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PUBLIC SUMMARY

m Cultivating tobacco on barren lands presents an excellent solution for sustainable bioenergy production.
m More than 65% of tobacco can be dissolved in water through simple autoclaving.
m The autoclaved solution of tobacco effectively supports the growth of microorganisms and the production of bioproducts.

m Tobacco-derived bioethanol significantly contributes to reducing carbon emissions.
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Energy crops play a vital role in meeting future energy and chemical de-
mands while addressing climate change. However, the idealization of low-
carbon workflows and careful consideration of cost-benefit equations are
crucial for their more sustainable implementation. Here, we propose to-
bacco as a promising energy crop because of its exceptional water solubil-
ity, mainly attributed to a high proportion of water-soluble carbohydrates
and nitrogen, less lignocellulose, and the presence of acids. We then de-
signed a strategy that maximizes biomass conversion into bio-based prod-
ucts while minimizing energy and material inputs. By autoclaving tobacco
leaves in water, we obtained a nutrient-rich medium capable of supporting
the growth of microorganisms and the production of bioproducts without
the need for extensive pretreatment, hydrolysis, or additional supplements.
Additionally, cultivating tobacco on barren lands can generate sufficient
biomass to produce approximately 573 billion gallons of ethanol per year.
This approach also leads to a reduction of greenhouse gas emissions by
approximately 76% compared to traditional corn stover during biorefinery
processes. Therefore, our study presents a novel and direct strategy that
could significantly contribute to the goal of reducing carbon emissions
and global sustainable development compared to traditional methods.

INTRODUCTION

High global demand for fuels and chemicals, coupled with an unstable and un-
certain petroleum supply and concerns regarding global climate change, has
sparked a renewed interest in renewable alternatives." Energy crops have
emerged as sustainable substitutes for petroleum, capable of being converted
into various chemicals and fuels that are compatible with existing infrastructure
and do not compete with food production.? However, the large-scale production
of chemicals and fuels from energy crop biomass, rich in cellulose and hemicel-
lulose, necessitates costly processes to break down the complex polymers into
their constituent sugars. These processes often involve high temperatures, high
pressures, massive chemicals, and expensive enzymes. Harsh processing condi-
tions frequently result in the production of toxic byproducts and the loss of a sig-
nificant portion of biomass.* Furthermore, the total protein content, which ac-
counts for 10%—15% of energy crop biomass, is typically considered waste or
requires additional processing for recovery and separate utilization.” Additionally,
since the hydrolysis products of biomass are rich in sugars but lack other essen-
tial elements, additional nitrogen and phosphorus are necessary to support
fermentation.® Consequently, the widespread use of energy crops as fermenta-
tion feedstocks is currently impeded by the cumbersome process and high costs
associated with biomass feedstocks and the conversion of biomass into sugars,
including pretreatment and enzyme hydrolysis operations, which can account for
up to 35% of total production costs.”® Therefore, it is imperative to identify suit-
able energy crops and develop sustainable, cost-effective methods for pretreat-
ment and hydrolysis to achieve maximum sugar conversion yields with minimal
environmental impact.”

Tobacco is a globally cultivated major commercial crop primarily used in the
controversial smoking industry. It also serves as a model system in plant

research, with its genome sequence published in 2014 and an extensive body
of knowledge and engineering tools accumulated.'® Genetic engineering has
been utilized to enhance drought resistance,'"'? increase leaf biomass produc-
tion,'® boost fermentable sugar content, and promote seed oil production in to-
bacco plants.'* When grown for more biomass production, coppicing can be em-
ployed to stimulate re-sprouting and allow for multiple harvests.'® Tobacco seed
oil has been proposed for biodiesel production, while tobacco biomass has been
tested for biogas production.'*'® However, there have been limited studies
examining the full potential of tobacco as an energy crop for its use as a renew-
able raw material in biorefineries for the production of chemicals and fuels.

Energy crop plantations have traditionally occupied cropland, raising concerns
regarding competition with food production, global food security, and environ-
mental sustainability.'® An alternative approach is to cultivate energy crops on
barren lands, optimizing management strategies, utilizing genetic modifications,
and developing new agricultural technologies.''® Estimations of indirect carbon
costs for corn grain ethanol range from 25 to 200 gCO,e/MJ, diminishing the
environmental benefits of energy crops grown on arable land for biofuels.'”
Accordingly, energy crop biomass production on barren lands has been identified
as a strategy that offers climate-related advantages. Furthermore, life cycle
assessment (LCA) provides a method for evaluating the potential environmental
impacts of a product system throughout its life cycle,” which helps in concluding
the environmental benefits of biofuels derived from a specific material. Therefore,
we aim to assess the environmental impact of tobacco cultivation and utilization,
providing insights for policy-making related to sustainability that promotes its
optimal use in bioenergy applications.

RESULTS
Autoclaving tobacco leaves to dissolve significant biomass portion
Lignocellulosic bioconversion faces challenges related to process costs,
biomass recalcitrance, and product conversion efficiency, prompting us to
explore the direct utilization potential of tobacco for biochemicals and biofuels
production. Our experimental results demonstrated that more than 65% of to-
bacco leaves can be dissolved through autoclaving at 115°C for 30 min (Fig-
ure 1A), a process easily implementable in industrial fermentation using steam
sterilization at 121°C (15 psi) for 15 min. Comparative analysis of chemical
components revealed that tobacco leaves and whole tobacco outperform other
feedstocks in terms of water-soluble components (SCM), water-soluble carbo-
hydrates (WSC), and total nitrogen content (Figures TA=1C). Additionally, to-
bacco leaves exhibited lower cellulose, hemicellulose, and lignin contents
compared to other feedstocks (Figures 1D=1F). The SCM, WSC, and total nitro-
gen contents of whole tobacco were more than twice as high as those in
switchgrass, rice straw, corn cob, and poplar wood, while its lignocellulosic con-
tent was approximately 60% lower. Following autoclaving at 115°C for 30 min,
tobacco leaves showed superior chemical composition in terms of SCM
(65.88%), WSC (27.74%), and total nitrogen (2.07%), with cellulose, hemicellu-
lose, and lignin percentages at 8.66%, 2.73%, and 3.52% respectively. Two
different tobacco leaf varieties displayed highly similar compositions
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Figure 1. Main advantages of tobacco compared to five common biomasses (A—C) Analysis of the significant substances after being treated by autoclaving at 115°C for 30 min. (A)
The water-soluble component (SCM) analysis. (B) The water-soluble carbohydrates (WSC) analysis. (C) The nitrogen analysis. (D—F) Analysis of the significant substances of biomass
itself. (D) Lignin analysis. (E) Cellulose analysis. (F) Hemicellulose analysis. Tobacco leaves contained a substantially larger amount of SCM, WSC, and nitrogen and a smaller amount
of lignocellulose compared to other biomasses. Error bars represent standard deviations (n = 3).

(Table ST). Furthermore, the resulting liquid from autoclaved tobacco leaves
has a pH of approximately 5.0. When 0.8 mL 5 M NaOH was added, a neutral
pH was formed, resulting in a lower solubility (~55%). Acid treatment with
1.00% H,S04 or HCI proved to be the most effective in dissolving tobacco
leaves (~67%), followed by water (~64%) and alkali (~57%). The high-water sol-
ubility of tobacco leaves is not solely attributed to high soluble matter contents
but is also improved by the presence of various acids and acetic acid produced
by autoclaving, which hydrolyze polysaccharides and proteins and form quater-
nary ammonium salts of alkaloids (Text S1).

The analysis of SCM in tobacco leaves indicates that it consists of sugars, pro-
teins, ash, metal ions, nicotine, and other components (Figure 2A). We would like
to point out that just like other semi-synthetic or natural media such as Luria-
Bertani (LB) medium and potato dextrose broth (PDB), its nutrients can only be
limited to a certain range rather than a precise concentration like M9 minimal me-
dium (M9). Notably, the analysis results showed that fructose, glucose, and su-
crose were the main sugars in the tobacco samples (Figures ST and S2), and
these are defined as fermentable sugars. The SCM includes over 20 g/L of
fermentable sugars (containing 6.60 g/L fructose, 10.70 g/L glucose, and 6.85
g/L sucrose) and 1 g/L of total nitrogen (Figure 2C), making it suitable for use
as a medium in growth and fermentation. While the autoclaving solution shows
a high level of acetic acid, which likely results from the deacetylate of hemicellu-
lose, and exhibits relatively low levels of fermentation inhibitors such as
22.81 mg/L 5-(hydroxymethyl)-2-furaldehyde (5-HMF) and 0.50 mg/L furfural
(Figure 2D), likely due to the lower temperature used and the absence of chem-
icals in the process. Moreover, the nicotine is considered to affect the growth and
metabolize metabolism of microorganisms. The nicotine in the solution
(1,160.61 + 13.49 mg/L) has little effect on the growth of Escherichia coli
BL21(DE3) and Saccharomyces cerevisiae S288c¢ (Figure S3).

Further analysis of the solid residue from tobacco leaves reveals 22.95% cel-
lulose, 9.11% hemicellulose, 11.96% lignin, and 20.13% ash (Figure 2B). The

broken structure of tobacco leaves enhances enzyme efficiency (Figures S4—
S8). Treatment with cellulase, xylanase, and B-glucosidase hydrolyzes approxi-
mately 70% of cellulose and hemicellulose into sugars (Table S2). Therefore,
incorporating additional enzymatic hydrolysis could further increase the biomass
utilization of tobacco leaves to approximately 85%. However, the percentages of
cellulose and hemicellulose are low. To optimize biomass utilization, tobacco
leaves could be mixed with traditional energy crop biomass for use in second-
generation biorefineries or applied in anaerobic digestion to produce a biogas
stream (methane) that can be fed to a combustor for heat.®

Direct utilization of the autoclaving solution for fermentation

To evaluate the performance of the tobacco medium (autoclaving solution or
SCM), we conducted growth and fermentation experiments. Initially, we charac-
terized the growth of three E. coli strains, BL21(DE3), BW25113,and JM109(DE3),
and three yeast strains, S. cerevisiae S288c, Pichia pastoris GS115, and Yarrowia
lipolytica Po1h, in the tobacco medium. The results indicated that E. coli
BL21(DE3) achieved an optical density 600 (ODggo) of approximately 3.00 in
the tobacco medium, similar to the ODggg in the M9 but lower that in LB
(~5.00). While E. coli BW25113 exhibited slower growth in the early stage in to-
bacco medium, its growth rate became comparable to that in LB in the later stage
and more favorable than that in the M9. Similarly, although E. coli JM109(DES)
showed slightly slower growth in the early stage in tobacco medium, its growth
rate was superior to that in LB after 16 h (Figure 3A). S. cerevisiae S288c and
P. pastoris GS115 showed robust growth in the tobacco medium compared to
yeast extract peptone dextrose (YPD) and malt extract medium (MEM), whereas
Y. lipolytica PoTh displayed unsatisfied growth (Figure 3B).

Next, we investigated whether tobacco leaves provided a superior environ-
ment for the growth of S. cerevisiae S288c compared to other natural materials
such as potato and corn meal. When compared to potato dextrose medium
(200.0 g/L potato) and corn meal medium (50.0 g/L corn meal), the tobacco
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Figure 2. Main chemical components of tobacco
leaves treated by autoclaving (A) The composition
of the aqueous solution. Ash is calculated from the
results of raw and treated tobacco leaves, which
mainly includes some salts. In addition, others include
a small amount of sugar, a relatively large proportion
of acids and phenols, and amino acids, which can be
used as helpful factors for the growth of microor-
ganisms. (B) The composition of solid residue. Others
include some sugars, acids, phenols, amino acids,
etc,, that are not dissolved in the aqueous solution. (C)
i Main sugars and nitrogen contents in SCM. (D) The

N % fermentation in_hibitors in SCM. Error bars represent
4 6.87% standard deviations (n = 3).
4.75%
2.12%

achieving significant climate benefits. To explore
this possibility, we analyzed global data on
barren/very sparsely vegetated land, including
its extent and average annual temperature and
rainfall (Figure 4; Tables S3—S5), using available
databases.?®?' Our findings reveal that the global
distribution of barren/very sparsely vegetated
land spans an area of 63,520,726 km? The
mean annual air temperature in these areas is

21.42% Total sugar Cellulose
Protein Hemicellulose
Ash Lignin
5.61% I Nicotine | Ash
Metal ions I Protein
Y L
O\ Il Others Il Others
2.67%" Sl
4.66%/
29.61%/
12000 7000 =
=l
_ 10000 o G
) )
£ £ 5000
g 8000 g
=1 = = 4000
£ 6000 £
] g 3000
[ A [
g 8 2000
2000 = 1000
-
0 T T T 0 T T
2 2 2 ' .
ooe &7 @" 0& Q,G\b @O\b
Q’\0 N (-o\)c' & Y o
< s & &
S O N
& LN
N

medium (100.0 g/L tobacco leaves) yielded the highest ODggo of 21.19 (Fig-
ure S9), despite the control potato dextrose medium containing 20 g/L glucose.

Subsequently, we tested genetically engineered E. coli and S. cerevisiae
strains developed in our laboratory for farnesene biosynthesis using the to-
bacco medium. Fermentation experiments were conducted using the control
medium (synthetic medium), tobacco medium, and tobacco addition medium
(where the tobacco medium replaced the carbon and nitrogen sources in the
control medium). The production of farnesene after 48 h was approximately
219 = 0.15, 0.69 + 0.04, and 1.07 + 0.70 g/L for the engineered E. coli in
the control medium, tobacco medium, and tobacco addition medium, respec-
tively (Figure 3C). These results indicate that the tobacco medium can partially
replace the conventional high-nutrient medium. However, engineered
S. cerevisiae fermentation in synthetic medium, tobacco medium, and tobacco
addition medium resulted in farnesene production of approximately 27.24 +
0.66, 50.59 + 0.26, and 45.43 + 0.58 mg/L, respectively, within 48 h (Figure 3D).
This suggests that the tobacco medium could serve as a viable substitute for
the synthetic medium in supporting eukaryotic growth and farnesene produc-
tion. Similar findings were observed in our experiments on the production of
(2R,3R)-(—)-2,3-butanediol (2,3-BD) using the tobacco medium (Figure 3F).
For biofuel production from the tobacco medium, we conducted ethanol
fermentation using wild S. cerevisiae S288c. The results demonstrated ethanol
production of 7.48 + 0.37,8.47 + 0.17, and 7.62 + 0.32 g/L in 48 h using the
synthetic medium, tobacco medium, and tobacco addition medium, respec-
tively (Figure 3E). The successful growth and production of bioaviation fuel,
biochemical, and biofuel confirm the significant potential of tobacco and pro-
vide a solution to the issue of costly nitrogen sources. We would like to empha-
size that the presented data are intended to illustrate the superior performance
and functionality of our tobacco leaves rather than showcase the current strain
performance or yield.

Holistic solutions for a sustainable global tobacco-cultivating expansion
Recent empirical research has provided valuable insights into the utilization of
marginal or barren lands for planting energy crops. These lands are currently not
suitable for food production due to factors like low fertility and environmental
sensitivity. By using such lands, we can potentially avoid conflicts between
food and fuel production and minimize indirect land-use change effects, all while

l 174°C (1990-2010), with a range from
o~ T T —17.5°C in Greenland to 30.0°C in Burkina
@5}6 \2\@* & §°® Faso. The average precipitation is 615.7 mm

AP NS per year (1990-2010), varying from 25.3 mm in

Egypt to 2,677.6 mm in Guadeloupe. There are

sufficient methods to improve tobacco cultiva-

tion, including genetic strategies,”” use of chem-

ical fertilizers and agrochemicals, water manage-
ment, and innovative cultivation techniques. Consequently, we propose that
barren lands can be used for tobacco cultivation to meet energy demands
without compromising empirical assessments. By considering non-cultivated
lands on a global scale, we can develop truly sustainable solutions for the global
energy plant system.

Tobacco exhibits greater agronomic stability in response to temperature
fluctuations, requires less water, and displays higher tolerance to salinity,
alkalinity, and drought compared to other crops.?® Studies indicated that
mean temperature significantly affects tobacco biomass yield but not
with rainfalls.?* Based on the biomass yield of a tobacco species by exten-
sive farming, the overall tobacco yield is estimated to be around 9.00 Mg
per hectare (Table S6). However, previous research has demonstrated that
when tobacco is grown specifically for biomass production rather than to-
bacco products, the yield can reach 170 Mg per hectare, with an estimated
tobacco leaves of 100 Mg per hectare.?®> Meanwhile, another study sug-
gested that tobacco cultivated for biomass can achieve yields ranging
from 44 to 70 Mg per hectare (dry basis), with tobacco leaf production
ranging from 17 to 17.5 Mg per hectare.?® These findings highlight the sig-
nificant biomass potential of tobacco, making it advantageous for large-
scale cultivation and manufacturing biofuel and biochemicals.'’

When assessing the suitability of tobacco cultivation under traditional agricul-
tural conditions, key factors to consider are soil type, temperature, and rainfall.
Empirically, tobacco can grow in various soil types with a temperature range
of 8°C—38°C and a daily water consumption of 3.5-8.5 mm. There is a lack of
specific studies on tobacco cultivation in poor soils, but improvements have
been achieved by increasing the productivity of other crops on marginal
lands.'®?" However, it is crucial to acquire knowledge that enables successful
cultivation of highly productive tobacco species on barren lands. By implement-
ing advanced cultivation techniques to enhance tobacco yield and utilize its by-
products, tobacco can be transformed into a novel industrial crop that provides
renewable sources for both biofuel and biomass. Concerns regarding the cultiva-
tion of biofuel crops, such as rising food prices and biodiversity loss, can be alle-
viated with the expansion of global tobacco cultivation. The production data used
in this analysis are from the actual global production of tobacco leaves (unma-
nufactured) in 2019, which may represent the lowest yield, as these tobacco
leaves were cultivated for high-quality cigarette products. Nevertheless, tobacco
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Figure 3. Tobacco medium for prokaryotic and eukaryotic growth and bioconversion (A)

Growth of three E. coli strains, BL21(DE3), BW25113, and JMT09(DE3), in the tobacco

medium compared to other common media. (B) Growth of three yeast strains, S. cerevisiae S288c, P. pastoris GS115,and Y. lipolytica Po1h, in the tobacco medium compared to other
common media. (C) Production of farnesene by engineered E. coli strain in control medium, tobacco medium, and tobacco addition medium. (D) Production of farnesene by en-
gineered S. cerevisiae strain in control medium, tobacco medium, and tobacco addition medium. (E) Production of ethanol by S. cerevisiae S288c in control medium, tobacco medium,
and tobacco addition medium. (F) Production of 2,3-BD by wild Bacillus amyloliquefaciens T4 in control medium, tobacco medium, and tobacco addition medium. Error bars represent
standard deviations (n = 3). Statistical significance: *p > 0.05, **p < 0.05, ***p < 0.001, and ***p < 0.0001 based on two-way ANOVA.

leaves harvested from barren lands have the potential to theoretically produce
573 billion gallons of bioethanol (Table S7), roughly 20 times more than the global
ethanol production in 2019.28

LCA of tobacco bioethanol

Ethanol fuel is an economically viable, environmentally friendly, easily acces-
sible, and renewable energy source.”” Among plant-based biofuels, ethanol pro-
duction stands out as the most widely used alternative fuel on a global scale.*°
With this in mind, we provided a conservative estimate of the environmental per-
formance of tobacco in bioethanol production using an LCA approach. The sys-
tem boundary encompassed tobacco planting, transportation of tobacco leaves
to the biorefinery, preparation, and bioconversion, as depicted in Figure S10. The
bioconversion was simulated using Aspen Plus v.12.7 software (Text S2). The
findings revealed that our designed tobacco-to-bioethanol strategy had a life cy-

cle energy consumption of 90.34 MJ/kg and carbon emissions of
1.84 kgCO,e/kg. Compared to lignocellulosic bioethanol produced from corn sto-
ver, bioethanol derived from tobacco demonstrated a reduction of approximately
26% in energy consumption and about 27% in greenhouse gas (GHG) emissions
(Figures 5A and 5C). These reductions primarily stem from the bioconversion
stage, which involves energy and chemicals used in pretreatment and enzymatic
hydrolysis.

Furthermore, we omitted two steps by directly sterilizing and utilizing tobacco
biomass as a fermentation medium in the present study. This approach not only
resulted in a reduction of approximately 81% in energy consumption but also led
to a decrease of around 76% in CO, emissions during the bioconversion stage
(Figures 5B and 5D), as indicated by process simulations using Aspen Plus
v.12.7 software. Thus, the tobacco biomass has the potential to be a game chan-
ger, offering an alternative means to address CO, emission issues. However,
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empirical knowledge regarding soil GHG emissions, soil organic carbon (SOC) dy-
namics, and spatial variability in tobacco biomass yields on barren lands awaits
further study.

DISCUSSION

Expanding the range of raw materials for next-generation biofuel production is
crucial to enhance the effectiveness of biofuels and biochemicals. Initially, to-
bacco was identified as a potential candidate for biofuel due to its efficient oil
biosynthesis mechanism in seeds. The mutagenized tobacco variety “Solaris”
was subsequently found to possess an oil yield of 40%—60% of the seed's dry
weight, making it suitable for biodiesel production.’"? Researchers from the
United States, Italy, and Poland recognized the potential of tobacco plants as
an energy crop for biofuel production,'®*“**** emphasizing their economic

20,000 km
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Figure 4. The global barren/very sparsely vegetated
land for tobacco plants (A) The distribution of global
barren/very sparsely vegetated land. (B) The annual
average temperature of existing global barren/very
sparsely vegetated land in 1990-2010. (C) The
annual average precipitation of existing global barren/
very sparsely vegetated land in 1990-2010.

and financial viability.>> Moreover, the decline in
subsidies and tobacco consumption, along with
significant waste in the tobacco industry, has
highlighted the alternative utilization of tobacco
plants for biofuel production.”® The high leafi-
ness of tobacco plants and the impact of matu-
rity and drying methods on water-soluble compo-
nents and sugar accumulation®” support the
superior performance of cured tobacco leaves
in our study. Furthermore, tobacco stems have
been evaluated as a sustainable energy source,*
serving purposes such as biochar,*® biomass
raw materials,*® energy storage material*' and
botanical pesticides.*” The direct utilization
of tobacco leaves represents a revolutionary
approach to traditional biomass production stra-
tegies. Considering this, our focus primarily lies in
researching tobacco leaves as a medium and
optimizing their utilization strategy for the pro-
duction of bioproducts. In addition, sweet sor-
ghum is also considered to be directly utilized
as a medium by juicing and heating. However,
the major challenges associated with biofuel pro-
duction using sweet sorghum juice are short har-
vest period and fast sugar degradation during
storage.”® Additionally, sweet sorghum juice
lacks a nitrogen source when used directly as a
medium. However, the use of tobacco leaves
as a medium can almost perfectly solve the
above shortcomings in storage, transportation,
and application.

Nitrogen is indispensable for the growth of all
living organisms, and its assimilation into various
life-sustaining compounds has been extensively
studied by microbiologists.** The nitrogen-rich
tobacco makes it particularly attractive in nitro-
gen-rich compounds biosynthesis, such as gua-
nidine (CHsN3) and hydrazine.*® Although our re-
sults indicated that nicotine in tobacco leaf
medium had no effect on yeast growth or prod-
uct production, with only a slight impact on
E. coli, this can be addressed through nicotine
removal or genetic engineering techniques.*®*’
Moreover, ongoing research on nicotine-free to-
bacco plants offers even greater potential for
widespread tobacco utilization. In addition, the
production of recombinant protein therapeutics, vaccines, and plasma products
heavily relies on various expression systems (E. coli, yeasts, mammalian cell cul-
ture, and insect cells) that are cultivated in media supplemented with animal-
derived nitrogen components to support viability and productivity. These proteins
are also commonly added as excipients and stabilizers in the final drug formula-
tion. However, animal-derived raw materials carry a risk of viral contamination
due to contact with viruses shed by animals.***° Thus, the nutrient-rich tobacco,
being a non-animal-derived component, can effectively mitigate the risk of virus
transmission from animal sources, offering a more viable long-term solution. As
aresult, tobacco becomes an attractive alternative source for synthetic media in
biorefineries.

Economic feasibility is a crucial factor in the biomass-derived fuel contro-
versy.”® The major cost components in bioethanol production from
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lignocellulosic biomass are pretreatment and enzymatic hydrolysis steps.®’ >

Efficient pretreatment strategies can lead to substantial enzyme savings, as
these processes are interconnected. Therefore, optimizing these two critical
steps, which collectively account for approximately 70% of the total processing
cost, presents significant challenges for the commercialization of bioethanol
from second-generation feedstocks.>* Additionally, previous studies have shown
that tobacco leaves alone may not be profitable for biofuel production, while the
project can become economically viable when focusing on high-value products,
particularly high-value squalene.® This conclusion stems from the fact that the
concept of using tobacco as a feedstock was in its early stages at that time, with
technology primarily focused on extracting biofuels from tobacco leaves and
seeds. Incorporating approaches that modulate metabolic pathways in microbial
bioconversion to synthesize higher-value products can enhance the economic
viability of biomass-derived biofuels, especially as fossil fuels are currently pro-
duced at significantly lower prices than biofuels.*® By combining the production
of higher-value products with biofuels through our simple and efficient tobacco
utilization method, their economic viability can be increased.

Bioenergy systems play a significant role in large-scale carbon dioxide removal
(CDR), which is imperative for accomplishing climate goals by converting atmo-
spheric CO, into carbohydrates.®® Decades of research have led to a substantial
knowledge base on enhancing CO, fixation and increasing dry matter productiv-
ity in tobacco, such as reducing the size of light-harvesting antenna in photosys-
tems,”” accelerating recovery from photoprotection,®® and incorporating syn-
thetic glycolate metabolic pathways into chloroplasts. Field experiments have
validated that engineering photorespiratory pathways while inhibiting the native

Figure 5. Life cycle assessment of tobacco and corn

149 Chemical stover to bioethanol Life cycle greenhouse gas
£ cncas emissions (A and B) and energy consumption (C and
LEL9Y, D) of tobacco and corn stover to bioethanol. (B) and
2 o8 (D) represent the comparison of the greenhouse gas
5 emissions and energy consumption from the chem-
o icals and energy of bioconversion stage.
o
2 06
(=3
O
[7]
&
§ 04
c . .
2 pathway can increase tobacco biomass by over
8 42 40%, benefiting from its ease of genetic transfor-
mation and robustness in the field.'® Our analysis
of actual global tobacco leaf production in 2019
00 FWemw wmw @ reveals that even with tobacco leaves grown for

high-quality cigarette products, the leaves har-
vested from barren lands have the potential to
produce approximately 572 billion gallons of bio-
ethanol, roughly 20 times the global ethanol pro-
duction in 2019. While this framework analysis
has limitations, such as the lack of real-world ev-
50 e idence for biomass production in barren areas,
Energy these outcomes have practical implications for

the application and adoption of tobacco biofuels.

The climate benefits of cellulosic biofuels have

faced challenges regarding technological feasi-

30 bility and carbon debt from indirect land-use
changes, leading to calls for reduced support

for large-scale deployment.'” Nevertheless, it

20 has been demonstrated that second-generation
biofuels have greater potential to reduce GHG
emissions (around 50%) compared to first-gen-

o@ 42}
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&
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) &
()o

40
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E eration biofuels when land-use changes are not

considered in LCAs.®" Inthis context, we propose

U . e — the use of barren soils for tobacco cultivation to

,§,<»° o@ address concerns about carbon losses from

S @5‘ land-use change. Our LCA results indicate that
o

§ tobacco-based ethanol already achieves a nega-
tive carbon footprint, thereby promoting further
utilization of tobacco biomass. Enhancing the ef-
ficiency and sustainability of the tobacco crop re-
quires an integrated approach involving agrono-
mists, engineers, and farmers. Modern genetic

approaches like CRISPR offer insights into improving the carbon fixation ability
of crops and can be explored for reducing atmospheric CO,.°° Restoring or
enhancing the productivity of barren lands while utilizing them for biofuel crop-
ping systems could contribute significantly to global energy and GHG mitigation
goals, along with conservation benefits.

CONCLUSION

In summary, we identified a simple and viable technology of tobacco utiliza-
tion to increase the effect of biofuels and bioenergy. By simply autoclaving to-
bacco leaves in water, a nutrient medium was obtained that readily supports
microorganism's growth and biofuel and biochemical production without addi-
tional medium supplements. In addition, our work proposes using global
barren/very sparsely vegetated land for growing tobacco to provide a holistic
solution for a sustainable global tobacco cultivating expand and provides a
reference for policies that address the best use of it for bioenergy by employing
LCA to evaluate the environmental impact of tobacco cultivation and industrial
utilization.

MATERIALS AND METHODS
See the supplemental information for details.
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