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Abstract

Three taxa of R. rugosa (Chinese Group), three taxa of R. centifolia, and one R. x damascena (Worldwide Group) were used to detect their volatile organic
compound (VOC) contents using headspace solid-phase microextraction coupled with gas chromatography-mass spectrometry. A total of 146 VOCs were
detected, including 73 terpenoids, 18 phenylpropanoids/benzenoids, 50 fatty acid derivatives, and 5 other compounds. The contents of terpenoids were
increasing with flower development, while the contents of fatty acid derivatives were decreasing. Heatmap cluster analysis (HCA) and Orthogonal Partial
Least Squares Discriminant Analysis (OPLS-DA) revealed that seven roses can be divided into Chinese and Worldwide groups, and a-farnesene, 9-
nonadecene, 3-methyl-2-(2-methyl-2-butenyl)-furan, heptadecane, methyleugenol, f-myrcene, a-pinene, propanoic acid, 2-methyl-,1-(1,1-dimethylethyl)-2-
methyl-1,3-propanediyl ester, pentadecane, and 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate were the marker compounds for two groups. Sensory and
incense tone compound evaluation showed that the aromas were mainly composed of floral, rosy, and sweet notes. However, the aroma of seven roses had
a stronger spicy, woody, and citrus note in buds (S3) or full-blooming flower stages (S5), which were mainly caused by high contents of methyleugenol, -
myrcene, and #-pinene. In this study, the VOC profile and aromatic characteristics of oil-bearing roses were systematically compared between Chinese and

Worldwide genotypes using metabolic pathway analysis and aroma evaluation, providing a more comprehensive reference for fragrant rose breeding.
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Introduction

Oil-bearing rose, a type of Rosa, has strongly fragrant flowers and
is widely used for the extraction of rose essential oils. Rose essential
oil (REO) is produced from oil-bearing roses by distillation. Due to
its extremely low yield, natural REO is often called 'liquid gold'.
Essential oils—a mixture of volatile organic compounds (VOCs)—are
widely used in pharmaceutical, cosmetic, flavor, perfume, sanitary,
and food industries for their antiviral, antibacterial, antifungal,
anticancer, neuroprotective, psychophysiological, and anti-aging
properties!’2, Recent studies have further demonstrated that the
main aromatic constituents of REO, such as citronellol, geraniol,
nerol, and phenylethyl alcohol, also possess significant anti-inflam-
matory and neuroprotective bioactivities, expanding its potential
therapeutic applicationsB4l. Natural REOs are in high demand, but
cultivation areas are limited, significantly restricting production.
Expanding cultivation of oil-bearing roses is urgently needed®.

As is well known, each rose genotype has advantages in different
cultivation areas, and because of the influence of soil and climate
factors, only some species or varieties are commercially grown.
Currently, species such as Rosa x damascena, R. x centifolia, R. gallica
L., R. x alba, R. rugosa, and their hybrid varieties are cultivated in
certain regions and are mainly used for REO extraction in different
regions®=9.. For example, Bulgaria mainly cultivates R. x alba and
R. X damascena, with small areas devoted to R. gallica and R. x
centifoliaB%, Morocco cultivates R. x centifolia, while Turkey, Iran,
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Afghanistan, and Saudi Arabia grow R. x damascena. R. gallica is
common in Northern regions like Russia, Ukraine, and Moldova due
to its frost resistance. In China, R. X damascena and R. rugosa are
widely planted with a wide variety of genotypes. Of these areas,
Bulgarian REO is internationally recognized and standardized
according to 1509842['"], Notably, Antonova-Nedeltcheva et al.
recently characterized the VOC profiles of fresh R. alba L. blossoms
using HS-SPME-GC/MS and identified more than 75 individual
compounds'Z, highlighting the absence of allergenic methyleuge-
nol in white oil-bearing rose and positioning it as a promising alter-
native to R. damascena for perfumery and natural cosmetics. Thus,
increasing the types of oil-bearing rose varieties is essential to
expand the planting area.

Rosa rugosa is native to China and has been traditionally used in
Chinese medicinel'3l. R. rugosa and its varieties, including R. rugosa
'Feng Hua' (also known as R. rugosa 'Ping Yin'), R. rugosa 'Kui Shui',
R. rugosa f. plena, and R. rugosa f. alba, are widely used for REO
extraction or direct food production(®14151, However, Chinese REOs
are priced lower in international markets, and varieties producing
high-quality essential oils still need to be developed. Li et al. ana-
lyzed the VOC diversity of 32 rose germplasm resources and found
that the total VOC content ranged from 6.16 to 28.26 pg/g, with
monoterpenoids and benzenoids/phenylpropanoids accounting for
93.53% of total VOCs; notably, Chinese cultivars such as R. rugosa
'Fenghua' showed higher aroma diversity but weaker sweet-aroma
intensity compared to R. damascena, confirming the necessity of
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targeted breeding for fragrance improvementl('6l, Genotype is a
decisive factor in VOC profiles and floral aroma, which, in turn,
influences REO yield and quality in a specific region. Thus, evalua-
tion of rose flower VOC profiles with different genotypes is essential
for breeding suitable oil-bearing roses!'”. Additionally, breeding
technologies can be used to regulate VOC biosynthesis, boost pro-
duction, and improve the quality of essential oill'8-20],

In recent years, significant progress has been achieved in both
analytical methodologies and the understanding of VOC biosyn-
thetic mechanisms in oil-bearing roses. Regarding analytical tech-
nigues, Wang et al. pioneered the combined use of headspace gas
chromatography-ion mobility spectrometry (HS-GC-IMS) and purge-
and-trap GC-MS (P&T-GC-MS) to investigate the volatile release
patterns of R. damascena across different flowering stages?', pro-
viding new perspectives on real-time aroma profiling. Behnamnia
et al. employed SPME Arrow coupled with LC-MS/MS for the first
comparative analysis of flavonoid and volatile compositions in nine
Iranian damask rose cultivars!??, offering a novel platform for breed-
ing evaluation. Lebkiri et al. applied GC/MS-MS to comprehensively
characterize 57 volatile constituents from Moroccan R. damascena
essential 0il?3, revealing that agroecological factors such as soil
potassium content and altitude strongly influence oxygenated
monoterpene accumulation.

At the molecular level, breakthrough discoveries have been made
regarding the biosynthetic pathways of rose volatile terpenes.
Shang et al. assembled chromosome-level genomes for R. rugosa
and R. multiflora and revealed that gene family expansions of 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) and ter-
pene synthases (TPSs) underlie terpene enrichment in rose scent,
and they discovered a TPS-independent citronellol biosynthetic
pathway4. Li et al. further elucidated the complexity of volatile
terpene biosynthesis, demonstrating that NUDX1-mediated dephos-
phorylation of GPP constitutes a critical non-canonical step in f-
citronellol production across diverse rose varieties[?%l. Additionally,
transcription factor MYB1 was found to positively regulate multiple
scent-related genes in R. damascenal?®, and a weighted gene co-
expression network analysis (WGCNA) study linked 574 candidate
genes to key fragrance compounds including geraniol, citronellol,
and phenylethyl alcohol through terpenoid and phenylpropanoid
pathways!?’l, These findings provide valuable gene resources for the
molecular breeding of fragrant roses.

Furthermore, the influence of environmental factors on rose VOC
biosynthesis has received increasing attention. Charoimek et al.
comprehensively reviewed the effects of abiotic stresses on Damask
rose aroma, demonstrating that drought stress can enhance the
essential oil content and the concentrations of key aroma com-
pounds such as geraniol, citronellol, and eugenol, while salinity
stress may stimulate the biosynthesis of citronellol and phenylethyl
alcohol., Xie et al. reported that chilling stress (6 °C) reduced total
VOC emissions by 3.6- to 3.9-fold in edible roses and revealed that
CHH-type DNA methylation changes in the promoter regions of
scent biosynthesis genes (RhGDS, RhNUDXT1, and RhPAR) are respon-
sible for fragrance loss, highlighting the epigenetic regulation of
floral scent under abiotic stress!28],

Despite these advances, systematic comparative analyses of VOC
profiles and aromatic characteristics between Chinese and World-
wide oil-bearing rose genotypes remain limited. In this study, the
VOC profiles and aromatic characteristics of Chinese and Worldwide
oil-bearing rose genotypes were systematically compared using
headspace solid-phase microextraction gas chromatography-mass
spectrometry (HS-SPME-GC-MS). Petals at different development
stages were collected for VOC determination, and their aroma
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characteristics were evaluated based on the VOC content of each
genotype. Orthogonal Partial Least Squares Discriminant Analysis
(OPLS-DA) and heatmap cluster analysis (HCA) enabled compara-
tive analysis between Chinese and non-Chinese samples. Our aim
was to assess phytochemical compositions and provide reference
data for breeding high-yield essential oil varieties.

Materials and methods

Plant materials

Seven oil-bearing roses were categorized into Chinese and World-
wide groups according to their origin. The Chinese group included
three R. rugosa germplasm taxa (from China): R. rugosa 'Feng Hua'
(FH), R. rugosa f. plena (RP), and R. rugosa f. alba (WGR). The World-
wide group comprised three R. x centifolia taxa: R. X centifolia 'de
Grasse' (RG), R. x centifolia (RC), R. X centifolia 'Morocco' (RM), and
one R. X damascena (RD) originating from Europe. The possible
genetic relationship among the groups was proposed in Fig. 1
based on the referencel2l. All seven roses were cultivated at the
National Center of China for Flower Improvement, Institute of
Vegetables and Flowers, Chinese Academy of Agricultural Sciences,
Beijing. Detailed sample group information, Latin names, horticul-
tural classifications, planting locations, and aroma intensity are
presented in Table 1. The floral development of roses can be catego-
rized into five distinct stages: S1 (Budding Stage), S2 (Large Bud
Stage), S3 (Initial Opening Stage), S4 (Half-Open Stage), and S5 (Full
Bloom Stage). Here, we selected three stages, S3-S5, for our study
(Fig. 1; Table 1). About 10 g of fresh petals at each development
stage were collected in the morning (8-10 am). For each stage, two
flowers per plant from 10 individual plants were pooled to form
one biological replicate, then frozen in liquid nitrogen and stored at
—80 °C for later analysis.

Extraction and determination of floral
components

Frozen fresh petal samples were ground into powder in liquid
nitrogen, and 1.5 g of the sample was then transferred to a 20 mL
headspace vial (Agilent Technologies, Palo Alto, CA, USA) supple-
mented with 1 pg of 2-octanol as an internal standard. The HS-SPME
analysis was performed as previously described(??l, The bottle cap
was tightened with a PTFE/silica gel septum and placed on an SPME
sampling stand to equilibrate at 40 °C for 15 min. A SPME fiber
(DVB/C-WR/PDMS/10, Agilent Technologies, Palo Alto, CA, USA) was
inserted for 30 min at the same temperature, then immediately
injected into the GC inlet for thermal desorption for 10 minl'2,

The VOC compounds were analyzed by GC-MS (7890B-5977,
Agilent Technologies, Palo Alto, CA, USA) equipped with a DB-WAX
Column (30 m x 250 um x 0.25 um, Agilent Technologies, Palo Alto,
CA, USA). The column temperature was 50 °C for 2 min, and then
increased to 150 °C at 3 °C/min for 3 min. Subsequently, the tempe-
rature was increased to 230 °C at 5 °C/min for 10 min. The inlet
temperature was set to 250 °C. Helium was used as the carrier gas
with a T mL/min flow rate, and 0.2 uL was injected, and splited
ration was set at 5:1. Electron impact (El) ionisation mode at 70 eV
was used for Mass spectra, and the ion source temperature was
200 °C.

Qualitative analysis of compounds
Aroma compounds were identified using MassHunter software in
combination with the NIST 11 mass spectral library. Based on the
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R. rugosa f. alba

| R. rugosa 'Feng Hua' l

Chinese

R. cennfolta 5

|R. 'de Grasse' | |R. 'Morocco' |

Western

Fig. 1 Test material in different development stages and genetic relationship. S3 flower bud stage; S4 half-blooming stage; S5 full blooming stage.

Table 1. Test material Information of seven oil bearing roses.

Group Abbreviation Latin name Horticultural classification Location Aroma intensity
Chinese FH Rosa rugosa 'Feng Hua' Hybrid rugosa Beijing, China +++

RP Rosa rugosa f. plena Wild species Beijing, China +++

WGR R. rugosa f. albo-plena Wild species Beijing, China ++

Worldwide RC Rosa centifolia Wild species Beijing, China +++

RG Rosa 'de Grasse' Hybrid centifolia Beijing, China ++

MR Rosa 'Morocco' Hybrid centifolia Beijing, China +++

RD Rosa damascena Hybrid species Beijing, China +++

The information in the table is obtained from Flora of China, Flora of Spice Plants in China (2020), 1ISO 9842:2003 Standard for Rose Essential Oil, and the aroma
component analysis report from the Flower Research Institute of Yunnan Academy of Agricultural Sciences. The intensity of the fragrance is indicated by '+', representing
the strength of the petal scent perceived by smell, '+++' for strong fragrance, and '++' for medium fragrance.

library search results and retention index (Rl), a match score exceed-
ing 80% was considered sufficient for reliable identification. A
C7-C30 alkane mixture was analyzed under identical chromato-
graphic conditions. Among the 146 identified compounds, 50
lacked Rl values and were marked as '-', which may be attributed to
the absence of reference Rl values in the NIST 11 database, elution
outside the n-alkane reference range, insufficient spectral matching
confidence or isomeric interference, or the lack of a CAS registry
number for database retrieval. The retention index (RI) was calcu-
lated according to the method described by Van den Dool &
Kratz!30],

The retention index (RI) was calculated using the Van den Dool
and Kratz equation, where tg (x) represents the retention time of the
target compound, and tg (n) and tg (n + 1) represent the retention
times of the n-alkanes eluting immediately before and after the
target compound, respectively:

Kou et al. Ornamental Plant Research 2026, 6: €027

RI = 100n + 100 X tr(n + Dtr(n)/tr(x) — tr(n) (1)

Quantitative analysis of compounds

Quantitative calculations were performed based on the content
of 2-octanol (internal standard). The relative quantification of aroma
compound concentrations was calculated using the area normaliza-
tion and internal standard methods. The latter quantitative analysis
of each compound was performed according to the following
Eq. (2), where Cis the content, A is the peak area, VOC is the compo-
nent to be determined, and std is the internal standard. For the
correction factor, f' was set to 2, and the Cstd was 1 pg. Data are
presented as the mean of at least three technical replicates; the final
data are presented in ng/g, calculated as the value obtained from
Eq. (2), multiplied by 1,000.
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Cvnc :f/ X (Amc/Asld) X C.wd (2)

Aroma evaluation of seven oil-bearing roses

Odor activity values (OAVs) were used to evaluate the contribu-
tion of aroma compounds in the sample. Aromatically active com-
pounds had high OAVs (> 1) and usually significantly contributed
to the aroma profileB'-33l, So here, we used OAVs to evaluate the
aroma of seven oil-bearing roses. The OAVs were calculated for each
VOC based on its odor threshold (OT), as shown in Table 2.

Odor-active compounds were the main contributors to the scent
tone of flowers, and VOCs could be divided into different scent
tones based on their odor descriptions. Here, the aroma characteris-
tics were evaluated by OAVs, and the proportions of various aroma
compounds were calculated according to the total OAVs of aroma
compounds. Then, the floral scents of seven roses were visualized
according to the proportions of each scent note.

Sensory evaluation of floral fragrance

A panel of 15 trained evaluators (eight female, seven male, aged
22-45) was recruited from the research staff at the Institute of
Vegetables and Flowers, Chinese Academy of Agricultural Sciences.
Fresh flowers at the full blooming stage (S5) were evaluated
between 9 and 11 am on the day of collection. For each evaluation,
three flowers of the same genotype were placed in an odorless glass
container covered with perforated parafilm. Panelists were asked to
evaluate the following attributes: (1) overall aroma intensity, scored
on a five-point scale (0 = no detectable scent, 1 = weak, 2 = mode-
rate, 3 = strong, 4 = very strong). Evaluations were performed in a
well-ventilated room at 22-25 °C; panelists rested for at least 2 min
between samples and used coffee beans for olfactory resetting.
Each sample was evaluated independently by all 15 panelists, and
results are presented as mean scores + SD. The aroma intensity
ratings ('+++' for strong, '++' for moderate) are shown in Table 1 and
represent a simplified summary of the sensory evaluation scores
(strong: mean score = 3.0; moderate: 2.0 < mean score < 3.0; weak:
mean score < 2.0).

Statistical analysis

All experimental data were obtained from at least three technical
replicates and are presented as the mean * standard deviation (SD).
Differences among the seven rose varieties were assessed by one-
way analysis of variance (ANOVA) using SPSS 21.0 (SPSS Inc., 2021).
For multivariate statistical analysis, the dataset was imported into
SIMCA 14.1 (Umetrics, Sweden) and Origin 2021 (OriginLab, USA).
Principal component analysis (PCA) was applied to reduce data
dimensionality and identify the principal components accounting
for the majority of variance. Orthogonal partial least-squares dis-
criminant analysis (OPLS-DA) was then performed to improve
discrimination among the rose varieties. Model parameters, includ-
ing R? (explained variance) and Q? (predictive variance), were opti-
mized through iterative calculations to ensure model effectiveness
and reliability. Key volatile compounds contributing to floral dis-
crimination were identified based on OPLS-DA S-plot analysis, p-
values, and variable importance in projection (VIP) values. Com-
pounds with VIP values > 1 and p-values < 0.05 were considered
significant markers for distinguishing rose varieties, thereby provid-
ing valuable insights into the unique aroma profile of each variety.
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Results

Determination of floral compounds in seven oil-
bearing roses

A total of 146 volatile organic compounds were detected from the
petals of seven oil-bearing roses in three development stages using
HS-SPME combined with GC-MS (Fig. 1a; Supplementary Table S1).
According to the biosynthesis pathway, 146 components can be
divided into terpenoids (73), phenylpropanoid/benzenoids (18),
fatty acid derivatives (50), and others (5). The number of VOCs
ordered is MR > RD > FH > RG > WGR > RC > RP; they are 74, 70, 68,
67, 66, 59, and 57 (Fig. 2a). Rosa rugosa f. plena (RP), R. rugosa f.
albo-plena (WGR) and R. x centifolia (RC) were wild species, while R.
rugosa 'Feng Hua' (FH), R. x centifolia 'Morocco' (MR), R. centifolia
'de Grasse' (RG), and R. x damascena (RD), were hybrid varieties that
originated from R. x centifolia (Fig. 1b). Our results indicated that
wild species produced fewer VOCs, and that hybridization can
introduce more VOCs into rose flowers. What's more, our results
also demonstrated that the number of VOCs increased with flower
blooming (Fig. 3a).

Seven roses shared 19 compounds, including tran-f-Ocimene,
citronellal, citronellyl acetate, nerol, geranial, geranyl acetate, neral,
geraniol, citronellol, isogeraniol, benzaldehyde, benzyl alcohol,
phenylethyl alcohol, 1-hexanol, acetic acid, ocimene, perillene, and
pentadecane (Fig. 2; Supplementary Table S2). The 19 shared com-
pounds were classified into three groups: monoterpenes (12),
phenylpropanoid/benzenoids (3), and fatty acid derivatives (4). Rosa
rugosa f. plena (RP) had no special metabolite, R. rugosa 'Feng Hua'
(FH) had the highest number of special metabolites (18), and the
number of special compounds in R. rugosa f. albo-plena (WGR), R. x
centifolia 'de Grasse' (RG), R. x centifolia (RC), R. centifolia 'Morocco'
(MR), and R. x damascena (RD) was 14, 10, 4, 13, and 6, respectively.
These results also showed that wild species had fewer specific VOCs,
consistent with our previous supposition that VOCs can accumulate
in hybrid offspring. Rosa rugosa f. plena (RP) may be the oldest wild
species because it lacks specialized metabolism. However, more
work is needed to support our proposal.

Altogether, our results also indicated that we can generate an
excellent rose fragrance variety through hybridization. More VOCs
can be introduced into the flower via hybrid events, but the inheri-
tance law of VOCs in the flower is little known.

Quantitative analysis of floral compounds in
seven oil-bearing roses

To obtain more information about the Chinese group and the
Worldwide group, we calculated the content of each VOC using the
internal standard method. The content of total VOCs was from
480.52 to 30,550.70 ng/g. The full blooming stage of RD had the
highest content, and the budding stage of Rosa rugosa f. plena (RP)
had the lowest content. The order of VOC content was RD > MR
> FH > RG > RP > WGR > RC: it was 30.55, 18.96, 18.90, 16.90, 13.98,
13.86, and 8.02 ug/g, respectively (Fig. 3a; Supplementary Table S1).
Citronellyl acetate, geranyl acetate, citronellol, geraniol, nerol,
phenylethyl alcohol, and a-pinene were the major compounds in
each sample (Fig. 4a; Supplementary Fig. S1). What's more, the
content of total VOC increased with the number of VOCs, and the
semi-budding blooming stages (S4) or full blooming stages (S5)
showed the highest content of VOCs (Fig. 3a).

As mentioned above, VOCs can be divided into four metabolic
pathways, and the major components in each sample are

Kou et al. Ornamental Plant Research 2026, 6: €027


https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019

(Panunuod 3q 03)

S
]
88
(=17} GE0 190 8S0 <¢OL €8l LTO 9CO0 SS0LE GECS ce8lLlL 9/'€8 CL'6EE 9G'€CT 06'S/1L 00S80°0 Auniyg apAysplezusag Sz
m & SN ‘equay
= ¥00 LL'0 £L0 6€0 SE0 €50 81  vL198'eL TS'8vE9s 07's0L'Le 90°€90'8S 80°TL9'€9 S1L0T'6Y 6€L18'TCE  ¥¥000'0 ‘[BIO)}19IMS  |e[j]suonID) 144
m m 9¢0 /(SO0 /90 LE€O0 /90 <TO'L T80 €00 700 000 000 S00 000 800 00000°0£ WIN sualpue|ldyqd-v  €¢
on usa1b
‘Asou ‘Aoids
GE0 950 68C 180 TS0 TYO ¥S0  SET96'6V 000 LLE6T'LLO'L 000 000 000 000 010000 ‘Apoom |owsa|3 [44
aud||Aydohied
9’0 0 6€C [L90 V¥FO OF0 9¥0 000 c0€El (Ko 44 000 000 000 000 00005°L  Aoids ‘Apoom -g-(-) 4
8¢€0 S¥'L €0l <COL 060 680 950 [8YTL'L 8€LLL'8L 99'¢e/'LT 000 000 000 000 007000 U936 ‘|eJoj4 BPIXO D504-S-(—) 0T
udalb
‘snayd ‘Adids
G660 LL'0O €0 ZI'0O S80 €¥0 LEO 599 [4°04 97’8 000 000 000 000 0000S°L ‘Apoop susuiqes 6l
Auiw ‘Ao1ds
lz’L LTl 180 S6L 7oL 60°L  LTO 0765 14 WAL €LTS 000 [43:14 98'0SC or'evl 0008L°0 ‘Kpoopm auauld-§ 8l
Aynay
8l'L SL'0O T80 €00 ¥80 880 SSO (44314 vL/8l S0zl 88'GEl 78'sTT €€'e0l veTL 00000°L ‘[eiol} 133MS  [oyodje |Azudg /1|
or'L €60 /80 641 /LL'L 680 T¥VO €00t 90°€e 000 vo'ee 000 000 000 000050 - dued3pexsH 9L
Apoom
‘lequay
870 S€0 6S0 L¥T T¢/O0 TEOD TO0 144 000 000 €8°1 000 000 €20 0000€6 ‘sniiD sualed-¢ Sl
GE0 OF0 9T0 0€0 6£0 OLO YL L1611 TLS0lL 9608 LG€6 €0°/8 G196 SETU 000510 Aoids pioed1edy 4
uows)
60'L LSO [LE€L SCO SCTO 8¥Y0 LEO ELVL6'LS SLLSS'SY 9T'SPS's 18'€90'0€ 69'C7€0'CE 67'186'9C TLLL0LL 08800°0 ‘SnJ1id 199MS |eJSN €l
SCL 690 O9l'L 80 SSO 080 900 SO'ESEvY L1'095'LY 8€°0TL'8lL 8L'991'LT 96'751'81 5678081 ¥6'SES'ET 006700 [eJO]} 199MS 043N cl
snJd ‘Asou
960 €0'L v¥0 620 WYL LL'L  6V0 000 0TSl €0'€ 9¢C 000 [4°44! 8€TL 0000007 ‘Aunyj‘jesol4  a1e19de |K1aN Ll
00 6S0 L¥'lL ¥E€E0 900 SCO0 €TO0 /868679 €9°0£0°L9 STYS0'6 T1'0z0'8€e 8G9'GEV'TE S8'€9/'vE 78'861'9¢C 00ZL0'0 Uows3|‘sniiD [eluesdn oL
VEEY3)
‘Kpoom “Asou EMEAERI
S0 /Z1'0 T80 LTO €0 €0 T €6'€SS SS'€0C [4%°74 §5'95¢ L8l EVLLE SeT8lL 00000°L  ‘Aunuy ‘jesol4 IK|pu0a1D 6
450 S90 OLl'L Z0OL 890 9¥0 8E€T 69v 960 000 LT¢C 90l 8¢Cl vT6¢ 000058 £o1ds |ousbnajAyisy 8
Asou |oyod|y
TLL L0 /80 LL'0O 0€0 €S0 0OTO ESPYB'8T'9 0069T'9TL'8 L96T9'660'Y 0LLSOTYL'Y S8TSEBYY'Y 68 10V'98T'S LLOVE'QLO'S  SE0000 ‘[esoly 1@ams  |Ayiaihuayd L
SN
‘Asos ‘Aynuy 133159 |Ay39|Auayd
LT0 €00 0€0 650 LOL 8E0 T9L 000 000 000 L5081 000 000 LT'66C'Y 0£900°0 ‘[e40l3133MS - ‘PIde d1IRDY 9
SN
‘Asou ‘Kynuy
o V'L €40 9TL 0€0 €¥0 680 TCO 60°€6€'Y ¥’ LOOY 19'8L6 LT918C 0EvT6'L 6v'9T9'L 86'L06'L 00009°0 ‘[elo]} 12IMS |olueIss S
S uda46 ‘snud
=] ‘A3In4y ‘Asou
© S60 910 LOL 8E0 SSO LTO TTL  6LY06'9F  [8T86'WT  9S'6LEEL 64°9%0'LT 9’1961 0’897 [SEEL'BS  0SOFO'0  ‘|eiOl}1dMS  [O]|)pUOID 4
= udalb
S
W. ¥l 0S50 ¥80 €C0 660 910 LOO 9L'9% 9691 €99 8€'LC 06’6 SV'LE €986 00000CL ‘[esoly ‘Asoy  d1e1908 [AUBISD €
o £o1ds ‘[equay
W €0 LL'0 TEO0 690 T80 8Y0 €91 000 000 000 000 000 000 vy 000200 ‘Apoom audjoInniy-4 4
% |eqiay
M 9€'0 89C 600 6€L ¥L'L €Ll ¢Cl0 €0°LS6'L 7978e'Y Lo'LLT'L 000 000 000 €0°098 000010 ‘Apoop susuid-0 L
D sanjeA saNjeA SINeA SANJEA SIN[EA SANJEA SINeA ad aw Jd oY 45M dd H4 (sw/Bw) uondudsap  spunodwod oN
= LdIN 9dIAN SdIA - PdIN €dIA - TAIA LdIA sanjea AlAIe J0pO ploysaiyL 13p0 91.OA
3 IAl
W. 'SOOA JO 1UU0 dY) 01 BulpI0dE S350 BuLIES] |10 USASS JO UONEN|RAD BWIOLY *Z 3lqeL
3
=
<

Page50f13

e027

Kou et al. Ornamental Plant Research 2026, 6


https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019
https://doi.org/10.48130/opr-0026-0019

Ornamental
Plant Research

VIP3 VIP4 VIP5 VIP6 VIP7
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VIP2
values

VIP1
values

RD
0.00

RC MR

275.50

RG
0.00
1837.74

Odor activity values
WGR

RP

FH
353.84 5550.30 0.00

. Threshold
Oder description (mg/m?)

(continued)
Volatile
compounds

Table 2.
o
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0.37
2.16
0.82
0.48
2.31

0.12
0.66
0.96
0.26
0.56

0.44
0.15
0.43
1.67
0.83

0.52
0.67
0.31
0.59
0.36

0.09
1.41
1.27
0.30
0.57

3.21
1.46
0.30
0.19
0.47

0.21
0.88

0.00

0.00260

Sweet, floral, citrus

Decanal
p-Myrcene

26
27

1,318.62 2,39943 3,942.38

0.00 0.00
0.00
0.00
0.00

0.00

0.04100

Spicy
Sweet, citrus

108.09 88.89 0.84

51.58
9.37
3.29

75.96
0.00
0.00

73.87
0.00
0.00

19.74
0.

0.42400
0.30000
2.50000

D-Limonene

28

0.31
0.61

0.00

4.64

0.00
0.00

00

Sweet
Woody, lemon,

Toluene
y-Terpinene

29
30

0.00

herbal
Spicy, floral, woody

0.00 0.00 0.00 222 0.57 1.08 1.16 0.77 0.84 1.07

632 682 0.00

9.99

1.60000

Isoeugenol

31

methyl ether
3-Methyl-2-(2-

11.40 47.80 580.87 0.65 0.87 0.75 1.00 0.93 0.08 2.67

0.00 284.78

0.00 0.00

0.08000

Green

methyl-2-
butenyl)-furan

32

51.01 0.00 8.55 0.56 0.53 0.63 0.82 2.82 0.56 0.03

0.00 0.00 0.00

0.00

0.16000

Woody
VIP1 value means the VIP value of FH in OPLS-DA; VIP2 means the VIP value of RP in OPLS-DA; VIP3 means the VIP value of WGR in OPLS-DA; VIP4 means the VIP value of RG in OPLS-DA; VIP5 means the VIP value of RC in

OPLS-DA; VIP6 means the VIP value of MR in OPLS-DA; VIP7 means the VIP value of RD in OPLS-DA. All thresholds are in air (mg/m?3), and from www.thegoodscentscompany.com/allproc-1.html.
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33
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terpenoids, phenylpropanoids/benzenoids, and fatty acid derivativesi?®. So we
calculated the contents of each metabolic pathway at different stages of flower
development. The results showed that among the seven oil-bearing roses, except for
a few cases in the S3 stage, terpenoids are the main components (Fig. 3b). The
content of terpenoid VOCs increased with the flower-blooming stage, whereas that
of fatty acid derivative VOCs decreased. In particular, the content of fatty acid deriva-
tive VOCs decreased sharply at the S4 and S5 stages of the seven roses (Fig. 3c), and
the fatty acid derivative VOC profiles were divided into two clusters for the Chinese
and European groups (Fig. 2b; Supplementary Fig. S1c). In the Chinese group, the
major components of fatty acid derivatives were propanoic acid, 2-methyl-3-
hydroxy-2,2,4-trimethylpentyl ester, while 9-nonadecene, pentadecane, heptade-
cane, and 8-heptadecene were the primary components in the European group
(Fig. 2b; Supplementary Table S1; Supplementary Fig. S1b). Citronellyl acetate,
geranyl acetate, citronellol, geraniol, and nerol were the main components in the
terpenoid pathway (Fig. 2b; Supplementary Table S1; Supplementary Fig. S1c). The
content of phenylpropanoid/benzenoid VOCs was increasing in the MR, RC, and RG
samples, while it was decreasing in R. rugosa 'Feng Hua' (FH), R. rugosa f. plena (RP),
R. rugosa f. albo-plena (WGR), and R. x damascena (RD) (Fig. 3c). Acetic acid, 2-
phenylethyl ester, phenylethyl alcohol, and methyleugenol were the main com-
positions of phenylpropanoid/benzenoid VOCs (Fig. 2b; Supplementary Table S1;
Supplementary Fig. S1b).

The components with a high content (> 1%) were selected to conduct a compara-
tive analysis. A total of 56 volatile compounds were used to carry out hierarchical
cluster analysis (HCA). The results showed that the composition of VOCs at S3 stages
differed from that at the S4 and S5 stages (Fig. 2b; Supplementary Fig. S1). Especially,
the contents of monoterpenes, including citronellol, geranyl acetate, geraniol, nerol,
and a-pinene, were higher at the S4 and S5 stages than those at the S3 stage.
However, the content of phenylethyl alcohol was higher at the S3 stage in Rosa
rugosa f. plena (RP) and R. rugosa f. albo-plena (WGR), which implied that the wild
species might biosynthesize more phenylethyl alcohol at early stages of flower
development. Together with the taxonomic relationship of R. x centifolia '"Morocco'
(MR), R. x centifolia (RC), and R. x centifolia 'de Grasse' (RG) (belonging to R. x centifo-
lia, Table 1), we proposed that the phenylpropanoid/benzenoid metabolic pathway
is different from other roses in the taxa of R. x centifolia rose varieties. The total
content of fatty acid derivatives and VOCs was sharply decreased from the S3 stage
to the S5 stage in the seven roses; especially, the contents of eicosane, pentadecane,
and heptadecane showed significant changes between the S3 and S4 stages (Fig. 4a;
Supplementary Fig. S1c). Why the flowers had a high ratio of fatty acid derivatives
and low monoterpene levels in early flower development stages needs more work to
discover the reasons.

Isolation and comparative analysis of identification marker
VOCs in seven oil-bearing roses

Based on their origin and genetic relationships, the seven roses were divided into
the Chinese group and the Worldwide group (Figs 4a, 5a; Table 1). It was also
supported by Heatmap cluster analysis of VOC content in full blooming flowers that
R. rugosa 'Feng Hua' (FH), R. rugosa f. plena (RP), and R. rugosa f. albo-plena (WGR)
were separated from R. X centifolia 'de Grasse' (RG), R. x centifolia (RC), R. x centifolia
'Morocco' (MR), and R. X damascena (RD) (Fig. 3d). In order to further isolate the iden-
tification marker VOCs in each rose, we carried out Orthogonal Partial Least Squares
Discriminant Analysis (OPLS-DA) analysis between the two groups based on VOC
content. Results showed that seven roses can be separated by 16 VOCs (VIP > 1.0),
including geraniol, nerol, a-farnesene, phenylethyl alcohol, 9-nonadecene, heptade-
cane, geranyl acetate, methyleugenol, citronellyl acetate, f-myrcene, a-pinene,
propanoic acid, pentadecane, 2,2,4-trimethyl-1,3-pentanediol diisobutyrate, and
3-methyl-2-(2-methyl-2-butenyl)-furan (Fig. 4; Supplementary Table S3). The 16 com-
pounds were classified into three pathways: terpenoids (8), phenylpropanoid/
benzenoids (3), and fatty acid derivatives (5). Among these, nine VOCs were signifi-
cantly different between the two groups (p < 0.05): a-farnesene, 9-nonadecene,
heptadecane, methyleugenol, p-myrcene, a-pinene, 3-methyl-2-(2-methyl-2-
butenyl)-furan, propanoic acid, pentadecane, and 2,2,4-trimethyl-1,3-pentanediol
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Fig. 3 The type and contents of detected VOCs in seven oil-bearing roses. (a) The quantity and content of total VOCs. (b) 100% stacked column in
different biosynthesis pathways. (c) Content of VOCs in different biosynthesis pathways. (d) Heatmap clustering analysis of VOC content.

diisobutyrate (Fig. 6a; Table 2; Supplementary Table S3). These To categorize the varieties of seven roses according to identifica-
results also demonstrated that the nine VOCs might be important  tion marker VOCs in each rose, we also performed OPLS-DA in each
contributors to the aroma characteristics of the seven roses. oil-bearing rose, and the results showed that the content of acetic
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Fig. 4 OPLS-DA analysis of VOCs content. (a) OPLS-DA analysis between Chinese and Worldwide VOCs. (b) OPLS-DA analysis of Chinese VOCs. (c) OPLS-D
analysis of Worldwide VOCs.

acid, citronellol, citronellyl acetate, a-farnesene, and 2,3,5,6-tetram-
ethylphenol can separate R. rugosa 'Feng Hua' (FH) from the six
other roses (VIP > 1 and p < 0.05). The content of a-farnesene,
propanoic acid, 2-methyl-1-(1,1-dimethylethyl)-2-methyl-1,3-pro-
panediyl ester, 9-nonadecene, -myrcene, and 2,2,4-trimethyl-1,3-
pentanediol diisobutyrate can separate R. rugosa f. plena (RP) from
the six other roses. The content of 9-nonadecene, f-myrcene, and
methyleugenol in R. rugosa f. albo-plena (WGR) (Fig. 4b; Supplemen-
tary Table S4). Pentadecane, eicosane, heptadecane in R. X centifolia
'de Grasse' (RG), geraniol, geranial, elemol, neral, (-)-f-caryophyl-
lene, humulene in R. x centifolia (RC), geraniol, a-pinene, heptade-
cane, geranial, 8-heptadecene, 9-nonadecene, neryl acetate, cyclo-
pentadecane, 2,2,4-trimethyl-1,3-pentanediol diisobutyrate in R. X
centifolia 'Morocco' (MR), phenylethyl alcohol, geranyl acetate,
geraniol, 3-methyl-2-(2-methyl-2-butenyl)-furan, nerol, f-myrcene,
and 9-nonadecene in RD can separate them from eachother. All
these compounds can be used as chemical markers to distinguish
them among seven roses (Figs 4, 5a; Supplementary Table S4). These
results imply that chemical compounds in flower fragrances can be
used for species or variety identification.

Aroma characteristics of seven oil-bearing roses
The aroma of seven roses differed according to human odor
evaluation. Odor activity values (OAVs) reflected the compound's
actual odor intensity in the sample and were widely used in aroma
analysis of flowersB4. In this study, aroma characteristics were eva-
luated using OAVs and aroma descriptions of each volatile com-
pound. The VOC profiles showed remarkable differences among the
seven oil-bearing roses; in particular, the high volatile compound
content might also be responsible for the aroma differences among
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them. So we picked up the components with high content (> 1%)
and selected a total of 56 volatile compounds for further analysis.
Only 29 of 56 volatile compounds had olfactory thresholds; their
odor thresholds are listed in Table 2, and their OAVs were calculated
based on the content of each VOC.

Aroma profiles were evaluated for aroma intensity using OAVs at
three flower development stages in seven roses (Fig. 6). A total of 29
VOCs were divided into 10 types of incense tone, including floral,
rosy, sweet, green, fruity, woody, spicy, citrus, lemon, and herbal,
according to odor description3':32, Floral, sweet, and rosy tones
were the main incense tones in the seven roses; woody and spicy
tones also existed at the S3 and S5 stages. The strong intensity of
the floral tone was mainly caused by phenylethyl alcohol, geranyl
acetate, citronellol, geraniol, acetic acid, 2-phenylethyl ester, citro-
nellyl acetate, neryl acetate, nerol, benzyl alcohol, (-)-cis-rose oxide,
citronellal, and decanal. Especially, (-)-cis-rose oxide was thought
to be an important donor of floral and green tones in roses. The
content of citronellol, geraniol, acetic acid, 2-phenylethyl ester,
phenylethyl alcohol, citronellyl acetate, and neryl acetate mainly
contributed to the rosy tone. The fruity tone was the result of citro-
nellol, geraniol, 2-phenylethyl ester, phenylethyl alcohol, citronellyl
acetate, and neryl acetate content. The sweet tone was mainly
caused by the content of phenylethyl alcohol, citronellol, geraniol,
geranyl acetate, acetic acid, 2-phenylethyl ester, citronellyl acetate,
and nerol. Results of OAV analysis showed that different flower
development stages had different aroma intensities. At the S3 stage
(budding), RD, MR, RP, FH, and WGR showed a high intensity of
sweet, floral, and rosy tones, and MR showed the strongest aroma,
consistent with human olfaction. What's more, WGR also showed a
strong woody and spicy tone, which may be mainly caused by the

Kou et al. Ornamental Plant Research 2026, 6: €027
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Fig. 5 ldentificaiton of marker aroma VOCs for Chinese and Worldwide oil bearing roses. (a) The characteristic compounds of OPLS-DA in Chinese and
Worldwide roses, intersected with substances that have a relative content greater than > 1% and possess OAV. (b) The characteristic compounds of OPLS-
DA in Chinese and Worldwide roses. (c) Aroma wheel of common aromatic compounds. (d) Correlation analysis of ten notes in the seven roses.

content of S-pinene and sabinene (Fig. 5b, ¢; Supplementary Table
S5). RG and RC showed high fatty acid diversity and weak fragrance
notes at this stage, suggesting that terpenoids and phenyl-
propanoid/benzenoid compounds played a major role in rose
fragrance. At the S4 stage (semi-blooming), all seven roses showed
strong intensity OAVs with sweet, floral, and rosy tones (Fig. 6d). At
the S5 stage (full blooming), sweet, floral, and rosy were still the
main aroma tones in the seven roses; however, RC and FH had two
more tones in this stage. R. centifolia (RC) showed a high density of
spicy and woody tones at the S3 and S5 stages, which was mainly
caused by the high content of elemol, f-pinene, sabinene, and (-)-$-
caryophyllene. R. rugosa 'Feng Hua' (FH) showed a higher propor-
tion of herbal and citrus tones, which may be a result of the high
content of citronellal (Fig. 6; Supplementary Table S5).

Among the nine significant marker compounds identified by
OPLS-DA, methyleugenol, f-myrcene, and S-pinene deserve particu-
lar attention due to their direct contributions to the spicy and
woody notes that differentiate oil-bearing rose genotypes. Methy-
leugenol, a phenylpropanoid with a characteristic clove-like spicy
odor (threshold = 8.50 mg/m3), was significantly enriched in the
Chinese group, particularly in FH (OAV = 190.27 at S4) and WGR

Kou et al. Ornamental Plant Research 2026, 6: €027

(OAV = 14.06 at S5), whereas it was absent or negligible in MR
(OAV = 0.96) and RC (undetected) (Table 2; Supplementary Table
S5). Although the OAV of methyleugenol was relatively low com-
pared to dominant floral-note compounds such as citronellol and
phenylethyl alcohol, its distinctive spicy character is perceptually
prominent even at low concentrations due to the cross-modal
enhancement effect, whereby minor spicy notes become more
noticeable against a predominantly floral background[®3l. Further-
more, methyleugenol is classified as a potential allergen under EU
Cosmetics Regulation (EC No. 1223/2009), making its content a
critical quality parameter for REO intended for international markets.
S-Myrcene, a monoterpene with a balsamic, spicy odor (threshold =
0.04 mg/m3), was exclusively detected in the Worldwide group at
the S3 stage, with particularly high OAVs in RD (3,942.38), MR
(2,399.43), and RC (1,318.62) (Table 2). Its presence contributed a
distinctive spicy-green undertone to the bud-stage aroma of World-
wide genotypes, which was absent in the Chinese group. f-Pinene,
sharing a woody-spicy-mint character (threshold = 0.18 mg/m3),
showed a broader distribution across genotypes and stages, with
the highest OAVs observed in RD (456.38 at S5), RC (424.68 at S5),
and MR (311.66 at S4). In the Chinese group, f-pinene was detected
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only in WGR (OAV = 289.05 at S4), contributing to the woody-spicy
note perceived by the sensory panel at this stage. The combined
effects of f-myrcene and S-pinene accounted for the stronger spicy
and woody tones observed in RC and RD at S3 and S5 stages,
respectively (Fig. 6; Supplementary Table S5). Together, these three
compounds formed a 'spicy-woody module' that was superim-
posed on the shared floral-rosy-sweety base aroma, creating the
characteristic aromatic differentiation between Chinese and World-
wide oil-bearing roses.

To visualize the compound-aroma relationships of these non-
floral marker VOCs, a bipartite association network was constructed
for five representative OPLS-DA marker compounds and their corre-
sponding scent notes (Supplementary Fig. S2). Among these, f-
myrcene and methyleugenol showed the strongest associations
with the spicy note, while S-pinene contributed simultaneously to
spicy, woody, and sweet tones. D-Limonene was primarily linked to
citrus and sweet notes, and 3-methyl-2-(2-methyl-2-butenyl)-furan
(rosefuran) was exclusively associated with the green note. The line
width reflects the relative contribution strength based on OAV pro-
portions. This network highlights that the aromatic differentiation
between Chinese and Worldwide oil-bearing roses is driven not by
the dominant floral-rosy compounds shared across all genotypes,
but by the differential accumulation of these secondary aroma
contributors that modulate the spicy, woody, citrus, and green
overtones.

To validate the OAV-based aroma evaluation, sensory intensity
scores at the full blooming stage (S5) were compared with the total
OAV values of the seven genotypes (Table 1). The sensory panel
rated R. X damascena (RD) as having the highest aroma intensity
(mean score 3.8 + 0.3), followed by MR (3.5 + 0.4) and FH (3.2 £ 0.5),
consistent with their '+++' ratings and high total OAV values. R.
rugosa f. alba (WGR) received the lowest intensity score (2.1 + 0.6),
corresponding to its '++' rating. Spearman's rank correlation analy-
sis revealed a significant positive correlation between sensory inten-
sity scores and total OAV values at S5 (rs = 0.89, p < 0.01), confirm-
ing the reliability of the OAV-based approach for characterizing the
aroma strength of oil-bearing roses.

The proportion of 10 incense tones in each rose was calculated
from their OVAs and the content of VOCs['71.

Discussion

Flowers are fragrant, and their aroma character determines the
commercial value of roses. Nowadays, Rosa x damascena, R.
'Morocco', and R. 'de Grasse' are used worldwide to extract essential
oils, while R. rugosa 'Feng Hua' and R. 'Ku Shui' are used in
Chinal8911, R, rugosa f. plena is an important breeding germplasm
for Chinese rose, while R. centifolia and R. x damascena are key
breeding germplasms for oil-bearing roses in the Western world.
There are significant differences in chemical composition and aroma
characteristics between Chinese and Western world oil-bearing
roses. Here, the core breeding germplasms and mainly oil-bearing
rose varieties are used to comparatively analyze the differences
between Chinese and Worldwide oil-bearing roses.

Rose floral aromas, produced by several compounds such as
geraniol, phenethyl alcohol, linalool, and rose oxide, are highly
popular and widely used commercially, including in medicine, pre-
mium cosmetics, and tobacco productstl. The OAV was the ratio of
the compound's content to its olfactory threshold; it reflects the
compound's actual odor intensity in the samplel3':32341, R, x damas-
cena (RD) exhibited the strongest overall fragrance, with rosy, floral,
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and sweet as the dominant aroma notes, primarily driven by the
exceptionally high OAVs of phenylethyl alcohol (19,598,176.67 at
S5), citronellol (79,646.14 at S5), nerol (79,667.88 at S5), and geraniol
(7,636.51 at S5) (Supplementary Table S5). However, R. x centifolia
(RC) exhibited notably stronger woody and spicy notes, particularly
at the S3 stage, driven by high OAVs of (-)-B-caryophyllene
(50,838.33) and at the S4-S5 stages by f-pinene and humulene
(Supplementary Table S5). R. rugosa f. plena (RP) showed a transient
spicy note at the S3 stage contributed by S-myrcene (OAV =
1,997.65), but lacked substantial woody tones across developmen-
tal stages. R. rugosa f. alba (WGR) also displayed woody and spicy
characteristics at S4, mainly attributed to f-pinene (OAV = 289.05)
and sabinene (Fig. 5; Supplementary Table S5). R. rugosa 'Feng Hua'
(FH) was characterized by more diverse aroma notes, including
distinctive herbal and citrus tones resulting from the high OAV of
citronellal (OAV = 322,811.39 at S5 as calculated from Table 2) and
y-muurolene (OAV = 1,332.39, woody/herbal/spicy at S3), as well as a
spicy component from methyleugenol (OAV = 190.27 at S4). R. X
damascena, R. 'Morocco', R. 'de Grasse', and R. rugosa 'Feng Hua', are
the result of natural or artificial hybridization of roses during the
16t-18th century (Fig. 1). These results imply that old rose or culti-
var species have abundant aroma notes and more specialized VOCs.
Chinese rose R. rugosa 'Feng Hua' exhibits a weak fragrance but
more diverse aroma notes. However, R. rugosa 'Feng Hua' has
greater aroma diversity than R. rugosa f. plena and R. rugosa f. albo-
plena. To quantify this aroma diversity, we compared the number of
odor-active compounds (OAV > 1) and exclusive aroma compounds
across all developmental stages. FH possessed 14 odor-active com-
pounds, compared to 13 in both RP and WGR. Critically, FH harbored
six exclusive high-OAV compounds absent in RP and WGR, includ-
ing citronellal (OAV = 549,626.26 at S5), y-muurolene (OAV =
1,332.39 at S3), a-pinene (OAV = 1,825.29 at S3), and methyleugenol
(OAV = 190.27 at S4), which introduced distinctive herbal, citrus, and
spicy characters (Table 2; Supplementary Table S5). In contrast, RP
had four, and WGR had five exclusive compounds. FH also exhibited
the richest early-stage aroma, with nine active compounds detected
at S3, compared to five in RP and only two in WGR. Combined with
its highest total VOC species (68) and unique metabolites (18)
among the three Chinese genotypes (Fig. 2a), these results indicate
that FH possesses broader aroma complexity through transgressive
inheritance. These aroma diversity indicating greater transgressive
inheritance. R. centifolia has the highest aroma diversity, and R. x
damascena shows a close relationship with R. 'Morocco' and R. 'de
Grasse'. Floral fragrance profiles showed that genotypes from the
same geographical origin tended to cluster together, and hybrid
varieties generally exhibited greater VOC diversity (FH: 68, RG: 67,
MR: 74, RD: 70 compounds) and more unique metabolites than wild
species (RP: 57, WGR: 66, RC: 59 compounds) (Fig. 2a), suggesting
that hybridization events may contribute to the expansion of aroma
complexity. However, further population-level studies with larger
sample sizes are needed to confirm the inheritance patterns of floral
scent traits, and more work is needed to explore the molecular
mechanism[3>36],

Based on the VOC profiling, OPLS-DA marker analysis, and OAV
evaluation results, we propose specific breeding strategies for
fragrance improvement of oil-bearing roses. Regarding parental
selection, R. x damascena (RD) exhibited the highest total VOC
content (30.55 pg/g) and the greatest contents of citronellol
(3,703.55 ng/g), geraniol (4,581.91 ng/g), geranyl acetate (4,302.81
ng/g), and nerol (3,903.73 ng/g) at the S5 stage, along with the high-
est corresponding OAVs (Supplementary Tables ST and S6), confirm-
ing its superiority as a maternal parent for high-yield essential oil
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breeding. R. rugosa 'Feng Hua' (FH), despite moderate total VOC
content (18.90 ug/g), possessed the highest number of unique
metabolites (18 compounds) and exhibited the greatest aroma
diversity, including distinctive citrus notes (citronellal OAV =
322,811.39) and herbal notes absent in most Worldwide genotypes
(Supplementary Tables S5 and S6). Therefore, RD x FH is proposed
as a priority cross combination to generate offspring combining
high monoterpene yield with broad aroma complexity. R. x centifo-
lia 'Morocco' (MR) could serve as an alternative parent, given its
highest VOC number (74 compounds) and distinctively high (-)-cis-
rose oxide OAV (18,111.38), a compound notably absent in the
Chinese group.

Among the nine significant OPLS-DA marker compounds (p <
0.05; Supplementary Table S3), citronellol, geraniol, geranyl acetate,
and nerol should be prioritized as positive selection targets for REO
quality, as they consistently showed the highest OAVs across all
genotypes (Supplementary Table S6). Conversely, methyl eugenol,
which was significantly enriched in the Chinese group (FH: 299.63,
WGR: 166.06 ng/g at S5) compared to the Worldwide group (RG:
30.14, MR: 7.72 ng/g) (Supplementary Table S1), should be sub-
jected to negative selection in programs targeting international
markets, given its classification as a potential allergen (EC Regula-
tion No. 1223/2009). Additionally, fatty acid derivative markers
such as 9-nonadecene (VIP = 1.76) and heptadecane (VIP = 1.24),
detected primarily in the Worldwide group (e.g., 9-nonadecene:
RD = 287.09 ng/g vs undetected in Chinese genotypes), may serve
as chemotype markers for distinguishing progeny with Worldwide-
type metabolism in hybrid populations.

Practically, we recommend a two-step breeding approach: (1)
intergroup hybridization between Chinese and Worldwide germ-
plasm to maximize transgressive segregation for VOC diversity, as
supported by the higher VOC numbers observed in hybrid varieties
(FH: 68, MR: 74, RD: 70) compared to wild species (RP: 57, RC: 59)
(Fig. 2a); and (2) early-generation chemotype screening using the
identified marker compounds, with preliminary selection thresholds
of citronellol > 2,000, geraniol > 1,500, and methyl eugenol <
50 ng/g at S5, based on the range observed in our germplasm
collection (Supplementary Table S1). Given that terpenoid content
peaked at S4-S5 while fatty acid derivatives decreased sharply
(Fig. 3c), breeding materials should be evaluated at the full bloom-
ing stage to ensure selection targets the commercially relevant
aroma profile.

In this study, all seven rose genotypes were cultivated under stan-
dardized environmental conditions at the National Center of China
for Flowers Improvement, Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences, Beijing, China. Specifi-
cally, all plants were grown in the same soil type and subjected to
the same fertilization regime, irrigation management, and climatic
exposure. This uniform cultivation design was intended to minimize
environmental confounding and enable direct comparisons among
genotypes. However, we acknowledge that the use of a single
experimental environment represents a limitation of the present
study, particularly for genotypes of European origin. Lebkiri et al.
showed that soil potassium content and altitude influence oxy-
genated monoterpene accumulation!3], and Charoimek et al.
showed that drought stress can enhance essential oil content and
concentrations of geraniol, citronellol, and eugenol®. Different
origins, climates, and soil conditions may lead to differences in
volatile substances of European varieties. Further multi-environ-
ment trials are therefore needed to determine whether, and to
what extent, floral scent profiles are influenced by environmental
conditions.
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Conclusions

This study systematically characterized the volatile organic
compound profiles and aroma properties of seven oil-bearing rose
genotypes originating from China and Worldwide germplasm. A
total of 146 VOCs were identified, mainly including terpenoids,
phenylpropanoids/benzenoids, and fatty acid derivatives. Terpenoid
compounds increased progressively during flower development,
whereas fatty acid derivatives decreased markedly from the early
opening stage to full bloom. Multivariate analyses, including HCA
and OPLS-DA, clearly distinguished Chinese R. rugosa genotypes
from Worldwide R. centifolia and R. X damascena genotypes, and
identified several marker compounds, such as o-farnesene, 9-
nonadecene, heptadecane, methyleugenol, f-myrcene, a-pinene,
propanoic acid derivatives, pentadecane, and 2,2,4-trimethyl-1,3-
pentanediol diisobutyrate. Aroma evaluation based on OAVs and
sensory assessment showed that floral, rosy, and sweet notes were
the dominant scent characteristics of all seven roses, while spicy,
woody, citrus, and herbal notes contributed to genotype-specific
aroma differentiation. R. X damascena exhibited the strongest over-
all fragrance and highest VOC content, whereas R. rugosa 'Feng Hua'
showed greater aroma diversity among Chinese genotypes. These
results demonstrate that both genetic background and flower
developmental stage strongly influence VOC accumulation and
aroma formation in oil-bearing roses. The identified characteristic
compounds and aroma traits provide valuable references for
germplasm evaluation, chemotype identification, and future breed-
ing of high-quality fragrant rose cultivars.
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