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Abstract
Mulberry fruits are recognized as highly nutritious dietary foods, offering a wide range of essential
nutrients, antioxidants, and bioactive compounds that contribute to overall health. The nutritional value
of the mulberry fruit is mainly attributed by the type and content of amino acids which largely affects the
purchasing behavior of consumers. Widely targeted metabolomic and transcriptomic analysis were used
to evaluate the quality characteristics of black and white mulberry amino acids. The results showed 65
different kinds of amino acids and related metabolites accumulate at mulberry developmental stages.
The content of essential amino acids is comprehensive and abundant, and the proportion of fresh and
sweet amino acids in the flavor amino acids is relatively high. Correlation analysis was performed in
combination with amino acid metabolism profiling and transcriptome analysis to identify the main
contributors of amino acid synthesis in black and white mulberry. The results showed HK, PGAM, ENO
and PK the genes in the backbone of the amino acid biosynthesis pathway, which had a direct impact on
the synthesis of various amino acids, and were the main genes for amino acid synthesis in mulberry
fruit. Through this study, we identified the transcription factors (TFs) and other structural genes involved
in the amino acid metabolism during maturation of black and white mulberries. This study elucidated the
spatiotemporal accumulation of amino acids and their metabolites at different developmental stages of
black and white mulberry, and elucidated the potential regulatory pathways of black and white mulberry
during the maturation process. This study provides the basis for the development of amino acid
nutritional supplements and mulberry functional food.

1 Introduction
Mulberry (Morus alba), belongs to the genus Moraceae, and possess oval-shaped aggregate berries that
are rich in nutrients, sweet and soft, and have a unique flavor[1] Mulberry is usually eaten as fresh fruit,
jam and juice. They contain a large number of biologically active ingredients that may be associated with
some potential pharmacological activities[2]. Epidemiological studies have shown that mulberry
contains rich and effective chemical components with wide range of biological activities, such as
antioxidant, anti-inflammatory, anti-cancer[3, 4]. The pharmacological effect of the mulberry fruits is
attributed by the presence of various metabolites, particularly amino acids, flavonoids, and other
secondary metabolites. Metabolomic profiling has revealed that the accumulation of specific
metabolites, such as amino acids, is linked with the developmental stages of mulberry fruits[5, 6].
Comparison of metabolic profile between the diploid and tetraploid Morus alba, revealed that the
tetraploid cultivar exhibited enhanced metabolic profiles of primary and secondary metabolites[7].

People choose food subjectively to meet the nutritional needs of the body. In recent years, with the
deepening of people's understanding of food nutrition, foods rich in amino acids have attracted much
attention[8]. Proteins are essential active macromolecules in living organisms, including enzymes that
make up organs and catalyze metabolism[9]. Amino acids are the basic units of protein.
Supplementation with essential amino acids that cannot be synthesized by the human body has a
positive effect on maintaining the stability of the body and the progress of complex enzymatic
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reactions[10]. These essential amino acids must be obtained through food[11]. Therefore, attention
should be paid to the amino acid composition of food to maintain the body's demand for amino
acids[12]. The eight essential amino acids include leucine, isoleucine, valine, lysine, threonine,
methionine, phenylalanine, and tryptophan[13]. Phenylalanine is an important raw material for the
biosynthesis of tyrosine, and is also the main component of some amino acid drugs and nutritional
foods. In addition, it is also an intermediate for synthesizing the anticancer drug amphetamine[14].
Tryptophan can promote the secretion of melatonin, which plays an important role in regulating the body
clock and improving sleep quality[15]. Studies have shown that glutamate is not only an important unit
of protein but also the most abundant and widely distributed excitatory neurotransmitter in the central
nervous system, which plays a key role in brain information processing and cognitive learning[16]. In
addition, threonine and lysine are widely involved in human life activities. For example, threonine is a key
amino acid for the synthesis of mucosal proteins, and lysine can promote intestinal absorption and
utilization and enhance the function of immune system[17]. In addition, amino acids can be divided into
sweet amino acids, umami amino acids, bitter amino acids, and astringent amino acids according to
different flavors[11, 18].

Mulberry fruits and leaves serve as a rich source of amino acids, comprising of all nine essential amino
acids that the human body is unable to synthesize on its own[19]. The balanced composition of essential
amino acids in mulberry underscores its high nutritional value[20]. Recognized as a functional food,
mulberry offers multiple health benefits which includes supporting digestion, lowering cholesterol levels,
aiding in weight management, enhancing blood circulation, promoting bone tissue development, and
strengthening the immune system[21, 22]. The composition of amino acids can vary significantly among
different fruit types and ripening stages, influencing not only taste but also the nutritional value of the
fruit. Thus, its mandatory to have the idea about the novel amino acid contents present in our food.
Integration analysis of transcriptomic and metabolomic data have proven to be a powerful tool for
elucidating the biosynthetic pathways of bioactive compounds synthesis and also aids in identifying the
key metabolite pathways that leads to the discovery of novel compounds with potential health benefits.

In this study, we used metabolomic and transcriptomic approach to investigate the key genes and other
regulatory mechanism behind amino acid biosynthesis in mulberry. The type and content of amino acids
significantly influence the taste and nutrition of mulberry. However, limited information is available on
the composition, quantity, andbiosynthesis of amino acids in mulberry fruits. With the recent
advancement in analytical methods, multi-omics approaches have been widely used in the study of food
components and their biological functions. In this study, we analyzed the amino acid biosynthetic
pathways in black and white mulberry fruit and elucidated the role of amino acids in determining fruit
quality, thereby providing a scientific basis for creating mulberry-based nutritional supplements.

2 Materials and Methods

2.1 Plants Materials
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The black mulberry and white mulberry at different maturity stages required for the experiment were
collected from the Chengde Medical College (Hebei, China).We confirm that the mature stage samples
were collected from Chengde Medical University (Hebei Province, China), and we obtained official
permission from the administration office of the university (the landowner). The fruit samples of black
and white mulberry were collected from 7-year-old trees in the full-fruit period. The black (B) and white
(W) mulberry were collected at three different growth periods: green fruit stage, turning stage, and
maturation stage at 30, 60, and 90 days after flowering, respectively. Nine trees were selected for each
period, and every-three trees served as a biological replicate, respectively. The samples were quickly
cooled in liquid nitrogen and transferred to a -80℃freezer for amino acid metabolite determination and
transcriptome sequencing.

2.2 Amino Acid Metabolite Extraction and UPLC-MS/MS
Analysis
The collected samples were vacuum freeze-dried using a freeze dryer. After the sample was thawed and
smashed, an amount of 0.05 g of the sample was mixed with 500 µL of 70% methanol/water. The
sample was vortexed for 3 min under the condition of 2500 r/min and centrifuged at 12000 r/min for 10
min at 4°C. Take 300 µL of supernatant into a new centrifuge tube and place the supernatant in -20°C
refrigerator for 30 min, Then the supernatant was centrifuged again at 12000 r/min for 10 min at 4°C.
After centrifugation, transfer 200 µL of supernatant through Protein Precipitation Plate for further LC-MS
analysis.

The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD,
https://sciex.com.cn/; MS, QTRAP® 6500 + System, https://sciex.com/). The analytical conditions were
as follows, HPLC: column, ACQUITY BEH Amide (i.d.2.1×100 mm, 1.7 µm); solvent system, water with 2
mM ammonium acetate and 0.04% formic acid (A), acetonitrile with 2 mM ammonium acetate and
0.04% formic acid (B); The gradient was started at 90% B (0-1.2 min), decreased to 60% B (9 min), 40% B
(10–11 min), finaly ramped back to 90% B (11.01-15 min); flow rate, 0.4 mL/min; temperature, 40°C;
injection volume: 2 µL. Amino acid and its metabolites were detected by MetWare
(http://www.metware.cn/) based on the AB Sciex QTRAP 6500 LC-MS/MS platform.

2.3 Transcriptome Sequencing
The total RNA of black and white mulberry fruits was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer's procedure. The concentration and purity of total RNA
were quantified using NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA) and Bioanalyzer 2100
(Agilent, CA, USA) with RIN number > 7.0 to ensure the stability and accuracy of transcriptome
sequencing library construction. The high-quality total RNA was sent to LC-Bio Technologies (Hangzhou)
Co., Ltd. for libary construction and sequencing. Each biological replicate established a transcriptome
library, a total of 18 libraries, and sequenced and analyzed using Illumina Novaseq™ 6000 (LC-Bio
Technology CO., Ltd., Hangzhou, China) following the vendor's recommended protocol[1].

2.4 Principal Component Analysis
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The relative levels of amino acids and their metabolites detected in black and white mulberry fruits and
the expression levels of genes in the transcriptome were analyzed using the Omicshare data processing
platform developed by LC-Bio Technologies (Hangzhou) Co., Ltd (https://www.omicshare.com/) for
principal component analysis (PCA) analysis. The data was unit variance scaled before unsupervised
PCA. The parameters were set by default.

2.5 Functional Annotation and Differentially Expressed
Gene Analysis
The gene sequences were aligned in the Pfam database using HMMER software, and gene function
annotation was performed. Fragments per kilobase of transcripts per million mapped fragments (FPKM)
represented gene expression levels and were calculated using the read count of unigenes. The
differentially expressed mRNAs were selected with fold change > 2 or fold change < 0.5 and p value < 
0.05 by DESeq R software package [2]. The sequences obtained by sequencing were compared based on
GO and KEGG databases and analyzed using BLAST software.

2.6 Gene Expression Trend Analysis
All differentially expressed genes of black and white mulberry fruits in different maturity stages were
extracted, and the FPKM value was used to represent the gene expression level for gene expression
trend analysis. The gene expression level data were imported into STEM software foranalysis. The gene
expression level data were normalized using log2(FPKM), the clustering method was K-mean.

2.7 Weighted Gene Co-expression Network Analysis
(WGCNA)
WGCNA was performed in R using default parameters to cluster genes into co-expressed modules[3].
The FPKM values were normalized, and an adjacency matrix was constructed. Metabolites data were
imported into the WGCNA package, and correlation-based associations between metabolites and gene
modules were calculated using the default settings. A rigorous multiple test correction (r ≥ 0.9 or r ≤ − 
0.9) was used to fflter the metabolites, TFs and structural genes that were signiffcantly correlated with
each metabolite. The interaction networks were visualized using cytoscape (version 3.7.2).

3 Results

3.1 Amino Acid and their Metabolites Profile of Black and
White Mulberry Fruits
The analysis of amino acids and their metabolites at different developmental stages of black and white
mulberry fruits revealed the presence of various amino acids and their derivatives including two umami
amino acids and six sweet amino acids (Additional file 1). PCA showed that principal component 1
(PC1) and principal component 2 (PC2) together accounted for 98.91% of the total variance, with PC1
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contributing 96.82% and PC2 contributing 2.09% (Fig. 1A). PCA and intragroup correlation reflected the
clear differences between sample groups and high similarity among biological replicates (Fig. 1B). The
intragroup correlation analysis of black and white mulberry fruits at different developmental stages
indicated significant differences in amino acid profiles, while high correlation among biological
replicates and also met the requirements of data analysis. In total, 65 differentially accumulated
metabolites (DAM) were identified between different developmental stages (Additional file 2).
Specifically, 12 DAM between B1 and W1 (11 down-regulated/1 up-regulated), 16 DAM between B2 and
W2 (9 down-regulated/7 up-regulated), and 11 DAM between B3 and W3 (5 down-regulated/6 up-
regulated) (Fig. 1C). Additionally, there were 31 DAM between W3 and W1 (10 down-regulated/21 up-
regulated), and 24 DAM between B3 and B1 (12 down-regulated/12 up-regulated). The number of DAM in
each comparison indicated that the amino acids accumulated profiles were significantly differ with
different cultivars and the DAM was higher in the W3 indicating substantial metabolic shifts in this group
(Fig. 1C). Data analysis showed that the proportion of fresh and sweet amino acids gradually increased
during the ripening process of black and white mulberry, with higher accumulation at the developing
stage when compared to the green fruit stage (Fig. 1D; Additional file 3). The accumulation of sweet
amino acids is higher in the white mulberry when compared with the black mulberry. Overall, the results
demonstrated that mulberry fruit are rich in amino acids, including eight essential amino acids required
by the human body, of which tryptophan and threonine were the most abundant amino acids (Additional
file 1).

3.2 Metabolites Changes of Black and White Mulberry
Fruits
To gain further insight into variation in amino acids biosynthesis at different developmental stages, 65
DAM were divided into nine distinct groups (group 1–9) using the k-means clustering algorithm (Fig. 2
and Additional file 4). The results showed that differential accumulation of amino acids is stage and
tissue specific. Group 1 metabolites exhibited uniform accumulation across all stages (B1-B3, W1-W3).
The main metabolite involved in these processes are N8-acetylspermidine, glutamate–cysteine, and L-
cystine. Group 2 metabolites exhibited moderate fluctuations but maintained relatively stable levels
throughout development, with amino acids like N-acetyl-L-glutamine and trans-4-hydroxy-L-proline. Group
3 metabolites showed elevated accumulation in the early stages and reduced levels in black stages, with
compounds such as N-isovalerylglycine and L-theanine. Group 4, 5, and 8 metabolites increased during
early-development (B1-B2, W1-W2) stage before declining and it includes oxidized glutathione, L-
tryptophan, L-glutamate, L-valine, L-tyrosine, L-leucine, and L-serine. Group 6 maintained relatively
constant levels with minor variation, containing sulfur-containing amino acids such as L-homocysteine
and L-cysteine. Group 7 metabolites showed a marked decrease at the early white stage (B2) with
compounds such as N-acetylaspartate and D-alanyl-D-alanine. Group 9 metabolites displayed overall
stable expression across both colour types, suggesting common amino acids like L-tyrosine methyl
ester and trimethylamine-N-oxide.
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3.3 Transcriptome Sequencing and Differentially
Expressed Gene Analysis
The PCA of transcriptomes from black and white mulberry fruits revealed that PC1 and PC2 accounted
for 34.04% and 14.1% of the total variance, respectively (Fig. 3A). The PCA results showed that the gene
expression patterns of black and white mulberry fruits were similar at the green fruit stage (B1 and W1),
while the differences between the two cultivars were significant at turning stage and maturation stage.
The PCA plot demonstrated a clear distinction between the samples from different developmental
stages, and also between the black and white fruits indicating distinct gene expression pattern linked to
fruit maturation and genotype-specific transcriptional regulation. Differentially expressed gene (DEG)
analysis indicates dynamic transcriptional changes at different developmental stages. In black mulberry,
the highest number of DEGs was observed in B2 vs B3 (6985 genes), followed by B1 vs B3 (5910 genes),
while the lowest was observed between B1 vs B2 (4730 genes) (Fig. 3B). Similarly, in white mulberry,
between W2 vs W3 it was about (8443 genes); while between W1 vs W3 (5884 genes) and W1 vs W2
(5711 genes) (Fig. 3B). Across all comparisons, the number of down-regulated genes was greater than
up-regulated genes, suggesting that gene repression plays a dominant role during fruit maturation. Venn
diagram analysis have shown the shared and unique differentially expressed genes (DEGs) among
various developmental stages (Fig. 3C). In white mulberry, 716 DEGs were shared across the W1 vs W2,
W2 vs W3, and W1 vs W3 stages. In case of black mulberry, 543 DEGs were found to be commonly
expressed across the B1 vs B2, B2 vs B3, and B1 vs B3. Notably, 351 genes were commonly regulated
between black and white mulberry across their corresponding developmental stages (B1 vs W1, B2 vs
W2, and B3 vs W3), indicating the presence of a conserved set of core genes associated with fruit
development and ripening.

3.4 Pathway Analysis of Differential Genes Enrichment
Pathway enrichment analysis for DEGs have shown that it follows distinct yet partially overlapping
metabolic pathways during mulberry fruit development (Fig. 4A–C). In green fruit stage (B1 Vs W1)
(Fig. 4A), significant enrichment was observed in α-linolenic acid metabolism, protein processing in
endoplasmic reticulum, glycerolipid metabolism, and plant hormone signal transduction, other types of
O-glycan biosynthesis, glutathione metabolism, and starch and sucrose metabolism. In turning stage (B2
Vs W2) (Fig. 4B), enriched pathways included alpha-Linolenic acid metabolism, Photosynthesis-antenna
proteins, Photosynthesis, Peroxisome, and Carbon fixation in photosynthetic organisms, highlighting
lysine biosynthesis, pyruvate metabolism, cysteine and methionine metabolism, indicating enhanced
photosynthetic activity and redox regulation throughout turning stage. The comparative analysis
between black and white maturation stage (B3 Vs W3) (Fig. 4C) reveals shared enrichment in flavonoid,
phenylpropanoid, starch and sucrose, and glutathione metabolism pathways, suggesting conserved
molecular processes involved in pigment biosynthesis, sugar accumulation, and oxidative balance in
both cultivars.

Page 7/26



3.5 K-means Clustering of DEGs
To investigate the molecular mechanism of mulberry fruit maturation, we used the K-means clustering
method to cluster the differentially expressed genes (DEGs) expressed during the turning stage of black
and white mulberry (Additional file 5). Nine distinct gene expression clusters were identified and GO
enrichment analyses were performed for each cluster based on temporal expression patterns (Fig. 5A).
Group 2 (522 genes) and Group 7 (462 genes) were the largest, showing major transcriptional changes
across developmental stages, while smaller clusters such as Groups 4 and 8 exhibited stage-specific
expression patterns. Among all the 9 clusters, only 4 clusters (1, 4, 5, and 8) exhibit the pathways
associated with amino acids and their metabolites. GO enrichment analysis (Fig. 5B, Additional file 6)
revealed that Clusters 1 and 4 were enriched in serine/threonine kinase activity, transferase activity, and
carbohydrate biosynthesis, whereas Clusters 5 was associated with glycolytic and oxidative metabolic
processes. GO enrichment analysis showed that Group 5 genes were involved in “S-formylglutathione
hydrolase activity” process; Group 8 genes are involved in “glycine catabolic process” (Fig. 5B).

Analysis of TF families in different clusters showed that they had different sensitivities for the effect of
amino acid metabolism in mulberry. Transcription factor distribution (Fig. 5C) showed that MYB, bHLH,
and WRKY families were predominant in Clusters 2, 3, and 7, while C2H2 and ERF TFs were enriched in
Clusters 5 and 6. Overall, TFs were strongly represented in cluster 2 (69 TFs, 13.2% of DEGs), which
includes six bHLH (XP_010093338.1, XP_010093617.1, XP_010099295.1, XP_010111900.1,
XP_010107204.1 and XP_010099295.1), six C2H2 (XP_010094455.1, XP_010112909.1,
XP_010097054.1, XP_010094455.1, XP_010099839.1 and XP_010089160.1), six Trihelix
(XP_010095991.1 and five XP_010089783.1), five ARF ( XP_010100721.1, XP_010100039.1,
XP_010099050.1 and two XP_010106165.1), five MYB_related (XP_010098248.1, XP_010102082.1 and
three XP_010109475.1), five NAC (two XP_010108843.1 and three XP_010091280.1), four C3H
(XP_010102543.1, XP_010103154.1, XP_010099056.1, XP_010111195.1), four LBD (XP_010108453.1
and three XP_010107394.1), three MYB (XP_010086809.1, XP_010105966.1 and XP_010102234.1) and
three TCP (XP_010097842.1, XP_010087414.1 and XP_010097842.1) (Additional file 7).

3.6 Co-expression Analysis and Identification of Genes in
Response to Specific Biosynthesis by WGCNA
To investigate the relationships between the transcriptome and metabolome, we established a co-
expression network analysis utilizing WGCNA to correlate 13 DAMs amino acids (Fig. 6). In addition, a
co-expression network analysis was performed between different transcription factor families
associated with the biosynthesis of specific amino acids. Module A, mainly consists of branched-chain
amino acids such as valine, leucine, and isoleucine were predominantly associated with transcription
factor families including bHLH, NAC, LBD, MYB-related, and ERF (Fig. 6A). Module B, consists of amino
acids such as alanine, arginine, glutamate, and aspartate showed strong interactions with bHLH, GATA,
AP2, NAC, NF-YA, and MYB-related transcription factors (Fig. 6B). Module C depicted a network cantered
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around glutamine, glutamic acid, aspartate, alanine, and glutathione, with enriched associations with
WRKY, bZIP, NF-YB, GRAS, AP2, and NAC families (Fig. 6C). Module D showed aromatic amino acids
tryptophan, tyrosine, and phenylalanine as central metabolites linked to several transcription factors
such as HD-ZIP and CPP, along with multiple gene loci (Fig. 6D). The analysis highlights that different
transcription factor families have unique roles in amino acid metabolism in mulberry.

3.7 Mapping Gene Expression Pattern with Amino Acid
Metabolic Pathway in Black and White Mulberry
To analyze the correlation between the amino acid content of mulberry fruits and its related gene
expression, we mapped the amino acid synthesis pathway with the transcriptome data we obtained and
based on that 23 genes were screened related to amino acid synthesis (Fig. 7). The heat map showed
that the amino acid synthesis–related genes had different expression patterns during fruit development.
The expression pattern reveals the dynamic regulation of genes involved in glycolysis, the TCA cycle, and
the shikimate pathway during mulberry fruit development. The key glycolytic genes hexokinase (HK),
phosphoglycerate mutase (PGAM), enolase (ENO), and pyruvate kinase (PK) showed increased
expression at later stages (B3, W3), indicating enhanced carbon flux towards pyruvate. Within the TCA
cycle, citrate synthase (CS), succinate-CoA synthetase and related genes displayed differential
expression between black and white mulberries, implies that based on the genotype, variations occur in
energy storage. The AST (Aspartate Aminotransferase) enzyme catalyses the transamination of
oxaloacetate (OAA) to glutamate. Upregulation of aspartate serves as a precursor for the synthesis of
asparagine and other amino acids. Genes associated with nitrogen metabolism such as glutamate
dehydrogenase (GDH), asparagine synthetase (AS), and glutamine synthetase (GS) were upregulated
during maturation, suggesting active amino acid interconversion (Fig. 7). Shikimate pathway genes 3-
dehydroquinate dehydratase/shikimate dehydrogenase (DHQ/SDH), chorismate synthase (CSI),
chorismate mutase (CM), and prephenate dehydratase (PDT) exhibited strong expression at B3 and W3,
supporting elevated synthesis of aromatic amino acids (phenylalanine, tyrosine, tryptophan). Overall,
coordinated activation of these pathways indicates enhanced amino acid and secondary metabolite
biosynthesis during fruit maturation.

4 Discussion
Black and white mulberry fruits are recognized for their high nutritional value, and the nutritional profile
of both have differences as black mulberry is rich in certain antioxidants while white mulberries are rich
in vitamin C[4]. Mulberries contain a moderate level of amino acids that includes essential amino acids
which are important for human health. The presence of amino acids contributes to the overall
enhancement of nutrition and taste of the fruits[5]. The protein content of white mulberries is higher
when compared to black ones[6]. Metabolite analysis has shown that white mulberry accumulates
higher level sweet amino acids when compared to black ones. The accumulation of specific amino acids
during fruit development and ripening is crucial for enhancing fruit quality attributes such as sweetness,
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aroma, and texture. Comparative study between two species of strawberries found that higher
concentrations of free amino acids is correlated with fruit quality attributes, such as taste and aroma[7].
Asparagine and glutamine serve as nitrogen sources that are integral to the metabolic processes in
citrus fruits, influencing their growth and flavor characteristics[8]. Furthermore, the nutritional content of
fruits, including amino acids, is increasingly recognized as a factor driving consumer preferences, as
higher amino acid content is associated with enhanced health benefits and sensory qualities[9].
Variations in the levels of amino acids such as alanine and valine is correlated with the changes in
aroma of the fruits[10]. Certain amino acids improve the sweetness of fruits, where asparagine
increases the sweetness of the peach fruits[11].

4.1 Changes in Metabolite Accumulation during Fruit
Maturation
As the fruit matures, amino acids and its related metabolite level get increased or decreased. The up and
down-regulated metabolites have specific functions related to fruit maturation and overall quality. In both
black and white mulberry, the metabolite N8-acetylspermidine, (a derivative of polyamine spermidine),
has been found to get increased gradually from greening to maturation stage. The total sugar content in
jujube fruit gets increased during ripening stage and is accompanied with increase in N8-
acetylspermidine[12]. Further N8-acetylspermidine helps in fruit ripening by degradation of pectic
polysaccharides[13] and by modulating various metabolic pathways. Apart from upregulated
metabolites (group 1) there is a consistent decline in the group 4 metabolites (L-Tryptophan, Succinic
Acid) during fruit maturation (Fig. 2). L-Tryptophan, serves as a precursor for auxin biosynthesis which
gets declined during fruit maturation[14, 15]. At the time of fruit maturation, the metabolic energy flux
may shift toward the synthesis of other important compounds, such as flavonoids and defensive
metabolites, which contribute to fruit quality[16, 17]. The decline of succinic acid, indicates a reduced
reliance on the TCA cycle for energy production. Succinic acid is a key intermediate in the energy
producing TCA cycle. During fruit ripening, metabolic shift occurs where the decrese in the levels of
various organic acids, including succinic acid, was correlated with the changes in metabolic activity and
energy production[16]. This decline may shift the fruit's metabolic priorities, moving away from energy
production toward the synthesis of compounds that contribute to fruit quality. Rise in respiration is
associated with increased ethylene production, which triggers various ripening processes, including the
breakdown of organic acids[18]. As respiration rates change, the metabolic pathways involved in energy
production and organic acid metabolism are also affected, leading to a decline in succinic acid levels.
This metabolic reprogramming can lead to reduced synthesis or increased degradation of S-sulfo-L-
cysteine. The decline reflects that there is a decreased need for sulfur-containing compounds as fruit
prioritizes other metabolic pathways that are critical for ripening. L-pipecolic acid, an amino acid
derivative, is involved in plant defense mechanisms. As fruits ripen, the demand for certain metabolites
associated with growth and defense may diminish, leading to a reduction in L-pipecolic acid levels. The
decline in both S-sulfo-L-cysteine and L-pipecolic acid during fruit maturation reflects increased
respiration rates, shifts in energy metabolism, and the synthesis of secondary metabolites that
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contribute to fruit flavor, aroma, and color. Group 8 metabolites, (L-Lysine,L-methionine, Beta-alanine)
accumulation got increased during the maturation stage. L-lysine is the precursor for the synthesis of
various compounds, including proteins and secondary metabolites that contribute to flavor and aroma
[19]. Degradation of L-methionine is essential for the formation of sulfur-containing volatiles that
contribute to the aroma of melon fruit[20].

4.2 Key Genes Involved in the Fruit Maturation
During the fruit ripening stage, the role of ATP binding, glycolytic processes, carbohydrate transport, and
sugar membrane transport become increasingly important which have specific roles to improve the
overall fruit quality, flavor, and texture. ATP, as a universal energy currency, is essential for numerous
biochemical processes, including those involved in fruit maturation. ATP binding is essential for energy
transfer and metabolic regulation during the turning stage of fruit maturation. As fruits transition from
the immature to the mature state, there is an increased demand for energy to support various
biochemical processes, including cell wall modification and the synthesis of flavor compounds where
ATP provides the energy. In peaches, it was shown that ATP is crucial for the activity of enzymes
involved in ethylene production, which is a key hormone that regulates ripening[21]. Increase in ATP
levels during the maturation of fruits like mango and papaya, indicates a correlation between ATP
availability and the physiological processes that accompany fruit ripening[22, 23]. The increase in ATP
levels during this stage is associated with enhanced metabolic activity, facilitating the conversion of
starches to sugars, which is vital for flavor development [24].The glycolytic process plays a crucial role in
fruit maturation, particularly during the turning stage, where significant biochemical changes occur as
fruits transition from immature to mature states. As fruits mature, glycolysis is upregulated, leading to
an increase in the levels of sugars such as glucose and fructose, which are critical for the sweetness and
overall flavor profile of the fruit[24]. In peaches, the activity of glycolytic enzymes increases significantly
during maturation, contributing to the accumulation of soluble sugars and organic acids that define fruit
quality[25]. Apart from energy production they also provide intermediates that serve as precursors for
other biosynthetic pathways. In citrus fruits, the upregulation of glycolytic enzymes during fruit
maturation is linked to the synthesis of precursors for amino acid and fatty acid biosynthesis,
contributing to the flavor and nutritional quality of the fruit[26]. In bananas, the expression of glycolytic
genes is closely associated with the metabolism of starch and sucrose, indicating a direct link between
glycolytic activity and the accumulation of sugars that enhance fruit sweetness[27]. Carbohydrate
transport is vital for the distribution of sugars from source tissues (like leaves) to developing fruits.
During the turning stage of the fruits, the transport of carbohydrates to the fruits occur to accumulate
sugars. Transport proteins, particularly those in the ATP-binding cassette (ABC) family, facilitate the
unloading of sucrose and other sugars into the fruit cells [28]. It is reported that in pomegranate fruits,
the transport of carbohydrates is closely linked to the accumulation of total soluble solids (TSS), which
increases during the fruit ripening stage[24]. This accumulation is essential for achieving the desired
sweetness and flavor characteristics. Enoyl-(acyl-carrier-protein) reductase (ENR) and acetyl-CoA
carboxylase (ACC) are two critical enzymes involved in fatty acid metabolism, which plays a significant
role in fruit maturation. ENR catalyzes the final reduction step in the fatty acid elongation cycle,
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converting trans-2-enoyl-ACP to acyl-ACP using NAD(P)H as a cofactor. This reaction is crucial for
producing saturated fatty acids, which are integral components of membrane lipids and storage lipids in
fruits [29, 30]. On the other hand, ACC catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the first
committed step in fatty acid biosynthesis[31]. This reaction is a key regulatory point in the fatty acid
synthesis pathway, as malonyl-CoA serves as a building block for the elongation of fatty acid chains. The
activity of ACC is tightly regulated during fruit maturation, as the demand for fatty acids increases for
membrane formation and energy storage[32].

4.3 TFs Involvement during the Fruit Maturation
Co-expression network analysis shows that interaction occurred between branched-chain amino acids
(BCAAs) such as isoleucine, valine, and leucine, and key transcription factors (TFs) including NAC, ERF,
bHLH, and MYB-related proteins (Fig. 6A). Expression of certain TFs correlates with the accumulation of
specific metabolites, such as sugars and organic acids, which are vital for fruit quality[33].

Transcription factors such as NAC, ERF, bHLH, and MYB are known to regulate various developmental
processes in plants, including fruit ripening and stress responses[34, 25, 35]. In mulberry, the interplay
between these amino acids and TFs NAC and MYB can influence fruit quality traits such as sugar and
acid metabolism, which are critical for fruit flavor and nutritional value[36]. Co-expression networks
analysis between NAC, G2-like, C2H2, and Trihelix transcription factors, and with amino acids such as
alanine, arginine, glutamate, and aspartate shows that they have important roles as signaling molecules
during stress responses. Correlation network studies have shown that Glutamate and NAC and C2H2
genes have strong coordination during stress responses[37]. Co-expression networks analysis between
WRKY, bZIP, GRAS transcription factors, and with amino acids such as Glutamine, glutamic acid,
aspartate, alanine, and glutathione shows their involvement in metabolic regulation. The expression of
WRKY and bZIP transcription factors has been linked to the regulation of genes involved in the synthesis
of GABA (gamma-aminobutyric acid), an abundant metabolite in mature fruits and improves the flavor of
fruits[18]. GRAS family of transcription factors has been shown to interact with WRKY and bZIP factors,
which enhances the fruits maturation processes[18]. Co-expression network analysis between HD-ZIP,
CPP transcription factors, and with amino acids such as Tryptophan, tyrosine, and phenylalanine have
specific roles in secondary metabolism. Tyrosine and phenylalanine are precursors for phenolic
compounds and flavonoids, which contribute to the color, flavor, and antioxidant properties of fruits[38].
The co-expression of HD-ZIP transcription factors with these amino acids suggests a coordinated
regulatory mechanism that enhances the production of these metabolites during fruit maturation.

4.4 The Biosynthetic Pathways of Flavor-related Amino
Acids in White and Black Mulberry
Mulberry fruit flavor is closely linked to its amino acid metabolic pathways. Key amino acids—such as
phenylalanine (Phe), tryptophan (Trp), glutamate (Glu), aspartate (Asp), and tyrosine (Tyr)-serve not only
as direct flavor compounds or their precursors but are also precisely regulated by the differential

Page 12/26



expression of key genes during fruit development. This intricate regulation results in significant flavor
differences between white and black mulberry varieties.

Synthetic pathway analyses indicate that the differential gene expression between white (W) and black
(B) mulberries is primarily concentrated during the W2/B2 and W3/B3 developmental stages of the fruit.
For instance, across these three developmental periods, the gene expression of Chorismate Mutase
(CM) and Prephenate Dehydratase (PDT) in the phenylalanine synthesis pathway is significantly
downregulated in both mulberry types. Phenylalanine, is the precursor for anthocyanin synthesis,
influences anthocyanin content, which in turn modulates sugar accumulation in the fruit, ultimately
leading to differences in flavor profiles. Aspartate, an important umami amino acid, also exhibits
regulated accumulation. During the W2/B2 and W3/B3 stages, the gene expression of Aspartate
Aminotransferase (AST), Glutamate Dehydrogenase (GDH), and Glutamine Synthetase (GS) in black
mulberries is significantly downregulated compared to white mulberries, leading to varietal differences in
aspartate accumulation. For glutamate, the most potent natural umami amino acid, the gene expression
of Asparagine Synthetase (AS) in black mulberries is significantly upregulated during the B2 stage, which
enhances the umami perception in black mulberries. The metabolism of tryptophan, a precursor for the
plant endogenous hormone auxin (Indole-3-acetic acid, IAA), is equally crucial. The significant
downregulation of Tryptophan Synthase (TS) in black mulberries during the W2/B2 stage suggests that
white mulberries might accumulate higher sugar content, as IAA regulates cell division and fruit
expansion, indirectly affecting sugar accumulation and the distribution of flavor compounds. Tyrosine is
a direct or indirect precursor for many volatile aromatic compounds (e.g., fruity, floral notes). The gene
expression of Prephenate Dehydrogenase (PDH) in white mulberries is significantly downregulated
relative to black mulberries, affecting the metabolic flux of tyrosine and consequently altering the fruit's
aromatic profile. A more global metabolomic mapping analysis reveals that within the fundamental
metabolic networks underpinning amino acid synthesis pathways—including glycolysis, the tricarboxylic
acid (TCA) cycle, and the shikimate pathway—the gene expression in white mulberries is overall
significantly upregulated compared to black mulberries. This indicates that within the same
developmental timeframe, white mulberries can more efficiently drive carbon flux through these core
metabolic pathways, thereby providing ample precursors and energy for the synthesis of more
phenylalanine, tryptophan, glutamate, aspartate, and tyrosine.

In summary, the differential expression of key genes in the amino acid synthesis pathways between
white and black mulberries profoundly influences the accumulation patterns of various flavor-related
amino acids in each variety. These metabolic differences ultimately manifest in perceptible sensory
characteristics: white mulberries are typically characterized by a honey-like sweetness, a sticky
mouthfeel, high sugar content, and almost no sourness, whereas black mulberries present a sweet taste
with a hint of acidity and a more complex flavor profileshould discuss the results and how they can be
interpreted from the perspective of previous studies and of the working hypotheses. The findings and
their implications should be discussed in the broadest context possible. Future research directions may
also be highlighted.
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5 Conclusions
This study integrated amino acid metabolic profiling and transcriptome analysis to elucidate amino acid
biosynthesis in black and white mulberries. White mulberries showed higher levels of sweet amino acids,
while black mulberries exhibited a more balanced, mildly acidic flavor. 65 metabolites, including eight
essential and eighteen flavor-related amino acids, were identified, with sweet and fresh amino acids
abundant during the turning and maturation stages. The turning stage showed the highest number of
differentially expressed genes, and clusters 2 and 5 were enriched for pathways related to sweet and
sour amino acid metabolism. K-means clustering and enrichment analyses identified specific gene
clusters (1, 4, 5, and 8) associated with amino acid metabolism, particularly those involved in the
synthesis of sweet and sour amino acids. Fifteen key genes, particularly HK, PGAM, ENO, and PK, were
identified as core regulators of amino acid biosynthesis. Mapping of metabolic process with
transcriptome data show extensive transcriptional remodeling of amino acid biosynthetic pathways
between black and white mulberry cultivars. The coordinated regulation of glycolysis, TCA cycle, and
amino acid biosynthetic routes suggests complex metabolic networks that may underlie phenotypic
differences in growth and nutritional composition of mulberry fruits. Further the coordinated activation
of different pathways, along with the involvement of key transcription factor families, drives the dynamic
accumulation of amino acids during fruit ripening. Future studies should correlate these gene expression
patterns with metabolite profiling to validate the functional significance of observed transcriptional
changes and elucidate the metabolic basis of cultivar-specific traits in mulberry.
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Figure 1

Amino Acid Metabolite Profile of Black and White Mulberry Fruits.(A) PCA analysis of amino acids at
different developmental stages (Greening (B1, W1), turning (B2, W2) and maturation (B3,W3)). Where B
stands for black and W stands for White mulberry fruits. (B) Intra-group correlation of black (B) and white
(W) mulberry samples at different developmental stages. (C) Analysis of differential metabolite
accumulation among different group of mulberry fruits. For black columns represent all differential
metabolite counts; blue columns represent downregulated differential metabolite counts; red columns
represent upregulated differential metabolite counts. (D) Ratio of fresh and sweet amino acids to total
amino acids at different groups.
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Figure 2

K-Means Cluster Analysis of 65 Amino Acids. A total of 65 amino acids and their metabolites were
divided into nine groups using the k-means clustering algorithm. The x axis represents six key
development stages (B1-B3, W1-W3) and the y axis depicts the standardised value metabolite content.
The total number is expressed as the number of amino acids and their metabolites contained in the
corresponding cluster (groups 1-9).
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Figure 3

Transcriptome Sequencing and Differentially Expressed Genes in Black and White Mulberry Fruits. (A)
PCA analysis of black and white mulberry transcriptomes. (B) Count of DEGs among each group of black
and white mulberry fruits. For B vs W, black columns represent all DEGs; blue columns represent
dpwnregulated DEGs; red columns represent upregulated DEGs. (C) Venn diagram of DEGs in the
compared mulberry fruits groups. The number in each circle represents the number of DEGs expressed
in this stage. Numbers in each overlapping part represent DEGs that were coexpressed in multiple
stages.
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Figure 4

KEGG Pathway Enrichment Analysis at Three Developmental Stages. (A) KEGG pathway enrichment in
green fruit stage (B1 Vs W1). (B) KEGG pathway enrichment in turning stage (B2 Vs W2). (C) KEGG
pathway enrichment in maturation stage (B3 Vs W3). The size of the bubble indicates the number of
amino acids and their metabolites in the pathway; the color range represents the significance of the
pathway enrichment.
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Figure 5

Cluster Analysis of Differentially Expressed Genes (DEGs) using K-means Clustering Method. (A) Nine
clusters were identified by K-means clustering method. (B) GO enrichment analysis for the DEGs in the
nine clusters. GO terms are listed alongside with associated biological functions, and heatmap
illustrating the enrichment scores. (C) Heatmap distribution of transcription factor (TF) families in the
nine clusters. Full list of TFs in the nine clusters were listed in Additional file 7.
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Figure 6

Co-expression Network Analysis between Amino Acids and Transcription Factors (TFs).
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Figure 7

Schematic Illustration of Metabolic Pathways Involved in the Biosynthesis and Interconversion of Amino
Acids in Black and White Mulberry. The green font in the diagram indicates key enzymes in the metabolic
pathways. Arrows represent the direction of metabolite flow: solid arrows denote single-step reactions,
dashed arrows represent multi-step reactions, and blue arrows indicate mitochondrial substrate shuttles.
The names of enzymes and additional details are provided in Additional file 8. This pathway integrates
central metabolic intermediates (such as glucose-6-phosphate, pyruvate, and oxaloacetate) and
branches into specific amino acid biosynthesis routes, including tryptophan, aspartate, glutamate,
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phenylalanine, and tyrosine. The color gradient scale in the heatmap, ranging from -1.5 to 1.5, represents
the log10 fold change in gene expression differences.
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