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modern engineering approaches. A robust analysis is 
provided to highlight the scientific basis, costs, regu-
latory challenges, and lucrative nature of coproduct 
development. Sustainable biofuel production could 
also have far-reaching societal impacts, especially in 
the context of our rapidly changing global climate. 
This perspective suggests that the path to profitable 
biofuel production is attainable and encourages con-
sideration of similar approaches by the biotechnology 
industry.

Abstract  Biofuels generated through fermentation 
of plant-derived lignocellulosic biomass are currently 
not competitive with fossil fuels. Here, a framework is 
described for the engineering of valuable coproducts 
to improve the economic feasibility of biofuel produc-
tion. To accomplish this goal, the desirable traits of 
the bioenergy crop Sorghum bicolor are harnessed via 
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Purpose and background

This perspective aims to provide (i) a rationale for 
biotechnological production of terpenoids as exam-
ples for high-value bio-(co)-products in engineered 
bioenergy crops, (ii) an emphasis on specific advan-
tages Sorghum bicolor can offer as a biotechnological 
chassis organism and (iii) an evaluation of the oppor-
tunities, roadmap for commercialization, and frame-
work of the potential business and societal impacts 
of these advances. We highlight technological and 
regulatory bottlenecks as well as comment on strat-
egies and developmental research to overcome these 
obstacles.

For decades, researchers have explored different 
ways in which plants can be utilized to provide fuel 
and energy for an increasingly energy-demanding 
world. While plant-based biofuel production can 
decrease society’s reliance on fossil fuels, there is still 
ample opportunity to develop more cost-effective, 
sustainable alternatives to these traditional energy 
sources (Cherwoo et al., 2023). Similarly, innovation 
in providing sustainable small-molecule natural prod-
ucts is needed. Small molecule natural products are 

ubiquitous in industrial and consumer goods such as 
resins, agrichemicals, flavors, fragrances, pigments, 
cosmetics, nutraceuticals, and pharmaceuticals. These 
compounds are sourced from a natural host, bioman-
ufactured, or synthesized in cell-free systems. The 
supply chains for procuring these compounds pre-
sent many inherent challenges that prevent sustain-
able practices. These include the degradation of soil 
health, environmental fluctuations affecting agricul-
tural productivity and global supply chains, reliance 
on fossil fuels for transportation and cultivation, the 
use of petrol-based chemical synthesis, the ecologi-
cal contamination of synthetic derivatives, and a lack 
of purity of the intended product. These issues both 
lower accessibility and increase the required material 
input, limiting product sustainability.

To address these problems and expand access to 
natural products, sourcing small-molecule natural 
products through synthetic biology as bioalternatives 
has been successfully employed for various goods. 
Companies such as Manus Bio have implemented 
approaches at the cell level to extract the flavor com-
pound nootkatone with less than 10 kg (kg) of input 
when typically, 400,000  kg of grapefruit is needed 
(Manus Bio BioAlternatives, 2024). Similarly, the 
companies Isobionics and BASF produce santalol, 
a sandalwood oil substitute, via fermentation with 
engineered microorganisms (Grzonka 2020). These 
synthetic biology approaches can also be extended 



Biotechnol Lett (2025) 47:85	 Page 3 of 17  85

Vol.: (0123456789)

to the pharmaceutical industry. Cell cultures of trans-
genic yew (Taxus chinensis) cells have been found 
to increase the production of the chemotherapy drug 
Taxol® by 1.7-fold (Zhang et al. 2011). At the whole-
plant level, genetic transformation approaches have 
enabled the customizable production of beta-amyrin 
derivatives, which could confer distinct pharmaceuti-
cal properties (Reed et  al. 2017). Moreover, genetic 
modification of wormwood (Artemisia annua) has 
increased the production of the antimalarial therapeu-
tic artemisinin by up to 3.4-fold (Shi et al. 2017).

The use of synthetic biology in plants is a rapidly 
growing field that promises to provide high-value 
compounds while simultaneously enabling the fer-
mentation of the remaining plant biomass into biofu-
els by existing infrastructure; however, commercial 
viability for these projects relies on robust techno-
economic analyses. Stable production of the vaccine 
adjuvant squalene in the bioenergy crop poplar was 
achieved; unfortunately, it was not price-competitive 
with commercial squalene unsustainably derived 
from shark liver (Bibik et  al. 2024). Continued 
research, development, and adoption of these innova-
tive approaches can fortify the supply of numerous 
compounds owing to the advantages that biomanufac-
turing and biochemical synthesis provide to the eco-
nomic, environmental, and temporal sustainability of 
sourcing small-molecule natural products.

The examples highlighted above belong to the 
class of compounds named terpenoids. Terpenoids 
are specialized metabolites involved in the interac-
tion of plants with their environment and are often 
associated with increased plant resilience. From an 
industrial perspective, terpenoids are attractive prod-
ucts because of their diverse range of pharmacologi-
cal and nutraceutical properties and their applications 
in agriculture, cosmetics, flavors, and fragrances. 
Terpenoids are expensive and sometimes cannot be 
chemically synthesized or sustainably extracted from 
a native source (Leavell et  al. 2016), making engi-
neered plant hosts valuable for production.

To emphasize the importance of translational sci-
ence and bring attention to an emerging biotechnol-
ogy opportunity, we detailed the framework for the 
creation of a high terpenoid-producing sorghum vari-
ety to improve the economic viability of biofuels in 
the 2024 U.S. Department of Energy EnergyTech 
University Prize competition (EnergyTech Univer-
sity Prize, 2024). With support from the Great Lakes 

Bioenergy Research Center (GLBRC), we outlined a 
novel scientific project, production pipeline design, 
and the economic feasibility of this technology. In 
this review, we present a vastly expanded version of 
this work. We examine why sorghum is an intrigu-
ing choice for further study, highlight potential chal-
lenges and solutions to developing and cultivating 
hyperterpenoid-producing sorghum lines, and discuss 
the economic and societal impacts the success of this 
work could spark. By elaborating on this specific case 
study, we hope to emphasize the intrinsic value of 
considering future applications and implications of 
scientific works and encourage the broader adoption 
of this type of thinking.

Why sorghum?

Sorghum has recently gained popularity as a bioen-
ergy crop because of its resiliency in arid, nutrient-
deficient environments (Hossain et  al. 2022). This 
ancient grain was domesticated in Sudan approxi-
mately 4000–6000 years ago (Winchell et  al. 2017), 
and as of 2023, the United States has emerged as the 
top sorghum-producing country in the world (USDA 
Production—Sorghum, 2024). Farmers typically 
choose to grow sorghum on perimeter lands unsuit-
able for other crops because of its ability to thrive in 
soils that would otherwise not be productive with-
out significant agricultural input (Ngidi et  al. 2024). 
These traits become especially relevant when large 
populations are fed in areas prone to extreme climac-
tic conditions or with poor soil quality. The resilience 
of sorghum is in part due to its root system, which 
can branch widely and reach depths of more than 
2  m, allowing water and nutrient scavenging at lev-
els that are unattainable for many other crops (Lamb 
et al. 2022). Plants and their associated root systems 
are also the primary source of organic carbon found 
in soil, and this additional organic material deposition 
could offset greenhouse gas emissions and improve 
soil health (Dignac et al. 2017). We propose the use 
of the bioenergy sorghum cultivar R.07020 because 
of its ability to form particularly extensive root sys-
tems and therefore serve as a bioenergy source and 
a soil carbon sink (Ngidi et  al. 2024). Bioenergy 
sorghum is a specific variety of sorghum bred for 
its long vegetative phase and high accumulation of 
above-ground plant tissue, primarily in the form of 
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lignocellulose, the most abundant natural feedstock 
on Earth (Naraian & Gautam 2018). A recent analy-
sis of sorghum’s potential for bioenergy production, 
with a focus on chemical composition and energy 
content, reported superior levels of non-structural 
carbohydrates over grass, or fiber crops (Ameen et al. 
2024). Specifically for hybrid biomass sorghum, at a 
dry mass yield of about 35 Mgha−1, average contents 
of the main (structural) polysaccharides were found 
at 36–38% cellulose and 25–29% hemicellulose, next 
to 8–9% of lignin. These ratios are relevant for the 
saccharification following fermentation to produce 
second-generation ethanol, with lignin content lower 
than that of sugar cane bagasse at a variable 11–25% 
(Almeida et  al. 2019). As an annual crop, sorghum 
also provides farmers with flexibility and allows for 
rotation, which contrasts with other bioenergy crops 
such as the perennials switchgrass and poplar.

Compared with other plant species, sorghum also 
produces large quantities of wax in its cuticle, which 
substantially reduces water loss, provides a highly 
hydrophobic environment and contributes to its resil-
ience (Xiao et  al. 2020). The sorghum cuticle natu-
rally accumulates significant amounts of C30 triter-
penoids, including the alcohols β-amyrin, α-amyrin, 
fernenol, fernenone, isoarborinol, isoarbornone, and 
semiarenol (Busta et  al. 2021). This phenomenon is 
specific to sorghum and is not found in related bioen-
ergy species such as maize. Targeting the production 
of hydrophobic high-value terpenoids to the epider-
mis of sorghum would provide an ideal environment 
for the sequestration of bioproducts in the cuticle and 
enable an efficient downstream method for purifica-
tion. The wax layer is removed before downstream 
processing of the lignocellulosic biomass, i.e., sepa-
ration of the cellulose, deconstruction to sugar, and 
fermentation to ethanol or higher fuel types. This 
physiological feature of sorghum permits overcom-
ing a major technological and economic bottleneck of 
biotechnological production: simplifying the separa-
tion of the primary product from the chassis biomass. 
In contrast to traditional solvent-based extraction, 
bioproducts are harvested from wax via supercritical 
CO2 extraction to yield high-value food-grade com-
pounds, sorghum wax, and other plant materials. This 
process typically recovers and recycles a large pro-
portion of the CO2 used in extraction, minimizing its 
carbon footprint and eliminating solvent in the resid-
ual biomass (Montesantos & Maschietti 2020). A 

leading pioneer of the global sector for natural prod-
uct extraction with supercritical CO2, Phasex (Phasex 
Corporation, North Andover, MA, USA) has oper-
ated for nearly five decades with a focus on terpenoid 
extraction and purification and has considered pilot 
scale wax and terpenoid extraction from sorghum as 
feasible. Specifically for squalene, extensive stud-
ies have established and optimized supercritical CO2 
extraction conditions (pressure, temperature) for vari-
ous plant sources, including Amaranth. Comparison 
with conventional solvent-based methods (e.g., Sox-
hlet, hexanes, petrol ether) found supercritical CO2 
extraction yield of squalene and broad applications of 
the byproducts in the food industry more cost-effec-
tive and environmentally friendly (Popa et al. 2015). 
Experimental parameters for diterpenoid extraction 
using supercritical CO2 were established in general 
and recently reported (Uwineza & Waśkiewicz 2020), 
with abienol exclusively detected in these extracts 
across different procedures (Duquesnoy et  al. 2010). 
Modern varieties of sorghum planted in agriculture 
are elite hybrids selected and bred for superior traits. 
Consulting with sorghum breeding programs such as 
those at Texas A&M University, Kansas State Uni-
versity, Purdue University, or the USDA Agricul-
tural Research Service (ARS) is highly recommended 
prior to establishing new traits in sorghum cultivars 
to ensure compatibility for trait introduction into the 
seed parent lineages for generation of the hybrids for 
commercial application. Overall, sorghum is a resil-
ient crop that can greatly facilitate the sustainable 
production, sequestration, and extraction of desirable 
compounds, while the remaining biomass can be con-
verted into biofuels.

Terpenoid bioproducts as targets

An inspiring study suggested that the coproduction 
of bulk industrially relevant feedstocks and specialty 
bioproducts can positively impact the economic via-
bility of biofuels (Yang et  al. 2020). In this analy-
sis, we focus on two pilot bioproducts: squalene and 
trans-abienol. The biosynthetic pathways for both 
products are short and well understood. Squalene is 
a vaccine adjuvant and cosmetic ingredient with the 
current cheapest source extracted from shark liver oil. 
Trans-abienol is a precursor for the semisynthesis of 
ambroxides, which are valuable amber odorants in the 
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fragrance industry (Johnson et  al. 2019). Production 
of squalene has been reported in stably engineered 
poplar lines, including a technoeconomic evaluation 
and estimated threshold for commercial competitive-
ness (Bibik et  al. 2024). The route to heterologous 
accumulation of trans-abienol was earlier demon-
strated in the transient Nicotiana benthamiana sys-
tem, and the process was reproduced here (Johnson 
et  al. 2019). Optimizing squalene and trans-abienol 
production in the sorghum epidermis and sequestra-
tion in the cuticle would enable efficient and stable 
generation of these high-value, small-molecule natu-
ral products.

Results

Identification of tissue‑specific promoters/regulatory 
elements

The tissue-specific expression of terpenoid biosynthe-
sis genes is necessary for the targeted production of 
high-value biomolecules. Accumulation in the cuti-
cle can circumvent the potential adverse side effects 
of perturbation of metabolic homeostasis in unre-
lated tissues and developmental stages. For efficient 
production, the identification and characterization of 
promising promoters, and subsequently putative cis-
regulatory elements (pCREs) will deliver the tools to 
achieve high terpenoid yields within the epidermis, or 
any other tissue or cell-type subjected to targeted met-
abolic precision engineering. In model plants, a pal-
ette of molecular methods developed over decades has 
enabled the discovery of biotechnologically relevant 
sequences carrying regulatory elements. An illustra-
tive example is the discovery and characterization 
of W-boxes, using transient expression in a parsley-
elicitor system nearly 30 years ago. The short CREs 
were found to trigger rapid response to fungal elicita-
tion, coordinated by sequence-specific DNA-binding 
proteins (WRKY transcription factors) (Rushton et al. 
1996). W-boxes and WRKYs are now recognized as 
key players mediating multifaceted aspects of plant 
resilience, including regulation of commercially rel-
evant terpenoids and specialized metabolism. Their 
actions have also been demonstrated in the sorghum 
pericarp (Schumaker et al. 2024). Sorghum transfor-
mation technology has received significant attention 
yet largely still relies on decades-old, unregulated, 

and inherently problematic promoters, such as rice 
Actin1, cauliflower mosaic virus 35S and maize 
UBI1 (Silva et  al. 2022), throttling biotechnologi-
cal progress. New methods in adoption for sorghum 
include DNA Affinity Purification Sequencing (DAP-
seq), which can generate genome-wide binding maps 
for in  vitro expressed transcription factors (TFs), or 
in  vivo Assays for Transposase-Accessible Chroma-
tin using Sequencing (ATAC-seq), identifying open, 
accessible chromatin regions (Fontanet‐Manzaneque 
et al., 2024; Zhou et al. 2021).

Tissue and cell-type specific gene expression data 
allows for initial identification of promoter candi-
dates for targeted expression in sorghum. Candidate 
genes were identified in sorghum gene expression 
data from RNA-seq libraries generated via laser cap-
ture microdissection (LCM) from the sweet sorghum 
variety Della (Fu et al. 2023). Genes expressed with 
high epidermal specificity compared to other stem tis-
sues (bundle sheath, fiber tracheid, phloem, pith, and 
xylem) were identified through a Tau analysis of the 
Della LCM data (t > 0.9) and filtered for stem epider-
mal expression ≥ 20 TPM. Genes were then selected 
for expression of > 10 TPM in the middle of juvenile 
leaves and < 10 TPM in the top and bottom of juve-
nile roots in the sorghum variety BTx623 (Phytozome 
13). Initial candidates include Sobic.003G069200, 
Sobic.006G229300, Sobic.007G132000, 
Sobic.002G122000, and Sobic.003G069200. 
Sequences upstream of the start codon (< 5000 bp) of 
the identified genes were enriched with binding sites 
for WRKY TFs (≥ 18 WRKY TFmatrixIDs; PlantPan 
3.0) and TFs in the ethylene response factor (ERF) 
family (> 25 ERF TFmatrixIDs; PlantPan 3.0), except 
for Sobic.003G069200 (5 ERF TFmatrixIDs). ERFs 
are involved in the regulation of genes in response to 
biotic and abiotic stresses, which often occur at leaf 
surfaces, and ERFs have been found to be associated 
with the leaf epidermis in maize (Moose & Sisco 
1996). Utilizing both wet and dry lab techniques, it is 
possible to achieve large-scale prioritization of candi-
date putative cis-regulatory elements and reduce the 
time and resources typically required for functional 
validation.

The last decade has seen a rise in the use of dry 
lab approaches such as artificial intelligence (AI) 
approaches in genomics and synthetic biology 
(Farooq et  al. 2024; Harfouche et  al. 2019; Helmy 
et  al. 2020; Iram et  al. 2024; Rai 2022; Xu et  al. 



	 Biotechnol Lett (2025) 47:8585  Page 6 of 17

Vol:. (1234567890)

2021). Here, we propose the use of a type of AI 
approach, machine learning (ML), to identify pCREs 
potentially responsible for targeted gene expression in 
sorghum. By utilizing ML, we can create a directed 
list of pCREs to test, reducing the number of poten-
tial cis-regulatory elements requiring experimental 
validation. The methodology relies on an approach 
that previously identified pCREs for cold-responsive 
genes in switchgrass via a Random Forest (RF) clas-
sification model that has been shown to be effective at 
identifying both pCREs and experimentally validated 
CREs (Ranaweera et al. 2022).

To identify key pCREs of genes that have high 
sorghum shoot epidermal specificity, we will first 
conduct a k-mer enrichment. Initially, potential 
pCREs (k-mers) will be identified from two regions 
(Fig.  1.a.), i) sequences 5  kb upstream and 500  bp 
downstream of the gene start codons, as well as ii) 
2  kb downstream and 500  bp upstream of the stop 
codons, from the Sorghum bicolor v3.1 annotated 

genome (McCormick et  al., 2018). Each k-mer is 
between 5 and 9 bases long, inclusively. When train-
ing the model, the two classification groups are genes 
that have high shoot epidermal specificity (positive 
class) and genes that do not (negative class; Fig. 1.b.). 
Specifically, the positive training set will consist of 
genes with high stem epidermal specificity (compared 
with other stem tissues: bundle sheath, fiber tracheid, 
phloem, pith, and xylem), expression in juvenile 
leaves, and low root expression (gene expression data, 
Phytozome).

An RF classification model will be built with the 
training data to identify genes with high epidermal 
specificity (Fig. 1.b.). The best model is determined 
based on the F1 score of 5 cross-validation folds. 
After this, the minimum number of k-mers that can 
produce a similar performing model to the best RF 
model will be identified. The identification of k-mers 
to include will be based on the Gini importance, 
which indicates the contribution of a k-mer in dis-
tinguishing between two classes. The efficacy of the 
identification of epidermal-specific genes with k-mers 
will be checked with the testing set after the model 
has been validated during training. Once k-mers are 
identified, additional analysis, as described by Azodi 
et  al. (2020), will be conducted to identify which 
k-mers are a part of previously identified transcrip-
tion factor-binding sites and regulatory elements in 
sorghum, after which the k-mers will be identified as 
pCREs (Azodi et al. 2020).

The test set will have a mix of genes that may or 
may not have information about high shoot epidermal 
specificity and may include genes whose promoters 
have been experimentally validated for sorghum shoot 
epidermal specificity as described below (Fig.  2.d.). 
The promoter regions (up to 5  kb upstream of the 
start codon) of these candidate genes will be cloned 
and tested for shoot epidermal specificity via transient 
expression in sorghum. This will enable the identi-
fication of smaller regions of the promoter that are 
pCREs, with the goal of identifying a minimal func-
tional part sufficient to control engineered transcrip-
tional units for the rational design of sorghum lines.

Sorghum transformation and validation of pCREs

Natural transgenes with expressed Agrobacterium 
transfer DNA (T-DNA) sequences have existed since 
the cultivation of one of our oldest crops, sweet 

Fig. 1   Machine Learning (ML) pipeline for identification of 
k-mers likely to be sorghum shoot epidermal specific pCREs. 
a. Regions for k-mer identification in relation to the start codon 
(Start) and stop codon (Stop) of each gene. b. The pipeline for 
identifying pCREs with the ML model. b.1. Identify k-mers 
that are between 5 and 9 bases long within the regions depicted 
in a. b.2. The ML algorithm is applied to the k-mer dataset to 
develop a model that predicts epidermal specific genes. b.3. 
The model can then be used to identify k-mers likely to be 
shoot epidermal specific pCREs. b.4. The pCREs can then be 
used to guide targeted production of high-value terpenoids
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potato (Kyndt et  al. 2015). In contrast, “unnatu-
ral” or intentionally designed and engineered trans-
genic plants did not emerge until the discovery of 
Agrobacterium-mediated transfer and expression 
of heterologous genes in tobacco four decades ago 
(Herrera-Estrella et  al. 1983). As of June 2024, the 
International Service for the Acquisition of Agri-
biotech Applications (ISAAA) listed 32 approved 
gene-modified crop species and a total of 505 events 
(i.e., individual lines) globally, including the bio-
mass species maize, poplar, and sugarcane (GM 

Crops List, 2024). While sorghum is not yet on the 
list, significant technological advances are now ena-
bling U.S. transformation facilities to offer sorghum 
transformation services, including the Danforth Plant 
Science Center and the Universities of Missouri, 
Rhode Island, Wisconsin-Madison, and Texas Tech. 
Breakthroughs include increased tissue culture regen-
eration capacity and consequently transformation 
efficiency, increased genome editing frequency and 
even transformation of leaf tissue, circumventing the 
notoriously time-consuming approach of relying on 

Fig. 2   Steps for targeted production of trans-abienol in stably 
engineered sorghum. a. Engineered expression, and detection 
of the diterpene trans-abienol pathway (Plectranthus barbatus 
TPS2, Origanum majorana TPS3) in Nicotiana benthamiana, 
experimentally reproduced from Johnson et  al., (2019). GC/
MS Total ion chromatogram of hexane extract, (1) trans-abie-
nol, insets MS spectra of (1) and reference spectrum of authen-
tic standard. b. RNAscope ISH assay, in-situ hybridization of 
longitudinal section of sorghum root tip. Channels (i) green, 
positive control, potential glutathione S-transferase identified 
through tau-analysis (Sobic.001G280800.1, root hair, TPM 
mean 581), (ii) pink, O-methyl transferase 3 of the sorgoleone 
pathway, (Sobic.006G007900.1, root hair, TPM mean 280), 
(iii) blue, nuclei, DAPI stain. Negative control, Bacillus sub-
tilis DapB. Image size, 40X. Multiplex v2, RNAscope® assay 
(Bio-Techne, MN, USA), University of Wisconsin, Department 
of Pathology and Laboratory Medicine. c. Transient expres-
sion of YFP driven by the ZmUBI promoter in young sorghum 
leaf tissue, experimentally reproduced from Sharma et al., and 

Miller et al. (Miller et al. 2023; Sharma et al. 2020). d. Testing 
promoters in sorghum via Agrobacterium-mediated transient 
expression. d.1. Clone promoters from sorghum genomic DNA 
and insert into a transient expression vector between super-
TagRFP (red gene) and AmilGFP (yellow gene) and transform 
into Agrobacterium. d.2. Infiltrate sorghum with Agrobac-
terium containing the transient expression vector. d.3. Visu-
alization and quantification of the fluorescence of AmilGFP 
and super-TagRFP normalized to AmCyan (cyan gene) driven 
by the ZmUBI promoter. e. Development of stable terpenoid-
producing sorghum lines. e.1. Clone the terpenoid biosynthesis 
genes and insert into the plant expression vector under shoot 
epidermal-specific promoters validated in a. and transform 
into Agrobacterium to express terpenoid biosynthesis genes. 
e.2. Test tissue-specific production of terpenoids by transient 
expression via infiltration in sorghum. e.3. Stably transform 
tested terpenoid biosynthesis genes into sorghum and grow 
transgenic sorghum in the field to increase terpenoid produc-
tion
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immature embryo tissue culture (Parrott et al. 2024). 
However, sorghum transformation remains far from a 
routine technology. Here, details related to the com-
mercial viability of sorghum transformation with a 
focus on metabolic engineering and the coproduction 
of high-value terpenoid bioproducts are provided. 
Specifically, the requirements for transformed events 
are rapidly becoming more complex, including neces-
sities for multigene delivery or multiplexed simulta-
neous gene editing. It has also become increasingly 
clear that unregulated constitutive promoters are far 
less than ideal for driving desired traits because of 
potential problems such as regeneration of plantlets, 
unspecific phenotypes, and an overall lack of control 
of transgene expression (Bibik et al. 2024).

The earliest stable transformation of sorghum 
occurred in the 1990s and involved the electropora-
tion of protoplasts or bombardment with DNA-coated 
microprojectiles (Battraw & Hall 1991; Hagio et  al. 
1991). Agrobacterium-mediated transformation of 
immature embryos was demonstrated a decade later 
with an herbicide selectable marker (Zhao et al. 2000) 
and remains the dominant technology. The Wiscon-
sin Crop Innovation Center (WCIC), a public crop 
biotechnology service and research center, provides 
agrobacterium-mediated sorghum transformation as a 
fee-for-service. According to WCIC, a single transfor-
mation and onboarding of our proposed sorghum bio-
energy cultivar R.07020 will cost $20,000. After this 
cultivar is established, the fee for the external public 
(University and USDA) for transformation is $7,168 
as of June 2024, but additional costs will accrue for 
vector cloning, vector transformation into Agrobac-
terium, event genotyping and bulking up of seeds 
to yield an approximate total of $8,518. These sub-
sequent transformation prices are for delivery of  T1 
seeds from up to 6 independent events/constructs with 
an average turnaround time of 8–12 months (Wiscon-
sin Crop Innovation Center Homepage 2024). As of 
April 2025, the two sorghum cultivars available for 
transformation by WCIC are both inbred grain types, 
RTx430, and Tx623. So, adoption of the proposed 
bioenergy cultivar will also represent a significant 
technological advance for the scientific community, 
as other groups will have a lower barrier of entry for 
transformation.

Transient transformation, or the temporary deliv-
ery of gene constructs without stable integration into 
the host genome, is used in plant synthetic biology to 

accelerate testing various aspects of transformation 
including functional parts, delivery and target chassis. 
While of intense interest, this technology is currently 
in its infancy for sorghum and other bioenergy plants. 
Yet, the adoption of engineering traits, including ter-
penoid biochemistry, can benefit from successes in 
model plant species. Here, critical steps towards this 
goal are illustrated. Two teams independently estab-
lished methods for Agrobacterium-mediated transient 
expression in sorghum via infiltration (Miller et  al. 
2023; Sharma et al. 2020). The transient transforma-
tion of sorghum has proven sufficiently robust, setting 
the stage for systematic tweaking of the experimen-
tal parameters (Fig. 2.c). In addition, the parts, vector 
and experimental procedure for transient heterologous 
expression and detection of trans-abienol were repro-
duced, serving as guide for transfer from the model 
species Nicotiana benthamiana (Johnson et al. 2019) 
to sorghum (Fig.  2.a). The procedure for cell-type 
specific detection of sorghum transcripts in epidermal 
cells can provide indirect evidence supporting selec-
tion of the related promoter region (Fig.  2.b; note, 
root epidermal tissue is shown). Next, optimizing 
transient expression allows the testing of regulatory 
elements and subsequent terpenoid production in sor-
ghum without the arduous and time-consuming task 
of stable transformation. A vector designed for testing 
promoters in sorghum will include two fluorescent 
proteins codon optimized for sorghum, super-TagRFP 
(Mo et al. 2020) and AmilGFP (Alieva et al. 2008), on 
either side of the promoter insertion site for assess-
ment of bidirectionality or leakiness of the promoter 
(Fig. 2.d.). Once terpenoid production is established 
transiently, sorghum can ultimately be stably trans-
formed to produce high-value terpenoids (Fig. 2.e.).

Experimentally, a third codon-optimized fluo-
rescent protein, AmCyan, is driven by the Zea mays 
ubiquitin (ZmUBI) promoter, which is constitutively 
active in sorghum (Able et  al. 2001). This addition 
will enable normalization of AmilGFP and super-
TagRFP to AmCyan for quantification and it will 
ensure visualization of all successfully transformed 
cells. Moreover, excitation of AmCyan with a flash-
light of the appropriate wavelength and visualization 
with a filter to remove autofluorescence will allow for 
expedited screening of transient expression before 
promoter testing. An intron upstream of AmCyan 
reduces the potential for expression of the fluorescent 
protein within Agrobacterium.
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Indirect support for the activity of a candidate gene 
promoter can be provided by tissue- and cell-specific 
localization of the respective target mRNA through 
in  situ hybridization (ISH) (Fig.  2.b). While rou-
tinely applied in pathological medicine, service facili-
ties such as the Translational Research Initiatives in 
Pathology (TRIP, University of Wisconsin–Madison) 
can use fluorescent ISH with up to four colors for 
multiplexing, compatible with plant tissues (Univer-
sity of Wisconsin–Madison Department of Pathology 
and Laboratory Medicine 2024). A standard single 
ISH is currently charged at $113 per slide, with each 
additional probe at $39.50 per slide.

Market sizes and technoeconomic perspectives

A total of 6.4 million acres of sorghum were planted 
in the United States in 2024, and annual sorghum 
acreage has increased each year since the pandemic 
in 2020 (USDA Production—Sorghum). The Food 
and Agriculture Organization of the United Nations 
predicts an increase in sorghum production globally 
through 2027 (Stamenković et al. 2020). These trends 
suggest that sorghum is increasing in prevalence and 
importance, likely because particular sorghum varie-
ties have significant agricultural and technological 
potential. One such area of potential is the use of 
bioenergy sorghum for biofuel production, though it 
requires further development to enable commercial 
scale production. To aid with the scaling up process, 
the biofuel industry can leverage government subsi-
dies to compete with fossil fuels; however, even with 
existing infrastructure, biofuels maintain a niche role 
in the American energy economy. In 2023, approxi-
mately 9% of the energy output of the United States 
came from renewable energy, and of that, biofuels 
constituted 32% of renewable energy (U.S. Depart-
ment of Energy 2024; U.S. Energy Information 
Administration 2024). The technology discussed in 
this paper aims to increase sorghum biofuels within 
the biofuel ecosystem by coupling agricultural energy 
production with the synthesis of valuable flavor and 
fragrance chemicals. This model could help sustain 
the growth and viability of the biofuel industry by 
providing a parallel source of revenue and therefore 
an incentive to grow sorghum for biofuels.

The global flavors and fragrance industry (includ-
ing end products) was valued at $1.4 trillion in 2019 
and was projected to grow to $1.8 trillion by the 

end of 2024 with a compound annual growth rate 
(CAGR) of 4.0% (BCC Publishing 2020). The ability 
to grow such a large market is attributed to the diver-
sity and robustness of the flavor and fragrance indus-
try. High-value terpenoids, one of the dominant clas-
sifications of flavors and fragrances, can be viewed 
as either bulk or specialty chemicals. Bulk chemicals 
demand a greater volume to maintain the industries 
and distributors reliant on them and have the poten-
tial to drive up the cultivation of sorghum for bio-
fuels. Specialty chemicals are difficult or expensive 
to synthesize, often resulting in cost limitations for 
expansion of the market. The plants producing these 
specialty chemicals will be cultivated on less land to 
avoid diluting market prices but will still be an asset 
for the growth and diversification of the production 
platform. Two key markets, squalene and trans-abie-
nol, present opportunities for sorghum to emerge as 
a major producer of these small molecules. Squalene, 
a bulk chemical, has a market cap of $145 million 
with a CAGR of 10.5% through 2032 (Polaris Market 
Research 2024). The specialty chemical ambroxide, 
of which trans-abienol is a precursor, had a relatively 
smaller market cap of $59 million USD in 2023 and a 
projected CAGR of 1.7% through 2031 (MarketsGlob 
2024). There are countless other terpenoid markets to 
which this technology could be applied, but focusing 
on those where the products are supply-limited is a 
promising initial step. Considering both the market 
growth and anticipated yields of these two example 
compounds, there is potential to capture a sizeable 
market share even while cultivating sorghum on lim-
ited land (Fig. 3).

The biomass yield of bioenergy sorghum can 
range from 10–48 Mg/ha (Lamb et  al. 2022), and it 
is estimated that approximately 100–200  kg of cuti-
cle wax per hectare of sorghum can be recovered 
and used for small molecule extraction (Chemelews-
kiet al. 2023). A significant carbon allocation in the 
largely non-photosynthetic epidermal cells has been 
established throughout the developing hydrophobic 
cuticle. With a load of 8.0 ± 0.8 μg/cm2 leaf surface, 
terpenoids were found to amount to nearly 40% of the 
total carbon deposit in the cuticle of adult stage sor-
ghum (Busta et al. 2021), reached at 25–49 days after 
planting. On the basis of isoprenoid pool projections 
and publicly available prices for squalene and trans-
abienol ($40/kg for squalene and $1.87/gram for 
ambroxides), estimates indicate that even the cheaper 
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squalene product would achieve cost parity of a biore-
finery as modeled by Yang et  al. (2020) if squalene 
accumulated at 50% of the same yield as native trit-
erpenoids (0.086% of dry weight harvested biomass) 
(Barrero et  al. 1993; Bibik et  al. 2024; Perfumer’s 
World 2024; Yang et al. 2020). This would equate to 
approximately 12  kg/acre of product and $480/acre 
for the value of squalene alone (Bibik et  al. 2024). 
In the case of trans-abienol, accumulation at 50% of 
the same yield as native triterpenoids would equate to 
approximately $22,440/acre for the value of the pro-
cessed ambroxide product, greatly exceeding neces-
sary profit margins for even target minimum ethanol 
selling prices (Barrero et al. 1993; Perfumer’s World 
2024; Yang et  al. 2020). These projections comple-
ment the current value of bioenergy sorghum biomass 
alone and could be the key to unlocking sorghum bio-
fuels as an economically viable sector of the biofuel 
industry.

Scaling of engineered sorghum lines involves start-
ing with established markets, like squalene and trans-
abienol, and then executing research and development 
in parallel to break into new markets. By diversify-
ing into both bulk and specialty terpenoid portfolios, 
one can avoid market saturation and a consequential 
drop in the price of more common terpenoids, such 

as squalene, while simultaneously expanding markets 
for terpenoids that are difficult to synthesize, such 
as trans-abienol. This will also deescalate risk with 
newer terpenoids while leaving room for expansion 
with more ready-to-go compounds. The envisioned 
long-term goal will be to maintain smaller stakes in 
many markets, resulting in a large portfolio that is 
greater than the sum of its parts. When considering 
expanding both production and refining operations, 
geographic barriers are present. Current models of 
biofuel profitability assume the use of marginal land 
which is not profitable for food crops for a variety of 
reasons. These include poor soil quality and depth, a 
lack of micro- and macronutrients, and/or arid condi-
tions (Hossain et al. 2022). Unsuitable for food pro-
duction, these regions are ideal for the cultivation of 
bioenergy crops. Testing multiple models for country-
wide scaling, biofuel production was predicted at $4/
gallon. The sustainable scenario reached the thresh-
old despite limiting the bioenergy crop area to the 
Eastern Continental United States and regions with 
rainfall (Cai et al. 2011; Uludere Aragon et al. 2022). 
Another challenge to be addressed is the narrow geo-
graphic distribution of existing biorefineries, which 
are co-located with existing bioethanol production 
facilities. Prior work demonstrated that reducing the 

Fig. 3   Overview of the acres of terpenoid-producing sorghum 
needed to achieve a specific market share of the squalene and 
ambroxide market given the proportion of the available terpe-
noid pool captured. a. Projections for bulk chemical squalene 

given 50% capture of the available terpenoid pool. b. Projec-
tions for the bulk chemical trans-abienol given 50% capture of 
the available terpenoid pool
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distance between biomass and refining infrastructure 
directly improves the economic viability of the result-
ing biofuels (Ng & Maravelias 2017). Hence, a net-
work of biorefineries that geographically mirror areas 
of marginal land allocated to bioenergy crops will 
provide leverage to build an efficient supply chain. 
Together, these practical and economic considera-
tions point towards critical needs and opportunities 
for the development of bioenergy crops with co-pro-
duction of high-value bioproducts.

Risk assessment and regulation

Initial field trials will assess environmental safety and 
performance of experimental transgenic lines in the 
inbred sorghum variety established for routine trans-
formation. Future agricultural applications for com-
mercialization of the technology will need to assess 
in depth regulation regarding release of transgenic 
material, consider stakeholder input and transfer the 
trait into a commercially relevant genetic background 
of elite hybrid varieties.

From the perspective of regulation, controlling 
and mitigating the risks associated with introduc-
ing novel transgenic crops is necessary to minimize 
dispersal of a genetically modified organism (GMO) 
or its pollen. The risks associated with the use of 
genetic engineering of bioenergy crops are in part 
mitigated by the suggested system: the sorghum 
biomass is not used for food or animal feed, mini-
mizing exposure to humans; harvesting before the 
development of reproductive organs and the setting 
of seeds, or pollen production prevents dispersal of 
recombinant genetic material. The proposed experi-
mental R.07020 cultivar of bioenergy sorghum is 
well suited for this practice because it is photoper-
iod sensitive and flowers late in the season, or not at 
all, due to early frost in the northern Unites States, 
thus allowing for a longer vegetative growing period 
to maximize biomass accumulation and preventing 
the setting of seeds in certain growing zones (Casto 
et al. 2018). Seed stocks are generated from plants 
in greenhouses in a controlled environment, and the 
regulatory authority is the United States Department 
of Agriculture-Animal and Plant Health Inspec-
tion Service (USDA-APHIS). Central for field tri-
als of transgenic crops is the evaluation of risk that 
engineered traits can pose upon exposure of native 
species to transgenic material, including an altered 

fitness in, e.g., noxious agricultural weeds such as 
S. halepense (“Johnsongrass”), or shattercane (S. 
bicolor ssp. drummondii) which readily introgress 
with S. bicolor. Existing strategies preventing out-
crossing include engineered male sterility (i.e., no 
transgenic pollen), and physical separation or cul-
tivation in climate zones preventing either pollen 
formation (photoperiod sensitive varieties) or where 
no compatible native species are present. Field tri-
als have already been approved and conducted 
for transgenic sorghum metabolically engineered 
for 4-hydroxybenzoic acid production under the 
USDA-APHIS Biotechnology Regulatory Services 
(BRS) (Lin et  al. 2022). In general, research insti-
tutions handling scientific evaluation of transgenic 
plants and material generated in any of the fee-for-
service facilities, or at other academic institutions, 
are familiar with the APHIS-BRS mission. APHIS 
provides the regulatory oversight of certain geneti-
cally modified organisms outside of the jurisdiction 
by U.S. Food and Drug Administration and the U.S. 
Environmental Protection Agency. Specifically, 
an APHIS permit is already required for interstate 
movement and importation of regulated genetically 
engineered organisms (as defined in Code of Fed-
eral Regulations, 7 CFR § 340.1). Key determining 
language in the context of the regulatory review for 
the release of genetically engineered organisms is 
the assessment whether there is a plausible route 
by which any sexually compatible, and for sorghum 
specifically, weedy relative, can acquire the engi-
neered trait and, would pose an increased (…) risk. 
For additional information the reader is referred 
to the informative ‘Am I Regulated (AIR) Process 
Guide for Submission of AIR Inquiries’ on the 
APHIS website (https://​www.​aphis.​usda.​gov/​biote​
chnol​ogy/​am-i-​regul​ated).

From the perspective of the stakeholders, e.g., 
the US sorghum growers and producers association 
(National Sorghum Producers, NSP), a possible con-
tamination of non-GMO sorghum for international 
export (U.S., 5.4 million tons, 2024) through pollen 
drift from engineered sorghum varieties remains a 
concern. Eliminating possible gene-flow from engi-
neered varieties into grain sorghum in agricultural 
settings, however, is addressed through multiple bar-
riers including physical (cultivation on marginal, 
non-agricultural land), biological (male sterile lines 
to prevent pollen flow, and lines that delay or prevent 

https://www.aphis.usda.gov/biotechnology/am-i-regulated
https://www.aphis.usda.gov/biotechnology/am-i-regulated
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flowering under a temperate photoperiod (i.e., pho-
toperiod sensitive)) and general compliance with 
USDA-APHIS regulation for transgenic material.

From the perspective of the breeder, the develop-
ment of elite hybrid bioenergy lines carrying the 
engineered traits and supplying seeds for agricultural 
applications and ultimately commercialization, is the 
goal. Instead of cumbersome introgression of a trans-
genic inbred into elite background, followed by back-
crossing, an attractive strategy is integration of the 
transgenic trait into the (female) seed parent variety 
followed by crossing with the commercially relevant 
pollen donor(s) to create hybrid biomass lines with 
agricultural traits determined by the male line(s). 
In sorghum agriculture, conventional breeding and 
(hybrid) seed production is the only current pipeline. 
Integration and processing of transgenic traits into 
elite background remains strictly separate and is lim-
ited in capacity by few facilities with infrastructure 
to accommodate engineered varieties (ARS/Kansas/
Purdue/Texas A&M). Building opportunities for this 
industry will require investment in dedicated facilities 
for molecular work, i.e., vertically integrated transfor-
mation and scaling of seed production and distribu-
tion, compliant with transgenic regulation.

The proposed terpenoid products, squalene and 
trans-abienol do not require a specific premar-
ket approval by the Food and Drug Administration 
(FDA), as they are already utilized as cosmetic ingre-
dients (21 USC Ch. 9: FEDERAL FOOD, DRUG, 
AND COSMETIC ACT, 1938), upheld by supportive 
precedents in modern jurisdiction (Franz v. Beiers-
dorf, Inc. et al., 2015) and due to substantial equiva-
lence policy regarding products generally recognized 
as safe (GRAS). As a final consideration, transporta-
tion of the terpenoid products, either by rail or road, 
does not pose a significant risk, especially if the lev-
eraging of existing infrastructure is optimized, and 
lessons are learned from biofuel ethanol, given the 
latter’s challenges in bulk transportation (National 
Transportation Safety Board 2018).

Societal impacts

Assuming success and an abundance of sorghum-
derived terpenoids produced, one critical societal 
impact that this project envisions is a reduction in 
carbon emissions from fragrance production, among 
other industries. Currently, more than 486,000 tons of 

fragrance are derived from petrochemistry annually, 
accounting for 76% of the fragrances employed by 
the fragrance sector (Elterlein et al. 2024). This pro-
ject offers a promising alternative to petrochemistry 
for synthesizing high-quality, eco-friendly fragrances. 
Implementing this system would allow the indus-
try to avoid the carbon emissions of petrochemistry 
and lessen their detrimental contributions to climate 
change. In addition, as of 2024, any transgenic plant 
residue can be effectively devitalized by composting 
instead of the energy-demanding autoclaving process 
(Standard Operating Procedure (SOP) Template for 
APHIS BRS Plant Permits 2024).

Generally, on an energy-equivalent basis, biofuels 
still have higher production and retail costs than their 
fossil fuel counterparts because of processing and 
scaling requirements (Alternative Fuel Price Report 
April 2024; Economics of Biofuels, 2024). This pro-
ject could improve socioeconomic equity by making 
the price of biofuels competitive and lessening the 
burden of climate change on disadvantaged commu-
nities by increasing access to sustainable energy. With 
the proposed coproduction of high-value compounds 
in the sorghum cuticular wax, post-terpenoid extrac-
tion bimass can be recaptured, reducing resource 
intensity of biorefineries, ultimately decreasing fuel 
costs. Farmers growing sorghum will also benefit 
from this coproduction model through government 
subsidies in the form of value-added producer grants. 
These grants provide farmers with a reimbursement 
of 50% of the cost of establishing a biomass feed-
stock crop, as well as annual payment for up to five 
years for herbaceous feedstocks (U.S. Department of 
Energy).

The proposed project will also have positive 
impacts on soil health. Under proper soil manage-
ment practices, sorghum cultivation generally leads to 
increases in soil organic carbon, a primary indicator 
of soil health (Meki et al. 2013; Presley et al. 2012; 
Sainju et al. 2015; Stockmann et al. 2013).

The proposed sorghum-based platform for terpe-
noid production will harvest aerial biomass and leave 
a.large quantity of organic matter in the soil, thus 
increasing soil organic carbon and potentially earning 
carbon credits as additional commodities (Kuchment 
2022). Given the continuing threat of erosion of ara-
ble topsoil in the United States (Du et al. 2022), high 
organic carbon deposition by the extensive root net-
work of sorghum can contribute to critically needed 
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management of this resource (Du et  al. 2022; Ngidi 
et al. 2024). In summary, this system offers a promis-
ing avenue for reducing biofuel costs and improving 
soil quality, making biofuels a more feasible alterna-
tive to fossil fuels. This will also increase socioeco-
nomic equity because pollution and climate change 
caused by fossil fuels disproportionately affect low-
income people and people of color (Berberian et  al. 
2022; Ngcamu 2023).Figure 4.

Conclusion

By reducing carbon emissions, second-generation 
biofuels, such as those made from sorghum, have the 
potential to lessen the disproportionate burdens vul-
nerable communities face (Economics of Biofuels; 
Jeswani et al. 2020; Levy & Patz 2015). The co-pro-
duction of high-value terpenoids provides alternatives 
to carbon-intensive specialty chemicals, while tip-
ping the scale towards economic feasibility of bio-
energy crops. Through promoting biotechnological 

innovation mindful of broader societal and environ-
mental impacts, this review strives to demonstrate the 
potential coupling bioproduct and biofuel generation 
can play in creating a more sustainable future.
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