage vs. mature fruit stage
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Potential factors affecting the changes of sugar and 
organic acid content in star fruits in different periods
Sugar is an important factor determining fruit quality, 
and the content of soluble sugar in fruit is an important 
evaluation index of fruit senescence and quality dete-
rioration [40]. In this study, it was found that sucrose, 
fructose, and glucose were the main sugars in star fruit. 
The soluble sugar increased slowly during the entire fruit 
development process. Glucose and fructose contents 
were the highest in the young stage (S2), while sucrose 
content increased in the mature stage. Fructose content 
was the highest throughout the entire fruit development 
process. It is speculated that star fruit is a type of hexose 
accumulation fruits, meaning that the sugar content of 
star fruit varies in different periods.

The total amount and composition of organic acids are 
the main factors affecting fruit quality, which can directly 
affect its taste, flavor and sensory quality. Organic acids 
also play a role in accelerating digestion and maintain-
ing the acid-base balance in the body, thereby providing 
health benefits [41]. Previous studies have shown that 

oxalic and malic acids are the main organic acids in A. 
carambola. Oxalic acid, being a toxin and anti-nutritional 
factor, can directly or indirectly harm human health 
[42]. It is worth noting that the titratable acid content in 
star fruit decreased rapidly with fruit ripening, with the 
highest contents being quinic, citric, shikimic, and malic 
acids. Oxalic and malic acids constitute the primary 
organic acids in star fruit with oxalic acid content being 
the highest, while citric, succinic, and maleic acids are 
undetectable [43]. Interestingly, oxalic acid was not found 
in the present study. This absence may be due to its low 
proportion throughout in the entire fruit ripening pro-
cess. Alternatively, it could be attributed to the change of 
the oxalic acid’s carboxyl group methylation, leading to 
the formation of other substances. This discrepancy may 
also be related to varietal characteristics.

The expression analysis of sugar and acid metabo-
lites revealed that most sugar metabolites were highly 
expressed during fruit ripening, including sucrose, malt-
ose, melezitose, among others. Conversely, most organic 
acid metabolites were expressed in the early stage of fruit 

Fig. 7  Expression patterns of genes related to sugar and organic acid metabolism and biosynthesis in different stages and tissue
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development. However, the accumulation rate during 
fruit ripening decreased significantly for metabolites such 
as quinic acid, maltose, citric acid, resulting in a decrease 
of fruit organic acid content. This phenomenon may be 
affected by the expression of genes related to organic 
acid metabolism and the activity of related enzymes [44]. 
Throughout the entire fruit growth process, organic acids 
play roles in photosynthesis, respiration, and the synthe-
sis of sugars, phenols, lipids, aromatics, and other cellu-
lar metabolic processes. Particularly in the mature stage 
of fruit growth, there is a decrease in organic acid con-
tents. Organic acids can combine with metal cations such 
as K⁺, Na⁺, Mg²⁺, and Ca²⁺ in fruit cells to form strong 
alkali and weak acid salts, thereby reducing acidity. Addi-
tionally, sugar and acid metabolites are influenced by 
transcriptional regulatory factors that regulate organic 
acid metabolism. Moreover, they may be affected by the 
growth environment and cultivation management mea-
sures. Collectively, these factors potentially influence the 
process of organic acid metabolism in fruits.

Effect of sugar and acid expression genes on A. carambola 
fruit flavor
The accumulation of soluble sugar in fruit is a com-
plex biological process regulated by many gene fami-
lies, including invertase (INV), sucrose synthase (SS), 
fructokinase (FK), hexokinase (HK), sucrose phosphate 
synthase (SPS), and sugar transporters. Sucrose phos-
phate synthase (SPS) catalyzes sucrose synthesis, and its 
activity has been found to be positively correlated with 
sucrose accumulation in tomato [45]. In this study, it 
was found that AcSPS2 and AcSPS4 exhibited relatively 
high expression levels in the mature stage, which were 
consistent with the trend of sucrose accumulation. We 
speculate that they are key genes involved in sucrose 
accumulation, a conclusion consistent with previous 
studies. Sucrose synthase (SS) can catalyze both sucrose 
synthesis and sucrose decomposition. Positive correla-
tion between SS activity and sucrose content have been 
reported in cherry tomato fruit, while negative correla-
tion between SS activity and sucrose content have been 
reported in jujube (Ziziphus jujuba) was reported [46, 
47]. Additionally, the expression levels of AcSS2 and 
AcSS4 decreased during fruit ripening, suggesting a role 
in sucrose decomposition. Conversely, e AcSS3 expres-
sion increased during fruit ripening, presumed to be 
the key enzyme involved in sucrose accumulation. Fur-
thermore, the expression level of most AcINVs was high 
in the young and hard fruit stage, and decreasing sig-
nificantly in the mature stage, results consistent with the 
high activity of INV in the fast-growing young tissues 
and meristems. The results of sugar content determi-
nation from the metabolic group showed that fructose 
and glucose contents were the highest in the young fruit 

stage. This finding is consistent with the conclusion that 
invertase (INV) enzyme activity increased, leading to the 
accumulation of fructose and glucose mainly in pineapple 
from the young to rapid fruit growth period [48]. Hexo-
kinase (HXK) plays an important role in regulating cell 
carbon flow and energy state. In this study, the expres-
sion of AcHXK2 was higher in the young fruit stage and 
decreased gradually with fruit development. This pattern 
may be related to the early use of sugar to maintain the 
metabolic activity of the fruit itself. However, with fruit 
ripening, sugar utilization decreased, gradually transi-
tioning to the process of accumulation. A similar conclu-
sion was reported in apple fruit, where the expression 
level of hexokinase decreased with the decrease in energy 
utilization or tricarboxylic acid cycle activity [49]. Addi-
tionally, AcFRK8 and AcFRK15 were highly expressed in 
the early stage of fruit development, suggesting they are 
important candidate genes for fructose accumulation.

Phosphoenolpyruvate carboxylase (PEPC) and citrate 
synthase (CS) are key enzymes in citric acid synthesis. 
For example, the activities of CS and PEPC were posi-
tively correlated with fruit organic acid content in cit-
rus cultivars [50]. However, other studies showed that 
there is no correlation between CS activity and citrate 
accumulation in fruits [51]. In this study, AcPEPC1 and 
three AcCSs genes were highly expressed at the ripen-
ing stage (S6), while the content of citric acid decreased 
with fruit development and ripening, suggesting that the 
downstream enzymes of lemon metabolism could deter-
mine the accumulation and decomposition of citric acid. 
Additionally, aconitase (ACO) can degrade citric acid in 
the cytoplasm, and an increase in cis-aconitase activity 
leads to decrease of citric acid [52]. Furthermore, it was 
found that AcACO1 and AcACO3 were highly expressed 
in the mature stage, indicating their potential involve-
ment in citric acid degradation. Malic enzyme (ME) is 
the key enzyme in the glyoxylic acid cycle and plays an 
important role in different processes of plant growth and 
development. In grape (Vitis vinifera), ME was associated 
with the degradation of malic acid during fruit ripen-
ing [29]. Here, AcME3 was highly expressed during fruit 
ripening. The results of organic acid determination in 
metabolic group showed that the overall content of malic 
acid decreased during fruit development, suggesting a 
potential correlation between AcME3 expression and 
malic acid degradation. Cytoplasmic NAD-dependent 
malate dehydrogenase (NAD-MDH) is mainly involved 
in malate synthesis, and malate accumulation in kiwifruit 
mainly depends on the increase in the activity of NAD-
MDH. AeCS2 and AeMDH2 play a key role in control-
ling the activity of citrate synthase (CS) and NAD-MDH, 
respectively [53]. It is worth noting that in star fruit, the 
expression of AcMDH7 is high in the early stage of fruit 
development, suggesting a potential role in regulating 
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malic acid accumulation. AcMDH9 and AcMDH10 have 
the highest expression during fruit ripening, indicating 
they may not participate significantly in malic acid accu-
mulation or have minimal regulation on malic acid lev-
els. The highly expressed AcMDH4 gene in the hard fruit 
stage suggests its importance in the tricarboxylic acid 
(TCA) cycle and basic energy metabolism. Aluminum-
activated malate transporter (ALMT) is a plant-specific 
anion channel protein. that transports malic acid into 
vacuoles in the form of malate anions [54]. The expres-
sion levels of AcALMT5, AcALMT6, AcALMT7 and 
AcALMT11 in star fruit decreased gradually with fruit 
ripening, which is consistent with the observed decrease 
of malic acid content in the middle and later stages of 
star fruit development. Other AcALMTs were almost 
not expressed in the fruit. Yang et al. [55] found that the 
expression levels of VHA-An and VHP1 in loquat fruits 
treated with low acid were significantly higher than 
those treated with high acid, consistent with the leak-
age hypothesis proposed by Echeverria et al. [56]. This 
hypothesis suggests that star fruit may have high vacu-
ole leakage at low acidity, leading to an increase in the 
expression of tonoplast proton pumps to compensate for 
the proton leakage.

Regulatory role of transcription factors in sugar and 
organic acid metabolism of star fruit
Sucrose phosphate synthases (SPS) is the main enzyme 
in sucrose synthesis and plays an important role in reg-
ulating sucrose synthesis and its accumulation. It has 
been identified in several plants with varying members 
of numbers, such as Arabidopsis thaliana (6), Populus 
trichocarpa (7), corn (3), potato (4), rice (7) [57]. Four 
SPS genes were identified in star fruit, showing high 
homology with Arabidopsis thaliana and apple, indi-
cating relative conservation in their evolutionary pro-
cess. Sucrose synthase (SS) is the key enzyme regulating 
sucrose metabolism, affecting biomass formation and 
sugar accumulation throughout the plant growth and 
development process [58, 62]. The number of SS genes 
varies among plants, for example, maize (5), Arabidopsis 
thaliana (6), and rice and millet (9).In this study, seven 
SS genes were screened, and the phylogenetic tree was 
constructed with Arabidopsis thaliana and cassava. It 
was found that the sucrose synthase gene of star fruit 
had high homology with other sequences, indicating that 
the sequence is also conserved. Ten and six hexokinases 
(HXK) members were reported in rice and Arabidop-
sis, respectively [58, 59], while star fruit has three genes 
obtained by bioinformatics analysis. The number of HXK 
genes varied greatly among species, indicating that the 
gene was not evolutionary conserved. According to pre-
vious studies, the number of fructokinases (FRK) genes 
in Monocotyledon sorghum, rice, and corn is 6, 8 and 8, 

respectively, while the FRK members of dicotyledon-
ous plant varied (Arabidopsis (12), grape (9), and tomato 
(8)) [60–62]. In this study, 15 FRK genes were identified 
from the A. carambola genome. It is observable that the 
number of FRK members in monocotyledons is typically 
fewer than in dicotyledons. This suggests that the evolu-
tion of FRK genes in dicotyledons occurs at a faster pace, 
with a more pronounced differentiation of homologous 
genes. Additionally, only four sucrose transporter genes 
were identified in A. carambola genome. It is speculated 
that the A. carambola genome has a small sucrose trans-
porter family. In the phylogenetic analysis of the SUC 
and SWEET families, some branches of the evolutionary 
tree contain only Arabidopsis thaliana gene family, which 
may be associated with the active sugar transporter fam-
ily. The gene structure of AtSUCs and AcSWEETs fur-
ther confirms this view. The number of exons of the four 
AtSUCs genes varies considerably. Additionally, their 
arrangement differs significantly, indicating varying 
degrees of exon and intron increase or loss, insertion or 
deletion events during evolution.

A total of 72 acid metabolism-related genes were iden-
tified in the genome of star fruit. The results revealed 
that most acid metabolism-related gene families exist in 
small families. While the identification of gene families 
has been reported in citrus [63] and pear [64], research 
on acid metabolism lags behind that of sugar metabo-
lism. The citrate synthase and malate synthase gene fami-
lies of A. carambola, Arabidopsis thaliana, citrus, and 
papaya were constructed to build an evolutionary tree. 
The results revealed that the citrate synthase family in 
A. carambola is similar to that of other species with high 
homology, whereas the members of the malate synthase 
family are distinct from those of other species, exhibiting 
reduced similarity. This suggests that the gene may have 
undergone rapid evolution.

Gene network regulates the pathway of sugar and acid 
metabolism in star fruit
Pairwise comparison of all differentially expressed 
genes (DEGs) and differentially accumulated metabo-
lites (DAMs) in the three periods (S2, S4, S6) indicated 
that the KEGG pathway was mainly enriched in meta-
bolic pathways and biosynthesis pathways of secondary 
metabolites. In the sugar metabolism pathway, the DEGs 
related to sugar synthesis are mainly enriched in starch 
and sucrose metabolism, fructose and mannose metabo-
lism, amino sugar and nucleotide sugar metabolism, and 
galactose metabolism. The DAMs are enriched in starch 
and sucrose metabolism and the phosphoglucosyl trans-
ferase system (PTS) metabolism pathway. PTS, as a sugar 
transport system, not only mediates carbohydrate uptake 
and phosphorylation but also participates in the regula-
tion of central carbon and nitrogen metabolism. Several 
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studies have shown a close relationship between carbo-
hydrate and acid metabolism [65]. In the pathway of acid 
metabolism, the DEGs related to organic acids are signifi-
cantly enriched in carbon metabolism, carbon fixation 
of photosynthetic organisms, microbial metabolism in 
different environments, and the tricarboxylic acid cycle. 
DAMs are mainly enriched in metabolic pathways and 
biosynthesis of secondary metabolites, followed by phen-
ylpropanoid biosynthesis, carbon metabolism, and the 
tricarboxylic acid cycle, which are closely related to sugar 
and organic acid metabolism.

The seven core candidate genes in glucose metabolism 
pathway include AcFRK8, AcFRK15, AcINV3, AcINV14, 
AcSS2, AcSS4, and AcSPS4. INV, SS, and SPS are com-
mon structural genes in sucrose metabolism. It has been 
reported that AtSUS2 is mainly involved in Arabidop-
sis thaliana seed maturation [66]. In this study, AcSS2 
has high homology with AtSS2. AcSS2 is expressed in 
the young and almost did not express in the mature 
stage. It is speculated that AcSS2 has similar function 
with AtSS2. Studies have shown that SPS gene family is 
highly expressed in most plants’ fruits, and the expres-
sion abundance increased with fruit growth and develop-
ment (e.g., pineapple, peach, pear, apple and citrus) [67, 
68]. AcSPS4 is highly expressed during fruit ripening, 
indicating that AcSPS4 plays an important role in sucrose 
accumulation in star fruit. FRK is mainly involved in 
plant fructose metabolism, in this study, AcFRK8 and 
AcFRK15 were highly expressed in young fruit, suggest-
ing that it could promote fructose accumulation in the 
early stage of fruit development. The 17 core candidate 
genes in acid metabolism pathway (AcACO1, AcACO3, 
AcALMT7, AcALMT11, AcME3, AcGAD1, AcGAD2, 
AcMDH4, AcMDH9, AcMDH10, AcVHP1, AcPIDH1, 
AcCS1, AcCS2, AcCS4, AcPEPC1, and AcGADPH5), 
including 10 structural genes are involved in tricarboxylic 
acid metabolism. It is suggested that these genes are key 
genes involved in citric, malic and succinic acids metabo-
lism.In the future, it will be essential to focus on cloning 
these highly expressed sugar and acid metabolism genes 
for functional validation.

Regulatory role of transcription factors in sugar and 
organic acid metabolism of star fruit
At present, 78 and 157 bZIP transcription factor genes 
were identified in plum and peach, respectively [69, 70]. 
In contrast, only 8 were predicted in star fruit, indicat-
ing that these transcription factors were involved in the 
fruit important biological functions regulation. Because 
bZIP participates in many metabolic processes such as 
stress, signal transduction, and plant growth [71], it is 
suggested that some bZIP transcription factors may not 
be annotated and may also be expressed in other tissues 
and organs of A. carambola. AtbZIP63 in Arabidopsis 

thaliana has an important node in the interaction net-
work between glucose and ABA [72], which is regulated 
by both ABA and glucose. AtbZIP63 and its homo-
logue AtbZIP3 can synergistically inhibit the interaction 
between glucose and ABA, thus inhibiting glucose con-
tent and regulating the stability of soluble sugar content 
in fruit. In this study, it was found that most AcbZIPs 
genes were positively correlated with sucrose synthase 
and fructokinase expression, indicating that they played 
a positive role in the accumulation of fructose regula-
tion. In addition, we found that a class of transcription 
factor family bHLH, which is opposite to the expres-
sion of bZIP transcription factor family, has 29 AcbHLH 
genes annotated during the entire star fruit develop-
ment. This transcription factor is positively correlated 
with the expression of invertase and sucrose phosphate 
synthase, indicating that bHLH is positively correlated 
with sucrose accumulation. It is suggested that bZIP and 
bHLH transcription factor families can cooperatively 
inhibit the transformation between sucrose and fructose, 
thus regulating the balance of sugar content in the fruit.

Transcription factor MYB is closely related to fruit 
quality. Malic acid content of transcription factor 
MdMYB44 is significantly correlated in apple [73]. Over-
expression of CrMYB73 in citrus is beneficial to cit-
ric acid accumulation in fruit [74]. In this study, a total 
of 23 MYB transcription factors were annotated, which 
regulate both positive and reverse genes of organic acid 
structure. Other transcription factors are also involved in 
the biosynthesis of organic acids. C2H2 zinc finger struc-
tural proteins are widely involved in plant organ morpho-
genesis, hormone signal transduction, stress response, 
among other functions [75]. Nine C2H2 transcription 
factors were annotated in star fruit. GRAS is a unique 
family of transcription factors in plants, which plays an 
important role in plant response to stress and growth and 
development [76]. Only one GRAS gene was predicted 
in star fruit. It is speculated that this transcription factor 
may not be annotated, or it may have little effect on acid 
metabolism.

Conclusion
In this study, we integrated transcriptome and metabo-
lome data to elucidate the metabolic pathways of sugar 
and organic acid utilization in A. carambola using the 
species genome. We identified eight candidate genes for 
sugar metabolism and eight for organic acid metabolism. 
Additionally, we predicted that two transcription factors 
had effects on sugar metabolism, while 14 transcription 
factors were associated with organic acid metabolism. 
Furthermore, we analyzed the gene evolution in A. car-
ambola sugar and organic acid biosynthesis pathways, 
providing, for the first time, a new understanding of the 
molecular mechanism underlying A. carambola sugar 



Page 14 of 17Xu et al. BMC Plant Biology          (2024) 24:943 

and organic acid biosynthesis. This study offers a pow-
erful foundation for improving A. carambola sugar and 
organic acid biosynthesis pathways and verifying related 
genes in future research endeavors.

Materials and methods
Plant material collection
The A. carambola ‘Beiliusuan No. 1’ variety was selected 
from the germplasm collection of the Institute of Horti-
culture, Guangxi Academy of Agricultural Sciences, Nan-
ning City, Guangxi Province, China, as research material. 
Three star fruit trees with good and similar growth and 
free from diseases and insects were sampled. According 
to the external color and size uniformity of each fruit, 
samples were collected from the green fruit (S1, 10 days 
after anthesis), young fruit (S2, 20 days after anthesis), 
expansion (S3, 30 days after anthesis), hard fruit (S4, 40 
days after anthesis), color conversion (S5, 50 days after 
anthesis), and maturity stages (S6, 60 days after anthesis). 
Samples were collected every 10 days during the morning 
period. Fruits surface was rinsed with 70% alcohol and 
RNA inhibitor before harvest, and were cut into small 
pieces after harvest (small fruit 1 cm x 1 cm; hard fruit 
2 cm × 2 cm; mature fruit 4 cm × 4 cm) and were quickly 
frozen in liquid nitrogen and stored at -80 ℃ until fur-
ther use.

Physiological indices measurement
In the same period, a total of 20-star fruits were ran-
domly selected and each single fruit weight was deter-
mined, fruit vertical and transverse diameters were 
measured with Vernier caliper, and fruit shape index 
(vertical diameter/horizontal diameter) was calculated. 
Several physiological indices were determined as follows: 
titratable acid content (Titratable acidity, TA) measured 
by NaOH neutralization titratable method, a burette was 
used to slowly add NaOH solution to the sample, which 
had been treated with phenolphthalein indicator, while 
continuously stirring. The titration was continued until 
the sample changed color from colorless to deep red. and 
total soluble sugar content (Soluble sugar, SS) measured 
by the anthrone concentrated sulfuric acid method with 
each measurement repeated three times for each fruit. 
The sugar to acid ratio (RST: SS/TA) was calculated, and 
fruit hardness was measured by hardness tester [77, 78]. 
Data were analyzed by Excel and SPSS17.0 software.

RNA extraction and sequencing
According to the characteristics of polysaccharides and 
polyphenols in star fruit, the polysaccharide polyphenol 
kit was used to extract the fruit tissue, and the extrac-
tion process was repeated three times for each period 
[79]. The extracted RNA samples were initially detected 
by 1% agarose gel electrophoresis, and then the integrity 

of RNA was further tested, including RNA purity (OD260/
OD280), RNA concentration, RIN value, 28  S/18S, map 
baseline. After the RNA samples were extracted, cDNA 
library was established, and total RNA was transformed 
into fragment sequence by purification and splicing, and 
sequenced by Illumina high-throughput sequencer. The 
quality of the constructed library was tested, and chain-
specific library was constructed with the extracted RNA. 
The HiSeq2500 ultra-high throughput sequencer was 
used for double-terminal sequencing, with reading length 
of 100nt. After sequencing, the original transcriptome 
data were analyzed and processed, followed by sequence 
assembly, unigenes structure annotation, and functional 
classification.

Metabolome sampling extraction, qualitative and 
quantitative analyses
Firstly, the selected star fruits were freeze-dried in vac-
uum, and the treated samples were ground to powder 
by a grinder (30 Hz for 1.5 min). The sample powder of 
100 mg was dissolved in 1.0mL extract and the dissolved 
sample was refrigerated overnight at 4 ℃. During this 
period, the sample was spun three times to improve the 
extraction rate. After overnight sample centrifugation 
(rotating speed 10,000  g, 10  min), the supernatant was 
absorbed, the sample was filtered by microporous mem-
brane and stored in the injection bottle for or LC-MS/MS 
analysis. The software Analyst1.6.3 was used to process 
the mass spectrometry data. Based on the local metabolic 
database and mass spectrometry data, samples’ metabo-
lites were qualitatively and quantitatively analyzed.

Functional annotation and classification of unigenes
Unigenes’ sequences were compared by blast to the 
protein database Nr, Swiss-Prot, KEGG, and COG of 
NCBI (National Center for Biotechnology Information) 
(E-value < 0.0001). Concurrently, unigenes sequences 
were compared by blastn in the nucleic acid database NT 
on NCBI, and the protein with the highest similarity to 
unigenes’ sequences were obtained to fully understand 
their functional annotation information.

Unigenes functional annotation and classification
The mapping results were quantified by cufflinks (ver-
sion:2.1.1). According to the expression value FPKM 
(Fragments Per Kilobase of transcript per Million) of 
star fruit gene in each transcriptome sample calculated 
by cufflinks, the correlation map reflecting the biologi-
cal repetition of each sample was drawn by R language, 
PCA (Principal Component Analysis) was carried out 
with fast.prcomp function in R language gmodels pack-
age, and scatter plot showing the correlation of biologi-
cal repetition among samples was drawn. Samples from 
three different periods were compared and screened for 
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differentially expressed genes (DEGs). Fold-change (mul-
tiple of expression difference) and Fisher’s exact test sta-
tistics were used to screen the differences among DEGs, 
and the screening condition position FDR (error detec-
tion rate) < 0.01 and Fold-change > 2. Then the differen-
tial genes with the same expression trend in the three 
groups were collected, and up- or down-regulated differ-
ential genes in different fruit stages in the three groups 
were extracted. For the KEGG enrichment analysis of 
DEGs, cDNA or protein sequences of all the identified 
DEGs were compared to the KEGG database (http://
www.genome.jp/kegg/)) using the Blast software in 
Kobas to obtain the KO number and then extracted the 
KEGG pathway to which the gene belongs. The corrected 
P < 0.05 was selected as the threshold to determine the 
statistically significant enrichment in the gene set.

Alignment of reference genomes and phylogenetic 
analysis of genes related to sugar and acid metabolism
The family of genes related to sugar and acid metabo-
lism in star fruit was obtained from A. carambola whole 
genome sequence [80]. Combined with the literature 
and related genes regulating sugar and acid metabo-
lism, similar genes in other species were classified and 
sorted. The genome data of star fruit were compared 
to other species by BLASTP software. HMM model of 
related gene families was download from Pfam (http://
pfam.xfam.org/) database, and then searched in HMM3.0 
software to search the local database with e value less 
than 10 − 5, and screen the related gene ID and protein 
sequences containing these domains in A. carambola. 
Then, the protein sequences obtained by the two meth-
ods were integrated, the redundant terms were removed 
and incomplete sequencing were deleted. The integrity 
of conserved domains was checked by SMART (http://
smart.embl.de/) and NCBI-CDD (https://www.ncbi.nlm.
nih.gov/cdd) databases, and genes that did not contain 
related domains and did not accord with the character-
istics of related gene families were removed. Full-length 
amino acid sequences of the related proteins of other 
species were obtained from the NCBI database (http://
www.ncbi.nlm.nih.gov/protein/), and then multiple 
sequence alignment (using ClustalW program) [81] was 
carried out by MEGAv7.0.26 software. The phylogenetic 
tree was constructed by the adjacent trees method. The 
bootstrap method value was repeated 1,000 times, and 
other parameters were set to default values.

Prediction of transcription factors of candidate genes and 
construction of protein interaction network
The protein sequences of sugar and acid candidate genes 
were uploaded to plantTFDB plant transcription fac-
tor database (http://planttfdb.cbi.Pku.edu.cn/prediction.
php) to predict the existence of transcription factors. 

The protein interaction network of structural genes and 
transcription factors in A. carambola was constructed by 
STRING website (http://string-db.org/), and the possible 
protein interaction form of co-expression genes in A. car-
ambola was inferred.

Quantitative RT-PCR verification of differentially expressed 
genes
After confirming that the extracted total RNA was quali-
fied, it was reverse transcribed to synthesize cDNA 
using a reverse transcription kit, and the obtained 
cDNA was stored at -20 ℃. Combined with the results 
of genome and transcriptome screening, the primers of 
eight sugar and eight acid related genes were designed 
using Primer5.0 software according to the internal ref-
erence gene ACT- β gene [82] (Supplementary Table 1). 
The relative expression level was calculated by 2−∆∆CT 
method, and the gene expression level was calculated by 
Prism software. Primer parameter setting: TM value is 
58 ℃, primer length is 19 ℃, primer length is 22 BP, GC 
content is 45-55%, and dimer and hairpin structure are 
avoided.
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