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Abstract

B-lonone is a high-value C13-norisoprenoid that contributes floral and woody notes to tobacco products.
Although microbial platforms can produce B-ionone, they rely on complex heterologous engineering and
energy-intensive downstream processing, which raise costs and hinder direct application. Here, we
explored tobacco callus as an alternative, homologous production chassis that exploits the plant’s
endogenous carotenoid pool. We expressed the tobacco carotenoid cleavage dioxygenases NtCCD4 and
NtCCD10 in stable transgenic callus lines, achieving de novo B-ionone synthesis at 0.96 and 0.54 pg/g
dry weight, respectively. The engineered tissue was directly incorporated into heated tobacco products
without extraction, where it enhanced aroma complexity and imparted a moist, sweet aftertaste. This
study establishes tobacco callus as a novel, low-cost green-manufacturing platform for tobacco-derived
flavour compounds and demonstrates the direct in-planta application of engineered biomass in tobacco
products.

Key message

Tobacco callus engineered with NtCCD4/NtCCD10 produces B-ionone in situ and can be directly used in
heated tobacco products as a green, low-cost flavour platform.

1 Introduction

B-lonone, a monocyclic C13-norisoprenoid, is a high-value aroma compound prized for its distinctive
floral, woody and fruity notes. It is widely used in personal-care and household fragrance products, and it
also exhibits notable pharmacological activities, including anti-inflammatory and anticancer effects
(Dong et al. 2019). Furthermore, B-ionone is classified as generally recognized as safe (GRAS) by FEMA
and approved by the U.S. FDA (Lalko et al. 2007), which supports its use in flavours and fragrances and
underpins its growing market value.

In plants, B-ionone is synthesized through the mevalonate (MVA) and methylerythritol phosphate (MEP)
pathways (Fig. 1). These pathways originate from acetyl-CoA and D-glyceraldehyde-3-phosphate,
respectively, and converge at geranylgeranyl diphosphate (GGPP). GGPP is converted to B-carotene by
geranylgeranyl diphosphate synthase (crtE), phytoene synthase/cyclase (crtYB) and phytoene
desaturase (crtl). Finally, B-carotene is cleaved by carotenoid cleavage dioxygenases (CCDs) to yield B-
ionone; the CCD-catalysed step is the key rate-limiting reaction in this pathway.

CCDs comprise a diverse enzyme family, including the CCD1, CCD2, CCD4, CCD7, CCD8 and CCD10
subfamilies, each with distinct functional properties. Whereas CCD1 and CCD4 show broad substrate
specificity, cleaving several carotenoids at different double-bond positions (Morote et al. 2023; Qi et al.
2023; Yoo et al. 2023; Ke et al. 2025), CCD2 is highly specific for zeaxanthin at the 7,8 (7',8") conjugated
double bond (Ahrazem et al. 2016; Fang et al. 2020). CCD7 and CCD8 mainly participate in strigolactone
biosynthesis (Chen et al. 2023; Yi et al. 2023), whereas CCD10, a recently characterized subfamily,
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cleaves B-carotene at the 9,10 (9',10") position (Wang et al. 2019; Zhong et al. 2020; Fan et al. 2022).
Notably, CCD1, CCD4 and CCD10 are the main enzymes responsible for B-ionone formation.

As an inherent aroma compound in tobacco, B-ionone strongly influences leaf quality; nevertheless,
research on tobacco CCDs remains limited. Our previous work identified eight CCD genes in Nicotiana
tabacum cultivar K326 and classified them into the CCD1, CCD4 and CCD10 subfamilies (Gong et al.
2022). Because tobacco naturally accumulates carotenoid precursors, we hypothesized that tobacco
callus could serve as a direct platform for B-ionone production without precursor supplementation.

In contrast to microbial systems, which often require exogenous precursor feeding or co-expression of
multiple heterologous enzymes—leading to metabolic burden and regulatory complexity (Zhang et al.
2018; Werner et al. 2019)—plant cell cultures offer distinct advantages. Tobacco callus harbours an
endogenous precursor pool, grows on simple and low-cost media, and aligns with the principles of green
biomanufacturing (Efferth 2019). Moreover, because the engineered callus can be incorporated directly
into heated tobacco products without downstream extraction or purification, it avoids aroma loss and
removes the need for artificial additives.

In this study, we selected NtCCD4 and NtCCD10 as candidate genes on the basis of their predicted roles
in B-ionone synthesis. After bioinformatic analysis and functional validation in Escherichia coli, both
genes were transiently expressed in N. benthamiana for subcellular localization. Stable overexpression in
tobacco callus achieved B-ionone synthesis at 0.96 and 0.54 ug/g dry weight (DW), respectively. When
incorporated directly into heated tobacco products, the engineered callus enhanced aroma complexity
and imparted a moist, sweet aftertaste. These results show that tobacco callus is a novel bioproduction
platform for B-ionone, enabling in situ synthesis and direct application in next-generation tobacco
products.

2 Materials and methods

2.1 Strains and reagents

The strains used in this study are listed in Table S1. Escherichia coli Top10 was used for plasmid
construction, and Agrobacterium tumefaciens LBA4404 (maintained in our laboratory) was used for
tobacco callus transformation.

B-lonone and B-carotene were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ampicillin,
kanamycin, rifampicin, chloramphenicol, hygromycin and cefotaxime were obtained from Macklin
(Shanghai, China; https://www.macklin.cn/) and dissolved in water to the required concentrations. 1-
Naphthylacetic acid (NAA), indole-3-acetic acid (IAA), kinetin (KT) and 6-benzylaminopurine (BAP) were
prepared in ethanol; 2,4-dichlorophenoxyacetic acid (2,4-D), vitamins (B1, B3, B6) and Murashige & Skoog
(MS) medium were purchased from Shanghai Yuanye Bio-Technology (https://shyuanye.com/) and
prepared in water.
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2.2 Medium and cultivation conditions

Luria—Bertani (LB) medium was used to culture E. coli and A. tumefaciens for plasmid extraction, protein
expression and seed activation. MS1-MS4 media were used to induce tobacco callus. When required,
the medium was supplemented with 50 ug/mL ampicillin, 50 pg/mL kanamycin, 25 pg/mL rifampicin, 50
pug/mL chloramphenicol, 50 pg/mL hygromycin or 200 pg/mL cefotaxime.

2.3 Strains and plasmid construction

Plasmids, primers and sequences of the genetic parts are listed in Tables S2, S3 and S4, respectively.
The pCold TF plasmid was used for protein expression, pAC-BETAXipi for B-carotene production, and
pCAMBIA1301 for CCD expression. The CCD genes from N. tabacum cultivar K326 (NtCCD4, GenBank
NM_001325517.1; NtCCD10, GenBank XM_016626693) were codon-optimized for tobacco, synthesized
by Tsingke Biotechnology (Tianjin, China), and cloned into the EcoR | and Kpn | sites of pCold TF. The
1301-NtCCD10 plasmid was generated by seamless cloning of four fragments—the 35S promoter and
NOS terminator (from pCAMBIA1301), the NtCCD10 gene (from the NtCCD10-TF plasmid) and the GFP
gene (from pGFP)—and the assembled cassette was inserted into the EcoR | site of pPCAMBIA1301. The
1301-NtCCD4 plasmid was constructed by seamless cloning of four fragments—the 35S promoter, NOS
terminator (PCR-amplified from pCAMBIA1301), mCherry (from p2300) and the NtCCD4 gene (from
NtCCD4-TF)—and inserted into the PmaC | and Nco | sites of pPCAMBIA1301.

The caroCCDs-TOP10 strain was constructed by co-transforming pAC-BETAXipi and CCDs-TF into E. coli
Top10. The LBA4404-CCDs strains were constructed by transforming 1301-NtCCD4 and 1301-NtCCD10
separately into A. tumefaciens LBA4404, following the method of Gelvin (2003).

2.4 Culture conditions

All experiments were performed in biological triplicate. The caroCCDs-TOP10 strain was cultured in LB
with antibiotics at 37°C until the optical density at 600 nm (OD600) reached 0.6-0.8. Protein expression
was induced with 1.0 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) using a two-stage temperature
shift: 24 h at 15°C followed by 24 h at 28°C. Cells were harvested, sonicated and extracted with n-
hexane; the organic phase was concentrated, redissolved in dodecane, filtered and analysed by HPLC.
The LBA4404-CCDs strain was cultured in LB with antibiotics (50 pg/mL kanamycin, 25 pg/mL
rifampicin) to OD600 1.0, harvested, resuspended in MMA buffer (10 mM MgCI2, 10 mM MES, 100 uM
acetosyringone, pH 5.8) to 0D600 1.0, and incubated at room temperature for 3—4 h before vacuum
infiltration of leaves.

Seeds of N. benthamiana were sown in pots containing a 1:3 mixture of zirconium beads and potting soil.
Plants were grown at 26°C under a 16 h light/8 h dark photoperiod, with a light intensity of 70 pumol m-2
s~" and ~ 60% relative humidity. Leaves from 4—5-week-old plants were collected for callus induction.

2.5 Tobacco callus induction and transformation
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Tobacco callus induction was performed based on Lang et al. (2020) with modifications. For leaf-disc
transformation, discs from 4—5-week plants were immersed in recombinant Agrobacterium for 5 min,
rinsed with sterile water containing 200 pg/mL cefotaxime, and co-cultured on MS4 medium in darkness
at 26°C. After 48 h, explants were transferred to MS4 medium containing hygromycin (50 yg/mL) and
cefotaxime (200 pg/mL) until callus formation. In pre-induced transformation, leaf discs were pre-
cultured for 1-2 weeks until swollen tissue formed; for callus transformation, pre-formed callus pieces
were used directly for infection. Both methods followed the same subsequent steps as leaf-disc
transformation.

2.6 Bioinformatics analysis

Multiple sequence alignment of the proteins was performed using the BIC web server
(https://www.bic.ac.cn/Cloud_Platform/front/) for alignment visualization. Three-dimensional structures
were predicted with AlphaFold2 and visualized with PyMOL 3.0. Substrate channels were analysed with
Caver Web (https://loschmidt.chemi.muni.cz/caverweb/). Subcellular localization was predicted with
Cell-PLoc-2 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/).

2.7 Detection methods

HPLC analysis was performed on an Agilent 1260 system equipped with an XTerra RP18 column (5 pm,
3.9 x 150 mm). The mobile phase was isopropanol and 80% acetonitrile at a flow rate of 0.5 mL/min,
column temperature 30°C, injection volume 10 L, detection wavelength 219 nm and total run time 50
min.

B-lonone was quantified by UPLC-MS/MS according to the method of Mi et al. (2018), with
quantification based on external standard curves.

2.8 Processing of tobacco products

Granular core substrates for heated tobacco products were prepared by screw extrusion—
spheronization. A mixture of 50 g tobacco-leaf powder, 20 g aerosol former, 12.5 g water and 4 g
engineered callus was conditioned for 2 h, extruded (1.0 mm die, 45 rpm), spheronized (1500 rpm, 3 min)
and dried (90°C, 40 min). Pellets (180 mg) were assembled into cigarettes with defined segment lengths
(Fig. S1) using 6000 CU tipping paper.

2.9 Statistical analysis

Data are presented as mean * standard deviation (SD) with at least three biological replicates unless
stated otherwise. Statistical analyses were performed with GraphPad Prism v8 and Excel 2010
(Microsoft, Redmond, WA, USA). Significance was assessed by one-way analysis of variance (ANOVA)
with Tukey'’s test; bars labelled with different lowercase letters indicate significant differences at P <
0.001.

3 Results and discussion
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3.1 Protein analysis of NtCCD4 and NtCCD10

On the basis of our analysis of tobacco CCD genes, we selected NtCCD4 and NtCCD10 for B-ionone
production. The two enzymes differ markedly in amino-acid sequence (Fig. 2A, black pentagram vs.
triangle), reflecting their distinct subfamily classification and characteristic motifs (Fig. 2B), which likely
underlie their divergent catalytic properties and substrate preferences.

To explore the structural basis of the predicted functional divergence, we modelled their three-
dimensional structures and substrate channels. The substrate-channel locations in both models were
consistent with previous reports (Messing et al. 2010), confirming high reliability. The NtCCD10 channel
is longer and less curved than that of NtCCD4, and the radius at its narrowest point also differs (Table 1,
Fig. 2B). We reasoned that, for long-chain polyene substrates such as B-carotene, a longer, less-curved
channel may facilitate entry and binding of the linear molecule, thereby enhancing catalytic efficiency. On
this structural basis, we predicted that NtCCD10 would outperform NtCCD4 in B-ionone synthesis.

Table 1
Substrate channel evaluation of candidate proteins.
Protein Length (A) Curvature Bottleneck radius (A)  Distance to surface (A)
NtCCD4 32.8 1.7 1.3 19.6
NtCCD10 40.1 1.3 1.4 21.6

Subcellular localization also influences catalytic efficiency. Our predictions placed NtCCD4 in plastids
and NtCCD10 in the cytoplasm, consistent with the known localization of other CCDs. Because the
precursor B-carotene is synthesized in plastids, NtCCD4 would benefit from spatial proximity and thus
higher catalytic efficiency—the opposite of the structural prediction. These conflicting observations
reveal a trade-off between intrinsic activity and substrate accessibility in vivo, so the better enzyme in
tobacco callus had to be determined experimentally.

3.2 Functional validation of CCDs in E.coli

To verify the function of NtCCD4 and NtCCD10, they were cloned and co-transformed with the B-carotene
synthesis plasmid pAC-BETAXipi into E. coli Top10 (Fig. 3A).

Compared with the control (CaroTF-TOP10) and the B-carotene-producing strain (Caro-TOP10), the co-
transformed strains (CaroCCDs-TOP10) showed visibly lighter coloration (Fig. 3B), suggesting
consumption of B-carotene. Consistently, B-carotene yields in Caro-TOP10, CaroTF-TOP10, CaroNtCCD4-
TOP10 and CaroNtCCD10-TOP10 were 5.43, 5.35, 0.40 and 0.66 mg/g DW, respectively (Fig. 3C). The B-
carotene content in Caro-TOP10 and CaroTF-TOP10 was significantly higher than in the CCD-expressing
strains, confirming that NtCCD4 and NtCCD10 efficiently degrade B-carotene.

B-lonone yields in the control strains (Caro-TOP10 and CaroTF-TOP10) were 0.27 and 0.29 mg/g DW,
respectively, attributed to non-enzymatic auto-oxidative cleavage of B-carotene under the in vitro
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conditions. B-lonone yields in CaroNtCCD4-TOP10 and CaroNtCCD10-TOP10 were 3.30 and 3.20 mg/g
DW, respectively (Fig. 3C). The two strains showed comparable activity in E. coli, in line with previous
reports on other CCDs (Meng et al. 2019). Their amino-acid and localization differences did not translate
into functional differences in this heterologous host, because the absence of organellar compartments
in E. coli removes the effect of substrate spatial accessibility on efficiency.

3.3 Subcellular localization of CCDs

To verify the subcellular localization of NtCCD4 and NtCCD10 in planta, transient expression assays
were performed in N. benthamiana.

We constructed the 1301-NtCCD4 and 1301-NtCCD10 expression vectors (Fig. 4A), with both genes
placed under the control of a double CaMV 35S promoter. NtCCD4 was fused in-frame to an mCherry
marker via a short linker, whereas NtCCD10 was fused to GFP. Both constructs were introduced into
Agrobacterium tumefaciens strain LBA4404 and used for agroinfiltration of N. benthamiana leaves.
Fluorescence was observed at 3 days post-infiltration (dpi). NtCCD4-mCherry co-localized completely
with the chloroplast marker (Fig. 4B), confirming plastid localization of NtCCD4. NtCCD10-GFP was
distributed at the cell periphery, consistent with cytoplasmic localization. This result matches the
bioinformatic prediction and the characteristic localization of the CCD10 subfamily (Dhar et al. 2020).

3.4 Establishment of the tobacco callus

The auxin/cytokinin ratio and concentration are key determinants of callus induction and differentiation
(Husin et al. 2005). To identify the most suitable medium, we compared induction efficiency and callus
status across four formulations (MS1-MS4, Table 2).

Table 2
Composition of tobacco callus induction media.
Medium Phytohormone composition Vitamins & other additives
MS1 IAA 0.5 mg/L; BAP 2 mg/L —
MS2 KT 0.1 mg/L; 2,4-D 1 mg/L —
MS3 KT/NAA 0.5/2 mg/L; 2,4-D 1 mg/L —
MS4 IAA 2 mg/L; 2,4-D 1 mg/L; KT 0.2mg/L  VB10.4,VB3 0.5, VB6 0.5 mg/L

MS1 induced irregular tissue and promoted organogenesis rather than stable callus, making it
unsuitable. MS2 and MS3 formed callus from young stem segments but showed high shoot
differentiation, prolonged induction and low efficiency (Fig. 5). By contrast, MS4 rapidly produced callus
with nearly 100% induction within 2 weeks. We attribute this to an auxin/cytokinin ratio in MS4 that
effectively suppressed organ differentiation and promoted rapid, uniform proliferation. Besides
phytohormones, B-group vitamins (B1, B3, B6) in MS4 may also promote callus growth by acting as
coenzymes in central metabolism (Xinliang 2023).
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3.5 Synthesis of B-ionone in tobacco callus

Three transformation methods were compared for conversion efficiency to establish an efficient, stable
transformation system (Fig. S2).

In leaf-disc transformation, callus could be induced but grew poorly, appearing loose and white. In pre-
induced transformation, callus growth stagnated, probably because Agrobacterium infection damaged
early callus cells. The callus-transformation method caused browning and inactivation, possibly owing to
residual Agrobacterium and disruption of the microenvironment. These results indicate that pre-induced
leaf discs and newly formed callus are too fragile to withstand infection (Nakajima et al. 2020), so the
leaf-disc method is the most convenient and effective. Under fluorescence illumination, the NtCCD4 and
NtCCD10 lines showed red and green fluorescence, respectively (Fig. 6A); corresponding fluorescence
was also observed in dispersed suspension cells (Fig. 6B), confirming CCDs expression.

To detect B-carotene, CCD-expressing and wild-type callus were given 48 h light treatment followed by
extraction (Fig. S3). Extract colour differed: wild type appeared yellowish, whereas NtCCD4 and NtCCD10
extracts showed a greenish tint (Fig. 7A, B). B-Carotene yields in wild type, NtCCD4 and NtCCD10 were
1.45,0.45 and 0.63 pug/g DW, respectively (Fig. 7C), consistent with the colour differences. Although wild-
type callus also contained carotenoids, levels were low because callus was induced in the dark. The
transgenic lines showed even lower B-carotene because CCD overexpression consumed the substrate.

B-lonone was then extracted and analysed for the NtCCD4 and NtCCD10 lines (Fig. S4). Yields in wild
type, NtCCD4 and NtCCD10 were 0.24, 0.96 and 0.54 ug/g DW, respectively (Fig. 7D). The low wild-type
value may reflect endogenous CCD activity. No B-ionone was detected in leaf discs before induction,
consistent with metabolic reprogramming during phytohormone-mediated callus initiation (Verma et al.
2022). Both transgenic lines produced more B-ionone than wild type, demonstrating the feasibility of B-
ionone production in tobacco callus and providing new insight into CCD-mediated biosynthesis.

Notably, in contrast to E. coli, NtCCD4 produced more B-ionone than NtCCD10 in tobacco callus. This
difference arises from their distinct subcellular localizations and underscores a key advantage of plant-
cell systems: spatial substrate access can outweigh intrinsic catalytic differences. This study is the first
to demonstrate B-ionone biosynthesis in tobacco callus, highlighting the potential of plant-cell platforms
for efficient CCD expression and the production of complex natural products.

3.6 Application of callus in tobacco products

To evaluate the application potential of B-ionone-producing tobacco callus, we tested it in heated
cigarettes (Fig. S5).

Processability is a key indicator for practical use in novel tobacco products. The engineered callus
showed excellent processability, enabling smooth extrusion and uniform spherical particles because of
its homogeneous cell structure, moderate water content and lack of lignified fibres, which facilitate
standardized production.
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In sensory evaluation, the core substrate containing engineered callus significantly enhanced aroma
complexity and imparted a moist, sweet aftertaste relative to the control (Table 3, Fig. S5). B-lonone
contributes characteristic floral and woody notes and effectively modifies the smoke profile while
increasing sweetness. Importantly, the aroma-producing callus was mixed directly into the core
substrate without extraction, purification or exogenous addition. This avoids loss of volatile aroma
compounds during conventional flavour addition and eliminates solvents or carriers, aligning with clean-
label and reduced-harm trends in tobacco products.

Sensory quality evaluation resTue}?sleo? pellet-type heated cigarettes.
Evaluation parameter WT NtCCD4 NtCCD10
Smoke yield + + +
Smoke strength ++ ++ ++
Aroma intensity + + + +
Aroma complexity + +++ +++
Aftertaste quality + +++ +++
Smoothness - ++ ++ 4
Sweet note - ++ +4+ 4
Note: “—" indicates barely detectable/subdued; “+” indicates moderate/discernible; “++" indicates
distinct; “+++” indicates pronounced.

More importantly, this study validates the practical use of a plant-cell chassis. Unlike microbial systems,
tobacco callus as a homologous platform retains the product directly in the biomass. This concept
applies not only to B-ionone but also to other high-value tobacco-derived flavours. Although the current
yield requires improvement, this work is the first to use tobacco callus as a synthesis platform, paving
the way for plant-cell factories in the tobacco industry.

3.7 Considerations for improving B-ionone productivity in
tobacco callus

Although the engineered callus validates the concept, the attained B-ionone titers (0.96 and 0.54 pg/g
DW for NtCCD4 and NtCCD10, respectively) are about three orders of magnitude lower than those
reached in the E. coli platform (3.30 and 3.20 mg/g DW). This gap does not invalidate the plant-cell
approach; rather, it mainly reflects differences in precursor supply and cellular context, and it points to
concrete engineering levers.

The dominant bottleneck is precursor availability. In callus, total B-carotene was only 0.45-0.63 pg/g DW,
whereas the engineered E. coli accumulated 5.43 mg/g DW—a smaller carotenoid pool in the plant host.
The endogenous MVA/MEP flux in dark-grown callus is low and is not directed toward carotenoids. In

Page 10/20



plants, the “push” strategy of overexpressing upstream enzymes—especially phytoene synthase (PSY), a
rate-limiting step—has dramatically increased carotenoid accumulation; for example, Golden Rice 2
reached up to 23-fold higher carotenoids (maximum 37 pg/g) by using a more efficient maize PSY (Paine
et al. 2005). Co-overexpressing PSY with carotenoid desaturases/cyclases and silencing competing
branches can redirect flux and could raise the B-carotene pool in callus by orders of magnitude (Roberts
2007; Rao and Ravishankar 2002).

Subcellular compartmentalization and substrate accessibility impose a second constraint. B-Carotene is
synthesized and sequestered in plastids; plastid-localized NtCCD4 is therefore co-compartmentalized
with its substrate, whereas cytosolic NtCCD10 must draw B-carotene (or its cleavage products) across
the plastid envelope. This explains why NtCCD4 outperformed NtCCD10 in planta despite the opposite
structural prediction, and shows that spatial substrate access outweighs intrinsic catalytic differences in
plant cells. Retargeting CCD10 to plastids (via a transit peptide) or co-localizing CCDs with carotenoid-
binding proteins, and balancing relative expression so cleavage keeps pace with precursor synthesis,
should improve efficiency.

A third lever is enzyme catalytic efficiency. CCDs are slow, membrane-associated dioxygenases whose
turnover limits flux. Directed evolution and rational engineering of CCDs have already improved B-ionone
yields in yeast (Werner et al. 2019; Gong et al. 2022); porting such optimized variants into callus, or
screening NtCCD paralogs and orthologs, could raise per-enzyme productivity. Product stability also
matters: B-ionone is volatile and may be further metabolized or conjugated, so net accumulation
depends on both synthesis and stability. In situ trapping or sequestration and harvest at the flux
optimum can reduce losses.

Finally, host and process engineering can deliver scalable supply. Plant cell cultures are established
platforms for high-value metabolites and can be scaled in bioreactors; commercial successes such as
paclitaxel from Taxus cell cultures show that initially low titers can be raised to industrially relevant
levels through elicitation, in situ product removal and metabolic engineering (Wilson and Roberts 2012;
Rao and Ravishankar 2002). Selecting high-producing callus lines and moving to suspension cultures
would improve biomass productivity and uniformity relative to the current solid callus. Because the
biomass is used directly, even moderate per-gram titers may be acceptable if the feedstock is cheap and
scalable—the platform'’s value lies in its grow-and-use loop.

In summary, this study establishes tobacco callus as a viable, low-cost and green chassis for in situ -
ionone production and its direct application in next-generation tobacco products. The current yield is a
starting point constrained mainly by precursor supply and subcellular compartmentalization, and it is
addressable through precursor-pathway engineering, enzyme optimization and process scale-up. Future
work should quantify carbon flux through the MVA/MEP and carotenoid pathways in callus and
implement the strategies outlined above, positioning plant-cell factories as a complementary route to
microbial biosynthesis for tobacco-derived flavour compounds.
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Abbreviations

2,4-D 2,4-dichlorophenoxyacetic acid
BAP 6-benzylaminopurine

BF bright field

CCD carotenoid cleavage dioxygenase
DW dry weight

GGPP geranylgeranyl diphosphate

IAA indole-3-acetic acid

IPTG isopropyl B-D-1-thiogalactopyranoside
KT Kinetin

MEP methylerythritol phosphate

MS Murashige & Skoog (medium)

MVA mevalonate

NAA 1-naphthylacetic acid

SD standard deviation
WT wild type
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Figure 1

The B-ionone metabolic pathway in plant cells. MVA, mevalonate pathway; DXS, 1-deoxy-D-xylulose 5-
phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; MCT, 4-diphosphocytidyl-
2-C-methyl-D-erythritol synthase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MDS, 2-C-
methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
synthase; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; IDI, isopentenyl diphosphate

Page 16/20



isomerase; GPPS, geranyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate synthase; crtE,
geranylgeranyl diphosphate synthase; crtYB, phytoene synthase and cyclase; crtl, phytoene desaturase;
CCD, carotenoid cleavage dioxygenase; MEP, methylerythritol phosphate; HMGS, hydroxymethylglutaryl-
CoA synthase; HMGR, hydroxymethylglutaryl-CoA reductase; MK, mevalonate kinase; PMK,
phosphomevalonate kinase; MPDC, mevalonate pyrophosphate decarboxylase. (B) The CCD subfamilies
and their metabolites.
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Figure 2

The differences in sequences and structures between NtCCD4 and NtCCD10. (A) CCD amino-acid
sequence alignment. Black stars mark the unique sequence of the CCD4 subfamily; black triangles mark
the specific sequences of the CCD10 subfamily. (B) Differences in protein structure, substrate channels
and motifs between NtCCD4 and NtCCD10. Rose-red and purple grids represent protein substrate
channels.
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Figure 3

Detection of B-carotene accumulation and B-ionone production in E. coli. (A) Detection of B-ionone in E.
coli by UPLC. (B) Colour variation of E. coli strains. (C) B-Carotene and B-ionone production in E. coli.
Quantification was performed via external standard curves. Data are means * SD (n = 3 biological
replicates). Bars labelled with different lowercase letters indicate significant differences (P < 0.001).
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Schematic diagram of the construction of NtCCD4 and NtCCD10 plant expression vectors. (A)
Schematic diagrams of the NtCCD4 and NtCCD10 plant expression vector constructs. (B) Subcellular
localization of NtCCD4 and NtCCD10 in N. benthamiana. mCherry is shown in red; Chl is chloroplast

autofluorescence; mCherry and Chl were merged. GFP is shown in green; nuclei were stained with DAPI;
GFP and DAPI were merged.
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Figure 5

Effects of tobacco callus induction on different induction media.
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