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Regional metabolomic pro ling

reveals lipid metabolic signatures

associated with oil content in
ue-cured tobacco
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Introduction: Flue-cured tobacco (Nicotiana tabacum ) leaves exhibit substantial
variation in oil content, yet the metabolic basis underlying these differences
remains unclear.

Methods: In this study, we integrated physicochemical measurements,
ultrastructural observation, and metabolomic pro ling to investigate oil-
associated metabolic characteristics. High-oil and low-oil leaves from Tongren
(TR; TRH, high-oil; TRL, low-oil) and Weining (WN; WNH, high-oil; WNL, low-0il)
were analyzed.

Results: High-oil leaves exhibited higher petroleum ether extract content (TRH
5.56%; TRL 4.63%; WNH 4.82%; WNL 4.15%) and lower softness value (TRH 34.7
mN; TRL 47.3 mN; WNH 21.7 mN; WNL 36.3 mN), with reduced luminosity (L*) and
increased red-green axis (a*). Ultrastructural analysis revealed a greater
abundance of lipid droplets in high-oil leaves, while starch granules persisted in
low-o0il leaves from TR. Metabolomic pro ling identi ed 38 differential
metabolites in TR (upregulated: triacylglycerols, phospholipids, fatty acid
derivatives; downregulated: polyphenols, phenylpropanoids) and 47 in WN
(upregulated: avonoids, coumarins, sesquiterpene lactones; downregulated:
organic acids, sugar alcohols, some fatty acid derivatives). Four metabolites—
namely, marmesin, an arteannuin-like compound, isoferulic acid, and p-
hydroxycinnamic acid—were found to be prevalent in both regions and
exhibited a signi cant correlation with oil-related traits.

Discussion: Pathway enrichment analysis further indicated that high-oil leaves
from TR and WN displayed distinct metabolic patterns despite similar oil
phenotypes. These ndings suggest that oil accumulation is associated with
region-distinct metabolic pro les and provide potential metabolic markers for
oil-related quality improvement.

KEYWORDS

ue-cured tobacco, oil content, regional metabolism, ultrastructure, widely targeted
metabolomics
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1 Introduction

Tobacco (Nicotiana tabacury a key member of the Solanaceae
family, holds signi cant economic value and has long served as an
important model for studying plant physiology, biochemistry, and
metabolic regulation. The insights derived from tobacco,
particularly with regard to lipid metabolism, can prove to be
highly informative for other Solanaceous crops. Flue-curing of
tobacco leaves is essentially a dehydration—thermal processing
procedure conducted under precisely controlled arti cial
conditions. Its primary objective is not merely water removal, but
the application of a controlled and directed stress to living plant
tissues through the deliberate design of temperature and moisture
trajectories. This process induces a series of physiological events,
including programmed cell death, macromolecular degradation,
and complex interactive chemical reactions, ultimately converting
fresh leaves into an industrial raw material with distinctive sensory
attributes (Wu et al., 2020a). Studies on the thermal processing of
plant-derived foods such as coffee beans, nuts, and peppers have
demonstrated that heat treatment can induce partial hydrolysis of
triacylglycerols and the release of membrane lipids, thereby
enhancing the extractability of lipophilic components and
promoting the formation of volatile avor compounds (Tu et al.,
2021; Shi et al., 2022; Jiang et al., 2025; Wang et al., 2025). The oil
content of ue-cured tobacco leaves is a pivotal physicochemical
trait for evaluating the quality of tobacco leaves. Previous studies
have shown that, under appropriate moisture conditions, leaves
with higher oil content are characterized by darker coloration, a
softer and smoother texture, and greater fullness, which collectively
contribute to improved aroma quality (Xie et al., 2014).
Furthermore, oil in tobacco leaves has been reported to be mainly
derived from soft or semi- uid substances within leaf cells (Gao
et al, 2024), these substances include lipids, resins, waxes, and
diterpenoids (Chen et al., 2025; Tian et al.,, 2025). Accumulate or
migrate of these substances to the leaf surface during the curing
process is determining factor in the oily characteristic of cured
leaves (Yan et al., 2007) Petroleum ether extract is frequently
utilized as an objective measure (Chen et al., 2013; Bouchnak
et al., 2023), as it contains a high concentration of volatile oils,
lipids, and resins, and exhibits a strong correlation with oil content
(Bouchnak et al., 2023). However, oil accumulation is not simply a
re ection of chemical composition; rather, it is the result of a
complex metabolic network. Lipid droplets (LDs), the cellular
carriers of oil, directly re ect the dynamic balance of
triacylglycerol (TAG) synthesis and degradation (Qin et al., 2023;
Liang et al.,, 2025), and play a signi cant role in determining oil
accumulation (Kelly et al., 2013; Chu et al., 2022). The formation of
oil content in tobacco leaves has traditionally been categorized
within a ternary framework of “variety-cultivation-curing,” with all
three factors collectively determining oil expression(Xie et al.,
2014). Starch serves as the primary non-structural carbon
reservoir in leaves, and its scale directly determines the carbon

ux available for lipid synthesis. When starch accumulation
decreases, excess carbon ux is signi cantly redirected toward
fatty acid and TAG pathways, while enhanced lipid synthesis
conversely inhibits starch accumulation (Vanhercke et al., 2014,
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Xu and Shanklin, 2016; Yu et al., 2018; Chu et al., 2022; Zhao et al.,
2025). Genotypes establish the foundation for carbon allocation and
metabolic potential in tobacco leaves. Genome-wide association
studies (GWAS) reveal signi cant differences in initial leaf starch
content among tobacco germplasm, with these variations having a
clear genetic basis and being jointly regulated by multiple genetic
loci (Xu et al., 2022). Within this genetic framework, cultivation
management further reshapes the initial chemical and structural
background of leaves. Different planting patterns, plastic mulching
methods, and fertilization conditions all in uence starch
accumulation and cell structure, thereby altering the potential
carbon supply basis for post-roasting oil formation (Xie et al.,
2014). After establishing an initial state jointly determined by
genetics and cultivation, roasting—as a critical physiological
processing stage—further shapes the nal expression of oil
content. Tobacco curing is a classical process that promotes
senescence and apoptosis (Li et al., 2016; Wu et al., 2020b).
Sugars and phospholipids release fatty acids during degradation,
which can be re-esteri ed into TAG and thereby promote oil
accumulation (Li et al., 2015; C. Zhang et al., 2020; Cohen et al.,
2022). Unlike postharvest-inactivated fruits such as sea buckthorn,
whose drying requires external disruption to break the waxy layer
(Kaseke et al., 2021; Tan et al., 2022), tobacco leaves maintain
cellular activity and antioxidant capacity during the yellowin stage,
providing a unique physiological basis for lipid release and
translocation. Evidence from coffee roasting shows that heating
disrupts the structures of oil bodies and membrane lipids,
facilitating lipid migration toward the surface (Wang et al., 2025),
Lipidomic analyses further demonstrate that heating strongly
activates glycerophospholipid metabolism, marking membrane
lipid degradation and remodeling and representing the crucial
initiation step of lipid translocation (Wang et al., 2022). However,
even under highly standardized production conditions, we observed
substantial variation in oil content among cured leaves. This
indicates that, beyond the mainstream regulatory framework,
additional secondary sources of variation may exist, potentially
driven by the intrinsic physiological state or ne-scale metabolic
regulation of tobacco leaves; the speci ¢ contributing mechanisms
remain unclear. Broad-target metabolomics captures biochemical
endpoints in organisms and has successfully identi ed key
metabolites in studies of complex quality traits across various
crops (Yang et al., 2021; Meng et al., 2022; Shi et al., 2022; Sun
et al., 2024). Previous studies have demonstrated signi cant
variations in lipid composition among fresh leaves from different
growing regions (Li et al., 2015). To improve the accuracy and
speci city of the analysis, this study selected tobacco leaves of the
same cultivar and grade that were produced in the same production
area under identical cultivation and curing conditions. According to
sensory evaluation, the samples were divided into low- and high-oil
groups for comparison. This design was intended to control the
in uence of external factors, including cultivar, environment,
agronomic practices, and curing procedures, thereby allowing the
analysis to focus on intrinsic differences in oil content determined
by the physiological and metabolic characteristics of the tobacco
leaves. On this basis, petroleum ether extract content, leaf exibility
scores, color measurements, ultrastructural observations, and non-
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targeted metabolomic analyses were integrated. Using the tobacco
cultivar ‘Yunyan 87’ as the experimental material, shared
differential metabolites among samples from different production
areas were screened, with the aim of identifying key metabolites
stably associated with the oil content trait and analyzing the
biological pathways potentially related to these metabolites. This
approach provides a basis for exploring the metabolic foundation
underlying oil formation in tobacco leaves.

2 Materials and methods
2.1 Plant growth and sampling

The ue-cured tobacco cultivar Yunyan 87 was cultivated in
two distinct regions (Supplementary Figure 1): TR (Tongren,
Guizhou, China; 107 59 25.32 E, 27 22 26.99 N) and WN
(Weining, Guizhou, China; 103 99'87.71"E, 26 75'37.86”N), Soil
characteristics of the two regions are summarized in Supplementary
Table 1, and the corresponding climatic parameters are presented in
Supplementary Table 2. A randomized complete block design was
implemented at each site. Each plot covered 121 m with a planting
density of 1.1 m 0.55 m. Three replicates were established per site.
Seeds were sown on January 20 and transplanted on April 25. Basal
fertilization consisted of 525 kgrha™ compound fertilizer (N:P:K =
10:10:25), 450 kg ha™ fermented oilseed cake, and 375 kgeha
micronutrient fertilizer. Calcium—magnesium phosphate fertilizer
was applied simultaneously as part of the basal fertilization
program, with the rate determined according to local agronomic
recommendations. On the day of transplantation, each plant was
watered with 150-200 mL of a water-soluble solution containing 1%
compound fertilizer and 0.28% cypermethrin emulsi able
concentrate. Ten days after transplantation, 100-150 mL per
plant of a 4% compound fertilizer solution was applied. This
fertilization schedule was repeated within 30 days after
transplantation, maintaining consistent solution concentrations
and application volumes. Plants were topped at the early

owering stage on July 5. Immediately thereafter, leaves at the 4th
to 5th positions from the top were labeled to ensure uniform
maturity and appearance at harvest. Subsequently, on August 20
at the mature stage, the labeled leaves were harvested. Following the
curing process, tobacco leaves were graded as B2F by three
experienced tobacco experts based on uniform external
appearance. B2F is de ned as an intermediate maturity grade
according to the Chinese national standard GB 2635-1992,
characterized by mature leaves with a moderately loose structure,
slightly thick lamina, oil content ranging from present to high,
intermediate color, a leaf length of not less than 40 cm, and a
damage rate of no greater than 20% The leaves were then selected
from both regions. Following a thorough sensory evaluation by
experts in the eld, the leaves were categorized into two distinct
groups, namely high-oil and low-oil, with the objective of ensuring
uniformity in leaf position and visual quality among the samples.
Each treatment comprised three biological replicates, with each
replicate consisting of 20 leaves. A half-leaf sampling approach was

Frontiers in Plant Science

10.3389/1pls.2026.1734410

adopted, with one half of the leaf used for metabolomic pro ling
and the other for physicochemical measurements.

2.2 Ultrastructural observation

The ultrastructural observations of tobacco leaves were
performed according to the method described by Wu et al.
(2020a). and the samples were rst xed overnight at 4 C in 3%
glutaraldehyde, followed by sequential treatment with 10% (w/v)
picric acid for 2 h and 2% uranyl acetate for another 2 h. Thereafter,
the samples were stained with 0.1% (v/v) osmium tetroxide
prepared in 150 mM phosphate buffer (pH 7.2). After the
completion of xation and staining, the samples were dehydrated
through a graded ethanol series and subsequently in Itrated with
EPONB812 medium grade resin (Polysciences, Germany). The resin-
in Itrated samples were polymerized at 60 C for 48 h, and ultrathin
sections (90 nm) were cut from the polymerized resin blocks using
an Ultracut E microtome (Reichert). The sections were collected on
formvar-coated grids (EMS, WA), and the ultrastructure of palisade
tissues in leaves with different oil contents after curing was nally
examined and imaged using a Hitachi H-600 transmission electron
microscope (Kyoto, Japan) operating at an accelerating voltage of
75 kV.

2.3 Softness value of tobacco leaves

The measurement of tobacco leaf softness value was conducted
following the method of Wu et al. (2020a). The leaf softness value
was determined by RH-R1000 softness tester (Guangzhou Runhu
Instrument Co., Ltd., Guangzhou, China), with rectangular leaf
samples placed in the measurement slot. The instrument quanti ed
leaf softness value by recording the combined bending resistance
and lateral frictional force, and the results were expressed in
millinewtons (mN). For each replicate, samples measuring 5 x 2
cm were collected from the following regions of the leaves: the tip
(3rd—4th veins), the middle (6th-7th veins), and the basal (11th—
12th veins). The measurements were conducted within a
temperature range of 22 — 1 C and a relative humidity range of
60 — 2%.

2.4 Leaf color parameters

The leaf color parameters were measured using a CR-10
colorimeter (Konica Minolta Sensing Inc., Tokyo, Japan) on
cured tobacco leaves of different oil content groups. Before
measurement, the instrument was calibrated with a standard
white plate, and each leaf was measured six times at the central
lamina area, avoiding the midrib. Color parameters were expressed
as the international CIELAB values: luminosity (L*), red-green axis
(a*), and yellow-blue axis (b*).Ten tobacco leaves were analyzed for
each sample group.

2.5 Starch content

The contents of starch was determined following the procedures
described by Gong et al. (2023). The chemical composition analyses
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were performed using a continuous ow analyzer (AA3, Bran+Luebbe
GmbH, Germany). Speci cally, starch was puri ed by ultrasonication
in an 80% ethanol-saturated NaCl solution and subsequently extracted
with 90% DMSO-HCI under heat-assisted ultrasonication. Following
the completion of the colorimetric reaction, the quantity of starch was
measured using a spectrophotometer.

2.6 Petroleum ether extract content

The petroleum ether extract content was determined according
to the method described by Sun et al. (2023). A quantity of 15.00 g
of nely ground ue-cured tobacco powder was placed in a cellulose
extraction thimble and extracted with 100 mL of petroleum ether
(boiling range 60-90 C) using a Soxhlet apparatus. The extraction
process was conducted under re ux conditions for a duration of two
hours, with the objective of ensuring complete dissolution of
lipophilic components. The residue was subsequently re-extracted
with an additional 100 mL of petroleum ether for 1.5 hours to
improve extraction ef ciency. The combined extracts were
subjected to lItration, followed by concentration under reduced
pressure to remove the solvent. The extracts were then dried to a
constant weight. The petroleum ether extract content was calculated
as the ratio of extract weight to the initial dry sample weight, and
expressed as a percentage (%).

2.7 Metabolomic pro ling

For solid samples, 0.15 g of homogenized leaf powder was
transferred into a 2 mL reinforced tube containing two stainless-
steel beads and 1 mL of pre-cooled ( 20 C) methanol-water (7:3, v/v;
LC—MS grade, Thermo Fisher Scienti c). Samples were homogenized
at 50 Hz for 5 min, vortexed three times (30 s each, 10 min intervals),
and incubated at 4 C overnight. The following day, samples were
vortexed and centrifuged at 13 000 g for 10 min at 4 C.
Approximately 800 mL of the supernatant was collected and Itered
through a 0.22 mm membrane for LC-MS analysis. For liquid
samples, 200 mL of extract was mixed with 600 mL of pre-cooled
extraction solvent (methanol: water = 7:3, v/v), incubated at 20 C
for 4 h or overnight, centrifuged at 20 000 g for 15 minat4 C, and

Itered through a 0.22 mm membrane. Chromatographic separation
was performed on an HSS T3 column (2.1 100 mm, 1.8 mm; Waters)
maintained at 40 C. The mobile phases were 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B), with a ow rate
of 0.30 mL/min. The gradient program was as follows: 0—2 min, 5% B;
2-22 min, 5-95% B; 22-27 min, 95% B; 27.1-30 min, 5% B. Mass
spectrometry was performed on a QTRAP 6500 Plus system (AB
Sciex) in multiple reaction monitoring (MRM) mode with an ESI-
Turbo ion-spray interface. Source parameters were: 450 C, spray
voltage +5500 V (positive mode)/ 4500 V (negative mode), curtain
gas 20 psi, and gases | and 11 at 40 psi. Precursor—product ion pairs,
collision energy (CE), decluttering potential (DP), and retention times
were recorded for targeted metabolites. lon peak extraction and
metabolite identi cation/quanti cation were conducted using
Skyline (v.21.1.0.146) with Mass Tolerance set to 0.6 Da and Mass
Range 50-1500 Da, referenced against the BGI-Wide Target-Library.
The raw LC-MS data were processed in metaX: Features with more
than 50% missing values in QC samples and more than 80% missing
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values in experimental samples were removed to minimize unreliable
measurements. Coef cients of variation (CV) were calculated for
the remaining features using QC samples, and features exhibiting a
CV >30% were excluded in order to ensure analytical reproducibility
and signal stability. The remaining missing values were imputed using
the k-nearest neighbor (KNN) algorithm. The data underwent a
process of normalization, employing probabilistic quotient
normalization (PQN) as the primary method. This was followed by
a batch effect correction procedure that utilized QC-based robust
LOESS signal correction (QC-RLSC). The quality control (QC)
assessment was conducted by evaluating the CV distributions and
performing principal component analysis (PCA) on the QC samples.
This con rmed instrument stability and the suitability of the retained
feature set for downstream statistical analysis and metabolic pathway
interpretation. In order to monitor system stability, pooled QC
samples were inserted at a ratio of one QC per three analytical
samples. Metabolite data were log,-transformed and Pareto-scaled
prior to principal component analysis (PCA) to evaluate sample
distribution, group separation, and QC clustering, thereby assessing
analytical reproducibility and batch consistency. Metabolites were
subsequently classi ed and functionally annotated using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database to facilitate
interpretation of biological functions and identi cation of potential
metabolic pathways. Metabolite classi cation and functional
annotation were based on the KEGG (Kyoto Encyclopedia of Genes
and Genomes) databases to interpret biological functions and
potential metabolic pathways.

2.8 Data analysis

All experimental data were subjected to statistical analysis using
Excel and R-Studio, and the results are expressed as the mean —
standard deviation. Graphs and visualizations were generated using
Origin and R software. Metabolomic data were analyzed and
visualized in the R environment. Multiple-group comparisons
were performed using a one-way analysis of variance (ANOVA)
followed by a Duncan’s post hoctest. Metabolite-pathway
associations were retrieved from the KEGG database via the
KEGGREST package, and pathway enrichment was assessed using
a hypergeometric test with Benjamini—-Hochberg correction. The
results of the enrichment process were presented in the form of
RichFactor-based dot plots, for which the ggplot2 and scales
packages were utilized.

3 Results and discussions

3.1 Variations in physical characteristics of
cured tobacco leaves with region and oil-
content grouping

The morphological disparities between high- and low-oil
tobacco leaves from the WN and TR regions are illustrated in
Figure 1A. It was observed that high-oil leaves from both regions
exhibited a softer texture, greater ease of at enation, and a glossy,
oily appearance. In contrast, low-oil leaves exhibited greater density
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FIGURE 1

Morphology, color parameters, and softness of tobacco leaves from different regions and oil-content groups. (A) Morphology of High- and Low-Oil
Tobacco Leaves from Two Regions. From left to right: TRH (high-oil, Tongren), TRL (low-oil, Tongren), WNH (high-oil, Weining), WNL (low-oil, Weining).
(B) Luminosity (L*); (C) Red-Green Axis (a*); (D) Yellow-Blue Axis (b*); (E) Softness value (mN; lower values indicate greater softness). Data are shown as
mean =+ SD (n = 3 biological replicates). Different lowercase letters indicate signi cant differences at p < 0.05 (Duncan’s multiple range test).

and softness value. They demonstrated minimal spreading when
subjected to compression, and exhibited a paucity of surface gloss.
The color characteristics of cured tobacco leaves in WN and TR
exhibited consistent differences between oil content groups and
across regions (Figures 1B-D). High-oil leaves exhibit a darker
appearance (Xie et al., 2014). Within the same region, high-oil
leaves exhibited signi cantly lower L* values and higher a* values
compared to low-oil leaves, whereas b* values did not differ
signi cantly between treatments. Cross-regional comparisons
revealed that, at equivalent oil content levels, leaves from WN
generally exhibited higher L* values and lower a* values in
comparison to those from TR. Lower softness value values are
indicative of greater leaf softness value (Figure 1E), and overall,
leaves from WN exhibited the lowest softness values. Within the
same region, high-oil leaves exhibited signi cantly lower softness
values (21.67 mN) in comparison to low-oil leaves (36.33 mN).

3.2 Ultrastructural observation of lipid
droplets in palisade mesophyll cells

As illustrated in Figure 2, the cellular ultrastructural
characteristics of high- and low-oil tobacco leaves from diverse
regions are presented. As demonstrated in previous studies, there is
a demonstrable correlation between the number, size, and spatial
distribution of LDs and oil accumulation (Vanhercke et al., 2017,
Qin et al., 2023; Liang et al., 2025), the content of LD was found to
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be highest in TRH, followed by WNH and TRL, and lowest in WNL.
A comparison of regional data sets revealed that the LD content in
the TR region generally exceeded that observed in the WN region.
Within the same region, high-oil leaves consistently contained
greater numbers of lipid droplets than low-oil leaves. It is
noteworthy that pronounced starch granule residues were
observed in TRL leaves. The curing process has been shown to
enhance starch degradation, resulting in higher oiliness and aroma
intensity in high-oil leaves (Fan et al., 2019a).

3.3 Oil and starch content variations in
regional and oil-content grouping

The content of petroleum ether extract in tobacco leaves has
been shown to serve as an indicator of oil content (Yan et al., 2007).
The petroleum ether extract content (Figure 3A) was signi cantly
higher in high-oil samples than in low-oil samples within the same
region. Based on the quantitative distribution of petroleum ether
extract content across the two regions over the past two years
(Supplementary Figures 2, S3), the high- and low-oil categories
de ned in this study were consistent with the natural separation
observed in the dataset. This was accompanied by a greater
abundance and larger size of LDs. The starch content (Figure 3B)
exhibited a signi cant variation among the oil content groups in
WN, with high-oil leaves (8.95%) demonstrating a reduced starch
content in comparison to low-oil leaves (4.56%). Conversely, in the
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FIGURE 2

Ultrastructural observation of palisade cells. Scale bar = 2 mm. LD, lipid droplet; S, starch granule; CW, cell wall.

TR region, starch levels were comparable between high-oil (10.73%)
and low-oil (11.09%) leaves, with no signi cant difference While
previous studies have generally identi ed a positive correlation
between tobacco leaf oil content and starch content, consistent
with the observational data from the WN region, the atypical
absence of signi cant variation in total starch content in TR
tobacco leaves stems from the region’s inherently high starch
content (Li et al, 2025 The Impact of Major Meteorological
Factors in Tobacco Growing Areas on Key Chemical Constituents
of Tobacco Leaves). It is the combination of this inherent regional

trait and the incomplete starch conversion in low-oil TR leaves
(where residual starch exists in granular form) that results in the
atypical characteristic of comparable starch levels between high-
and low-oil leaves in the TR region, a fact evidenced by the presence
of residual starch granules in low-oil TR samples after curing While
previous studies have generally identi ed a positive correlation
between tobacco leaf oil content and starch content, consistent
with the observational data from the WN region, the atypical
absence of signi cant variation in total starch content in TR
tobacco leaves stems from the region’s inherently high starch

FIGURE 3

< 0.05 (Duncan’s multiple range test).

Petroleum ether extract and starch contents of tobacco leaves from different regions and oil-content groups. (A) Petroleum ether extract content
(%); (B) Starch content (%). Data are shown as mean = SD (n = 3 biological replicates). Different lowercase letters indicate signi cant differences at p
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