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ARTICLE INFO ABSTRACT

Keywords: Chongging Old Rose is an ancient edible rose variety native to Chongqing, China, but is under-
Edible flower reported. Further evidence is required to fully establish its potential benefits. The complete
Old rose

metabolic profiles were examined for comparative analysis between the Old Rose and three rose
cultivars. The results showed that the pathways of flavonoid biosynthesis, monoterpenoid
biosynthesis, and phenylalanine metabolism were significantly enriched in Old Rose. The pre-
dominant anthocyanins in Old Rose were cyanidin and peonidin, which may contribute to flower
coloration and indicate the antioxidant potential of this plant. Additionally, this plant was rich in
aromatic compounds and terpenoids such as 2-phenylethanol, linalool, geraniol, and car-
yophyllene a-oxide, indicating that it has a natural basis for extracting essential oil. Moreover, the
presence of some active phytoconstituents, such as phenols, steroids, and alkaloids, also suggests
its potential for edible and medicinal applications besides flavonoids and terpenoids.

Phytoconstituents
Floral scent

Floral color
Metabolic pathway

1. Introduction

Rose is a common name for the genus Rosa, which belongs to the Rosaceae family and contains approximately 200 species.
Although it is an economically important crop in ornamental horticulture, some roses are used in pharmaceuticals, flavors, and fra-
grances. Its use for vomiting blood, stomachache, acute mastitis, and other diseases was recorded in the Supplement of Materia Medica
(Bencao Shiyi, the 8th century CE (CE: Common Era)). A food recipe for the rose was recorded and attributed to Apicius as early as the
first century Common Era [1]. Moreover, rose extracts of petals have been used in the perfume and cosmetic industries [2].

In China, "Meigui" is an umbrella word for some rose varieties that are usually cultivated for extracting rose essential oil, making
rose tea, rose wine, rose sauce, and pharmaceuticals [3,4]. It is also known internationally as the traditional rose, namely, Old Rose.
Unlike many rose cultivars grown to produce cut flowers or for ornamental purposes, which are often brightly colored but lack aroma,
Meigui is usually fragrant and edible. Following the investigations conducted in recent years, approximately 20 edible cultivars have
been used in China [3,5]. However, these investigations did not fully reveal edible rose varieties in China. The Chongging Old Rose, as
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a local variety, can also be included in Meigui and is utilized in food processing. It has a long and storied history, but it has not been
mentioned in previous academic literature. With petals as the essential ingredients for aroma and flavor, Chongqing Province in
southwestern China is well known for its rose flower crunchy rice candy ("Meiguipai Mihuatang" in Chinese; Qing Dynasty).

Recently, as flowers have become increasingly popular as edible fresh crops worldwide [6], the edible value of roses has been
widely noticed [4,7]. As a food resource, rose petals are natural products with a nutritive value that can offer several phytocon-
stituents, including pigments, flavonoids, anthocyanins, sugars, organic acids, and dietary fiber [4,8]. Studies on the chemical
composition and properties of edible rose petals are linked to the presence of several biologically active phytoconstituents, together
with an increased awareness of consumers regarding the consumption of natural sources of active phytoconstituents [9-13].

The phytoconstituents of rose petals are liable for their pharmacological activity besides nutritional value. In recent years, phar-
macological studies have been conducted on human healthcare, and they have proven many benefits. They have been used for eye
diseases [14], antidiabetic activity [15,16], and antianxiety, anti-inflammatory, antioxidant, and anticholinesterase activities [17].
Moreover, phytoconstituent-based alternative medicines are cheaper, easily accessible, and have fewer side effects with better
tolerance [18,19].

Aside from consumption value, phytoconstituents are responsible for the color, aroma, and other physiological properties of plants.
The anthocyanins among the phytoconstituents determine the flower coloration. The volatile organic compounds among the phyto-
constituents determine aroma characteristics as a mixture of volatile substances with low molecular weight and high vapor pressure at
ambient temperatures. The physical properties of these compounds allow them to freely cross cellular membranes and be emitted into
the surrounding environment [20]. The volatile organic compounds in rose petals mainly include terpenoids, phenyl-
propanoids/benzenoids, fatty acid derivatives, and amino acid derivatives, in addition to a few species-/genus-specific compounds not
represented in those major classes [21]. Volatile organic compounds are an adaptive mechanism by which plants attract pollinators
and resist pests and diseases [22,23].

In this study, we aimed to investigate the phytoconstituents of the Chongging Old Rose to understand the coloration and floral
fragrance formation and assess its medicinal and edible potential. We performed comparative analyses on the Chongging Old Rose
alongside three reference cultivars, each distinguished by varying colors and floral fragrances. Petal phytoconstituents were analyzed
using comprehensive non-targeted metabolomics analysis. We constructed reaction networks of key metabolites to depict their
biosynthesis and expand our understanding of coloration and floral fragrance formation mechanisms. The results can provide valuable
knowledge on the potential value of perfume, natural flavor, medicine, and functional food. They can contribute to increasing the
commercial value and producing a healthier product for consumers.

2. Materials and methods
2.1. Plant materials

The Chongqing Old Rose was used as the target plant, this plant is abbreviated as Old Rose in the text. This plant has red flowers
with a strong fragrance (Fig. 1A). Three other varieties, including Rosa x hybrid cv. ’Damascena’, Rosa x hybrid cv. ’Crimson Glory’,

and Rosa x hybrid cv. ’Iceberg’, were used for comparative analysis. The four roses were introduced from a commercial production
nursery, the Jianlong Rose Garden (Chongging, China, 106°2E, 29°4'N), and grown in the nursery of the Chongging Academy of
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Fig. 1. Flowers of the four roses and the category of the detected phytoconstituents.
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Agricultural Sciences. Iceberg has white, almost scentless flowers, which bloom in large numbers for a long time and are most often
used to decorate parks and streets (Fig. 1A). Damascena has pink flowers with a strong fragrance, is an edible cultivar, and is often
commercially cultivated as an oil-bearing rose (Fig. 1A). Crimson Glory has deep red flowers with a strong fragrance and is also an
edible cultivar, often grown commercially as a tea rose (Fig. 1A). Petals of the four plants from fully unfolded flowers used for the
experiment were collected around 9 a.m. All petal samples were frozen in liquid nitrogen and stored at a —80 °C refrigerator.

2.2. Gas chromatography-time-of-flight mass spectrometry (GC-TOF/MS)

Non-targeted metabolomic analysis was performed on GC-TOF/MS at PANOMIX company. The GC-TOF/MS is abbreviated as GC-
MS in the text. The protocol for GC-MS metabolite extraction followed that of a previous study [24]. Briefly, 60 mg of the sample was
placed in a 2 mL Eppendorf (EP) tube. Moreover, 0.5 mL of a mixed solution (acetonitrile:isopropanol:water = 3:3:2, v/v/v) (—20 °C)
and four zirconium beads (diameter 2 mm) were added. The tube was placed in a high-flux tissue grinder, shocked at 30 Hz for 20 s,
held still for 10 s, cycled eight times, and sonicated for 5 min in an ice water bath. Then 0.5 mL of the mixed solution (acetonitrile:
isopropanol:water = 3:3:2, v/v/v) was added to the tube and sonicated for 5 min in an ice water bath. The tube was then centrifuged at
12,000 rpm for 2 min, and 500 pL of the supernatant solution was transferred to a new 2 mL EP tube. The supernatant was concentrated
to dryness (8-10 h) using a vacuum concentrator. Next, 80 pL of 20 mg/mL MEOX solution was added for re-dissolution, vortexed for
30 s, and incubated at 60 °C for 60 min. Then, 100 pL of BSTFA-TMCS (99:1) reagent was added, incubated at 70 °C for 90 min, and
centrifuged at 14,000 rpm for 3 min to obtain the supernatant. Next, 90-100 pL of the supernatant was placed in a detection bottle for
GC-TOF/MS detection. The used chemicals are displayed in Supplementary Table S1.

To separate the derivatives, a DB-5MS capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness, Agilent J & W Scientific,
Folsom, CA, USA) was used with a constant flow of 1 mL/min helium. The auto-sampler injected 1 pL of the sample in the split mode
with a split ratio of 1:10. The injection temperature was 280 °C. The temperatures of the transfer line ion source were 320 and 230 °C,
respectively. The temperature rise programs were followed by an initial temperature of 50 °C for 0.5 min, 15 °C/min up to 320 °C, and
maintained at 320 °C for 9 min. The full scan method was used for mass spectrometry, with a scan rate of 10 spec/s, electron energy of
—70 V, and solvent delay of 3 min [25].

2.3. Ultra-high-performance liquid chromatography/electrospray ionization-mass spectrometry (MS) analysis (UHPLC-ESI-MS/MS)

Non-target metabolomic analysis was employed for UHPLC-ESI-MS/MS which is abbreviated as LC-MS in the text. These analyses
were also performed using PANOMIX. Briefly, the sample was weighed and placed into a 2 mL centrifuge tube, and 600 pL. MeOH
containing 4 ppm 2-amino-3-(2-chloro-phenyl)-propionic acid (stored at —20 °C) was added and vortexed for 30 s. Then, 100 mg of
glass beads were added and placed in a tissue grinder for 90 s at 60 Hz. Room-temperature ultrasound was conducted for 15 min,
followed by centrifugation for 10 min at 12,000 rpm and 4 °C. The supernatant was filtered by 0.22 pm membrane and transferred into
a detection bottle for LC-MS detection [26].

A Vanquish UHPLC System (Thermo Fisher Scientific, USA) and an ACQUITY UPLC ® HSS T3 (150 x 2.1 mm, 1.8 pm) column
(Waters, Milford, MA, USA) were employed for LC analysis. The column temperature, flow rate, and injection volume were set to 40 °C,
0.25 mL/min, and 2 pL, respectively. For LC-ESI (+)-MS analysis, the mobile phase consisted of (C) 0.1 % formic acid in acetonitrile (v/
v) and (D) 0.1 % formic acid in water (v/v). Separations were performed under the following gradient: 0-1 min, 2 % C; 1-9 min, 2 %-—
50 % C; 9-12 min, 50 %-98 % C; 12~13.5 min, 98 % C; 13.5-14 min, 98 %-2 % C; 14-20 min, 2 % C. For LC-ESI (—)-MS analysis, the
analytes were analyzed using (A) acetonitrile and (B) ammonium formate (5 mM). Separations were conducted under the following
gradient: 0-1 min, 2 % A; 1-9 min, 2 %-50 % A; 9-12 min, 50 %-98 % A; 12~13.5 min, 98 % A; 13.5-14 min, 98 %-2 % A; 14-17 min,
2 % A [27]. The used chemicals are displayed in Supplementary Table S1.

We performed mass spectrometric detection of the metabolites using a Thermo Q Exactive (Thermo Fisher Scientific, USA) detector
with an ESIion source. Simultaneous MS1 and MS/MS (Full MS-ddMS2 mode and data-dependent MS/MS) acquisitions were used. The
parameters were as follows: Sheath gas pressure, 30 arb; Aux gas flow, 10 arb; spray voltage, 3.50 kV ESI(+) and —2.50 kV ESI(-);
capillary temperature, 325 °C; MS1 range, m/z 81-1000; MS1 resolving power, 70000 FWHM; number of data-dependent scans per
cycle, 10; MS/MS resolving power, 17500 FWHM; normalized collision energy, 30 %; dynamic exclusion time, automatic [28].

2.4. Metabolite profiles analysis

All detected phytoconstituents were annotated with the HMDB, Massbank, LipidMaps, Mzcloud, Kyoto Encyclopedia of Genes and
Genomes (KEGG), and PANOMIX databases to obtain the metabolite profiles of all samples.

MetaboAnalyst software (version 6.0) (http://www.metaboanalyst.ca) was used to analyze the metabolic pathways. The metabolic
pathway analysis module combines results from powerful pathway enrichment analysis with pathway topology analysis to help re-
searchers identify the most relevant pathways involved in the conditions under study. To identify the target pathways, the impact
value threshold calculated from pathway topology analysis was set to 0.1. We constructed reaction networks of the target pathways
based on the KEGG map to depict the biosynthesis of the key metabolites.

2.5. Statistical

Different multivariate statistical methods were applied to extract the most useful information. We used principal component
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analysis (PCA) and partial least squares discriminant analysis (PLS-DA) to determine intrinsic clusters within the dataset and to obtain
separation. We applied orthogonal partial least squares discriminant analysis (OPLS-DA) to produce models to discern group differ-
ences and similarities. PCA, PLS-DA, and OPLS-DA were performed using the "ropls" function in R software (version 4.3.1). The relative
importance of each metabolite in the OPLS-DA model was evaluated using variable importance in projection (VIP) values. Metabolites
with VIP >1 and |log2fold change| > 1 were considered differentially accumulated metabolites (DAMs).

3. Results
3.1. Phenotype of the plant materials

Three roses with different uses were selected for a comparative analysis to reveal the characteristics of the Chongqing Old Rose.
Iceberg, Crimson Glory, and Damascena serve as cut flowers, flower tea, and oil-bearing cultivars, respectively. The flowers of the four
roses differed in color, scent, and size. First, the Iceberg’s flower has almost no color (white), while the other three are colored in
different shades of red. These visual color differences were supposed to be related to anthocyanins, as the deeper the color, the higher
the levels of anthocyanins. Therefore, the metabolic activities of the supposed pigments were as follows: Crimson Glory > Chongging
Old Rose > Damascena > Iceberg. Second, the Iceberg has no or mild scent, while the other three have strong floral fragrances. Petals
with or without fragrance may be related to the inhibition or activation of floral scent metabolic pathways. Additionally, the flowers of
Crimson Glory were larger than those of Chongging Old Rose, Damascena, and Iceberg (Fig. 1A). Due to these differences, samples can
also be divided into four groups by color and two groups by scent. Furthermore, floral phenotypic features may be related to the type
and level of phytoconstituents.

3.2. Overview of GC-MS and LC-MS data

To identify the characteristics of Old Rose, the phytoconstituents were subjected to GC-MS and LC-MS. Typical total ion chro-
matograms (TICs) are presented in Figs. S1-2. A total of 254 phytoconstituents were identified by GC-MS, and they were categorized
within 11 super classes in the MetaboAnalyst (version 6.0) system, including 82 organic oxygen compounds, 54 organic acids and
derivatives, 37 lipids and lipid-like molecules, 11 phenylpropanoids and polyketides, 11 organoheterocyclic compounds, 9 benze-
noids, 7 nucleosides/nucleotides and analogues, 3 organic nitrogen compounds, 2 homogeneous non-metal compounds, 2 hydro-
carbons, and 1 alkaloids and derivatives, and 35 additional compounds that did not fit into this system (Fig. 1B). A total of 561
phytoconstituents were identified by LC-MS, and they were categorized into 12 super classes, including 96 lipids and lipid-like
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molecules, 80 organic acids and derivatives, 74 phenylpropanoids and polyketides, 66 organic oxygen compounds, 66 organo-
heterocyclic compounds, 65 benzenoids, 22 nucleosides/nucleotides and analogues, 9 organic nitrogen compounds, 4 alkaloids and
derivatives, 2 prenol lipids, 1 lignan/neolignans and related compounds, 1 hydrocarbon, and 75 additional compounds that did not fit
into this system (Fig. 1C). These metabolites may represent major metabolic activities in the petals. All compounds were subdivided
into further subgroups, and Supplementary Fig. S3 displays the top 25 groups. The results illustrated that rose petals were rich in
bioactive phytoconstituents, including flavonoids, phenols, cinnamic acids, steroids, and tannins (Fig. S3).

3.3. Accumulation patterns of metabolites

Differences in the accumulation patterns of metabolites in these cultivars were analyzed using PCA, PLS-DA, and clustering
heatmaps. The results of PCA analysis indicated that there were notable separations in different cultivars in both GC-MS and LC-MS
data. First, PCA analysis of the GC-MS dataset revealed that the Old Rose and Crimson Glory were separated from Iceberg and
Damascena on PC1 with 32 % variance. In comparison, the Old Rose and Damascena were separated from Iceberg and Crimson Glory
on PC2 with 28.7 % variance (Fig. 2A). Furthermore, the PCA loading plot of the GC-MS dataset depicted the compounds that
contributed to separation. Along with PC1, D-panose, protocatechuic acid, and uric acid were observed as major contributors to the
discrimination between Old Rose and Crimson Glory. Along PC2, high levels of D-threitol and D-erythrose 4-phosphate were detected
in Iceberg. However, D-myo-inositol 4-phosphate, hexitol, and D-galactarate were abundant in Damascena (Fig. 2B). Contrarily, the
PCA analysis of LC-MS dataset revealed that the four cultivars were separated from each other on the PC1 axis and explained 31.2 %
variance, while Iceberg and Crimson Glory were separated from Old Rose and Damascena on PC2 and explained 20.3 % variance
(Fig. 2C). Along PC1, pantothenic acid, a-terpinene, and gamma-glutamylalanine were increased in Damascena, Old Rose, and
Grimson Glory, whereas L-asparagine, L-tryptophan, and norethindrone were abundant in Iceberg. Along PC2, N-glucosylnicotinate,
deoxycorticosterone acetate, and phosphonoacetaldehyde were observed as major contributors to the discrimination of Iceberg and
Crimson Glory. At the same time, phenylethylamine, pelargonidin, and D-glycero-D-galacto-heptitol were abundant in Old Rose and
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Fig. 3. Differential metabolites selection between fragrant roses by volcano plots. (A) Volcano plot of differential metabolite in Damascena vs Old
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Damascena (Fig. 2D). Next, the results of PLS-DA were similar to those of PCA. Additionally, each model exhibited a high degree of
goodness of fit and predictive capability, as confirmed by a 200 times random permutation test. Specifically, the R%Y and Q? values for
the GC-MS data were 0.998 and 0.966, respectively, and for the LC-MS data, the R?Y and Q? values were 0.998 and 0.963, respectively
(Fig. S4).

The results of the cluster heatmap analysis depicted that there were significant differences in metabolites in different cultivars,
which were divided into four clusters. The GC-MS metabolites in cluster 1 were the highest in Crimson Glory, in cluster 2 were the
highest in Old Rose, in cluster 3 were the highest in Damascena, and in cluster 4 were the highest in Iceberg (Fig. S5). The LC-MS
metabolites in cluster 1 were abundant in Iceberg, cluster 2 was abundant in Crimson Glory, cluster 3 was abundant in Old Rose,
and cluster 4 was abundant in Damascena (Fig. S5). The different replicates were similarly clustered, indicating good homogeneity
between replicates and high reliability of the data.

3.4. Comparison of metabolite profiles among four roses

To further depict the similarities and differences between Old Rose and the other three rose cultivars, OPLS-DA was performed to
analyze the metabolite profiles of petals. Variables with VIP >1 and P-adjust <0.05 were considered differentially accumulated
metabolites (DAMs). A DAM was considered downregulated if loga(fold change) < —1 or upregulated if loga(fold change) > 1.

Old Rose is a fragrant phenotype similar to Damascena and Crimson Glory, whereas Iceberg is a scentless phenotype. Therefore, a
comparison among the fragrant roses could help to make the characteristics of Old Rose explicit. A comparison between fragrant
cultivars and scentless roses could explain aroma formation. Metabolomics similarity was revealed by an overview of the ratios of
metabolites with non-significant difference in expression, and 71.04 %, 73.01 %, 58.40 %, 61.72 %, and 58.77 % of non-significant
metabolites were identified between Damascena versus Old Rose, Crimson Glory versus Old Rose, Iceberg versus Old Rose, Iceberg
versus Damascena, Iceberg versus Crimson Glory, respectively. These results indicated that the similarities in metabolic profiles be-
tween fragrant roses were higher than those between fragrant and scentless roses.

The volcano plots of two comparison groups of fragrant roses are displayed in Fig. 3. Metabolite names with the largest fold change
values were displayed in the volcano plot. Compared with Damascena, the Old Rose significantly accumulated 119 DAMs (GC-MS: 20
DAMs, LC-MS: 99 DAMs), of which the metabolite with the largest fold change was myristicin, followed by 3beta,5beta-ketotriol, N-
acetylornithine, lactose 6-phosphate, cyanin, and dihydroquercetin (Fig. 3A-B). Compared with Crimson Glory, the Old Rose
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Fig. 4. Differential metabolites selection between fragrant and scentless roses by volcano plots. (A) Volcano plot of differential metabolites in
Iceberg vs Damascena based on GC-MS data. (B) Volcano plot of differential metabolites in Iceberg vs Old Rose based on GC-MS data. (C) Volcano
plot of differential metabolites in Iceberg vs Crimson Glory based on GC-MS data. (D) Volcano plot of differential metabolites in Iceberg vs
Damascena based on LC-MS data. (E) Volcano plot of differential metabolites in Iceberg vs Old Rose based on LC-MS data. (F) Volcano plot of
differential metabolites in Iceberg vs Crimson Glory based on LC-MS data.
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significantly accumulated 104 DAMs (GC-MS: 32 DAMs, LC-MS: 72 DAMs), of which the metabolite with the largest fold change was
myristicin, followed by Kaempferol 3-O-beta-D-sophoroside, and then D-glucuronic acid, and (Z)-4-hydroxy-6-dodecenoic acid lactone
(Fig. 3C-D). Compared with Old Rose, 117 DAMs (GC-MS: 51 DAMs, LC-MS: 66 DAMs) were accumulated in Damascena, which largely
accumulated some amino acids, flavonoids, and fatty acids, such as L-asparagine, (9Z)-octadecenoic acid, L-tryptophan, (2S)-2-
(cyanoamino)propanoic acid, and kaempferol 3-O-rhamnoside-7-O-glucoside (Fig. 3A-B). Moreover, 116 DAMs (GC-MS: 28 DAMs,
LC-MS: 88 DAMs) were accumulated in Crimson Glory, of which versicolorone, ellagic acid, sinapic acid, asiatic acid, 2-O-a-L-man-
nopyranosyl-D-glyceric acid, and sphingosine were largely accumulated (Fig. 3C-D).

The volcano plots of three comparison groups between fragrant and scentless roses are displayed in Fig. 4. Compared with Iceberg,
there were 54, 41, and 37 upregulated metabolites based on GC-MS data in Damascena, Old Rose, and Crimson Glory, respectively, and
the corresponding numbers of downregulated metabolites were 28, 51, and 48, respectively (Fig. 4A-C). Notably, some of the specific
fragrant metabolites, such as geraniol, phenylethyl alcohol, and a-terpinene, significantly accumulated in the aromatic roses, while
some amino acids and carbohydrates, including asparagine, phenylalanine, glutamine, and proline, accumulated in the Iceberg. For
the LC-MS dataset, there were 121, 144, and 154 upregulated metabolites in Damascena, Old Rose, and Crimson Glory, respectively,
and the corresponding numbers of downregulated metabolites were 109, 103, and 97, respectively (Fig. 4D-F). Next, we generated a
DAM dataset by taking the intersection of upregulated metabolites using Venn analysis. The GC-MS dataset yielded 23 overlapping
metabolites, while the LC-MS dataset yielded 71 (Fig. S6). After removing duplicates, 93 key metabolites were obtained by merging the
overlapping metabolites from GC-MS and LC-MS, and the metabolites with fold change values over 10 in all three comparison groups
are displayed in Supplementary Table S2. Some pigments, flavonoids, and aromatic compounds, such as a-terpinene, phenylacetic
acid, cyanin, cyanidin 3-O-rutinoside, and delphinidin 3-rutinoside, accumulated significantly in fragrant roses (Table S2), which
could potentially be linked to floral fragrance formation and coloration.
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3.5. Metabolic pathway analysis

Based on the identified DAMs, the metabolic pathways involved in the differences among rose cultivars were analyzed. In Dam-
ascena versus Old Rose, the results suggested that the metabolites that specifically accumulated in Old Rose were mainly enriched (raw
P < 0.05 and impact value > 0.1) in flavonoid biosynthesis, flavone and flavonol biosynthesis, and anthocyanin biosynthesis (Fig. 5A).
However, in Damascena, there were nine significant pathways, including secondary metabolite (flavone and flavonol biosynthesis) and
some amino acids, nucleotide, and carbohydrate metabolism pathways (Fig. 5B). In Crimson Glory vs Old Rose, there were 7 potential
target pathways identified in Old Rose including some amino acid, lipid, and carbohydrate metabolism (Fig. 5C). While there were 5
potential target pathways identified in Crimson Glory including amino acid, lipid, and secondary metabolites metabolism pathways
(Fig. 5D). The primary difference in the comparison between Old Rose and Damascena or Crimson Glory was the biosynthesis of
flavonoids, suggesting that the most dominant difference in their biosynthetic process was flower coloration. In contrast, to further
clarify the relationships between fragrant and scentless roses, the dataset with overlapping metabolites (93 DAMs) accumulated in
fragrant cultivars was analyzed. Six potential target pathways were identified, including phenylalanine metabolism, flavonoid
biosynthesis, monoterpenoid biosynthesis, flavone and flavonol biosynthesis, galactose metabolism, and anthocyanin biosynthesis
(Fig. 5E). In summary, phenylalanine metabolism, monoterpenoid biosynthesis, and biosynthesis of flavonoids stood out in the
comparison groups; the first two pathways were involved in aroma formation, and the biosynthesis of flavonoids was involved in the
coloration of flowers.

Furthermore, the compounds related to the five outstanding pathways were mapped to KEGG pathways to depict their biosynthetic
reactions in rose petals. Figs. 6 and 7 illustrate the monoterpenoid biosynthesis and phenylalanine metabolism pathways, respectively,
and list the pathway-related compounds as heatmaps. Pathways of flavonoid biosynthesis are displayed in Supplementary Figs. S7-9.
Construction of the compound reaction network helps us understand the biosynthesis of target metabolites. Phenylethyl alcohol, an
essential rose aroma compound, was significant in fragrant roses; however, its precursor phenylacetaldehyde was absent in our
metabolite profiles. This suggests that there may be an unclear reaction pathway for biosynthesis.
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roses. Compounds marked in blue: presented in metabolite profiles. Compounds marked in gray: not detected.
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4. Discussion

Petals are staple products of roses and are widely used for food, oil extraction, and as raw materials in the pharmaceutical pro-
cessing industry. LC-MS and GC-MS are efficient methods for screening and identifying phytoconstituents in plants [29-31]. Conse-
quently, these two methods were employed to detect the phytoconstituents in the petals. Phytoconstituents are responsible for the
color, flavor, and aroma and for their pharmacological activity, which determines their potential development value. Organoleptic
quality may serve as a basis for speculating on plant phytoconstituents and predicting their value. Here, the Old Rose flowers are bright
red, and a strong fragrant may predict the enrichment of the pigment and floral aroma compounds.

The colors of plant petals are caused by anthocyanins and phenolic compounds from the flavonoid family [32,33], and their
biosynthesis is closely associated with flavonoid biosynthesis pathways. Namely, flavonoid biosynthesis, flavone and flavonol
biosynthesis pathways, and anthocyanin biosynthesis, are associated with plant coloration [34]. From the petal color phenotype, the
roses used here varied from white, pink, and red to dark red. The shades of petal colors, from white to dark, may represent the number
of anthocyanins, from low to high. The petals of Old Rose with the red color were lighter than in Crimson Glory and deeper than in
Damascena and Iceberg, indicating that the content of anthocyanins in Old Rose is less than in Crimson Glory and more than in
Damascena and Iceberg. The heat map of anthocyanins verified this inference; color modules representing high accumulation were
stacked more in varieties with deeper flower colors (Fig. S9). Furthermore, the metabolic pathway analysis results also demonstrated
this inference. That is, the three pathways associated with coloration were significantly enriched in the deep-colored varieties
compared with the light-colored ones (Fig. 5).

Four classes of anthocyanins (cyanidin-, delphinidin-, peonidin-, and pelargonidin-derived anthocyanins) were present in these
petals. It has been reported that pelargonidin-, cyanidin-, and delphinidin-based anthocyanins are involved in brick red-scarlet, red-
magenta, and blue-violet colors, respectively [35]. Furthermore, cyanidin-based anthocyanin was the predominant anthocyanin in
red-colored rose varieties [36,37]. This was confirmed by the significant accumulation of cyanidin 3-glucoside and cyanidin 3-rutino-
side in Old Rose (Fig. S9). In addition, paeoniflorin 3-glucoside was also accumulated in this plant. The accumulation of rich an-
thocyanins indicates the potential value of Old Rose as a source of natural pigments in the food industry. Although delphinidins
contribute blue-violet colors in some plants [33,35,38-40], delphinidins (delphinidin, delphinidin 3-glucoside, and delphinidin 3-ruti-
noside) were detected in pink and red petals and did not make the petals blue. The reason for this may be that the petal color is affected
by diverse factors such as the pH value in a cell, metal ion content, anthocyanin content, and the proportion of different anthocyanins.
It can be speculated that improving the delphinidin content, changing the cellular pH value, or supporting suitable metal ions may
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change the petal color to blue or purple.

It is well known that the components of floral scent are terpenoids, benzenes/phenylpropanes, fatty acid derivatives, and others
[21], and their biosynthesis was associated with the formation of floral scent in plants. Based on the floral scent phenotype, the roses
used in this study were fragrant or scentless. The same phytoconstituents present in aroma roses (Old Rose, Crimson Glory, and
Damascena) are likely to be related to floral fragrance. Depending on the precursor substances of floral scent composition, their
biosynthetic origins can be divided into fatty acids, terpenoids, and amino acid pathways [41]. In this study, the most noticeably
enriched pathways closely linked to floral scent formation were monoterpenoid biosynthesis and phenylalanine metabolism (Figs. 6
and 7).

Similar to the oil-bearing rose, the Old Rose also contains rich terpenoids, including geraniol, linalool, perillyl alcohol, geranyl
diphosphate, and a-terpinene, indicating that this variety also has potential value for essential oil extraction. Furthermore, 2-phenyl-
ethanol, an important component of rose oil, was also rich in Old Rose. 2-The 2-phenylethanol accounts for more than 10 % of the total
quality components of traditional Chinese rose essential oil [42,43]. This is an important reference standard for evaluating the quality
of rose essential oils. Two pathways have been reported for the synthesis of 2-phenylethanol: the first converts L-phenylalanine into
phenylpyruvate and then into 2-phenylethanol [44], and the second converts L-phenylalanine into phenylacetaldehyde and then into
2-phenylethanol [45-47]. Phenylpyruvate or phenylacetaldehyde were not detected in our metabolic profiles. Therefore, we specu-
lated that there is another unknown route for the synthesis of 2-phenylethanol. The relative phenylacetic acid content was much higher
in aroma roses than in non-aroma roses. Therefore, we speculate that phenylacetic acid is stored as a synthetic substrate for 2-phenyl-
ethanol in cells and converted to 2-phenylethanol under specific factors, timing, and associated conditions for emitting to the envi-
ronment. This is probably the reason for the maintenance of the aromatic flavor of the rose after blooming.

5. Conclusion

The edible value of the Chongging Old Rose is unquestionable due to its prolonged history of consumption; however, further
evidence is required to establish its other potential benefits fully. The presence of anthocyanins, including cyanidin 3-glucoside,
cyanidin 3-rutinoside, and peonidin 3-glucoside, in Old Rose may contribute to its red flower color. Additionally, the plant is rich
in 2-phenylethanol and terpenoids, which impart a pleasant aroma and serve as the natural basis for extracting essential oils.
Moreover, the presence of various active phytoconstituents with antioxidant properties in this plant suggests its potential for phar-
maceutical application. Consequently, the abundant presence of beneficial natural compounds in this plant underscores its signifi-
cance. It holds promise as a valuable resource for extracting essential oils and enhancing the quality of functional foods and plant-
derived medications.
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