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Abstract: Mulberry leaves are excellent for health care, confirmed as a ‘drug homologous food’ by
the Ministry of Health, China. The bitter taste of mulberry leaves is one of the main problems that
hinders the development of the mulberry food industry. The bitter, unique taste of mulberry leaves
is difficult to eliminate by post-processing. In this study, the bitter metabolites in mulberry leaves
were identified as flavonoids, phenolic acids, alkaloids, coumarins and L-amino acids by a combined
analysis of the metabolome and transcriptome of mulberry leaves. The analysis of the differential
metabolites showed that the bitter metabolites were diverse and the sugar metabolites were down-
regulated, indicating that the bitter taste of mulberry leaves was a comprehensive reflection of various
bitter-related metabolites. Multi-omics analysis showed that the main metabolic pathway related to
bitter taste in mulberry leaves was galactose metabolism, indicating that soluble sugar was one of the
main factors of bitter taste difference in mulberry leaves. Bitter metabolites play a great role in the
medicinal and functional food of mulberry leaves, but the saccharides in mulberry leaves have a great
influence on the bitter taste of mulberry. Therefore, we propose to retain bitter metabolites with drug
activity in mulberry leaves and increase the content of sugars to improve the bitter taste of mulberry
leaves as strategies for mulberry leaf food processing and mulberry breeding for vegetable use.

Keywords: mulberry leaves; bitter taste; sugar; metabolome; transcriptome

1. Introduction

Mulberry (Morus spp.) is an important economic crop widely distributed from temper-
ate to subtropical regions [1]. Mulberry leaves are rich in a variety of nutrients and bioactive
substances, including sugar, protein, fiber, vitamins, minerals, polyphenols, alkaloids and
amino acids required for the human body [2,3]. For thousands of years, mulberry leaves
have been used as feed for silkworms and in traditional Chinese medicine [4,5]. However,
mulberry leaves are excellent for health care, confirmed as a ‘drug homologous food’ by
the Ministry of Health, China [6]. They have a high edible nutritional value as well as
antibacterial, anti-tumor, anti-aging, blood sugar and blood pressure lowering effects, and
other medicinal effects [5,7–9]. Therefore, mulberry leaves are an ideal source of functional
food. In recent years, mulberry leaves have been widely used as raw-food materials, such
as mulberry leaf tofu, mulberry leaf ice cream, mulberry leaf noodles, mulberry leaf biscuits
and mulberry leaf drinks made with mulberry leaf powder as one of the raw materials, and
mulberry bud tea made of mulberry buds and leaves as raw materials [10–12]. Moreover,
mulberry buds and young leaves can also be directly made into mulberry sprout dishes
as vegetables to eat. Various kinds of mulberry sprout dishes have gradually emerged in
southern China, appearing in restaurants and on people’s tables.

The bitter taste of mulberry leaves is a problem when used as food. Bitterness is
the least popular of the five tastes, and mammals generally dislike or even reject bitter
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foods [13,14]. The bitter taste of mulberry leaves also limits their use as fodder. In plants, bit-
ter substances are ubiquitous, including polyphenols, alkaloids, amino acids and peptides,
saponins and inorganic salts [15–17]. Different plants exhibit different levels of bitterness
depending on the type and content of the bitter substances they possess [18]. There may
be taste interactions among different tastes and among different bitter compounds, which
makes it difficult to study the formation factors of bitter taste in mulberry leaves. Different
tastes will produce different effects when mixed. Studies have shown that both umami and
sweet taste have a masking effect on bitterness [19,20]. For example, the mellow bitterness
of chocolate is characteristic of its quality, and to maintain this bitterness during processing,
appropriate amounts of sugar can be added to equalize the bitterness without removing
it [21]. Therefore, from a single bitter substance, it is difficult to determine the formation
of bitter mulberry leaves. The bitter taste of mulberry leaves may be a comprehensive
reflection of various metabolites.

The rise of metabolomics provides a new research strategy for the formation of bitter
taste in mulberry leaves. MMHub, a database for the mulberry metabolome, annotates
124 metabolites of mulberry leaves, among which 90 metabolites contain detailed infor-
mation about related chemical structures, including alkaloids, flavonoids, bitter amino
acids, etc., related to the bitter taste of mulberry leaves [22]. Metabolomics contains more
comprehensive information and is more conducive to the analysis of complex bitter-related
metabolites in mulberry leaves [22]. However, the types and quantities of metabolites
related to bitterness are very large, which makes it difficult to analyze the types or com-
pounds of the key metabolites that determine the bitterness of mulberry leaves. The use of
RNA-Seq to predict and verify new key regulators, and direct and indirect targets in plant
metabolite synthesis pathways, has become a new comprehensive information analysis
method [23–25]. Combined metabolome and transcriptome analysis is advantageous in
identifying key metabolites, metabolite synthesis pathways and new key regulatory factors.
For example, combined transcriptome and metabolome analysis showed that the flavonoid
biosynthesis pathway and isoflavone biosynthesis pathway were the most significant en-
richment pathways in the infection response of thrips [26]. Furthermore, the key structural
genes and transcription factors regulating the metabolism of soluble sugars, organic acids
and important volatiles in kiwifruit were identified via a comprehensive analysis of the
metabolome and the whole genome transcriptome, and the regulatory mechanisms of
the key transcription factors regulating flavor metabolism were also revealed [27]. The
combined analysis method of the transcriptome and metabolome has a good application
in the flavonoid biosynthesis of mulberry. Li et al. analyzed the distribution of flavonols
and flavonoids in 91 mulberry resources, and identified the key enzyme of rutin synthesis,
flavonol 3-O-glucoside-O-rhamnosyltransferases (FGRTs), combined with metabolic spec-
trum analysis [28]. Xu et al. conducted a joint analysis of the metabolome and transcriptome
of mulberry leaves harvested at different times, and found that flavonoids were signifi-
cantly enriched after frost, and that the expression level of unigenes related to flavonoid
biosynthesis was also increased, suggesting that low temperature may be the key triggering
factor for the flavonoid biosynthesis of mulberry leaves by improving the expression of
genes related to flavonoid biosynthesis [29].

In this study, metabolites related to bitterness in mulberry leaves were analyzed by
comparing the metabolites of leaves with different bitterness. The genes and pathways
involved in the synthesis of bitter substances in mulberry leaves were analyzed via com-
parative transcriptome. Combined with metabolome and transcription analysis, the main
metabolites, genes and their synthetic pathways affecting the bitter taste of mulberry leaves
were analyzed, and the physiological mechanism of the formation of the bitter astringency
of mulberry leaves was preliminarily determined. This provided a theoretical basis for
mulberry breeding for food mulberry leaves.
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2. Materials and Methods
2.1. Plant Materials

Mulberry (Morus spp.) plants were grown at the Central China Branch of National
Mulberry Germplasm Resources, located in Wuhan, Hubei Province, China. A total of
18 Mulberry resources were tested for sensory evaluation (Table S1). Three trees of each
resource were sampled. The second leaf from the terminal bud was picked for each plant,
and there was 1 replicate for each plant, with 3 replicates in total. The young leaves were
well grown and free from pests and diseases. The leaves of the mulberry resources Morus
alba L. var. B436 (B436) and M. alba L. var. heyebai (HYB) were collected from the mulberry
plants for metabolome and transcriptome analysis.

2.2. Bitter Taste Levels Evaluation

Young leaves from different varieties of mulberry were picked, cleaned, and boiled
for 1 min without any seasoning. The bitterness level of mulberry leaves was then rated
from 1 to 9. We defined significant differences in the bitterness levels of the white bud of
Guisang12, Taiwan No. 2 and 3 mulberry resources as 2, 4 and 8. The young leaves of three
mulberry resources were presented to a trained sensory panel (4 males and 3 females) in
sequence after being treated as described above, and the bitterness level of each mulberry
leaf was judged using a triangulation test. The group members who completed mulberry
leaf bitterness sensory training rinsed their mouths with purified water before and after
sample evaluation. The sample evaluation interval was 5 min, and each sample was
evaluated twice. The significance of the bitterness level of mulberry leaves was analyzed
using SPSS 22.0 software.

2.3. UPLC–MS/MS System and Analytical Conditions

The sample extraction and professional analytical processes of metabolite detection
were performed at Metware Biotechnology Co., Ltd. (Wuhan, China) following their
standard procedures [30].

2.4. Metabolomics Data Analysis

The qualitative and quantitative mass spectrum data were analyzed using Analyst
1.6.3 software (AB SCIEX, Concord, ON, Canada). Unsupervised principal component
analysis (PCA) was performed within the statistical function prcomp in R software (www.
rproject.org, accessed on 15 September 2021), and the data were scaled via unit variance
before PCA analysis. The cor function and ComplexHeatmap packages of R software
were used to calculate the Pearson correlation coefficient (PCC) between samples and the
hierarchical cluster analysis (HCA) of samples and metabolites, respectively. R-package
MetaboAnalystR was used to generate VIP values of OPLS-DA results, which also included
score plots and permutation plots. Significantly regulated metabolites between groups
were determined using VIP ≥ 1 and |log2 fold change| ≥ 1. The identified metabolites
were annotated using the KEGG compound database, and then mapped to the KEGG
pathway database. The pathways with significantly regulated metabolites were then input
into MSEA (metabolite set enrichment analysis), and their significance was determined
using the p-values of hypergeometric tests.

2.5. Transcriptome Data Analysis

Libraries were constructed from enriched mulberry leaf mRNA and sequenced us-
ing the Illumina HiSeqTM 4000 platform (Illumina, San Diego, CA, USA) by Metware
Biotechnology Co., Ltd. (Wuhan, China). The Mulberry reference genome and its anno-
tation file were downloaded from the NCBI website, and HISAT2 software (v2.2.1) was
introduced to map reads to the reference genome of Morus notabilis (taxid:981085). The
mapped reads of each sample were assembled using StringTie (v1.3.4d) with default pa-
rameters and gffcompare software (v2.2.1) to reconstruct a comprehensive transcriptome
from all transcriptomes of each sample. The novel genes were predicted by assembling the

www.rproject.org
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mapped reads and comparing them with the original genome. To obtain the annotation
information, the unigenes were compared with public databases, including KEGG, GO,
KOG, NR, Swiss-Prot, Pfam and Trembl. To evaluate gene expression levels, transcript
abundances were calculated and normalized to FPKM (fragments per kilobase of transcript
per million fragments mapped). featureCounts v1.6.2 was used to calculate the FPKM of
each gene based on the gene length. PCA was performed within the statistical function
prcomp in R software to obtain the relationships among, and variability between, samples.
The differential expressions between the two groups were analyzed using DESeq2 (v1.22.1),
and the p value was corrected using the Benjamini and Hochberg method. The corrected
p value < 0.05 and |log2 fold change| ≥ 1 were used as the threshold for significant differ-
ence expression. Enrichment analysis was conducted based on a hypergeometric test. For
KEGG, a hypergeometric distribution test was conducted with the pathway as a unit. For
GO, it was based on the GO term.

2.6. Integration Analysis of Metabolome and Transcriptome

We performed integration analyses of differentially accumulated metabolites (DAMS)
and differentially expressed genes (DEGs) from metabolic fractions and transcriptomes
to determine the enrichment of pathways. The transcription–metabolite network was
constructed using the gene metabolite network with a Pearson correlation coefficient
(PCC) > 0.8.

2.7. Quantification of Soluble Sugars in Mulberry Leaves

To detect the concentration of soluble sugars, 100 mg leaves were sampled and ground
into a homogenate with 1 mL distilled water. After being incubated at 80 ◦C for 20 min,
they were centrifuged at 12,000× g for 20 min and the supernatant was collected. All
supernatants were diluted 20 times for the determination of soluble sugars. In total, 40 µL
of diluted sample solution was added to 40 µL distilled water, 20 µL anthrone-sulfuric
acid solution, and 200 µL concentrated sulfuric acid, mixed, and then placed in a 95 ◦C
water bath for 10 min. After cooling to room temperature, 200 µL was taken from a 96-well
plate at 620 nm to determine its absorbance value. The 5 mg/mL glucose standard solution
was diluted into 0.8, 0.6, 0.5, 0.4, 0.3, 0.2 and 0.1 mg/mL gradient solutions, which were
measured at the same time as the sample, and the standard curve was drawn according
to the relationship between the concentration and light absorption value. Total soluble
sugar (mg/g) = C × V ÷ M × F. C; total soluble sugar content calculated from the standard
curve, mg/mL; V, extract liquid volume, 1 mL; M, sample weight, g; F, dilution ratio. The
software GraphPad Prism 5 was used to analyze the Pearson correlation coefficients of the
soluble sugars and bitter taste levels.

3. Results
3.1. Evaluation of Bitter Taste Levels for Different Mulberry Leaves

To evaluate the bitter taste levels of 30 mulberry resources, we set the young leaves of
3 mulberry varieties with increasing bitter taste levels to be 2, 4, and 8 (Figure 1). Based on
this standard, the bitter taste levels of the young leaves of the other 27 mulberry resources
were evaluated using the multi-person taste evaluation method. The evaluation result is
shown in Table S1. The bitter taste levels were graded from slightly bitter to extremely bitter
with an increasing score in the range of 1–9. The bitter taste phenotypes of 30 mulberry
varieties basically covered all bitter taste levels, and there was a great difference between
the mulberry varieties with the highest bitter taste level and the lowest. SPSS 22.0 software
was used to analyze the significance of the bitter taste levels of mulberry leaves of various
varieties (p ≤ 0.05). The mulberry variety with the highest bitter taste out of all the mulberry
leaves was Heyebai, followed by Dabaiya and Ribentiancheng. The two varieties with the
lowest bitter taste of mulberry leaves were Bai436 and Bai185. The mildly bitter mulberry
variety Bai436 (B436) and the extremely bitter mulberry variety Heyebai (HYB) were selected
for wide-target metabolomics and transcriptomics analysis (Figure 1).
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Figure 1. Evaluation of bitter taste levels for different mulberry young leaves. Data represent
means ± SD of seven repeats. Different letters above the bars indicate significant differences, as
determined using a Tukey honest significant difference test (p < 0.05).

3.2. Transcriptome and Metabolome Analysis of Mulberry Leaves

The second tender leaves from the top of the annual branches of B436 and HYB were
taken for broad target metabolomics and transcriptomics analysis. Three independent
biological replicates were used for each variety, resulting in six samples. In transcriptome
detection, a total of 40.99 Gb of Clean Data was obtained, and the Clean Data of each sample
were above 6.53 Gb, and the percentage of the Q30 base value was over 94.05% (Table 1).
Using HISAT v2.1.0, clean reads were compared to the reference genome with an efficiency
of over 71.46%. A total of 20,761 transcripts were obtained. According to the location
information of genomic reads, the reads were assembled into 3792 new transcripts using
StringTie v1.3.4d. All transcripts obtained from the transcriptome were compared with
seven major databases (Nr, Swiss-prot, Pfam, KOG, GO, Tremble and KEGG databases).
A total of 22,567 homologous genes were identified in NR (16,546), Swiss-prot (16,871),
Pfam (19,086), KOG (12,956), GO (18,953), Tremble (13,980), and KEGG (16,372) data from
24,553 transcripts’ homologous genes were found in the library (Table S2). In addition,
872 metabolites were detected, which can be divided into 11 broad categories (Table S3).

Table 1. Transcriptome sequencing data for the leaf samples from B436 and HYB.

Sample Raw Reads (M) Clean Reads (M) Clean Base (M) Q20 (%) Q30 (%)

B436-1 46.74 44.48 6.67 98.01 94.5
B436-2 47.34 45.43 6.81 97.93 94.05
B436-3 48.55 46.63 6.99 97.93 94.07
HYB-1 45.44 43.50 6.53 97.93 94.29
HYB-2 47.70 45.77 6.87 97.97 94.39
HYB-3 49.39 47.45 7.12 97.91 94.06
Sum 285.15 273.26 40.99

The principal component analysis (PCA) of DEGs and DAMs showed significant
differences between the B436 and HYB groups, explaining 51.3% and 71.8% of the total
variation, respectively (Figure 2A,B). These results indicated that there were significant
differences in metabolites and genes related to the bitter taste of mulberry leaves between
B436 and HYB.
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Figure 2. PCA of the variance-stabilized estimated raw counts of DEGs (A) and DAMs (B) between
B436 and HYB.

3.3. DEGs and DAMs Related to Bitter Taste in Mulberry Leaves

DESeq2 v1.22.1 was used to analyze the DEGs between the two groups. B436 compared
with the HYB of mulberry leaves was detected in 3809 DEGs, of which there were 2231 and
1578 DEGs raised and lowered (B436 vs. HYB, p-adjusted value < 0.05 and |log2FC| ≥ 1,
Figure 3A). We used an OPLS-DA model to evaluate the differential accumulative metabo-
lites between B436 and HYB mulberry young leaves. The established OPLS-DA model
had a good fit (Figure S1). A total of 296 differential metabolites were detected between
the two groups, with 181 metabolites up-regulated and 115 metabolites down-regulated
(B436 vs. HYB, VIP ≥ 1 and |log2FC| ≥ 1, Figure 3B). Further analysis revealed 2892 gene
annotations on 131 different KEGG pathways (Table S4). The enrichment of the KEGG
pathway showed that the differential genes related to the bitter taste of mulberry leaves
were mainly involved in plant pathogen interactions and the MAPK signaling pathway
(corrected p-value < 0.05, Figure 4A).
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Figure 3. Volcano map of DEGs and DAMs. (A) Volcano plots were used to display the down-
regulated, non-regulated and up-regulated genes for HYB vs. b436. (B) Volcano plots were used to
display the down-regulated, insignificant and up-regulated metabolites for HYB vs. b436. The red,
green and blue/gray dots represent up-regulated DEGs or DAMs (up), down-regulated DEGs or
DAMs (down), and unchanged DEGs or DAMs (no/insignificant), respectively.
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DEGs in HYB vs. B436. (B) KEGG pathway classification of DAMs in HYB vs. B436.

For DAMs, we found that DAMs were most significantly enriched in the linoleic acid
metabolic pathway, pyrimidine metabolic pathway, galactose metabolic pathway, α-linoleic
acid metabolic pathway, and bioanabolic metabolic pathway of flavonoids and flavonols
(Figure 4B). Bitter substances in plants are mainly divided into five categories: polyphenols,
alkaloids, amino acids and peptides, saponins and inorganic salts. Furthermore, the
results showed that the top 10 up-regulated metabolites in the mulberry young leaves of
B436 versus HYB were N-acetyl-L-glutamic acid, 4,4-dihydroxy-3,5-dimethoxybibenzyl
acid, cinnamic acid, phenoxyacetic acid, isovanillin, homogentian acid, sacherol 5,3-di-
O-glucoside, 4-hydroxy-chalcone, isorhamnose-3-O-gallate and homoplantine-7-O-(6-O-
Coumaryl)-glucoside (Figure 5A). Humans have the same receptors for bitter taste and
sweet taste and the two taste sensations have a competitive inhibition relationship. The
different metabolites of sweet taste between B436 and HYB were mainly sugar alcohols
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and the 10 sugar alcohol metabolites that were most regulated were 1, 6-dehydrate-β-D-
glucose, D-glucose, D-fructose, L-xylose, D-(+)-galactose, inositol, D-arabinose, mannose,
isomalmaltose and lactise (Figure 5B).
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3.4. The Transcriptome and Metabolome Were Combined to Analyze the Metabolic Pathways
Related to Bitter Taste in Mulberry Leaves

To quantitatively analyze the transcripts of metabolic pathways associated with the
bitter taste of mulberry leaves, we performed a combined transcriptome and metabolome
KEGG pathway enrichment analysis. The results showed that DEGs and DAMs were
simultaneously enriched in the galactose metabolic pathway (p ≤ 0.05, Figure 6). To better
understand the relationship between genes and metabolites, we mapped both DEGs and
DAMs to the KEGG pathway map (Table S5). As shown in Figure S2, 35 key genes (19 up-
regulated and 16 down-regulated) and 9 metabolites (2 up-regulated and 7 down-regulated)
were simultaneously mapped to the galactose metabolic pathway (ko00052). We selected
certain key DAMs and DEGs from the galactose metabolic pathway to remap the gene
regulatory network (Figure 7). From the expression level, most of the key pathway genes
involved in the synthesis of D-Dalactose and D-Glucose were significantly changed. Indeed,
GOLS (three DEGs), Raffinose synthase (two DEGs), Stachyose synthetase (one DEG), INV
(three DEGs), GLA (one DEG) and lacZ (one DEG) encoding enzymes were more highly
expressed in B436 than in HYB, denoting that these DEGs are the key genes involved in the
synthesis of D-Dalactose and D-Glucose. On the contrary, the key pathways of one GOLS
gene, two Raffinose synthase genes, seven INV genes, two GLA genes, one MGAM gene
and six lacZ genes were significantly up-regulated, implying that silencing these genes
contributes to the accumulation of D-Dalactose and D-Glucose in mulberry leaves.
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Figure 6. Joint analysis of the DEGs and DAMs between B436 and HYB. Blue line represents the
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3.5. Soluble Sugar Is One of the Main Factors Responsible for the Difference in the Bitter Taste of
Mulberry Young Leaves

According to the multi-omics analysis, the content of sweet-taste metabolites may be
closely related to the difference in bitter taste between the two mulberry young leaves.
We detected the soluble sugar content in the young leaves of six mulberry resources with
different bitterness levels, as shown in Figure 8A. The soluble sugar content was highest in
B436 mulberry leaves, but lowest in HYB in six mulberry resources. In order to analyze the
relationship between soluble sugar and the bitter taste of mulberry leaves, we performed
a correlation analysis between the soluble sugar and bitter taste level. The soluble sugar
content in mulberry leaves was strongly correlated with the bitter intensity of mulberry
leaves (R = −0.77, p = 0.0002), indicating that the soluble sugar content was one of the main
factors for the bitter astringency difference in mulberry leaves (Figure 8B).
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Figure 8. Detection of soluble sugar and its correlation with bitter taste for mulberry young leaves
from six mulberry resources. (A) Detection of soluble sugar for mulberry young leaves from six
mulberry resources. Data represent means ± SD of seven repeats. Different letters above the bars
indicate significant differences, as determined by a Tukey honest significant difference test (p < 0.05).
(B) Scatter plots of bitter taste level and soluble sugar. Individual data points are shown with linear
regression. R2 represents Pearson correlation coefficient.

4. Discussion

Bitter taste is one of the basic tastes, and its most prominent feature is that it is
easily perceived by people with a very low threshold [31]. Among woody plants, tea
tree has the most studies on bitterness. Bitter substances in tea include tea polyphenols
(catechin, epicatechin, epicatechin, epicatechin gallate, epicatechin gallate, epicatechin
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gallate), tannins, phenolic acids, flavonoids, alkaloids, amino acids, etc. Catechins are
the main bitter substances [32–34]. Based on the transcriptome and metabolome analysis
of mulberry leaves B436 and HYB, the DEGs and DAMs were studied to explore the
formation mechanism of bitter taste in mulberry leaves. Our results indicate that the bitter
substances in mulberry leaves are flavonoids, phenolic acids, alkaloids, amino acids and
so on. Compared with tea leaves, tea polyphenols were not detected in mulberry leaves,
and tannins were less detected. Only ellagic acid 4-O-glucoside was significantly different
between the two kinds of mulberry leaves, indicating that the bitter formation mechanism
of mulberry leaves was very different from that of tea leaves.

Bitter substances in mulberry leaves are very varied. In this study, the changes
in metabolites related to bitter taste in the DAMs of the young mulberry leaves of two
mulberry varieties were very complex. Compared with HYB, 41 kinds of phenolic acids
were up-regulated and 21 were down-regulated in B436. There were nine kinds of L-type
amino acids, of which six were up-regulated and three were down-regulated. There were
68 flavonoids, 38 of which were up-regulated and 29 which were down-regulated. There
were 16 kinds of alkaloids, 8 of which were up-regulated and 8 of which were down-
regulated. These results indicate that the formation mechanism of bitter taste in mulberry
leaves is the comprehensive embodiment of a variety of bitter metabolites [35]. The L-type
amino acids (six up-regulated and three down-regulated), coumarin (four up-regulated and
one down-regulated), kaferol glycoside (seven up-regulated and two down-regulated) in
DAMs were consistent with the bitter astringency phenotype of mulberry leaves, and were
speculated to play an important role in the formation of bitter taste in mulberry leaves [36].

In the food industry, adding an appropriate amount of sweetness to bitterness can
suppress part of the bitterness and make the overall taste mild and delicate [37,38]. A total
of 26 kinds of sugar alcohol metabolites were detected in this study, of which 16 species were
significantly different in the leaves of the 2 mulberry varieties, among which 3 kinds were
up-regulated and 13 kinds were down-regulated. In this study, 35 glucose metabolizer genes
(19 up-regulated and 16 down-regulated) and nine glucose metabolites (two up-regulated
and seven down-regulated) were also located in the galactose metabolic pathway in the
joint transcriptome and metabolome analysis. These results indicated that carbohydrates
had a significant inhibitory effect on the bitterness of mulberry leaves.

To sum up, bitter substances in mulberry leaves are diverse and complex, and the
formation of a bitter taste in mulberry leaves is a comprehensive reflection of a variety of
bitter metabolites. In this study, many amino acids, flavonoids, phenolic acids, alkaloids
and other metabolites related to the bitter taste of mulberry leaves detected were found
to have drug activity, and have medicinal effects such as antibacterial, anti-tumor and
anti-aging effects, as well as blood sugar and blood pressure lowering effects [39–41]. As a
functional food, and also the origin of both a medicine and food, these bitter compounds
play a significant role in mulberry leaves. Traditional Chinese medicine believes that
bitter compounds can relieve asthma, stop vomiting, promote defecation and have other
effects [42,43]. At the same time, bitter taste is also indispensable in seasoning, as it
can enrich or even improve the flavor of food when matched with other tastes [13,44].
Sweet and bitter tastes have a competitive inhibition relationship [19,20,37]. In this study,
sugar alcohol metabolites with a sweet taste also showed great differences between the
two mulberry leaves, indicating that sugars in mulberry leaves have a great influence on
the formation of the bitter taste of mulberry. Therefore, we proposed to preserve bitter
metabolites with drug activity in mulberry leaves and increase the content of sugars to
improve the bitter aftertaste of mulberry leaves as a strategy for the food processing of
mulberry leaves and breeding of mulberry trees for vegetable use.



Genes 2023, 14, 1282 12 of 13

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/genes14061282/s1, Figure S1: The S-plot map of OPLS-DA in
B436 vs. HYB; Figure S2: The DEGs and DAMs simultaneously mapped to the galactose metabolism
(ko00052); Table S1: Bitter taste evaluation scores of young leaves from 27 mulberry resources;
Table S2: List of gene annotation of all transcripts; Table S3: List of metabolites detected in broad
target metabolomics of B436 and HYB; Table S4: The KEGG pathways of DEGs; Table S5: List of
DEGs and DAMs to KEGG pathway map of galactose metabolic pathway.

Author Contributions: Research design, J.H. and W.D.; experimental work, J.H., Y.L. and W.D.;
material sampling and data analyses, J.H., C.Y., R.M., Z.Z., Z.D. and X.H.; manuscript—writing and
revision, J.H. and W.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Youth Science Fund of Hubei Academy of Agricultural Sci-
ences (2023NKYJJ10) and China Agriculture Research System of MOF and MARA (CARS-18-ZJ0208).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jan, B.; Parveen, R.; Zahiruddin, S.; Khan, M.U.; Mohapatra, S.; Ahmad, S. Nutritional constituents of mulberry and their potential

applications in food and pharmaceuticals: A review. Saudi J. Biol. Sci. 2021, 28, 3909–3921. [CrossRef]
2. Srivastava, S.; Kapoor, R.; Thathola, A.; Srivastava, R.P. Nutritional quality of leaves of some genotypes of mulberry (Morus alba).

Int. J. Food. Sci. Nutr. 2006, 57, 305–313. [CrossRef]
3. Kadam, R.A. The mulberry, Morus alba (L.): The medicinal herbal source for human health. Int. J. Curr. Microbiol. App. Sci. 2019,

8, 2941–2964. [CrossRef]
4. Gryn-Rynko, A.; Bazylak, G.; Olszewska-Slonina, D. New potential phytotherapeutics obtained from white mulberry (Morus alba

L.) leaves. Biomed Pharmacother. 2016, 84, 628–636. [CrossRef]
5. Chan, E.W.C.; Wong, S.K.; Tangah, J.; Inoue, T.; Chan, H.T. Phenolic constituents and anticancer properties of Morus alba (white

mulberry) leaves. J. Integr. Med. 2020, 18, 189–195. [CrossRef] [PubMed]
6. Yuan, Q.; Zhao, L. The mulberry (Morus alba L.) fruit-a review of characteristic components and health benefits. J. Agric. Food

Chem. 2017, 65, 10383–10394. [CrossRef]
7. Batiha, G.E.; Al-Snafi, A.E.; Thuwaini, M.M.; Teibo, J.O.; Shaheen, H.M.; Akomolafe, A.P.; Teibo, T.K.A.; Al-Kuraishy, H.M.;

Al-Garbeeb, A.I.; Alexiou, A.; et al. Morus alba: A comprehensive phytochemical and pharmacological review. Naunyn. Schmiede-
bergs Arch. Pharmacol. 2023, 396, 1399–1413. [CrossRef] [PubMed]

8. Hao, J.; Gao, Y.; Xue, J.; Yang, Y.; Yin, J.; Wu, T.; Zhang, M. Phytochemicals, Pharmacological Effects and Molecular Mechanisms
of Mulberry. Foods 2022, 11, 1170. [CrossRef] [PubMed]

9. Wen, P.; Hu, T.; Robert, J.L.; Liao, S.; Wu, H.; Zou, Y. Mulberry: A review of bioactive compounds and advanced processing
technology. Trends Food Sci. Technol. 2019, 83, 138–158. [CrossRef]

10. Chan, E.W.C.; Lye, P.Y.; Wong, S.K. Phytochemistry, pharmacology and clinical trials of Morus alba. Chin. J. Nat. Med. 2016,
14, 17–30.

11. Srivastava, S.; Kapoor, R.; Thathola, A.; Srivastava, R.P. Mulberry (Morus alba) leaves as human food: A new dimension of
sericulture. Int. J. Food Sci. Nutr. 2009, 54, 411–416. [CrossRef]

12. Yu, Y.F.; Huang, J.Z.; Shi, X.P.; Deng, Z.Y. Research progress in food development of mulberry leaves in China. J. Food Saf. Qaul.
2018, 9, 1572–1578.

13. Mennella, J.A.; Bobowski, N.K. The sweetness and bitterness of childhood: Insights from basic research on taste preferences.
Physiol. Behav. 2015, 152, 502–507. [CrossRef] [PubMed]

14. Glendinning, J.I. Is the bitter rejection response always adaptive? Physiol. Behav. 1994, 56, 1217–1227. [CrossRef] [PubMed]
15. Behrens, M.; Meyerhof, W. Vertebrate bitter taste receptors: Keys for survival in changing environments. J. Agric. Food Chem.

2018, 66, 2204–2213. [PubMed]
16. Drewnowski, A.; Gomez-Carneros, C. Bitter taste, phytonutrients, and the consumer: A review. Am. J. Clin. Nutr. 2000, 72,

1424–1435. [CrossRef]
17. Karametsi, K.; Kokkinidou, S.; Ronningen, I.; Peterson, D.G. Identification of bitter peptides in aged cheddar cheese. J. Agric. Food

Chem. 2014, 62, 8034–8041. [CrossRef] [PubMed]
18. Dagan-Wiener, A.; Nissim, I.; Abu, B.N.; Borgonovo, G.; Bassoli, A.; Niv, M.Y. Bitter or not? BitterPredict, a tool for predicting

taste from chemical structure. Sci. Rep. 2017, 7, 12074. [CrossRef] [PubMed]
19. Temussi, P.A. Sweet, bitter and umami receptors: A complex relationship. Trends Biochem. Sci. 2009, 34, 296–302. [CrossRef]

https://www.mdpi.com/article/10.3390/genes14061282/s1
https://www.mdpi.com/article/10.3390/genes14061282/s1
https://doi.org/10.1016/j.sjbs.2021.03.056
https://doi.org/10.1080/09637480600801837
https://doi.org/10.20546/ijcmas.2019.804.341
https://doi.org/10.1016/j.biopha.2016.09.081
https://doi.org/10.1016/j.joim.2020.02.006
https://www.ncbi.nlm.nih.gov/pubmed/32115383
https://doi.org/10.1021/acs.jafc.7b03614
https://doi.org/10.1007/s00210-023-02434-4
https://www.ncbi.nlm.nih.gov/pubmed/36877269
https://doi.org/10.3390/foods11081170
https://www.ncbi.nlm.nih.gov/pubmed/35454757
https://doi.org/10.1016/j.tifs.2018.11.017
https://doi.org/10.1080/09637480310001622288
https://doi.org/10.1016/j.physbeh.2015.05.015
https://www.ncbi.nlm.nih.gov/pubmed/26002822
https://doi.org/10.1016/0031-9384(94)90369-7
https://www.ncbi.nlm.nih.gov/pubmed/7878094
https://www.ncbi.nlm.nih.gov/pubmed/28013542
https://doi.org/10.1093/ajcn/72.6.1424
https://doi.org/10.1021/jf5020654
https://www.ncbi.nlm.nih.gov/pubmed/25075877
https://doi.org/10.1038/s41598-017-12359-7
https://www.ncbi.nlm.nih.gov/pubmed/28935887
https://doi.org/10.1016/j.tibs.2009.02.005


Genes 2023, 14, 1282 13 of 13

20. Zhang, Y.; Hoon, M.A.; Chandrashekar, J.; Mueller, K.L.; Cook, B.; Wu, D.; Zuker, C.S.; Ryba, N.J. Coding of sweet, bitter, and
umami tastes: Different receptor cells sharing similar signaling pathways. Cell 2003, 112, 293–301. [CrossRef] [PubMed]

21. Drewnowski, A. The science and complexity of bitter taste. Nutr. Rev. 2001, 59, 163–169. [CrossRef]
22. Li, D.; Ma, B.; Xu, X.; Chen, G.; Li, T.; He, N. MMHub, a database for the mulberry metabolome. Database 2020, 2020, baaa011.

[CrossRef]
23. Park, Y.J.; Li, X.; Noh, S.J.; Kim, J.K.; Lim, S.S.; Park, N.I.; Kim, S.; Kim, Y.B.; Kim, Y.O.; Lee, S.W.; et al. Transcriptome and

metabolome analysis in shoot and root of Valeriana fauriei. BMC Genom. 2016, 17, 303. [CrossRef]
24. He, Y.; Chen, H.; Zhao, J.; Yang, Y.; Yang, B.; Feng, L.; Zhang, Y.; Wei, P.; Hou, D.; Zhao, J.; et al. Transcriptome and metabolome

analysis to reveal major genes of saikosaponin biosynthesis in Bupleurum chinense. BMC Genom. 2021, 22, 839. [CrossRef]
25. Zhang, S.; Zhan, W.; Sun, A.; Xie, Y.; Han, Z.; Qu, X.; Wang, J.; Zhang, L.; Tian, M.; Pang, X.; et al. Combined transcriptome and

metabolome integrated analysis of Acer mandshuricum to reveal candidate genes involved in anthocyanin accumulation. Sci. Rep.
2021, 11, 23148. [CrossRef] [PubMed]

26. Zhang, Z.; Chen, Q.; Tan, Y.; Shuang, S.; Dai, R.; Jiang, X.; Temuer, B. Combined Transcriptome and Metabolome Analysis of
Alfalfa Response to Thrips Infection. Genes 2021, 12, 1967. [CrossRef] [PubMed]

27. Wang, R.; Shu, P.; Zhang, C.; Zhang, J.; Chen, Y.; Zhang, Y.; Du, K.; Xie, Y.; Li, M.; Ma, T.; et al. Integrative analyses of metabolome
and genome-wide transcriptome reveal the regulatory network governing flavor formation in kiwifruit (Actinidia chinensis). New
Phytol. 2022, 233, 373–389. [CrossRef]

28. Li, D.; Chen, G.; Ma, B.; Zhong, C.; He, N. Metabolic Profiling and Transcriptome Analysis of Mulberry Leaves Provide Insights
into Flavonoid Biosynthesis. J. Agric. Food Chem. 2020, 68, 1494–1504. [CrossRef]

29. Xu, D.; Cheng, S.; Zhang, J.; Lin, H.; Chen, Y.; Yue, S.; Tian, M.; Tang, Y.; Zhao, Y. Morus alba L. Leaves-Integration of Their
Transcriptome and Metabolomics Dataset: Investigating Potential Genes Involved in Flavonoid Biosynthesis at Different Harvest
Times. Front. Plant Sci. 2021, 12, 736332. [CrossRef] [PubMed]

30. Chen, W.; Gong, L.; Guo, Z.; Wang, W.; Zhang, H.; Liu, X.; Yu, S.; Xiong, L.; Luo, J. A Novel Integrated Method for Large-Scale
Detection, Identification, and Quantification of Widely Targeted Metabolites: Application in the Study of Rice Metabolomics. Mol.
Plant 2013, 6, 1769–1780. [CrossRef] [PubMed]

31. Hladik, C.M.; Simmen, B. Taste perception and feeding behavior in nonhuman human populations. Evol. Anthropol. Issues News
Rev. 1996, 5, 58–71. [CrossRef]

32. Deng, S.; Zhang, G.; Olayemi Aluko, O.; Mo, Z.; Mao, J.; Zhang, H.; Liu, X.; Ma, M.; Wang, Q.; Liu, H. Bitter and astringent
substances in green tea: Composition, human perception mechanisms, evaluation methods and factors influencing their formation.
Food Res. Int. 2022, 157, 111262. [CrossRef] [PubMed]

33. Xu, Y.; Zhang, Y.; Chen, J.; Wang, F.; Du, Q.; Yin, J. Quantitative analyses of the bitterness and astringency of catechins from green
tea. Food Chem. 2018, 258, 16–24. [CrossRef] [PubMed]

34. Soares, S.; Brandão, E.; Guerreiro, C.; Soares, S.; Mateus, N.; de Freitas, V. Tannins in Food: Insights into the Molecular Perception
of Astringency and Bitter Taste. Molecules 2020, 25, 2590. [CrossRef]

35. Smail, H.O. The roles of genes in the bitter taste. AIMS Genet. 2019, 6, 88–97. [CrossRef]
36. Wooding, S.P.; Ramirez, V.A.; Behrens, M. Bitter taste receptors: Genes, evolution and health. Evol. Med. Public Health 2021,

9, 431–447. [CrossRef]
37. Jin, H.; Fishman, Z.H.; Ye, M.; Wang, L.; Zuker, C.S. Top-Down Control of Sweet and Bitter Taste in the Mammalian Brain. Cell

2021, 184, 257–271. [CrossRef]
38. Glenn, R. Bitterness: Reduction and inhibition. Trends Food Sci. Technol. 1992, 3, 85–91.
39. Ponte, L.G.S.; Pavan, I.C.B.; Mancini, M.C.S.; da Silva, L.G.S.; Morelli, A.P.; Severino, M.B.; Bezerra, R.M.N.; Simabuco, F.M. The

Hallmarks of Flavonoids in Cancer. Molecules 2021, 26, 2029. [CrossRef] [PubMed]
40. Weng, C.; Yen, G. Chemopreventive effects of dietary phytochemicals against cancer invasion and metastasis: Phenolic acids,

monophenol, polyphenol, and their derivatives. Cancer Treat. Rev. 2012, 38, 76–87. [CrossRef]
41. Liu, C.; Yang, S.; Wang, K.; Bao, X.; Liu, Y.; Zhou, S.; Liu, H.; Qiu, Y.; Wang, T.; Yu, H. Alkaloids from Traditional Chinese Medicine

against hepatocellular carcinoma. Biomed. Pharmacother. 2019, 120, 109543. [CrossRef] [PubMed]
42. Lu, F.; Ding, L.; Cao, S.; Zhang, D.; Zhang, B.; Qiu, F. Chemistry and biology research on bitter-taste Chinese materia medica with

function of regulating glycolipid metabolism. China J. Chin. Mater. Med. 2018, 43, 3834–3840. (In Chinese)
43. Chen, H.; Guo, J.; Pang, B.; Zhao, L.; Tong, X. Application of Herbal Medicines with Bitter Flavor and Cold Property on Treating

Diabetes Mellitus. Evid. Based Complement. Alternat. Med. 2015, 2015, 529491. [CrossRef] [PubMed]
44. Dinehart, M.E.; Hayes, J.E.; Bartoshuk, L.M.; Lanier, S.L.; Duffy, V.B. Bitter taste markers explain variability in vegetable sweetness,

bitterness, and intake. Physiol. Behav. 2006, 87, 304–313. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0092-8674(03)00071-0
https://www.ncbi.nlm.nih.gov/pubmed/12581520
https://doi.org/10.1111/j.1753-4887.2001.tb07007.x
https://doi.org/10.1093/database/baaa011
https://doi.org/10.1186/s12864-016-2616-3
https://doi.org/10.1186/s12864-021-08144-6
https://doi.org/10.1038/s41598-021-02607-2
https://www.ncbi.nlm.nih.gov/pubmed/34848790
https://doi.org/10.3390/genes12121967
https://www.ncbi.nlm.nih.gov/pubmed/34946916
https://doi.org/10.1111/nph.17618
https://doi.org/10.1021/acs.jafc.9b06931
https://doi.org/10.3389/fpls.2021.736332
https://www.ncbi.nlm.nih.gov/pubmed/34868120
https://doi.org/10.1093/mp/sst080
https://www.ncbi.nlm.nih.gov/pubmed/23702596
https://doi.org/10.1002/(SICI)1520-6505(1996)5:2&lt;58::AID-EVAN5&gt;3.0.CO;2-S
https://doi.org/10.1016/j.foodres.2022.111262
https://www.ncbi.nlm.nih.gov/pubmed/35761574
https://doi.org/10.1016/j.foodchem.2018.03.042
https://www.ncbi.nlm.nih.gov/pubmed/29655718
https://doi.org/10.3390/molecules25112590
https://doi.org/10.3934/genet.2019.4.88
https://doi.org/10.1093/emph/eoab031
https://doi.org/10.1016/j.cell.2020.12.014
https://doi.org/10.3390/molecules26072029
https://www.ncbi.nlm.nih.gov/pubmed/33918290
https://doi.org/10.1016/j.ctrv.2011.03.001
https://doi.org/10.1016/j.biopha.2019.109543
https://www.ncbi.nlm.nih.gov/pubmed/31655311
https://doi.org/10.1155/2015/529491
https://www.ncbi.nlm.nih.gov/pubmed/26557150
https://doi.org/10.1016/j.physbeh.2005.10.018
https://www.ncbi.nlm.nih.gov/pubmed/16368118

	Introduction 
	Materials and Methods 
	Plant Materials 
	Bitter Taste Levels Evaluation 
	UPLC–MS/MS System and Analytical Conditions 
	Metabolomics Data Analysis 
	Transcriptome Data Analysis 
	Integration Analysis of Metabolome and Transcriptome 
	Quantification of Soluble Sugars in Mulberry Leaves 

	Results 
	Evaluation of Bitter Taste Levels for Different Mulberry Leaves 
	Transcriptome and Metabolome Analysis of Mulberry Leaves 
	DEGs and DAMs Related to Bitter Taste in Mulberry Leaves 
	The Transcriptome and Metabolome Were Combined to Analyze the Metabolic Pathways Related to Bitter Taste in Mulberry Leaves 
	Soluble Sugar Is One of the Main Factors Responsible for the Difference in the Bitter Taste of Mulberry Young Leaves 

	Discussion 
	References

