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resources and analysis of floral
fragrance components
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Rosa rugosa (Rosaceae) is an important functional plant used in food products,

tea, and aromatherapy. Characteristics of R. rugosa varieties based on the

biological traits and floral fragrant components were studied by applying an

analytic hierarchy process, headspace solid-phase microextraction gas

chromatography–mass spectrometry, and metabolomic analysis. The 77

Rosa accessions (comprising 27 R. rugosa varieties, 43 scented R. hybrida

cultivars, and seven fragrant R. species) were grouped into nine classes based

on 17 morphological characters and 16 targeted fragrant substances by cluster

analysis. Three R. rugosa cultivars differing in fragrance type were selected for

volatile metabolomics analysis at four stages of flower development. In total,

156 differential volatile organic compounds (VOC) were detected and the VOC

content patterns were further investigated in two important metabolic

pathways (the monoterpenoid biosynthetic pathway, and the phenylalanine,

tyrosine, and tryptophan biosynthesis pathway). The results provide a

foundation for efficient use of Rosa germplasm and insights into the

utilization of R. rugosa as a functional flower.

KEYWORDS

Rosa rugosa , flora l components , metabolomics , HS-SPME-GC-MS,
germplasm resources
1 Introduction

Rugosa rose (Rosa rugosa) is a deciduous shrub of the genus Rosa that originated in

China. The flowers have important applications in medicine and the food industry. The

petals are rich in a variety of amino acids and trace elements required by the human body,

and are raw materials for natural flavorants, with strong potential for development and
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applied uses. As a result of long-term artificial and natural

selection, the germplasm resources of R. rugosa are highly

diverse. The species is native to northwestern, southwestern,

and northern China and East Asia, and is cultivated worldwide

but especially in Japan and South Korea. China has a long

history of planting rugosa rose, which is a valuable resource and

high-quality original species for the breeding of cultivated hybrid

roses. Rugosa rose can be hybridized with all cultivated and wild

species of Rosa to produce fertile offspring. Thus, it is the first

choice for the production of high-quality progeny (Xu et al.,

2021). The types and contents of volatile organic compounds

synthesized in the flowers differ among R. rugosa cultivars (Dani

et al., 2021). In addition, the species exhibits morphological

variability, such as in the flowers, leaves, branches, and thorns,

and variation in growth potential (Yang et al., 2020; Mostafavi

et al., 2021). A comprehensive, systematic evaluation of R.

rugosa cultivars is needed to ensure the most effective use of R.

rugosa germplasm and for directional breeding of new cultivars.

In the present study, we developed an analytic hierarchy process

(AHP) method to comprehensively evaluate and analyze R.

rugosa materials. The model compared traits associated with

flower quality, growth vigor, and ease of harvesting among

the cultivars.

Floral scent is an important characteristic of R. rugosa and

plays major roles in the interactions of plants with other

organisms (Farré-Armengol et al., 2013). The type and content

of volatile organic compounds (VOCs) in flowers may be species

specific and associated with the stage of flower development

(Wang et al., 2014), influencing the quality of R. rugosa cultivars.

Zhou et al. (2020a) studied the chemical profiles of volatile

compounds offlower extracts at different flowering stages of rose

and found that the production and release of floral VOCs from

double flowers were delayed compared with those of single

flowers. Rugosa rose scent contains more than 100 VOCs,

consisting of terpenoids, benzene/phenyl propionic acids, fatty

acid derivatives, and other chemical families such as phenol

methyl ethers. Raymond et al. (2018) conducted a biochemical

analysis of the main VOCs in the petals of six species of Rosa (R.

chinensis ‘Old Blush’, R. gigantea, R. × damascena, R. gallica, R.

moschata, and R. wichurana). Alizadeh and Fattahi (2021)

detected geraniol, citral, methyl linoleate, n-heneicosane, and

n-octane as the major components of essential oils in R. ×

damascena. Magnard et al. (2015) reported that monoterpenes

comprise as much as 70% of the scent in some rose cultivars.

Wang and Yao (2013) determined that the most abundant scent

components detected in R. rugosa and R. × damascena include

geraniol, phenethyl alcohol, and citronellol. Zhou et al. (2020b)

discovered novel wild tea scented roses in China and evaluated

various rose species using sensory and incense tone compounds.

The fragrant components of R. rugosa are used in perfumery,

aromatherapy, and cosmetics. The study of floral metabolites

and their application provides a theoretical basis for the selection

and breeding of R. rugosa cultivars, and lays a theoretical
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foundation for the establishment of a rugosa rose ecological

garden of edible, ornamental and medicinal value. In the present

study, a targeted metabolomic analysis of 27 R. rugosa cultivars,

43 scented R. hybrida cultivars, and seven fragrant Rosa species

in the flowering period was conducted. The latter fragrant

cultivars and species were compared with R. rugosa as

exogenous germplasm. Based on the metabolomic analysis, the

floral fragrant components were detected at four stages of flower

development in three R. rugosa cultivars that differed in

fragrance type. Multivariate statistical analysis was used to

accurately identify differential metabolites and metabolic

pathways. Based on the phenotypic and metabolite data, we

performed a more detailed analysis of three R. rugosa cultivars

selected for their high economic value and suitability for

landscaping and industrial applications. The crucial floral

metabolites and the associated secondary metabolic pathways

were identified. The ultimate objective of this study was to

provide a reference for further screening of genes associated

with fragrance in R. rugosa, and to lay a foundation for genetic

engineering of floral metabolites and the breeding of new

rose cultivars.
2 Materials and methods

2.1 Plant material

We collected material of 27 R. rugosa cultivars, 43 scented R.

hybrida cultivars, and seven fragrant Rosa species for biological

trait investigation. We analyzed nine annual flowering branches

of each plant from nine different individuals, which were

considered as biological replicates in the same environment,

and froze petals from the sampled branches for targeted

metabolomics analysis (Figure 1A and Table S1). Three

biological replicates were collected and detected from three

individual plants of each variety. The materials planted in the

R. rugosa germplasm resource nursery of the Beijing Academy

of Agriculture and Forestry Sciences at Beilangzhong,

Zhaoquanying, Shunyi, Beijing, China. Petals and flowering

branches were sampled from May to July 2020. The R. rugosa

cultivars ‘Hanxiang’, ‘BaiZiZhi’, and ‘Guo’ were sampled at four

flowering stages (Figure 4A) for volatile metabolomic analysis,

for which we also collected three biological replicates.
2.2 Methods for biological
trait assessment

In accordance with the Chinese standard ‘Guidelines for the

conduct of tests for distinctness, uniformity and stability—Rose

(Rosa L.)’ (LY/T 1868-2010), we recorded the following 17

biological traits (Table S2): single/double petals, flower petal

number, flower diameter, number of branches, plant
frontiersin.org

https://doi.org/10.3389/fpls.2022.1026763
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Cheng et al. 10.3389/fpls.2022.1026763
morphology, pedicel length, internode length, crown width,

main stem thickness, flowering branch thickness, plant height,

total number of thorns, shape of the lower part of the thorns, and

presence/absence of thorns and bristles on flowering branches

and pedicels.
2.3 Gas chromatography–
mass spectrometry

Fresh petal samples were collected and weighed, frozen in

liquid nitrogen, and stored at −80°C for later analysis. We

ground the sample to powder in liquid nitrogen and

transferred it to a 20 mL headspace vial (Agilent, Palo Alto,

CA, USA) containing saturated NaCl solution to inhibit any

enzyme reaction. We sealed the vial using crimp-top caps with

TFE–silicone headspace septa (Agilent). The vial was incubated

at 60°C for 10 min. Headspace solid-phase microextraction (HS-

SPME) was conducted by exposing the headspace of the sample

for 20 min at 60°C to 65 µm divinylbenzene/carboxen/

polydimethylsiloxane fiber (Supelco, Bellefonte, PA, USA).

After sampling, desorption of the VOCs from the fiber coating

was conducted in the injection port of the gas chromatograph

(GC) apparatus (Model 8890; Agilent) at 250°C for 5 min in the

splitless mode. The identification and quantification of VOCs

were performed using a Model 8890 GC (Agilent) and a 5977B

mass spectrometer (MS; Agilent), equipped with a 30 m ×

0.25 mm × 0.25 µm DB-5MS (5% phenyl-polymethylsiloxane)

capillary column. The carrier gas was helium with a linear

velocity of 1.0 ml/min. The injector temperature was kept at

250°C and the detector temperature at 280°C. The oven
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temperature was programmed from 40°C (5 min), increasing

at 5°C/min to 280°C, and held for 5 min. We recorded the mass

spectra in the electron impact (EI) ionization mode at 70 eV. The

quadrupole mass detector, ion source, and transfer line

temperatures were set, respectively, at 150, 230, and 280°C.

Mass spectra were scanned in the range m/z 30–350 amu at 1

s intervals. Identification of volatile compounds was achieved by

comparing the mass spectra with the data system library

(MWGC) and linear retention index.
2.4 Statistical analysis of targeted
metabolomics data

We detected contents of citronellol, phenethyl alcohol,

farnesol, nerol, and rose oxide in the petals by HS-SPME

coupled to GC-MS for targeted metabolomic analysis. The

procedure followed previously described methods (Zhou et al.,

2015; Yun et al., 2016; Raymond et al., 2018; Yuan et al., 2018),

and the measured metabolites were sorted according to their

content and concentration. Following the provisions of the

International Standard for Oil of Rose (ISO 9843: 2003), we

compared the most important metabolites with previous data on

the floral components of the 16 target metabolites screened in

this study comprising eight terpenes (a-farnesene, nerolidol,
nerol, farnesol, rose ether, citronellal, citronellol, and linalool),

four esters (neryl acetate, citronellyl acetate, phenethyl acetate,

and geranyl acetate), two phenols (eugenol and methyleugenol),

one alcohol (phenethyl alcohol), and one heterocyclic

compound (trans-linalool oxide). We prepared standard

curves for the 16 target substances and quantified their
BA

FIGURE 1

Study materials comprising 27 Rosa rugosa cultivars, 43 scented R. hybrida cultivars, and seven fragrant R. species, and cluster analysis of
morphological characters in Rosa accessions. (A) 1–27, R. rugosa cultivars; 28–70, scented R. hybrida cultivars; 71, R. × damascena; 72, R. spp.;
73, R. gallica; 74, R. × damascena ‘Alba’; 75, R. davurica; 76, R. centifolia; 77, R. ‘Dianhong’. (B) Dendrogram based on similarity in morphological
traits. Rosa rugosa accessions are in red font, scented R. hybrida cultivars are in black font, and scented Rosa species are in blue font. The
internal bar is 1 cm.
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contents. The data for the target metabolites of the 27 R. rugosa

cultivars were visualized in histograms and phenograms.
2.5 Comparative analysis of traits of R.
rugosa, fragrant R. hybrida, and scented
Rosa species

The data for the 27 R. rugosa accessions and other Rosa

materials were analyzed using Toolbox for Biologists v1.068

software of Chen et al. (2020). We constructed a heatmap to

display the 18 traits (including morphological characters and

fragrant substances) for the Rosa species, where different colors

indicate differences in traits among materials. We used IBM

SPSS Statistics 20 (IBM Corporation, Armonk, NY, USA)

software for analysis to intuitively reflect the classification of

Rosa germplasm resources as a phenogram. The main characters

were clustered based on Euclidean distances using Ward’s (sums

of squared deviations) method.
2.6 Comprehensive evaluation of
R. rugosa cultivars

To generate an analytic hierarchy process (AHP) model, we

first consulted 15 experts on ornamental flowering plants and

provided each with a questionnaire to determine which traits

should be evaluated. Experts were asked to select a value of 1–9

for pairwise comparisons of characters, where 1 indicated equal

importance, 3 indicated slightly favored, 5 indicated strongly

favored, and 7 indicated very strongly favored. According to the

relative importance of each element in the upper layer, the

relative importance of any two elements in the same layer to the

upper layer was assigned a weight to form a paired comparison

matrix. This procedure established which of the two factors was

more important and the degree of importance. The

questionnaire responses were used to calculate the values in

the judgment matrix. The consistency of each judgment matrix

was tested (a consistency ratio [CR] < 0.1 passed the consistency

test) and the weight was determined.

We constructed the R. rugosa AHP model (Figure 3A),

which was divided into three layers. The left (decision-

making) layer was the resource application evaluation of R.

rugosa (‘An industry application evaluation’ layer, leftmost in

Figure 3A). The middle (criteria) layer was flower quality

evaluation, plant growth and vigor, and ease of harvesting (‘B1

Quality trait evaluation’, ‘B2 Vigor status evaluation’, and ‘B3

Harvest difficulty evaluation’). The right (index) layer was the

investigated biological traits and floral metabolite contents (22

characters designated F1–F22). To conduct calculations, the

model was imported into the YAAHP software (standard

version; Shanxi Yuanju Software Technology Co., Ltd., Shanxi,

China). The actual score of each element of the index layer was
Frontiers in Plant Science 04
the statistical value for that trait, which was input into

the software.

On the basis of actual measurements and field observations,

we established the scoring standard for R. rugosa. We scored the

field survey data. The final score for each cultivar was obtained

by multiplying the weight for each evaluation element by the

field score.
2.7 Statistical analysis of volatile
metabolomics data

We used Mass Hunter software (Agilent) to extract and

analyze the original data for volatile metabolites obtained by GC-

MS, and then analyzed the data qualitatively, quantitatively, and

statistically. We prepared the quality control (QC Mix) sample by

combining the extracts of all samples to analyze the repeatability of

the results. The contents of volatile metabolites at four stages of

flower development for three R. rugosa cultivars were compressed

into n principal components to describe the characteristics of the

original data set. We analyzed 13 groups of samples (including the

QC Mix), and analyzed the differences between and within groups

of volatile metabolite data samples by principal component

analysis. The floral metabolite content of three R. rugosa

cultivars in different periods were processed by unit variance

scaling, and a heatmap was generated using the ‘pheatmap’ R

package. An orthogonal partial least squares discriminant analysis

(OPLS-DA) combines the orthogonal signal correction and PLS-

DA methods. Twelve groups of samples were divided into nine

control groups: BZ1 vs BZ3, BZ3 vs BZ5, BZ5 vs BZ7, GM1 vs

GM3, GM3 vsGM5, GM5 vsGM7, HX1 vsHX3, HX3 vsHX5, and

HX5 vs HX7. We generated a score plot (S-plot of OPLS-DA) for

each group and calculated the variable importance in projection

(VIP) value. Metabolites were selected that differed between

samples within a group. Volcano plots were constructed to

identify differential metabolites. We standardized the relative

content of differential metabolites and clustered them using K-

means clustering to analyze trends in variation.

We used the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database to examine metabolic networks. By comparing

the metabolite composition at four stages offlower development in

three R. rugosa cultivars, the significant differential metabolites

were screened and enriched biosynthetic pathways were explored.
3 Results

3.1 Comparative analysis of traits of R.
rugosa, fragrant R. hybrida, and scented
R. species

Based on the original field survey data, a horizontal

comparison was performed. The raw field data for R. rugosa,
frontiersin.org
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fragrant R. hybrida, and other Rosa species are provided in Table

S3, the names of the fragrant R. hybrida cultivars and other Rosa

species are listed in Table S1, and illustrations are shown in

Figure 1A. A heatmap (Figure S6) was constructed to display the

distribution of morphological characters and fragrant substances

among the Rosa materials. Although Rosa taxa are closely

related, they can be morphologically quite distinct. We

detected clear differences in morphology among the studied

germplasm. The number of petals of scented R. hybrida was

generally double that of R. rugosa and the flower diameter was

slightly larger. The peduncle of R. hybrida was approximately

2 cm longer than that of R. rugosa. The internodes of R. rugosa

and the scented Rosa species were shorter than those of R.

hybrida. Rosa rugosa stems carried more thorns than the other

Rosa materials, and the thorn shape was straight and oblique.

The scented Rosa species were more similar to R. rugosa in

overall morphological traits.

The 77 Rosa accessions (R. rugosa, R. hybrida, and scented R.

species) were divided into two distinct groups based on the

morphological characters (Figure 1B). Thirty-three cultivars

were clustered in group I, comprising exclusively R. hybrida

cultivars except for R. ‘Dianhong’, and this group was further

subdivided into three subgroups. Thus, the phenotype of Rosa

‘Dianhong’ in the field was more similar to that of R. hybrida.

The overall traits of group I (compared with those of R. rugosa)

were greater number of petals, broader flower diameter, and

longer pedicel. The general pattern of floral diversity in R.

hybrida is relatively rich, with diversity in petal color and

proliferation of petals, which are favorable traits. Group II

comprised 44 cultivars that were further divided into two

subgroups. Rosa rugosa ‘Peking Red’ and R. rugosa ‘Peking
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White’ formed Subgroup II-1; these two accessions are very

similar in floral shape, but differ in petal color. Subgroup II-2

contained all remaining R. rugosa accessions, scented Rosa

species, and a number of R. hybrida cultivars. Thus, R. hybrida

cultivars were largely clustered in group I, whereas R. rugosa and

scented Rosa species were clustered in group II, reflecting a

stronger similarity in phenotype.
3.2 Targeted metabolomics
analysis in R. rugosa

Among the 16 substances of interest (Figure 2B and

Table S4), the phenethyl alcohol content in all R. rugosa

cultivars was generally high, and was substantially higher than

that of the other fragrant substances (mean 11.76 µg/g). The next

most abundant fragrant compounds were citronellol, nerol, and

farnesol with average contents of 3.76, 1.77, and 1.27 µg/g. The

contents of nerolidol, farnesol, neryl acetate, citronellal, geranyl

acetate, and trans-linalool oxide in R. rugosa ‘Guo’ were the

highest. The contents of nerolidol and farnesol were much

higher than the other substances. Phenethyl alcohol was

undetected (0 µg/g), the content of phenylethyl acetate was as

low as 0.0001 µg/g, and the citronellol content was significantly

lower than that of the other cultivars. Rosa rugosa ‘Hanxiang’

had the highest contents of citronellol and linalool, whereas the

nerolidol, farnesol, a-farnesene, phenylethyl acetate, and

eugenol contents were lower than the corresponding average

for all cultivars. The content of methyleugenol in R. rugosa

‘BaiZiZhi’ was the highest among the tested R. rugosa cultivars,

and the phenethyl alcohol content was second only to that of
B C

D

A

FIGURE 2

Cluster analysis of morphological characters and histogram of target metabolites in Rosa accessions. The unit for the floral scents is mg/g. (A)
Dendrogram based on similarity in morphological characters. (B) Histogram of target metabolites in 27 R. rugosa cultivars. (C) Histogram of
target metabolites in 43 fragrant R. hybrida cultivars. (D) Histogram of target metabolites in seven fragrant Rosa species.
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‘TianEHuang’. In contrast, the contents of nerolidol, farnesol,

neryl acetate, citronellal, geranyl acetate, linalool, nerol, rose

oxide, and phenethyl acetate were all very low and below the

overall average. The R. rugosa cultivars with favorable contents

of fragrant substances comprised ‘Pingyin12’, ‘Pingyin8’, ‘Xihu

II’, ‘FanHua’, ‘Pingyin11’, ‘DaGuo’, ‘Purple Branch’, ‘Mici’,

and ‘TianEHuang’.

Among fragrant compounds in R. species, phenethyl alcohol

showed the highest content, followed by citronellol, nerol, and

farnesol (Figures 2B–D). The contents of fragrant components in
Frontiers in Plant Science 06
R. rugosa were higher than those of the other Rosamaterials, and

was especially favorable for important substances, such as rose

oxide, citronellol, citronellyl acetate, and citronellal. Compared

with R. rugosa, fragrant R. hybrida cultivars had lower contents

of or lacked important fragrant substances. Rosa × damascena,

R. hybrida ‘Aunt Margy’s’, R. hybrida ‘Dream of Garden’, R.

hybrida ‘Yumao’, and R. hybrida ‘My Beauty’ had a greater

number of fragrant substances, whereas R. hybrida ‘Accademia’,

R. hybrida ‘Kayla’, R. hybrida ‘Paul Neyron’, and R. hybrida

‘Neixiang’ had fewer fragrant substances. Among the seven
B

A

FIGURE 3

Analytic hierarchy process (AHP) model constructed for R. rugosa cultivars and the final scores. (A) AHP model constructed for R. rugosa
cultivars. The orange numbers are values of the criterion layer (B1, B2, and B3). The red numbers are values for the index layer (F1–F22). The
violet numbers are values for the comprehensive weight. (B) The final scores of 27 R. rugosa cultivars.
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fragrant Rosa species, the contents of all fragrant substances in R.

davurica were very low and the content of five substances was 0

µg/g. The overall composition of fragrance components in R.

‘Dianhong’ and R. × damascena ‘Alba’ was poor.

With consideration of the 16 targeted fragrant substances,

the 77 Rosa accessions were divided into four groups

(Figure 2A). Twenty-seven accessions were clustered in group

I, which was subdivided into two subgroups. Twelve accessions

were clustered in group I-1 (nine fragrant R. hybrida cultivars

and three R. rugosa cultivars) and 15 accessions were clustered in

group I-2 (five R. rugosa cultivars, eight fragrant R. hybrida

cultivars, and two fragrant Rosa species). Sixteen cultivars

formed group II (with no subgroup), comprising two R. rugosa

cultivars and 14 fragrant R. hybrida cultivars. Group III

comprised 12 accessions in two subgroups; two R. rugosa

cultivars, seven fragrant R. hybrida cultivars, and two fragrant

Rosa species were clustered in subgroup III-1, whereas subgroup

III-2 comprised a single accession (R. sp.). Twenty-two

accessions were clustered in group IV, of which 15 were R.

rugosa cultivars (five in group IV-1 and 10 in group IV-2). These

results showed that seven fragrant R. hybrida cultivars, such as R.

hybrida ‘Sweet Chariot’ and R. hybrida ‘Poetry Kordana’, and R.

gallica were more similar to R. rugosa cultivars in

fragrance components.

The contents of citronellol, phenethyl alcohol, farnesol,

nerol, and rose oxide, which are important fragrance

components in the Rosa materials, were significantly higher in
Frontiers in Plant Science 07
the R. rugosa accessions than in the R. hybrida cultivars and

scented Rosa species.
3.3 Industry application evaluation for R.
rugosa with the AHP model

Based on 22 evaluation characters, we calculated the

weighted scores for each of 27 test cultivars with the AHP

and screened the superior cultivars. Seventeen biological traits

(Table S2 for the raw field data) and five fragrant metabolites

(the metabolite contents are listed in Table S5 and examples of

detected integral graphs are shown in Figures S1-S5) were used

as factors for evaluation of industrial applications for R. rugosa.

Fifteen questionnaires were distributed to authoritative

experts. The consistency of responses in the returned

questionnaires was found to be valid and the questionnaire

results were combined. In the ‘Industry application evaluation’

(A), quality trait evaluation (B1) was the most important factor

in quality control (63.7%, the orange numbers in Figure 3A),

followed by vigor status evaluation (B2; 25.83%) and harvest

difficulty evaluation (B3; 10.47%). Because the size, number,

and shape of thorns greatly affects the ease of harvesting,

thorniness affects labor costs and working hours in the

industry (Figure 3A).

After calculating the weight value (Fi) of each specific

character relative to the attribute, the weight of each character
B

CA

FIGURE 4

Flower development stages, K-means diagram, and heatmap of volatile metabolites in three R. rugosa cultivars. The unit for the floral scents is
mg/g. (A) Stages of flower development for each R. rugosa cultivar. BZ1, flower-bud stage of ‘BaiZiZhi’, BZ2, early-blooming stage of ‘BaiZiZhi’,
BZ3, full-blooming stage of ‘BaiZiZhi’, BZ4, withering stage of ‘BaiZiZhi’; HX1, flower-bud stage of ‘Hanxiang’, HX2, early-blooming stage of
‘Hanxiang’, HX3, full-blooming stage of ‘Hanxiang’, HX4, withering stage of ‘Hanxiang’; GM1, flower-bud stage of ‘Guo’, GM2, early-blooming
stage of ‘Guo’, GM3, full-blooming stage of ‘Guo’, GM4, withering stage of ‘Guo’. The internal bar is 1 cm. (B) Relative contents of standardized
differential metabolites in each cultivar. Subclass represents the category number of metabolites with the same change trend. (C) Heatmap of
the metabolites in each R. rugosa cultivar.
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relative to the total comprehensive evaluation was calculated.

The weighted sorting weight value of the indicator layer “F1”

relative to the decision layer “a” was equal to the product of the

sorting weight valueWi (0.0645, the red number in Figure 3A) of

“F1” relative to “B1” and the sorting weight valueWi (0.6370) of

“B1” relative to “a” (0.0645 × 0.6370 = 0.0411, the violet number

in Figure 3A). With regard to industrial applications, phenethyl

alcohol (F5), citronellol (F4), branch number (F9), and flower

diameter (F3) received the highest weight coefficients.

Based on the statistical data for the biological traits and the

detection of floral metabolites, Table S6 shows the standard of

evaluation index scores. Figure 3B shows the final weighted

scores and grading of each element in the index layer calculated

with respect to the decision-making layer. The R. rugosa

materials were assigned to four grades on the basis of their

weighted scores: Grade I, weighted score ≥ 3.6; Grade II,

weighted score 3.1–3.6; Grade III, weighted score 2.7–3.1; and

Grade IV, weighted score < 2.7.
3.4 Metabolomic analysis of volatile
organic compounds of three R. rugosa
cultivars with different fragrance types

The volatile organic component metabolites of three R.

rugosa cultivars differing in fragrance type at four stages of

flower opening were analyzed and a total ion current diagram

was generated (Figure S7). In total, 174 substances were

identified, including 63 (36%) terpenoids, 10 (6%) aldehydes,

10 (6%) alcohols, 16 (9%) lipids, 7 (4%) phenols, 12 (7%)

ketones, 18 (10%) alkanes, 16 (10%) aromatics, and 21 (12%)

other substances (Table 1).
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3.4.1 Principal component analysis
Principal component analysis was conducted on the original

metabolite data for the threeR. rugosa cultivars (Figure S8). TheCRof

PC1 was 32.17% and that of PC2 was 16.62% (a combined CR of

48.79%). The principal components explained the metabolite

characteristics of the samples. Differences between the sample

groups were greater than those within the sample group. Significant

differences were observed in the volatile metabolites detected at each

developmental stage among the threeR. rugosa cultivars.TheQCMix

(all samples mixed) was placed centrally in the scatterplot, which

indicated that the mixing was satisfactory and that analysis of the

samplesunder the sametreatmentmethodshowedgoodrepeatability.

3.4.2 Cluster analysis
The metabolite content of R. rugosa ‘Hanxiang’ flowers was

distinctly concentrated in the full-blooming stage and the withering

stage (HX5andHX7) (Figure4C).With theprogressionofflowering,

terpenes predominated at the full-blooming stage and withering

stage, followed by alkanes, aromatics, and esters. The metabolite

content of R. rugosa ‘Guo’ was highest in the full-blooming stage

(GM5) and the content gradually increased with the progression of

flowering. In R. rugosa ‘BaiZiZhi’ the highest metabolite contents

were at the full-blooming stage (BZ5). The contents of volatile

substances in ‘BaiZiZhi’ at each flowering stage were significantly

lower than those of ‘Guo’ and ‘Hanxiang’. Relative contents offlower

fragrance substances increased gradually duringflower development

and peaked at the full-blooming stage.

3.4.3 Screening and content trend analysis of
differential metabolites in R. rugosa

Nine groups of PLS-DA models were established and the

S-plot represented the CR of each metabolite to the group
TABLE 1 Volatile organic metabolites detected in three Rosa rugosa cultivars with different fragrance types.

Substances Type Concentration (µg/L) Proportion

Monoterpenes 63 1.18E+09 40.97%

Esters 16 9.51E+07 3.29%

Heterocyclic compounds 10 1.59E+08 5.50%

Alkene 5 1.10E+07 0.38%

Alkane 18 3.11E+07 1.07%

Ketones 12 2.98E+08 10.29%

Acids 2 8.14E+06 0.28%

Aldehydes 10 1.14E+08 3.96%

Phenols 7 1.76E+08 6.07%

Aromatic hydrocarbons 17 5.27E+07 1.82%

Alcohols 10 7.46E+08 25.79%

Amines 1 5.48E+05 0.02%

Others 2 1.54E+07 0.53%

Sulfides 1 5.38E+05 0.02%

Total 174 2112383197 100%
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(Figure S9). After PLS-DA analysis, significant differential

metabolites were selected according to the following criteria:

VIP > 1, up-regulated metabolite fold change ≥ 2, and down-

regulated metabolite fold change ≤ 0.5. The numbers of

differential metabolites detected in the comparisons BZ1 vs.

BZ3, BZ3 vs. BZ5, and BZ5 vs. BZ7 were 86, 56, and 19,

respectively; those in the comparisons GM1 vs. GM3, GM3 vs.

GM5, and GM5 vs. GM7 were 87, 30, and 39, respectively; and

those in the comparisons HX1 vs. HX3, HX3 vs. HX5, and HX5

vs. HX7 were 62, 66, and 30, respectively. The total number of

differential metabolites in the nine groups was 156 (Figure S10).

The general trend for total differential metabolites is shown in

Figure 4B. The change trend of the 156 substances was nine

(Classes 1–9). Among the three cultivars, the contents of eight

metabolites (e.g., 1,3-cyclohexadiene-1-carboxaldehyde, 2,6,6-

trimethyl-,eugenol, and 2,6-octadien-1-ol,3,7-dimethyl-, acetate,

(Z)-) in Class 1 showed a gradual upward trend from the flower-

bud stage to the withering stage. The contents of 25 metabolites

(e.g., tridecane, methyl salicylate, and hexanal) in Class 9

decreased gradually from the flower-bud stage to the withering

stage. Thirty metabolites (e.g., linalool, geraniol, and a-thujene)
were grouped in Class 4. Eight metabolites (e.g., (2S,4R)-4-methyl-

2-(2-methylprop-1-en-1-yl) tetrahydro-2H-pyran, benzene, 1,2,3-

trimethoxy-5-(2-propenyl)-, and methyleugenol) were in Class 7.

Twenty-seven metabolites (e.g., L-a-terpineol, 6-octen-1-ol,3,7-
dimethyl-,formate, citronellal, and citronellol) were placed in

Classes 2 and 6. Twenty-two metabolites (e.g., 1,6,10-

dodecatrien-3-ol,3,7,11-trimethyl-,(E)-, trans-linalool oxide

(furanoid), a-farnesene, and geranyl acetate) were grouped in

Class 3. Fifteen metabolites (e.g., phenylethyl alcohol, styrene,

pentadecane, and hexadecane) were included in Class 5.

In summary, among the three cultivars, the highest total

relative content of differential metabolites was detected in

‘Hanxiang’, followed by ‘Guo’, and the lowest was that of

‘BaiZiZhi’. The relative contents of most fragrant substances

(e.g., nerolidol, a-farnesene, geranyl acetate, citronellal,

citronellol, and methyleugenol) of ‘Hanxiang’ were much

higher than those of the other two cultivars, of which ‘Guo’

showed the second-highest contents. ‘Guo’ had the highest

relative contents of methyl salicylate, 2,6-octadien-1-ol,3,7-

dimethyl-,acetate,(Z)-, hexanal, and eugenol. Although

‘BaiZiZhi’ compared poorly with regard to these substances, it

had the highest content of 2-phenethyl alcohol, and the contents

of aromatic compounds, such as styrene, p-xylene, and

benzeneacetaldehyde, was high (aromatic compounds). The

differential metabolites data are provided in Table S7.

3.4.4 Enrichment of metabolite pathways
in R. rugosa

Based on the preceding results, we screened the differential

metabolites for enriched KEGG pathways. Important metabolic

pathways included sesquiterpene and triterpene biosynthesis,

phenylpropane biosynthesis, monoterpene biosynthesis and
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metabolism, and secondary metabolite biosynthesis (Figure S11).

In comparisons for ‘BaiZiZhi’, differential metabolites in BZ1 vs.

BZ3 were most highly enriched in sesquiterpene and triterpene

biosynthesis. Valens and (+)-d-carbene were down-regulated and

a-farnesene was up-regulated (ko00909). The differential

metabolites in BZ3 vs. BZ5 were most distinctly enriched in

monoterpene biosynthesis; geraniol and L-a-terpineol were

down-regulated (ko00902). The differential metabolites in BZ5

vs. BZ7 were highly enriched in sesquiterpene and triterpene

biosynthesis, with only one terpene (a-farnesene), which was

down-regulated (ko00909). In the comparisons for ‘Guo’, the

differential metabolites in GM1 vs. GM3 were most highly

enriched in monoterpene biosynthesis; geraniol and (1s)-6,6-

dimethyl-2-methylene-bicycloheptane were up-regulated

(ko00902). Among the differential metabolites of GM3 vs. GM5,

the most distinct enrichment was in terpene biosynthesis; 3,7,11-

trimethyl-2,6,10-dodecyl was up-regulated (ko00900). The

differential metabolites in GM5 vs. GM7 were most highly

enriched in phenylpropane biosynthesis; eugenol was up-

regulated and methyleugenol was down-regulated (ko00940). In

comparisons for ‘Hanxiang’, differential metabolites in HZ1 vs.

HZ3 were most highly enriched in sesquiterpene and triterpene

biosynthesis; valens, (−)-b-diterpenes, and a-farnesene were

down-regulated (ko00909). Differential metabolites of HZ3 vs.

HZ5 were most obviously enriched in monoterpene biosynthesis;

geraniol, (1s)-6,6-dimethyl-2-methylene-bicycloheptane, and L-

a-terpineol were up-regulated (ko00902).

3.4.5 Analysis of metabolite pathways
in R. rugosa

We screened the differential metabolites that were shared in

the two most important enriched pathways: the monoterpenoid

biosynthetic pathway, and the phenylalanine, tyrosine, and

tryptophan biosynthesis pathway. The monoterpenoid

biosynthetic pathway includes many important fragrant

substances, such as citronellol, nerol, geraniol, linalool,

myrcene, a-terpineol, and (−)-b-pipene (Feng et al., 2014).

The synthesis of these substances can be clearly seen in the

biosynthetic pathways diagram (Figure 5A). A heatmap showed

that the synthesis of these compounds coincided with the

progression of flower development (Figure 5A). The contents

of citronellol, geraniol, and linalool peaked at the early-blooming

stage (BZ3) in ‘BaiZiZhi’ and the full-blooming stage (HZ5) of

‘Hanxiang’. The content of (−)-b-pipene in ‘BaiZiZhi’ showed

no obvious change during flower development, but a-terpineol
content was highest in the flower-bud stage of ‘BaiZiZhi’ (BZ1).

The content of (−)-b-pipene in ‘Hanxiang’ was highest in the

full-blooming stage (HZ5), and that of a-terpineol was highest
in the withering stage (HZ7). At the full-blooming stage of ‘Guo’

(GM5), geraniol, linalool, and a-terpineol showed the highest

contents. Citronellol and (−)-b-pipene contents were highest in
the early-blooming stage (GM3). Linalool is catalyzed by

geraniol isomerase to yield geraniol. The relative content of
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linalool in ‘BaiZiZhi’ was low in the early-blooming stage (BZ3),

whereas the relative content of geraniol in the early-blooming

stage (BZ3) increased significantly. This result indicated that the

catalytic reaction between linalool and geraniol isomerase starts

from the early-blooming stage (BZ3) and continues to the full-

blooming stage (BZ5) and withering stage (BZ7). The relative

content of geraniol in ‘Guo’ at the full-blooming stage (GM5)

was significantly higher than that of linalool, indicating that the

catalytic reaction between linalool and geraniol isomerase

occurred in the full-blooming stage (GM5).

Biosynthetic pathways for phenylalanine, tyrosine, and

tryptophan are extremely common in plants. These include

the pathways for phenethyl alcohol and eugenol biosynthesis.
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These biosynthetic pathways include the synthesis of phenethyl

alcohol, eugenol, methyleugenol, phenylalanine, and isoeugenol

(Figure 5B). A heatmap indicated that the phenethyl alcohol

content of ‘BaiZiZhi’ was highest in the early-blooming stage

(BZ3) and that of ‘Hanxiang’ in the full-blooming stage (HX5),

whereas phenethyl alcohol was not detected in ‘Guo’. The

eugenol content was highest in the withering stage (BZ7 and

GM7) of ‘BaiZiZhi’ and ‘Guo’, and also was high in the full-

blooming stage (HX5) of ‘Hanxiang’. The methyleugenol

content of ‘BaiZiZhi’ and ‘Guo’ was highest in the full-

blooming stage (BZ5 and GM5), and that of ‘Hanxiang’ was

highest in the withering stage (HZ7). Eugenol is catalyzed by

(iso)eugenol O-methyltransferase to synthesize methyleugenol.
B

A

FIGURE 5

Enriched biosynthetic pathways in Rosa rugosa. The patterns in volatile organic compound (VOC) contents over the four flowering stages for
three varieties of R. rugosa are provided above or below the differential metabolites (red font). (A) Monoterpenoid biosynthetic pathway. (B)
Phenylalanine, tyrosine, and tryptophan biosynthetic pathway.
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Changes in the relative contents of eugenol and methyleugenol

in R. rugosa cultivars at different flowering stages were

examined. Synthesis in ‘BaiZiZhi’ started in the early-

blooming stage (BZ3) and continued to the full-blooming

stage (BZ5). In ‘Hanxiang’ synthesis started at the full-

blooming stage (HX5) and peaked in the withering stage

(HX7). In the process of synthesizing methyleugenol, (iso)

eugenol O-methyltransferase plays a catalytic role in ‘Guo’; the

relative content of methyleugenol decreased sharply in the

withering stage (GM7), indicating that synthesis started in the

early-blooming stage (GM3) and ended after the full-blooming

stage (GM5).
4 Discussion

4.1 Industry application evaluation
of R. rugosa

In recent years, the AHP method has been widely used in the

evaluation of plant germplasm resources and application

evaluation of garden plants (Zhao and Wang, 2016) and

horticultural plants (Sheng et al., 2021). Selection of

appropriate cultivars can ensure superior flower quality and

shape. Flower type, color, and leaf shape of plants are not only

important characteristics of plants that are both ornamental and

edible, but also represent the most inherent phenotypic

differences among cultivars. Many previous studies on the

morphological traits of R. rugosa have been conducted

(Rusanov et al., 2013). In those studies, there is little mention

of the characteristics of thorns. In the present study, we paid

attention to relevant elements of the flowers, fragrance

characteristics, and biological characteristics of the thorns in

R. rugosa. A comprehensive evaluation system was constructed

using the AHP.
4.2 Comparative analysis of R. rugosa,
fragrant R. hybrida cultivars, and
aromatic Rosa species

Rosa rugosa was shown to be especially favorable with regard

to the contents of important fragrant substances, such as rose

oxide, citronellol, citronellyl acetate, and citronellal, which is

consistent with previous studies (Ren et al., 2018). With regard

to human health, previous studies showed that phenethyl

alcohol and linalool have neuroprotective (Orhan et al., 2009;

Souto-Maior et al., 2017), antioxidant (Hancianu et al., 2013;

Senol et al., 2013), and anxiety-relieving effects (Umezu et al.,

2002; Linck et al., 2010), and citronellol has anti-inflammatory

(Su et al., 2010) and therapeutic effects on allergic diseases

(Kobayashi et al., 2016; Pina et al., 2019). Compared with R.
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rugosa, fragrant R. hybrida cultivars contain lower contents or

lack important aromatic substances, which is an important

reason why the fragrance of R. hybrida is generally not as

strong as that of R. rugosa. Compared with other scented Rosa

species, R. rugosa offers no obvious advantage in phenotypic

characters, but the contents of important fragrant substances are

significantly higher than those of other species. Consideration

should be given to crossing R. rugosa with other species of Rosa

with desirable aesthetic traits and strong fragrance. Rosa ×

damascena is the hybrid between R. gallica and R. phoenicia.

Modern investigations of R. × damascena have confirmed its

antiviral, antibacterial, anticancer, antidepressant, antioxidant

(Ayati et al., 2018), analgesic, anti-inflammatory, and

anticonvulsant activities, and its relaxant and hypnotic effects

(Mahboubi, 2016). In recent years, greater attention has focused

on the essential oil and pharmacology of R. damascena

(Dadkhah et al., 2019; Akram et al., 2020; Koohpayeh et al.,

2021). Rosa × damascena, R. hybrida ‘Aunt Margy’s’, and R.

hybrida ‘Dream of Garden’ could be used as alternative cultivars

for cross-breeding with R. rugosa to optimize other phenotypic

traits of R. rugosa. Rosa rugosa ‘Guo’ is a wild selection of R.

rugosa with outstanding fragrance characteristics and could be

crossed with other scented Rosa species with favorable traits,

such as R. × damascena ‘Alba’, R. gallica, and R. ‘Dianhong’, to

improve its qualities. The crossing of different germplasm to

obtain an ideal hybrid combination has always been the focus of

breeding. The more distant the genetic relationship of the

parents, the more marked the heterosis. Cluster analysis can

clarify the genetic relationship between germplasm, and guide

the combination and prediction of dominant hybrids. Rosa

germplasm represents the multidirectionality of diversity and

genetic divergence, which is conducive to efficient hybrid

breeding (Sen et al., 2021).
4.3 Target metabolites and metabolites

The main floral components, such as citronellol, phenethyl

alcohol, nerol, and linalool, have a major impact on plant

quality. The difference between R. rugosa and other species of

Rosa is largely the contribution of fragrance substances. We

screened the predominant floral scent components, as well as

differential metabolites and the metabolic pathways involved.

Metabolite information was acquired at four stages of floral

development (flower-bud stage, early-blooming stage, full-

blooming stage, and withering stage) in the R. rugosa cultivars

‘BaiZiZhi’, ‘Hanxiang’, and ‘Guo’. The results showed that the

highest content of all fragrance components was detected at the

full-blooming stage, which was consistent with previous studies

(Sun et al., 2019). The relative contents of fragrance components

in ‘Hanxiang’ were generally higher than those of the other two

R. rugosa cultivars, and the contents of terpenoids and a small
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number of aldehydes and heterocyclic substances were higher at

the flower-bud stage than in the early-blooming stage. This has

not been reported previously. It is speculated that it may be

caused by genetic differences in ‘Hanxiang’, which needs further

research. By studying biological characteristics and fragrance

components of different R. rugosa cultivars, genotypes more

suitable for edible and medicinal application may be selected.

The synthesis of aromatic amino acids is unique to the

metabolism of plants and microorganisms. A detailed

understanding of their synthesis and metabolism may promote

the consolidation and expansion of knowledge of the

metabolism of living organisms. Most changes in floral

fragrance components are caused by catalysis by relevant

enzymes. Citronellol, nerol, geraniol, linalool, phenethyl

alcohol, and eugenol are especially important aromatic

substances in R. rugosa. The terpene precursor isopentenyl

diphosphate is synthesized in the mevalonate (MVA) pathway

in the cytoplasm, and the 1-deoxy-D-xylulose-5-phosphate

(DXP) pathway or methylerythritol 4-phosphate (MEP)

pathway in plastids (Wei et al., 2017). Further study on the

contribution of these two pathways to terpene biosynthesis

showed that R. rugosa uses the cytoplasmic MVA pathway to

synthesize monoterpene precursors. In addition, although many

genes in the MVA and MEP pathways are well known in diverse

plant species, limited information is available for R. rugosa,

which requires further exploration. Geranyl diphosphate (GPP)

is the precursor of various monoterpene compounds under the

action of different monoterpene synthases (Lichtenthaler, 1999).

By comparing VOC characteristics and differential gene

expression of fragrant and non-fragrant rose cultivars, Sun

et al. (2016) observed that geraniol synthesis involved a Nudix

hydrolase (RhNUDX1). Phosphoenolpyruvate and erythrose 4-

phosphate are common substrates for the synthesis of aromatic

amino acids, which thus involves the phenylalanine, tyrosine,

and tryptophan synthesis pathway. There are two synthetic

pathways for 2-phenethyl alcohol in R. rugosa. The first

involves phenylacetaldehyde synthase and phenylacetaldehyde

reductase (PAR); the second involves aromatic amino acid

aminotransferase, phenylpyruvate decarboxylase, and PAR.

The former synthesis pathway was detected in the present study.

We described changes in differential metabolites in different

cultivars of R. rugosa and at different stages of floral

development. Enzymes play an important role in the two

enriched metabolic pathways. These findings provide a

foundation for future breeding of R. rugosa and the mining of

fragrance-related candidate genes
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Detected integral graph of citronellol.
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SUPPLEMENTARY FIGURE 2

Detected integral graph of phenethyl alcohol.

SUPPLEMENTARY FIGURE 3

Detected integral graph of farnesol.

SUPPLEMENTARY FIGURE 4

Detected integral graph of nerol.

SUPPLEMENTARY FIGURE 5

Detected integral graph of rose oxide.

SUPPLEMENTARY FIGURE 6

Heatmap of 27 R. rugosa, 43 scented R. hybrida, and seven aromatic R.

species. Morphological characters (x-axis) are represented for the 77 Rosa
accessions (y-axis).

SUPPLEMENTARY FIGURE 7

Superimposed graph of the total ions current diagram of the quality-

control mixed sample (QC Mix). Total ions current (TIC) was measured
with the QC Mix sample. The x-axis is retention time (Rt) of the volatile

substances in the sample during detection, and the y-axis is the ion
current intensity of ion detection (the unit of intensity is counts per

second [cps]).

SUPPLEMENTARY FIGURE 8

Principal component analysis scatterplot of the first and second principal
components (PC1 and PC2, respectively). Each circle represents an

individual sample; different samples are indicated by different colors.
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SUPPLEMENTARY FIGURE 9

S-plot of OPLS-DA between groups. The x-axis is the covariance between
the principal component and the metabolite, and the y-axis is the

correlation coefficient between the principal component and the
metabolite. Red dots indicate VIP ≥ 1 for these metabolites, and green

dots indicate VIP < 1 for these metabolites.

SUPPLEMENTARY FIGURE 10

Volcano map of differential metabolites. Each point in the volcano plot

represents a metabolite, the x-axis is the logarithm of the quantitative fold

difference of a metabolite in two samples, and the y-axis is the VIP value.
The larger the absolute value on the x-axis, the greater the fold difference

of expression between two samples. The larger the y-axis value, the more
strongly significant the differential expression, and the more reliable the

differentially expressed metabolites obtained by screening. Green dots
represent down-regulated differentially expressed metabolites, red

dots represent up-regulated differentially expressed metabolites, and

gray dots represent metabolites detected but not significantly different.

SUPPLEMENTARY FIGURE 11

Differential metabolite KEGG pathway enrichment map. The x-axis is the

Rich factor corresponding to each pathway, and the y-axis is the pathway
name. The color of the point indicates the P-value – the more intensely

red, the more significant the enrichment. The size of dots represents the

number of enriched differential metabolites. The Rich factor is the ratio of
the number of differentially expressed metabolites in the corresponding

pathway to the total number of metabolites detected and annotated by
the pathway. A higher value indicates a greater degree of enrichment.

Pvalue is the p-value from the hypergeometric test.
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