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As an important cash crop, tobacco (Nicotiana tabacum L.) is grown to harvest
leaves which are cured at elevated temperature before sale. The quality of cured
leaves impacts the economic return of growers. High-quality tobacco has high
levels of aroma substances in cured leaves, derived mainly from carotenoid
degradation products (CDPs). Significant difference in CDPs levels occurs
between varieties of distinct genetic background and between regions with
different ecological conditions. In order to have a better understanding of what
are the major factors that influence the accumulation of CDPs in tobacco leaves,
four tobacco varieties, K326, NC82, G28, and Gexin3, with different aroma
characteristics, were grown in two typical fields in Shandong and Yunnan, two
major tobacco-producing areas in northern and southern China, respectively.
Transcriptomic and metabolomic analysis was conducted to identify differentially
expressed genes and metabolites. The results of transcriptome analysis revealed
that the number of differentially expressed genes (DEGs) between the two
locations was more than three times of that among varieties, with the DEGs
between locations enriched in the carotenoid biosynthetic pathway. For fresh
leaves, similar group of carotenoid-related DEGs were identified and more
significant difference in carotenoid contents was observed between locations
than among varieties, with higher carotenoid accumulation in tobacco grown in
Shandong. Significant decrease in carotenoid contents in leaves was observed
during the curing process after harvest. For the same variety, the reduction in
carotenoid content following curing was greater in Shandong than in Yunnan.
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The accumulation of CDPs in tobacco leaves after curing, however, appeared to
be complex, being influenced by both environmental and genetic factors. Among
the detected CDPs, acetoin, geranyl acetone, and megastigmatrienone were
primarily affected by environmental factors, whereas -ionone-5,6-epoxyde and
3-oxo-a-ionol were predominantly influenced by genetic factors. This study
systematically reveals the cascade regulatory relationship among “gene
expression — carotenoid accumulation — aroma formation”.

KEYWORDS

fresh tobacco leaves, flue-cured tobacco leaves, transcriptome, carotenoid degradation
products, aroma substances

1 Introduction

Tobacco (Nicotiana tabacum L.), as an important agricultural
crop, is widely cultivated and consumed worldwide (Lewis et al.,
2020). Mature tobacco leaves are harvested and are subsequently
cured at elevated temperature before industrial use (Chen et al.,
2019). Since cured tobacco leaves are often graded based on quality
before sale, improvement of leaf quality is the major goal of tobacco
breeding, especially in China, the largest tobacco consuming
country. Leaf quality of tobacco is a complex trait consisting of
physical appearance, chemical composition, and sensory evaluation
results of cured leaves (Yao et al., 2024). It has been demonstrated
that tobacco leaf quality can be affected by climatic factors,
fertilization conditions and soil microorganisms at the field stage
(Jiang et al., 2022; Li et al., 2021; Tang et al., 2020; Yan et al., 2020).
At the harvest stage, tobacco quality is influenced by factors such as
leaf age and harvesting methods (Chen et al., 2019; Meng et al,
2022). The quality of tobacco leaves is also influenced by curing
conditions after harvest (Chen et al., 2021).

A plethora of evidence indicates that tobacco leaf quality,
especially sensory quality properties such as aroma and taste, are
dependent on the accumulation of a variety of secondary
metabolites, including alkaloids, carotenoids, carotenoid
degradation products (CDPs), amino acids, and polyphenols (Cai
et al., 2016; Fritz et al.,, 2006; Popova et al., 2019; Tsaballa et al.,
2020; Wen et al,, 2023). Among these, carotenoids and CDPs are
especially important due to their significant contribution to aroma
and overall leaf quality (Popova et al., 2019).

Carotenoids, as C40 terpenoids consisting of an isoprenoid
backbone, are the general term for a group of important fat-soluble
pigments (Quian-Ulloa and Stange, 2021). A number of carotenoid
components had been identified, such as P-carotene, lutein,
violaxanthin, and neoxanthin, among others (Karppinen et al,
2016). For tobacco, carotenoids are not only an important class of
secondary metabolites essential for its growth and development, but
also a key factor determining the quality of flue-cured tobacco. As
plastid pigments, they contribute to the golden-yellow color of
tobacco leaves after curing (Guo et al., 2009). As significant aroma
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precursors in tobacco, their degradation produces various
compounds with distinct and pleasant aromas, closely related to
the aroma characteristics and intensity of tobacco leaves (Yan et al.,
2014). Studies had shown a positive correlation between carotenoid
content and tobacco leaf quality: tobacco leaves with higher levels of
aromatic components tend to contain more carotenoids, which in
turn corresponds to higher aroma quality in flue-cured tobacco
(Xiang et al., 2024).

The metabolic pathway of carotenoids involves various genes,
such as geranyl diphosphate synthase (GGPPS), phytoene synthase
(PSY) and phytoene desaturase (PDS), and others (Nisar et al,
2015). In plants, the expression of these genes is regulated—directly
or indirectly—by transcription factors. For instance, AtHY5 and
NtDREB-1BL1 promote carotenoid biosynthesis by binding to the
PSY promoter and enhancing its expression (Dong et al, 2022;
Toledo-Ortiz et al., 2014), whereas SIPIF1 inhibits PSY expression
(Llorente et al., 2016). Some of the transcription factors are capable
of influencing the expression of multiple genes in the carotenoid
metabolic pathway simultaneously, such as SIBZR1, SIPRE2 and
SIAP2a (Chung et al., 2010; Karlova et al., 2011; Liu et al., 2014; Zhu
et al,, 2017).

The concentration of CDPs in cured tobacco has a direct impact
on aroma, taste and overall quality of tobacco leaves. During growth,
curing, and the aging process after curing, enzymatic and non-
enzymatic reactions can result in the degradation of carotenoids in
tobacco leaves, leading to the production of aroma substances. The
two primary enzymatic pathways are mediated by carotenoid
cleavage dioxygenases (CCDs) and lipoxygenases (LOXs). CCDs
are non-heme iron proteins that catalyze the oxidative cleavage of
carotenoids to yield apocarotenoids (Daruwalla and Kiser, 2020),
while LOXs peroxidize carotenoids and polyunsaturated fatty acids to
generate volatile aromas (Nisar et al., 2015). Enzymatic cleavage of
carotenoids catalyzed by members of the CCDs family has been
shown to produce a number of industrially important volatile flavor
and aroma apocarotenoids including B-ionone, geranylacetone,
pseudoionone, o-ionone and 3-hydroxy-f-ionone in a range of
plant species (Lashbrooke et al., 2013). LOXs mediate a co-
oxidation reaction that results in the nonspecific cleavage of
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carotenoids and produces apocarotenoid volatiles, such as B-ionone,
B-cyclocitral, B-ionone-5,6-epoxide, and dihydroactinidiolide (Liang
etal, 2021). Non-enzymatic degradation occurs primarily during the
late stages of curing, with the increase in temperature leading to
carbon chain breaks and the generation of aroma substances. Over a
hundred CDPs have been identified in tobacco (Wahlberg, 2001), the
majority of which possess appealing aromas. These include 3-ionone,
which exudes a violet scent (Aloum et al, 2020), geranyl acetone,
which evokes a magnolia aroma (Bonikowski et al, 2015) and
megastigmatrienone, which emits tobacco-like aromas (Slaghenaufi
et al, 2016). In addition to exhibiting low aroma thresholds and
excellent aroma, CDPs have been demonstrated to mellow the smoke
and reduce irritation (Weng et al., 2024). These aroma substances can
also be directly added into tobacco as additives to improve tobacco
quality. For instance, the addition of megastigmatrienone or 3-ionone
to tobacco significantly enhances the aroma quality and intensity of
cured tobacco leaves, while reducing harshness and irritancy (Ji et al.,
2011; Liu et al., 2022).

Previous studies have covered the mechanisms of tobacco
aroma substance formation and metabolite regulatory networks
through transcriptomic, proteomic, and metabolomic analyses (Liu
etal, 2022a, 2022b; Liu et al., 2020). However, most of these studies
focused on fresh tobacco leaves and failed to establish a link with
metabolic changes in tobacco leaves after curing, which is the
ultimate expression of tobacco leaf quality. In this study, we
attempted to reveal mechanisms of the formation of CDPs in
cured tobacco leaves from both environmental and genetic
perspectives, with the aim of providing novel insights for
enhancing the aroma quality of tobacco leaves.

2 Materials and methods
2.1 Materials and sample preparation

In 2021, tobacco (Nicotiana tabacum L.) varieties K326, NC82,
G28, and Gexin3 were planted in Taoxu Town (35°37'26"N, 118°01’
22"E), Linyi City, Shandong Province, and Xinjie Town (25°22'22"N,
100°27'31"E), Dali City, Yunnan Province, with the objective of
collecting fresh and cured tobacco leaves (Supplementary Figure S1).
A field with uniform soil fertility and flat terrain was selected. A
randomized block design was adopted with three replicates. Each plot
consisted of three rows with a total of 120 plants, spaced at 1 m between
rows and 0.5 m between plants. Guard rows were established. Field
management strictly followed local production practices, and all
agricultural operations were consistent across plots.

For fresh leaf samples, 70 days after transplanting, leaves from
the middle portions (the sixth to eighth leaves from the bottom)
were harvested. Three biological replicates were collected with each
replicate containing four half leaves. Each harvested leaf was
bisected immediately along the main vein into two equal
portions. One half was utilized for the determination of
carotenoids and aroma substances, while the remaining half was
used for transcriptomic analysis. Harvested leaves were frozen with
liquid nitrogen and stored at -80°C.
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For cured leaf samples, mature leaves from the middle positions
were subjected to a three-stage curing process (Supplementary
Figure S2). Subsequently, the cured tobacco leaf samples were
used for analysis of carotenoids and aroma substances. Three
biological replicates were conducted for each treatment.

2.2 RNA extraction and transcriptome
sequencing

Total RNA was extracted following the previously described
method (He and Gan, 2002). The RNA sample integrity and
concentration were assessed using an Agilent 2100 bioanalyzer.
The experimental procedures for mRNA purification, library
construction, and transcriptome sequencing were conducted by
Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China).
For individual samples, mRNA was captured using Oligo (dT)-
conjugated magnetic beads and sequentially purified with binding
and washing buffers. The isolated mRNA underwent fragmentation
into 100~200 nucleotide fragments using a fragmentation buffer,
followed by reverse transcription to generate cDNA. The
synthesized cDNA was recovered via DNA Clean Beads and
subsequently ligated to UMI-containing adaptors in a single-step
PCR reaction utilizing ligase and buffer. Post-ligation products were
further purified with DNA Clean Beads and amplified by PCR.
Amplified DNA fragments were purified using the same beads and
eluted in nuclease-free water. After library preparation and pooling,
sequencing was performed on the Illumina platform.

2.3 RNA-seq data analysis

Raw sequencing data in FASTQ format were first analyzed
through in-house Perl scripts to generate high-quality reads. A
reference genome index for N. tabacum variety K326 (Nitab-
v4.5_Edwards2017) was built with HISAT2 (version 2.0.4),
followed by alignment of paired-end clean reads to the reference
genome using the same software. To identify differentially expressed
genes between experimental groups, the DESeq R package (version
1.10.1) was utilized, which applies a negative binomial distribution
model to assess statistical significance. The Benjamini and Hochberg
procedure were employed to adjust raw P-values, thereby controlling
the false discovery rate. Genes exhibiting adjusted P-values below 0.05
were classified as differentially expressed.

2.4 Real-time PCR validation

For RT-qPCR analysis, total RNA (1 pg) was reverse-
transcribed into complementary DNA using the HiScript III All-
in-one RT SuperMix Perfect for qPCR kit (Vazyme, China). Gene
expression profiling was subsequently performed using the ChamQ
Universal SYBR qPCR Master Mix (Vazyme, China) on a 7500 real-
time PCR system(Applied Biosystems). The thermal cycling
parameters consisted of an initial denaturation at 95°C for 30 sec,
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followed by 40 cycles of denaturation at 95°C for 10 sec and
combined annealing at 60°C for 30 sec. The tobacco NtActin7
gene was used as the internal reference. Primer sequences employed
in this study are comprehensively detailed in Supplementary
Table S8.

2.5 Carotenoid extraction and LC-MS/MS
analysis

The samples were lyophilized for 10 hours in the freeze-dryer.
Lyophilized samples were pulverized into fine powder and stored at
-80°C prior to analysis. For carotenoid extraction, 50 mg of the
powdered material was extracted with 0.5 mL of mixture containing
n-hexane, acetone, and ethanol (1:1:1, v/v/v). Filtered through 0.22
wm membranes, the extracts were analyzed via LC-MS/MS using an
UPLC-APCI-MS/MS system (UPLC, ExionLC'" AD; MS, Applied
Biosystems 6500 Triple Quadrupole) (Bartley and Scolnik, 1995;
Inbaraj et al., 2008). The liquid chromatography (LC) used an YMC
C30 column (100 x 2.0 mm, 3 wm) with mobile phase A (methanol/
acetonitrile, 1:3 v/v, 0.01% BHT, 0.1% formic acid) and mobile
phase B (methyl tert-butyl ether, 0.01% BHT). The gradient
protocol proceeded as follows: 0% B (0-3 min), 70% B (3-5 min),
95% B (5-9 min), and 0% B (10-11 min). Operating parameters
included a flow rate of 0.8 mL/min, column temperature of 28°C,
and injection volume of 2 pL. Carotenoid quantification was
conducted via scheduled multiple reaction monitoring (MRM)
with the Analyst 1.6.3 software for data acquisition. The
Multiquant 3.0.3 software (Sciex) was used to quantify all
metabolites (Geyer et al., 2004).

2.6 Analysis of aroma substances and GC-
MS conditions

Samples for GC/MS analysis were prepared using
headspace solid-phase microextraction (HS-SPME). Tobacco leaf
samples were cryogenically ground with liquid nitrogen, and 0.5 g
sample was transferred into 20 mL headspace vials fitted with
polytetrafluoroethylene septa. Phenethyl ethyl acetate (102 ug/mL),
serving as the internal standard, was introduced as a 1 pL aliquot into
each vial via microsyringe injection. The vials were equilibrated on a
temperature-controlled SPME platform. The extraction head, after being
inserted into the headspace bottle for a period of time, was removed and
immediately placed into the gas chromatograph inlet. Desorption was
then performed at 250°C for 10 min, followed by GC/MS detection.

GC-MS analysis was conducted using a model 7890A gas
chromatograph equipped with an HP-FFAP capillary column
(50 m x 0.32 mm x 0.50 um) and coupled to an Agilent 5975C
mass-selective detector. The detector was operated in the splitless
mode with electron impact ionization at an ionizing voltage of 70
eV. The carrier gas (99.9996% helium) flow rate was maintained at
1.5 mL min™". The initial temperature was set to 50°C and held for
1 min, followed by a ramp at 10°C min™" to 130°C. Subsequently, the
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temperature was increased at a rate of 3°C min! to 200°C, and then
at 5°C min™' to 230°C, with holding this temperature for 20 min.
The ion source was maintained at 230°C. The transfer line was
maintained at 250°C. The scan mode was employed for the MS
detector, with a mass range of 33-600 amu.

2.7 Statistical analysis

Plotting bar graphs was performed using Prism 9 version 9.5.1.
ANOVA was performed using Prism version 9, and differences
among treatments were defined at P < 0.05. A heat map analysis was
conducted with TBtools version 2.001 to visualize the relative levels
of genes. All the images were processed using Adobe illustrator
CC 2019.

3 Results and discussion

3.1 Transcriptome analysis of fresh tobacco
leaves

To understand the influence of environmental and genetic
factors on tobacco carotenoid metabolism, we planted tobacco
varieties K326, NC82, G28, and Gexin3 in Shandong and
Yunnan, which are representative tobacco producing regions in
China. The tobacco varieties have distinct aroma styles. A total of 24
samples of fresh tobacco leaves were collected for RNA-seq analysis.
Following quality control, approximately 30 million clean reads
were obtained for each sample. Gene expression levels were
quantified by comparison with the tobacco reference genome,
resulting in the detection of 72,517 expressed genes (Figure 1A).
The results of principal component analysis (PCA) demonstrated a
discernible clustering of the two locations (Figure 1B) and a clear
separation of the four varieties (Supplementary Figure S3),
indicating the high quality of the RNA-seq data. By employing
ANOVA and multiple test correction, we identified 5,987
differentially expressed genes (DEGs) among the four varieties
(Figure 1C) and 20,756 DEGs between the two locations
(Figure 1D) (|log2fold change|>2, P < 0.05). The number of DEGs
between locations is more than three times of the DEGs among
varieties, indicating that environmental factors exert a stronger
influence on tobacco gene expression than genetic factors. This
finding is consistent with a previous study, which demonstrated that
more DEGs were shared between growing locations and
developmental stages than among varieties in tobacco (Liu et al,
2020). Among the four varieties, gene expression of K326 exhibited
the greatest changes caused by environmental factors, with 6,191
DEGs, while the least environmental impact was observed on gene
expression of NC82, with 4,158 DEGs. The majority of the DEGs
among varieties were from the Yunnan samples (5,059/5,987;
84.50%). These findings suggest that the growth environment in
Yunnan is more conducive for the four varieties to display their
distinctive characteristics.
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FIGURE 1

Transcriptome analysis. (A) Diagram showing the identification of differentially expressed genes; (B) Principal component analysis (PCA) of the
transcriptomic data; (C) Venn diagram of DEGs in locations; (D) Venn diagram of DEGs in varieties.

3.2 GO and KEGG analysis of DEGs in fresh
leaves

GO (Gene Ontology) enrichment analysis is a commonly used
method for gene function annotation that can help us to understand
the characteristics and functions of differentially expressed genes in
terms of biological processes, cellular components and molecular
functions (Gene Ontology Consortium, 2015). To understand the
biological functions of the DEGs identified in this study, we
performed GO enrichment analysis. The DEGs between locations
(location DEGs) were annotated in 39 biological processes, 5
cellular components and 42 molecular functions (Supplementary
Table S1). The major enriched biological processes in location
DEGs include cell communication, signaling, and cellular
carbohydrate metabolic process. The major enriched cellular
components of location DEGs are cell periphery, cell wall, and
external encapsulating structure. The major molecular function
aspects enriched in location DEGs are sequence-specific DNA
binding, calcium ion binding, and ADP binding (Figure 2A). The
DEGs among varieties (variety DEGs) were enriched in 31
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biological processes, including cellular carbohydrate metabolic
process, response to oxidative stress, and cell wall organization or
biogenesis. Five cellular components including cell periphery, cell
wall, external encapsulating structure, and 39 molecular functions
including sequence-specific DNA binding, ADP binding, lyase
activity are enriched in the variety DEGs (Supplementary Table
S1) (Figure 2B). Interestingly, identical GO terms were enriched at
the cellular component level between the two sets of DEGs.
Furthermore, a high degree of similarity was observed in terms of
molecular function, with 13 of the 15 main GO terms being
identical between the location DEGs and the variety DEGs. For
the location DEGs, 131 and 90 DEGs are enriched in cell
communication (GO:0007154) and signaling (G0:0023052),
respectively. In contrast, no enrichment of these two terms was
observed in the variety DEGs, which suggests that changes in the
external environment could have a significant impact on signaling
in tobacco.

Additionally, KEGG (Kyoto Encyclopedia of Genes and
Genomes) enrichment analysis was employed to classify the
DEGs and reveal their potential functions. KEGG is an effort to
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FIGURE 2

GO and KEGG analysis of DEGs between locations and among varieties. (A) GO analysis of location DEGs; (B) GO analysis of variety DEGs;

(C) KEGG analysis of location DEGs; (D) KEGG analysis of variety DEG.

link genomic information with higher order functional information
by computerizing current knowledge on cellular processes and by
standardizing gene annotations (Kanehisa and Goto, 2000). Plant
hormone signal transduction, protein processing in endoplasmic
reticulum, plant—pathogen interaction, phenylpropanoid
biosynthesis, glycerophospholipid metabolism, carotenoid
biosynthesis, pentose and glucuronate interconversions,
photosynthesis-antenna proteins and stilbenoid (diarylheptanoid
and gingerol biosynthesis) are significantly enriched in location
DEGs (Figure 2C, Supplementary Table S2), while only protein
processing in endoplasmic reticulum, phenylpropanoid
biosynthesis and nitrogen metabolism are significantly enriched
in variety DEGs (Figure 2D, Supplementary Table 52). Notably,
carotenoid biosynthesis is significantly enriched in location DEGs,
suggesting that changes in environmental conditions could affect
genes related to carotenoid biosynthesis in tobacco. As important
aroma precursors in tobacco, carotenoids are degraded to a variety
of small-molecule aroma substances during the curing process
(Popova et al., 2019). Therefore, variations in the content in fresh
tobacco leaves can affect the changes in a variety of aroma
substances in cured tobacco leaves, which in turn affects the
sensory quality. To further understand the changes of genes and
related transcription factors related to the carotenoid biosynthesis
pathway, we next verified the expression of these genes via
qRT-PCR.
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3.3 Expression changes of genes involved
in the carotenoid biosynthesis pathway

The structure genes and transcription factors involved in the
carotenoid metabolic pathway are crucial for the accumulation of
carotenoids (Sun et al., 2018). Interestingly, similar gene expression
profiles of the four varieties were observed at the same location
(Figure 3A). In all of the four varieties, carotenoid biosynthetic
genes GGPS, PSY1, LCYB, and transcription factor genes PIFIa and
AP2a showed significantly higher expression in tobacco plants
grown in Shandong than those grown in Yunnan. In addition,
carotenoid biosynthetic genes PSY2, ZEP and transcription factor
HY5 were expressed higher in tobacco from Shandong in three of
the four varieties. Among these genes, expression of AP2a in
tobacco grown in Shandong was 9.72-fold, 2.82-fold, 6.11-fold
and 1.50-fold higher in K326, NC82, G28 and Gexin3,
respectively, than that in tobacco samples from Yunnan.
Expression of PSYI and PIFla was 2-fold higher in Shandong in
all four varieties. On the other hand, other carotenoid-related genes
were more expressed in Yunnan respect to Shandong, including
biosynthetic gene CHYB, transcription factor genes DREB-1BLI,
PRE2 and BZRI. Among them PRE2 expression in the Shandong
samples was 8.97-fold, 4.46-fold, 3.92-fold and 3.25-fold lower in
K326, NC82, G28 and Gexin3 than in the Yunnan samples,
respectively. The primary cause of these gene expression changes
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one another using one-way ANOVA (P < 0.05).

was the significant difference in ecological environments between
the two regions (Supplementary Table S3). The elevation of the
tobacco-growing area in Yunnan is 1,508 m higher than that in
Shandong. The average temperature and average sunlight hours in
Shandong were 3.6°C and 0.2h higher, respectively, compared to
those in Yunnan. Light triggers changes in genome topology and
transcriptional activity. Light-induced genes like CAB, RBCS, and
GUNG5 relocate to the nuclear periphery, correlating with increased
expression (Feng et al., 2014). Differential expression of these genes
may lead to alterations in the expression levels of a series of
downstream genes. Changes in environmental temperature can
lead to alterations in plant signaling activities, post-translational
modifications, and protein interaction networks (Kaiserli et al,
2018). Furthermore, the soil types also differ between the two
regions. The tobacco-growing area in Shandong is characterized
by Udic Cambisols, while that in Yunnan features Stagnic
Anthrosols (Liu et al., 2022). Differences in soil type affect the
diversity and colonization of soil microorganisms, further
influencing the development, morphological architecture, and
physiological functions of plant roots, thereby collectively
impacting plant growth and development (Afzal et al., 2011).
Compared with the influence of environmental factors, the
influence of genetic factors over the expression of carotenoid
pathway genes was relatively weak. Only a small number of genes

Frontiers in Plant Science

showed consistent pattern of changes at different locations but
varied among varieties (Supplementary Figure S4). Among the four
varieties, K326 showed the highest expression of genes PSYI, PSY2,
PDS, Z-ISO, ZEP and NXS, and NC82 showed the highest
expression genes LCYE, LCYB, CHYE, VDE and VDE. The results
from qRT-PCR analysis confirmed the expression changes of genes
involved in carotenoid metabolism (Figure 3B).

3.4 Carotenoid content analysis of fresh
and cured tobacco leaves

The content of carotenoids in leaves is one of the major factors
affecting tobacco quality. Phytoene, lutein, B-carotene, zeaxanthin,
antheraxanthin, violaxanthin, and neoxanthin were detected in fresh
tobacco leaves (Figure 4). However, only 4 carotenoids were detected in
cured tobacco leaves, and these were phytoene, lutein, 3-carotene and
zeaxanthin (Figure 4). This indicates that antheraxanthin, violaxanthin
and neoxanthin might be completely degraded to other chemicals by
carotenoid-degrading enzymes and high-temperature conditions
, 2013). Interestingly, the
content of phytoene did not decrease, but increased after curing,

during the curing process (Fratianni et al.

suggesting that there might be also enzymatic reactions during the
curing stage (Pola et al., 2020). As the maximum temperature during
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Carotenoid content in fresh (F) and cured (C) tobacco leaves. SD, Shandong;

different from one another using one-way ANOVA (P < 0.05).

the yellowing is limited to 37°C, this condition may become suitable for
the activation of enzyme-catalysed reactions, including those catalyzed
by PSY, favoring the accumulation of phytoene during curing, which
needs further experimental verification. In addition, lutein, B-carotene
and zeaxanthin decreased significantly after curing. However, no
statistically significant difference of these carotenoids was observed
between fresh and cured leaves.

It is noteworthy that certain carotenoids in fresh tobacco leaves
exhibited discernible consistency among varieties at the same locations.
The contents of lutein, B-carotene, violaxanthin, and total carotenoid
contents of all four varieties were significantly higher in Shandong than
in Yunnan, while zeaxanthin exhibited the opposite trend. Two-way
analysis of variance showed that regional variation was the main factor
contributing to changes in lutein, 3-carotene, violaxanthin, zeaxanthin,
and total carotenoid contents in fresh tobacco leaves (Supplementary
Table S4). Consistently with carotenoid contents, two genes responsible
for lutein synthesis, CHYE and VDE, exhibited significantly higher
expression levels in Shandong (Figure 3). Furthermore, LCYB, which is
responsible for B-carotene synthesis, exhibited elevated expression
levels in Shandong, whereas the CHYB, which catalyzes the
conversion of B-carotene to zeaxanthin, demonstrated reduced
expression in Shandong compared with Yunnan (Figure 3).
Moreover, the accumulation of B-carotene in Shandong was greater
than in Yunnan, while the accumulation of zeaxanthin in Shandong
was lower than that in Yunnan. These results further indicate that
environmental factors have a greater influence than genetic factors on
the metabolic pathways of tobacco carotenoids.

The degradation of various carotenoids at the curing stage
exhibited considerable variability (Supplementary Table S5). After
curing, the decrease of lutein content ranged from 361.3 to 787.53
ug/g (mean: 537.35 ug/g) respect to fresh leaves, with a content
reduction of 75.77% to 92.29% (mean: 84.02%). The decrease of
B-carotene content ranged from 56.64 to 127.84 Ug/g (mean:
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YN, Yunnan. Values labelled with different letters are statistically

84.94 ug/g), with a content reduction of 71.71 to 91.73% (mean:
80.96%). Zeaxanthin content decreased from 12.9 to 86.55 ug/g
(mean: 47.19 ug/g), with a reduction of 62.97 to 93.62% (mean:
82.18%). The content reduction of antheraxanthin, violaxanthin,
and neoxanthin was observed to be 7.83 to 18.4 ug/g (mean:
12.03 pg/g), 5.55 to 36.56 Lg/g (mean: 22.22 ug/g), and 35.33 to
71.37 ug/g (mean: 48.84 ug/g), respectively, with 100% reduction.
Lutein exhibited the greatest degree of degradation, particularly in
SD_G28, with a reduction of up to 787.53 ng/g. The greatest decline
in total carotenoid content (995.79 ug/g, 80.07%) was observed in
SD_G28. The degradation of carotenoids could result in production
of aroma substances, which are conducive in promoting the quality
of tobacco (Enzell, 1985). To gain insight into the changes in the
degradation products of carotenoids, we proceeded to measure the
aroma compounds present in tobacco leaves before and after curing.

3.5 Aroma substance content analysis in
fresh and cured tobacco leaves

The composition and level of aroma substances is one of the
most direct and reliable indicators of tobacco leaf quality
(Nedeltcheva-Antonova et al., 2016; Wu et al., 2013). In this
study, we found that the aroma substances in tobacco changed
significantly before and after curing (Supplementary Table S6). A
total of 50 aroma substances were identified in fresh tobacco leaves,
comprising 14 CDPs, 1 chlorophyll degradation product, 17
browning reaction products, 6 phenylalanine degradation
products, 2 cembrane degradation products, and 10 other aroma
substances. A total of 72 aroma substances were identified in cured
tobacco leaves, comprising 23 carotenoid degradation products, 1
chlorophyll degradation product, 24 browning reaction products, 8
phenylalanine degradation products, 3 cembrane degradation
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products, and 13 other aroma substances. One single aroma
substance was identified exclusively in fresh tobacco leaves, while
23 aroma substances were exclusively detected in cured tobacco
leaves. 49 aroma substances were identified in both fresh and cured
tobacco leaf samples. The majority of these substances exhibited a
similar pattern of changes during curing, with 26 aroma substances
demonstrating a significant increase after curing and 6 aroma
substances exhibiting a significant decrease. The highest content
of these aroma substances is neophytadiene, with concentrations in
fresh tobacco leaves ranging from 389.34 to 1292.29 ng/g and in
cured tobacco leaves ranging from 1,237.62 to 2,042.75 ng/g. This
substance is a degradation product of chlorophyll, which directly
affects the flavor and aroma of tobacco leaves (Chao et al., 2022).
During the process of curing, carotenoids can be degraded by
enzymatic and non-enzymatic reactions to generate CDPs. The CCD
enzymes play a crucial role in the carotenoid degradation pathway.
CCDs facilitate the degradation of carotenoids, resulting in the
formation of B-ionone, cyclocitral, dihydroactinidiolide, and other
compounds (Bouvier et al, 2003; Schwartz et al., 2004; Sun et al,
2008). In plants, lipoxygenases (LOXs) catalyze the oxidation of
polyunsaturated fatty acids, such as linoleic and linolenic acid. Free
radicals generated during the intermediate steps of this process mediate

2

=
E] m=F _
q == & 80
o 300 £
of b 2
=) £ 60
E 200 i
g 2 g
5 .40
£ g
2 100 e e [ d 520
=+ fol, fo fl 0 s f.' .
N
£ ) af 'T' = 8 £M & 0
PP EE S S S FFEE PSP
Y5 o 978 & & VN e, & o
LTSS 3\’ A o7 & LTSI S 97 &7
o 2
2 _
£ )
% 20 E"
g 5 4
EW g
g g
3 ¢ £
< 10 5
N g,
g 3
5 s <
£ -+
Z | 1 - 0 i
Loy c,@ (,‘gy (3‘/ (,’\' & »;\? 4;\? Cg’ u@ 0’» & S P
oF T TS S ¢ ST T e
RS 97 &7 SIS TV or s
% a
= a
T
5 150 —
z é,"zo b
g b b £ d
2 100 ¢ © £
“ 3 e
I d 4 210
g e 0
= f| £ f f f £ [i efl |
= i I = \ -I EI
Q 5 c@* C*W Ow 0’& \@ T@ .‘;\4 .;» (jc"' L@ & 1-_\& ‘\\8’
ST T T e EE T T TS
LT 7 & L8 7 &7
& E
715 i g b b b
5 =
g ¢ S 30t ¢ ¢
3 5
£10 3
g g
£ g 20
5
% s 5l
2 510
&
= =
T T 0= 1 T T
"/ 53 o b 5
<0 & & & & Ca é;(-" e@” & g RN

&
& o i s
97 _&/ %o/ _@/ %Q/ 4‘\/ 4 e? ST P & 90 &S

FIGURE 5

10.3389/fpls.2025.1671379

the nonspecific oxidative degradation of carotenoid pigments. This
LOX-induced co-oxidation reaction cleaves carotenoids and yields a
variety of apocarotenoid volatiles, including B-ionone, B-cyclocitral, 3-
ionone-5,6-epoxide, and dihydroactinidiolide (Enzell, 1985; Liang et al.,
2021; Wache et al,, 2006). During the curing stage, LOXs may first act
on polyunsaturated fatty acids in tobacco leaves, and the resulting free
radicals then promote the degradation of carotenoids into various
aroma compounds. The non-enzymatic degradation of carotenoids is
primarily observed in the final stages of curing, with elevated
temperatures facilitating the cleavage of carbon chains, leading to the
formation of B-damascone, isophorone, and other compounds
(Bezman et al., 2005; Rios et al., 2008). In this study, we found that
14 CDPs were detected in both fresh and cured tobacco leaves. Among
these, 2,4-heptadienal, (E,E)-2, farnesyl acetone, B-ionone,
dihydroactinidiolide, -ionone-5,6-epoxyde, acetoin, and geranyl
acetone exhibited a notable increase following the curing process.
Conversely, 6-methyl-2-heptanone demonstrated a decline in
concentration (Figure 5, Supplementary Table S6). It is noteworthy
that 2,4-heptadienal, (E,E)-2 and farnesyl acetone exhibited particularly
elevated levels in cured leaves of Gexin3, exceeding three folds the
concentrations observed in the other three varieties. This observation
suggests that these compounds can highlight the cultivars specificity of
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Carotenoid degradation products in fresh (F) and cured (C) tobacco leaves. SD, Shandong; YN, Yunnan. Values labelled with different letters are

statistically different from one another using one-way ANOVA (P < 0.05).
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Gexin3. 3-oxo-0-ionol, 3-hydroxy-f-damascone, 4-oxoisophorone,
B-damascenone, hexahydropseudoionone, megastigmatrienone-1,
megastigmatrienone-2, megastigmatrienone-3, and
megastigmatrienone-4 were identified exclusively in cured tobacco
leaves (Figure 5), suggesting that these compounds are potentially
produced exclusively by degradation of carotenoids from fresh tobacco
leaves. Two-way analysis of variance revealed that location variation
was the primary factor influencing changes in the content of geranyl-
acetone, acetoin, megastigmatrienone-1, megastigmatrienone-2,
megastigmatrienone-3, and megastigmatrienone-4 in cured tobacco
leaves; variety variation was the primary factor influencing changes in
the content of 2,4-heptadienal, (E,E)-2, farnesyl acetone, 4-
Oxoisophorone, Hexahydropseudoionone, 3-ionone-5,6-epoxide, and
3-0x0-0-ionol in cured tobacco leaves; the combined effects of location
and variety are the primary factors influencing the changes in the
contents of B-ionone, 3-hydroxy-f3-damascone, 3-damascenone, and
dihydroactinidiolide in cured tobacco leaves (Supplementary Table S7).
It is noteworthy that geranyl aceton and acetoin in cured tobacco leaves
exhibited clear consistency in the four varieties from the same
location. The geranyl aceton content of all four varieties was
significantly higher in Shandong than in Yunnan, whereas the
acetoin content exhibited the opposite trend. Furthermore,
megastigmatrienone-1, megastigmatrienone-2, megastigmatrienone-3,
and megastigmatrienone-4 in K326, NC82, and G28 also demonstrated
consistency in the same location. In contrast, 3-ionone-5,6-epoxyde
and 3-oxo-o-ionol exhibited varietal specificity, and changes in the
cultivation environment did not result in variations in the levels of
aroma substances. While the carotenoids of fresh tobacco leaves did not
demonstrate any particular specificity with regard to the variety, some
CDPs of cured tobacco leaves exhibited such specificity. This indicates
that the formation of aroma substances in cured tobacco leaves is
closely associated with curing characteristics. Thus, it can be inferred
that both environment and genotype have an effect on the formation of
CDPs in cured tobacco leaves.

4 Conclusions

In this study we investigated the effects of environmental and
genetic factors on the content of CDPs in cured tobacco leaves.
Transcriptome analysis revealed that differentially expressed genes
(DEGs) between Shandong and Yunnan were enriched in the
carotenoid biosynthetic pathway, with key genes (e.g, CHYE, VDE,
LCYB, CHYB) and transcription factors (e.g., PIFla, AP2a) showing
location-specific expression patterns. These expression differences
directly affected carotenoid profiles: Shandong-grown tobacco
accumulated more lutein and P-carotene, whereas Yunnan tobacco
contained higher zeaxanthin. During the curing stage, carotenoids were
degraded into aroma compounds. Although the gene expression
profiles and multiple carotenoids in fresh leaves showed similarity in
the same location, the CDPs of cured tobacco leaves showed more
complex patterns of changes, with some aroma substances showing
varietal specificity. Among the detected CDPs, acetoin, geranyl acetone,
and megastigmatrienone were primarily affected by environmental
factors, whereas B-ionone-5,6-epoxyde and 3-oxo-oi-ionol were
predominantly influenced by genetic factors. Therefore, the formation
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of CDPs in cured tobacco leaves is influenced by both environmental
and genetic factors. In summary, this study systematically reveals the
cascade regulatory relationship among “gene expression — carotenoid
accumulation — aroma formation”. This finding provides a theoretical
basis for improving the aroma quality of tobacco leaves through
strategies that combine environmental regulation and variety selection.

Data availability statement

The data presented in the study are deposited in the NCBI
repository, accession number PRJNA1294826. This data can be
found here: https://www.ncbi.nlm.nih.gov/sra/PRINA1294826.

Author contributions

TL: Visualization, Investigation, Writing - original draft,
Methodology. NK: Investigation, Writing - original draft,
Visualization. JC: Investigation, Data curation, Writing - review
& editing. GC: Resources, Supervision, Writing - review & editing.
ZD: Resources, Writing — review & editing, Supervision. LW:
Resources, Supervision, Writing - review & editing. ZZ:
Resources, Writing — review & editing. CG: Resources, Writing -
review & editing. RW: Resources, Writing — review & editing. YY:
Resources, Writing — review & editing. WL: Writing - review &
editing, Writing — original draft, Supervision, Conceptualization.
YG: Investigation, Funding acquisition, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was supported
by the Agricultural Science and Technology Innovation Program,
Chinese Academy of Agricultural Sciences (ASTIP-TRIC-ZD02,
ASTIP-TRI02), and the Funds for Special Projects of the Central
Government in Guidance of Local Science and Technology
Development (21-1-1-1-zyyd-nsh).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

frontiersin.org


https://www.ncbi.nlm.nih.gov/sra/PRJNA1294826
https://doi.org/10.3389/fpls.2025.1671379
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Afzal, M., Yousaf, S., Reichenauer, T. G., Kuffner, M., and Sessitsch, A. (2011). Soil
type affects plant colonization, activity and catabolic gene expression of inoculated
bacterial strains during phytoremediation of diesel. J. Hazardous Materials 186, 1568—
1575. doi: 10.1016/j.jhazmat.2010.12.040

Aloum, L., Alefishat, E., Adem, A., and Petroianu, G. (2020). Ionone is more than a
violet’s fragrance: A review. Molecules 25, 5822. doi: 10.3390/molecules25245822

Bartley, G. E., and Scolnik, P. A. (1995). Plant carotenoids: pigments for photoprotection,
visual attraction, and human health. Plant Cell 7, 1027-1038. doi: 10.1105/tpc.7.7.1027

Bezman, Y., Bilkis, 1., Winterhalter, P., Fleischmann, P., Rouseff, R. L., Baldermann,
S., et al. (2005). Thermal oxidation of 9’-cis-neoxanthin in a model system containing
peroxyacetic acid leads to the potent odorant beta-damascenone. J. Agric. Food Chem.
53, 9199-9206. doi: 10.1021/jf051330b

Bonikowski, R., Switakowska, P., and Kula, J. (2015). Synthesis, odour evaluation and
antimicrobial activity of some geranyl acetone and nerolidol analogues. Flavour Frag. J.
30, 238-244. doi: 10.1002/1fj.3238

Bouvier, F., Suire, C., Mutterer, J., and Camara, B. (2003). Oxidative remodeling of
chromoplast carotenoids: identification of the carotenoid dioxygenase CsCCD and
CsZCD genes involved in Crocus secondary metabolite biogenesis. Plant Cell 15, 47-62.
doi: 10.1105/tpc.006536

Cai, B., Ji, H., Fannin, F. F., and Bush, L. P. (2016). Contribution of nicotine and
nornicotine toward the production of N’-Nitrosonornicotine in air-cured tobacco
(Nicotiana tabacum). J. Nat. Prod 79, 754-759. doi: 10.1021/acs.jnatprod.5b00678

Chao, H., Dingjie, Z., Zhizhong, H., Lingyong, S., Zhihua, L., Wentao, W., et al.
(2022). Study on extraction and pyrolysis analysis of newphytodiene in tobacco leaves.
Food Machinery 38, 178-186. doi: 10.13652/j.spjx.1003.5788.2022.90156

Chen, J., Li, Y., He, X,, Jiao, F., Xu, M., Hu, B., et al. (2021). Influences of different
curing methods on chemical compositions in different types of tobaccos. Ind. Crops
Products 167, 113534. doi: 10.1016/j.indcrop.2021.113534

Chen, Y., Ren, K., He, X, Gong, J., Hu, X,, Su, ], et al. (2019). Dynamic changes in
physiological and biochemical properties of flue-cured tobacco of different leaf ages
during flue-curing and their effects on yield and quality. BMC Plant Biol. 19, 555.
doi: 10.1186/s12870-019-2143-x

Chung, M.-Y., Vrebalov, J., Alba, R, Lee, J., McQuinn, R, Chung, J.-D., et al. (2010).
A tomato (Solanum lycopersicum) APETALA2/ERF gene, SIAP2a, is a negative
regulator of fruit ripening. Plant J. 64, 936-947. doi: 10.1111/j.1365-313X.2010.04384.x

Daruwalla, A., and Kiser, P. D. (2020). Structural and mechanistic aspects of
carotenoid cleavage dioxygenases (CCDs). Biochim. Biophys. Acta Mol. Cell Biol.
Lipids 1865, 158590. doi: 10.1016/j.bbalip.2019.158590

Dong, C., Wang, Q., Wang, Y., Qin, L, Shi, Y., Wang, X,, et al. (2022). NtDREB-1BL1
enhances carotenoid biosynthesis by regulating phytoene synthase in Nicotiana
tabacum. Genes (Basel) 13, 1134. doi: 10.3390/genes13071134

Enzell, C. R. (1985). Biodegradation of carotenoids - an important route to aroma
compounds. Pure Appl. Chem. 57, 693-700. doi: 10.1351/pac198557050693

Feng, C.-M,, Qiu, Y., Van Buskirk, E. K,, Yang, E. J., and Chen, M. (2014). Light-
regulated gene repositioning in arabidopsis. Nat. Commun. 5, 3027. doi: 10.1038/
ncomms4027

Fratianni, A., Albanese, D., Mignogna, R., Cinquanta, L., Panfili, G., and Di Matteo,
M. (2013). Degradation of carotenoids in apricot (Prunus Armeniaca L.) during drying
process. Plant Foods Hum. Nutr. 68, 241-246. doi: 10.1007/s11130-013-0369-6

Fritz, C., Mueller, C., Matt, P, Feil, R,, and Stitt, M. (2006). Impact of the C-N status
on the amino acid profile in tobacco source leaves. Plant Cell Environ. 29, 2055-2076.
doi: 10.1111/j.1365-3040.2006.01580.x

Gene Ontology Consortium (2015). Gene Ontology Consortium: going forward.
Nucleic Acids Res. 43, D1049-D1056. doi: 10.1093/nar/gkul179

Frontiers in Plant Science

11

10.3389/fpls.2025.1671379

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1671379/
full#supplementary-material

Geyer, R., Peacock, A. D., White, D. C,, Lytle, C., and Van Berkel, G. J. (2004).
Atmospheric pressure chemical ionization and atmospheric pressure photoionization
for simultaneous mass spectrometric analysis of microbial respiratory ubiquinones and
menaquinones. J. Mass Spectrom 39, 922-929. doi: 10.1002/jms.670

Guo, W., Zhang, J., Liu, Y., and Song, J. (2009). Research on relationship between
sensory quality and plastid pigment and polyphenol in flue-cured tobacco. Acta
Tabacaria Sinica. China 15, 33-40.

He, Y., and Gan, S. (2002). A gene encoding an acyl hydrolase is involved in leaf
senescence in Arabidopsis. Plant Cell 14, 805-815. doi: 10.1105/tpc.010422

Inbaraj, B. S., Lu, H., Hung, C. F.,, Wu, W. B,, Lin, C. L., and Chen, B. H. (2008).
Determination of carotenoids and their esters in fruits of Lycium barbarum Linnaeus
by HPLC-DAD-APCI-MS. J. Pharm. BioMed. Anal. 47, 812-818. doi: 10.1016/
j.jpba.2008.04.001

Ji, X,, Liu, Y., Sun, C., and Zhao, M. (2011). Structure verification and thermal
decomposition kinetics of B-ionone and B-cyclodextrin inclusion compound. Tobacco
Sci. Technology. China 1, 43-47.

Jiang, Y., Zhang, R., Zhang, C,, Su, J., Cong, W.-F., and Deng, X. (2022). Long-term
organic fertilizer additions elevate soil extracellular enzyme activities and tobacco
quality in a tobacco-maize rotation. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.973639

Kaiserli, E., Perrella, G., and Davidson, M. L. (2018). Light and temperature shape
nuclear architecture and gene expression. Curr. Opin. Plant Biology Cell signalling Gene
Regul. 45, 103-111. doi: 10.1016/j.pbi.2018.05.018

Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 28, 27-30. doi: 10.1093/nar/28.1.27

Karlova, R., Rosin, F. M., Busscher-Lange, J., Parapunova, V., Do, P. T., Fernie, A. R,,
etal. (2011). Transcriptome and metabolite profiling show that APETALA2a is a major
regulator of tomato fruit ripening. Plant Cell 23, 923-941. doi: 10.1105/tpc.110.081273

Karppinen, K., Zoratti, L., Sarala, M., Carvalho, E., Hirsimiki, J., Mentula, H., et al.
(2016). Carotenoid metabolism during bilberry (vaccinium myrtillus L.) fruit
development under different light conditions is regulated by biosynthesis and
degradation. BMC Plant Biol. 16, 95. doi: 10.1186/s12870-016-0785-5

Lashbrooke, J. G., Young, P. R., Dockrall, S. J., Vasanth, K., and Vivier, M. A. (2013).
Functional characterisation of three members of the vitis viniferaL. carotenoid cleavage
dioxygenase gene family. BMC Plant Biol. 13, 156. doi: 10.1186/1471-2229-13-156

Lewis, R. S., Novak, J., and Bliithner, W.-D. (2020). Nicotiana tabacum L.: tobacco
(Cham: Springer International Publishing), 345-375. doi: 10.1007/978-3-030-38792-1_9

Li, Y., Ren, K., Hu, M., He, X, Gu, K., Hu, B., et al. (2021). Cold stress in the harvest
period: effects on tobacco leaf quality and curing characteristics. BMC Plant Biol. 21,
131. doi: 10.1186/s12870-021-02895-w

Liang, M.-H., He, Y.-J., Liu, D.-M,, and Jiang, J.-G. (2021). Regulation of carotenoid
degradation and production of apocarotenoids in natural and engineered organisms.
Crit. Rev. Biotechnol. 41, 513-534. doi: 10.1080/07388551.2021.1873242

Liu, A, Yuan, K, Li, Q, Liu, S, Li, Y., Tao, M,, et al. (2022a). Metabolomics and
proteomics revealed the synthesis difference of aroma precursors in tobacco leaves at various
growth stages. Plant Physiol. Biochem. 192, 308-319. doi: 10.1016/j.plaphy.2022.10.016

Liu, A., Yuan, K, Xu, H,, Zhang, Y., Tian, J., Li, Q. et al. (2022b). Proteomic and
metabolomic revealed differences in the distribution and synthesis mechanism of
aroma precursors in Yunyan 87 tobacco leaf, stem, and root at the seedling stage. ACS
Omega 7, 33295-33306. doi: 10.1021/acsomega.2c03877

Liu, F., Wu, H,, Zhao, Y., Li, D,, Yang, J.-L., Song, X,, et al. (2022). Mapping high
resolution national soil information grids of China. Sci. Bull. 67, 328-340. doi: 10.1111/
pbi.12121

Liu, L., Jia, C,, Zhang, M., Chen, D., Chen, S., Guo, R, et al. (2014). Ectopic
expression of a BZR1-1D transcription factor in brassinosteroid signalling enhances

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1671379/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1671379/full#supplementary-material
https://doi.org/10.1016/j.jhazmat.2010.12.040
https://doi.org/10.3390/molecules25245822
https://doi.org/10.1105/tpc.7.7.1027
https://doi.org/10.1021/jf051330b
https://doi.org/10.1002/ffj.3238
https://doi.org/10.1105/tpc.006536
https://doi.org/10.1021/acs.jnatprod.5b00678
https://doi.org/10.13652/j.spjx.1003.5788.2022.90156
https://doi.org/10.1016/j.indcrop.2021.113534
https://doi.org/10.1186/s12870-019-2143-x
https://doi.org/10.1111/j.1365-313X.2010.04384.x
https://doi.org/10.1016/j.bbalip.2019.158590
https://doi.org/10.3390/genes13071134
https://doi.org/10.1351/pac198557050693
https://doi.org/10.1038/ncomms4027
https://doi.org/10.1038/ncomms4027
https://doi.org/10.1007/s11130-013-0369-6
https://doi.org/10.1111/j.1365-3040.2006.01580.x
https://doi.org/10.1093/nar/gku1179
https://doi.org/10.1002/jms.670
https://doi.org/10.1105/tpc.010422
https://doi.org/10.1016/j.jpba.2008.04.001
https://doi.org/10.1016/j.jpba.2008.04.001
https://doi.org/10.3389/fpls.2022.973639
https://doi.org/10.1016/j.pbi.2018.05.018
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1105/tpc.110.081273
https://doi.org/10.1186/s12870-016-0785-5
https://doi.org/10.1186/1471-2229-13-156
https://doi.org/10.1007/978-3-030-38792-1_9
https://doi.org/10.1186/s12870-021-02895-w
https://doi.org/10.1080/07388551.2021.1873242
https://doi.org/10.1016/j.plaphy.2022.10.016
https://doi.org/10.1021/acsomega.2c03877
https://doi.org/10.1111/pbi.12121
https://doi.org/10.1111/pbi.12121
https://doi.org/10.3389/fpls.2025.1671379
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

carotenoid accumulation and fruit quality attributes in tomato. Plant Biotechnol ].
12, 105-115. doi: 10.1111/pbi.12121

Liu, P., Luo, J., Zheng, Q., Chen, Q., Zhai, N,, Xu, S., et al. (2020). Integrating
transcriptome and metabolome reveals molecular networks involved in genetic and
environmental variation in tobacco. DNA Res. 27, dsaa006. doi: 10.1093/dnares/
dsaa006

Liu, Y., Guo, Q. Ji, X,, Dong, A, Fu, B, and Zhou, B. (2022). Preparation and
cigarette flavoring application of Megastigmatrienone-B- cyclodextrin inclusion
complex. J. Shaanxi Univ. Sci. Technology. China 40, 94-99. doi: 10.19481/
j.cnki.issn2096-398x.2022.04.017

Llorente, B., D’Andrea, L., Ruiz-Sola, M. A., Botterweg, E., Pulido, P., Andilla, J., et al.
(2016). Tomato fruit carotenoid biosynthesis is adjusted to actual ripening progression
by a light-dependent mechanism. Plant J. 85, 107-119. doi: 10.1111/tpj.13094

Meng, L., Song, W., Chen, S., Hu, F., Pang, B., Cheng, J., et al. (2022). Widely targeted
metabolomics analysis reveals the mechanism of quality improvement of flue-cured
tobacco. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1074029

Nedeltcheva-Antonova, D., Ivanova, D., Antonov, L., and Abe, I. (2016). Insight into
the aroma profile of Bulgarian tobacco absolute oil. Ind. Crops Products 94, 226-232.
doi: 10.1016/j.indcrop.2016.08.047

Nisar, N., Li, L., Lu, S., Khin, N. C,, and Pogson, B. J. (2015). Carotenoid metabolism
in plants. Mol. Plant 8, 68-82. doi: 10.1016/j.molp.2014.12.007

Pola, W., Sugaya, S., and Photchanachai, S. (2020). Influence of postharvest
temperatures on carotenoid biosynthesis and phytochemicals in mature green Chili
(Capsicum annuum L.). Antioxidants (Basel) 9, 203. doi: 10.3390/antiox9030203

Popova, V., Ivanova, T., Prokopov, T., Nikolova, M., Stoyanova, A., and Zheljazkov,
V. D. (2019). Carotenoid-related volatile compounds of tobacco (Nicotiana tabacum
L.) Essential Oils. Molecules 24, 3446. doi: 10.3390/molecules24193446

Quian-Ulloa, R, and Stange, C. (2021). Carotenoid biosynthesis and plastid development
in plants: the role of light. Int. . Mol. Sci. 22, 1184. doi: 10.3390/ijms22031184

Rios, J. J., Fernandez-Garcia, E., Minguez-Mosquera, M. L, and Pérez-Galvez, A.
(2008). Description of volatile compounds generated by the degradation of carotenoids
in paprika, tomato and marigold oleoresins. Food Chem. 106, 1145-1153. doi: 10.1016/
j.foodchem.2007.07.045

Schwartz, S. H., Qin, X., and Loewen, M. C. (2004). The biochemical characterization
of two carotenoid cleavage enzymes from Arabidopsis indicates that a carotenoid-
derived compound inhibits lateral branching. J. Biol. Chem. 279, 46940-46945.
doi: 10.1074/jbc.M409004200

Slaghenaufi, D., Perello, M.-C., Marchand, S., and De Revel, G. (2016).
Quantification of megastigmatrienone, a potential contributor to tobacco aroma in
spirits. Food Chem. 203, 41-48. doi: 10.1016/j.foodchem.2016.02.034

Sun, Z., Hans, J., Walter, M. H., Matusova, R., Beekwilder, J., Verstappen, F. W. A,,
et al. (2008). Cloning and characterisation of a maize carotenoid cleavage dioxygenase
(ZmCCD1) and its involvement in the biosynthesis of apocarotenoids with various roles
in mutualistic and parasitic interactions. Planta 228, 789-801. doi: 10.1007/s00425-
008-0781-6

Frontiers in Plant Science

12

10.3389/fpls.2025.1671379

Sun, T., Yuan, H., Cao, H., Yazdani, M., Tadmor, Y., and Li, L. (2018). Carotenoid
metabolism in plants: the role of plastids. Mol. Plant 11, 58-74. doi: 10.1016/
j.molp.2017.09.010

Tang, Z., Chen, L., Chen, Z., Fu, Y., Sun, X., Wang, B, et al. (2020). Climatic factors
determine the yield and quality of Honghe flue—cured tobacco. Sci. Rep. 10, 19868.
doi: 10.1038/541598-020-76919-0

Toledo-Ortiz, G., Johansson, H., Lee, K. P., Bou-Torrent, J., Stewart, K., Steel, G.,
et al. (2014). The HY5-PIF regulatory module coordinates light and temperature
control of photosynthetic gene transcription. PloS Genet. 10, €1004416. doi: 10.1371/
journal.pgen.1004416

Tsaballa, A., Sarrou, E., Xanthopoulou, A., Tsaliki, E., Kissoudis, C., Karagiannis, E.,
et al. (2020). Comprehensive approaches reveal key transcripts and metabolites
highlighting metabolic diversity among three oriental tobacco varieties. Ind. Crops
Products 143, 111933. doi: 10.1016/j.indcrop.2019.111933

Wache, Y., Bosser-De Ratuld, A., and Belin, J.-M. (2006). Dispersion of B-carotene in
processes of production of B-ionone by cooxidation using enzyme-generated reactive
oxygen species. Process Biochem. 41, 2337-2341. doi: 10.1016/j.procbio.2006.05.010

Wabhlberg, I. (2001). Carotenoid-derived aroma compounds in tobacco, in:
carotenoid-derived aroma compounds, ACS Symposium Series. Am. Chem. Soc. pp,
131-144. doi: 10.1021/bk-2002-0802.ch010

Wen, C., Zhang, Q., Zhu, P., Hu, W, Jia, Y., Yang, S., et al. (2023). High throughput
screening of key functional strains based on improving tobacco quality and mixed
fermentation. Front. Bioeng. Biotechnol. 11. doi: 10.3389/fbioe.2023.1108766

Weng, S., Deng, M., Chen, S., Yang, R,, Li, J., Zhao, X, et al. (2024). Application of
pectin hydrolyzing bacteria in tobacco to improve flue-cured tobacco quality. Front.
Bioeng. Biotechnol. 12. doi: 10.3389/fbioe.2024.1340160

Wu, L, Liu, W, Cao, J., Li, Q.,, Huang, Y., and Min, S. (2013). Analysis of the aroma
components in tobacco using combined GC-MS and AMDIS. Analytical Methods 5,
1259-1263. doi: 10.1039/C2AY26102B

Xiang, Y., Zhou, C., Huang, C, He, H., and Liu, H. (2024). Effect of structural
optimization on quality and aroma component content of tobacco leaves with different
leaf positions. J. Anhui Agric. Sci. 52, 15-20. China.

Yan, S, Fu, Y, Jing, S., Cao, X,, and Zeng, Y. (2014). The relationship between
transplanting dates and maturity and chromoplast pigment and its degradation
products for tobacco in central Henan. Chin. Tobacco Science. 35, 43-48.
doi: 10.13496/j.issn.1007-5119.2014.02.008. China.

Yan, S., Zhao, J., Ren, T., and Liu, G. (2020). Correlation between soil microbial
communities and tobacco aroma in the presence of different fertilizers. Ind. Crops
Products 151, 112454. doi: 10.1016/j.indcrop.2020.112454

Yao, X,, Lu, L., and Li, Y. (2024). Genetic diversity analysis of important agronomic
and quality traits of different types of tobacco germplasm resources Vol. 45 (China), 12—
18. doi: 10.13496/j.issn.1007-5119.2024.03.003

Zhu, Z., Chen, G., Guo, X,, Yin, W,, Yu, X,, Hu, J,, et al. (2017). Overexpression of
SIPRE2, an atypical bHLH transcription factor, affects plant morphology and fruit
pigment accumulation in tomato. Sci. Rep. 7, 5786. doi: 10.1038/s41598-017-04092-y

frontiersin.org


https://doi.org/10.1111/pbi.12121
https://doi.org/10.1093/dnares/dsaa006
https://doi.org/10.1093/dnares/dsaa006
https://doi.org/10.19481/j.cnki.issn2096-398x.2022.04.017
https://doi.org/10.19481/j.cnki.issn2096-398x.2022.04.017
https://doi.org/10.1111/tpj.13094
https://doi.org/10.3389/fpls.2022.1074029
https://doi.org/10.1016/j.indcrop.2016.08.047
https://doi.org/10.1016/j.molp.2014.12.007
https://doi.org/10.3390/antiox9030203
https://doi.org/10.3390/molecules24193446
https://doi.org/10.3390/ijms22031184
https://doi.org/10.1016/j.foodchem.2007.07.045
https://doi.org/10.1016/j.foodchem.2007.07.045
https://doi.org/10.1074/jbc.M409004200
https://doi.org/10.1016/j.foodchem.2016.02.034
https://doi.org/10.1007/s00425-008-0781-6
https://doi.org/10.1007/s00425-008-0781-6
https://doi.org/10.1016/j.molp.2017.09.010
https://doi.org/10.1016/j.molp.2017.09.010
https://doi.org/10.1038/s41598-020-76919-0
https://doi.org/10.1371/journal.pgen.1004416
https://doi.org/10.1371/journal.pgen.1004416
https://doi.org/10.1016/j.indcrop.2019.111933
https://doi.org/10.1016/j.procbio.2006.05.010
https://doi.org/10.1021/bk-2002-0802.ch010
https://doi.org/10.3389/fbioe.2023.1108766
https://doi.org/10.3389/fbioe.2024.1340160
https://doi.org/10.1039/C2AY26102B
https://doi.org/10.13496/j.issn.1007-5119.2014.02.008
https://doi.org/10.1016/j.indcrop.2020.112454
https://doi.org/10.13496/j.issn.1007-5119.2024.03.003
https://doi.org/10.1038/s41598-017-04092-y
https://doi.org/10.3389/fpls.2025.1671379
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Transcriptomic and metabolomic analysis of carotenoid metabolism and accumulation of carotenoid-derived products in tobacco leaves before and after curing
	1 Introduction
	2 Materials and methods
	2.1 Materials and sample preparation
	2.2 RNA extraction and transcriptome sequencing
	2.3 RNA-seq data analysis
	2.4 Real-time PCR validation
	2.5 Carotenoid extraction and LC-MS/MS analysis
	2.6 Analysis of aroma substances and GC-MS conditions
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Transcriptome analysis of fresh tobacco leaves
	3.2 GO and KEGG analysis of DEGs in fresh leaves
	3.3 Expression changes of genes involved in the carotenoid biosynthesis pathway
	3.4 Carotenoid content analysis of fresh and cured tobacco leaves
	3.5 Aroma substance content analysis in fresh and cured tobacco leaves

	4 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


