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Abstract 

Background: Duckweeds (Lemnaceae family), the smallest and fastest-growing flowering plants, are gaining prominence as 

sustainable bioproduction platforms. Their rapid growth, aquatic habit, and high protein content make them uniquely suited for 

applications in molecular pharming, phytoremediation, bioenergy, and nutrition. Methods: This narrative review synthesizes peer-

reviewed literature on duckweed systematics, genomics, genetic transformation, and biotechnological applications, with particular 

emphasis on molecular pharming and phytoremediation. Results: Advances in genomics, such as the sequencing of the Spirodela 

polyrhiza genome, have provided critical insights into their streamlined architecture and physiological adaptations. Efficient 

Agrobacterium-mediated transformation protocols have been established for genera including Lemna, Spirodela, and Wolffia, 

enabling high-yield production of recombinant proteins like vaccines and antibodies. Concurrently, duckweeds demonstrate 

remarkable efficacy in phytoremediation, efficiently removing nutrients, heavy metals, and organic micropollutants from 

wastewater. Conclusion: The integration of duckweed biology with modern biotechnological tools positions these plants as 

powerful, scalable, and sustainable solutions to global challenges in health, environment, and food security. Future research focused 

on precision breeding and integrated biorefinery models will further unlock their potential. 

Keywords: Duckweed, Lemna, Spirodela, Molecular Pharming, Phytoremediation, Genetic Transformation, Sustainable 

Bioproduction, Biosafety 

 

1. Introduction 

The escalating pressures of climate change, 

environmental pollution, and resource scarcity 

necessitate the development of innovative, sustainable 

technologies. In this context, duckweeds (family 

Lemnaceae) have emerged from obscurity to become a 

focal point of multidisciplinary research. These minute, 

free-floating aquatic plants, recognized as the smallest 

and fastest-growing flowering plants on Earth, possess a 

suite of characteristics ideal for biotechnological 

exploitation (4, 10). Their simple body plan, consisting 

primarily of a frond and a root, presents a complex 

physiology capable of rapid biomass accumulation, 

efficient nutrient assimilation, and high protein synthesis 

(40). 

Historically valued as a model for plant physiology, 

duckweeds have been revived in the post-genomic era. 

The landmark sequencing of the Spirodela polyrhiza 

genome provided the first genetic blueprint for this 

family, revealing a streamlined genome and unique 

evolutionary adaptations (52). This genomic foundation 

has accelerated research into their diverse applications. 

This review synthesizes the current understanding of 

duckweed biology and genomics, and critically examines 

their transformative applications, with a particular 

emphasis on species-specific advancements in molecular 

pharming and phytoremediation, underscoring their role 

as a next-generation sustainable bioproduction platform, 

and highlights the regulatory and biosafety 

considerations that will shape their translation from 

laboratory systems into commercial platforms. Recent 
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calls to unify duckweed research across disciplines 

further underscore the timeliness of this synthesis (58). 

2. Systematics, Biology, and Genomics 

2.1. Systematics and Morphology 

Duckweeds comprise five genera—Spirodela, 

Landoltia, Lemna, Wolffiella, and Wolffia which form a 

monophyletic group within the Araceae family (37). This 

lineage exhibits a clear trend of morphological reduction, 

from Spirodela with multiple roots to the rootless, 

globular Wolffia, the world's smallest angiosperm. They 

reproduce predominantly through clonal vegetative 

budding, facilitating exponential growth. Certain species 

also form turions, dormant buds that allow survival in 

unfavorable conditions (43). 

2.2. Genomic and Cytogenetic Features 

A striking feature of duckweeds is the immense 12-fold 

variation in genome size across the family, from a 

compact 158 Mbp in Spirodela polyrhiza to 1,881 Mbp 

in Wolffia arrhiza (10, 26). Despite this variation, 

chromosome numbers are relatively conserved, 

suggesting complex processes of genome expansion and 

contraction, largely driven by transposable element 

activity (10). Sequenced genomes reveal a reduced 

repertoire of protein-coding genes, with losses in 

families related to root development and pathogen 

defense, reflecting their specialized niche (52). 

Furthermore, duckweeds exhibit exceptionally low 

global DNA methylation levels, a trait potentially linked 

to their asexual lifestyle and rapid growth (10). 

2.3. Genetic Diversity and Barcoding 

Morphological simplicity complicates species 

identification, making DNA barcoding essential. The 

plastid spacers atpF-atpH and psbK-psbI constitute a 

highly effective two-marker system for discriminating 

most species (8). While intra-specific genetic diversity is 

often low, phenotypic variation among ecotypes in traits 

like growth rate and starch accumulation is significant, 

highlighting the value of germplasm collections such as 

the Landolt Duckweed Collection (10, 49). 

3. Advanced Genetic Transformation and Tool 

Development 

3.1. Stable Nuclear Transformation 

Agrobacterium tumefaciens-mediated transformation is 

the most established method. Early protocols relied on 

callus induction, a process that was lengthy and 

genotype-dependent (38, 55). Recent innovations have 

overcome these hurdles. For example, a novel turion 

transformation system for Spirodela polyrhiza achieved 

up to 90% efficiency by exploiting the natural resilience 

of these dormant organs (11). Similarly, a Frond 

Transformation System (FTS) for Lemna minor bypasses 

the callus phase, yielding stable transgenic lines in 

approximately three months (56). These advances have 

enabled high-yield production, as demonstrated in 

Spirodela oligorrhiza, where Green Fluorescent Protein 

(GFP) accumulated to more than 25% of Total Soluble 

Protein (TSP) (51). The transformation toolkit has since 

been extended to the rootless genus Wolffia as well: 

efficient Agrobacterium-mediated protocols for both 

stable and transient transformation have been established 

in Wolffia globosa, broadening the range of duckweed 

genera available as bioproduction chassis (24). 

3.2. Transient Expression Systems 

For rapid, high-level protein production, transient 

systems are superior. A robust Agrobacterium-mediated 

transient system in S. polyrhiza and Landoltia punctata 

utilized a Potato Virus X (PVX)-based vector to achieve 

GFP yields exceeding 1 mg/g fresh weight, rivaling 

established platforms like Nicotiana benthamiana (44). 

3.3. Enabling Genetic Tools 

The development of endogenous genetic tools is crucial. 

The LpSUT2 promoter from Landoltia punctata was 

shown to outperform the conventional CaMV 35S 

promoter under antibiotic stress by resisting 

methylation-induced silencing (53). Furthermore, 

CRISPR-Cas9-mediated genome editing has also been 

established in Lemna aequinoctialis, opening 

opportunities for targeted metabolic engineering (39). 

4. Duckweeds in Molecular Pharming and 

High-Value Products 

4.1. Pharmaceutical Proteins and Edible Vaccines 

Lemna minor is a leading platform for pharmaceuticals. 

It has been engineered to express an M2e peptide from 

Avian Influenza Virus as a GUS fusion, accumulating to 

1.96% of TSP, demonstrating potential for edible 

vaccine development (17). In a groundbreaking 

application, freeze-dried L. minor biomass expressing 

Chicken Interleukin-17B was used as an oral mucosal 

vaccine adjuvant, significantly enhancing protective 

immunity in chickens (50). The production of human 

Granulocyte Colony-Stimulating Factor (hG-CSF) in 

controlled bioreactors further underscores the industrial 

scalability of this system (34). 

The rootless genus Wolffia has likewise been validated 

as an edible vaccine chassis: Wolffia globosa engineered 

to express the LamB outer-membrane antigen of Vibrio 

alginolyticus conferred significantly improved survival 

in fish challenged with the pathogen, demonstrating the 

feasibility of a fully edible, extraction-free oral vaccine 

(25). Because Wolffia biomass can be consumed directly 

without downstream purification, such systems illustrate 

a distinctive advantage of duckweed-based molecular 

pharming over non-edible hosts such as tobacco for oral 

antigen delivery (58). 

4.2. Industrial Enzymes and Technical Proteins 

Beyond pharmaceuticals, duckweeds have been 

engineered to produce industrial enzymes. The 

Acidothermus cellulolyticus E1 endoglucanase has been 

expressed in Lemna minor, demonstrating its potential as 

a cost-effective production system for biofuel and paper 

industries (48). 

4.3. Biofortification and Valuable Metabolites 

Metabolic engineering can enhance native profiles. 

Expression of a sterol 22-desaturase in Lemna minor via 

FTS resulted in a 397% increase in stigmasterol, a 

valuable phytosterol (56). The rootless Wolffia genus has 

also been explored as a contained bioreactor, with 



Davarpanah Journal of Applied Plant Biology 3 

Journal of Applied Plant Biology  |  journals.fmsbi.com/japb  |  © 2026 

successful production of the anticoagulant peptide 

hirudin in Wolffia arrhiza (35). 

Table 1. Selected recombinant proteins and metabolites produced in transgenic duckweeds 

Host species Product Expression system Yield / outcome Application Reference 

Lemna minor M2e peptide (avian 
influenza) 

Stable nuclear (GUS 
fusion) 1.96% TSP Edible/mucosal vaccine 

candidate 17 

Lemna minor Chicken interleukin-17B Stable nuclear Enhanced protective 
immunity 

Oral mucosal vaccine 
adjuvant 50 

Wolffia arrhiza Human G-CSF Stable, controlled 
bioreactor 

Industrial-scale 
production Biopharmaceutical 34 

Lemna minor Acidothermus cellulolyticus 
E1 endoglucanase Stable nuclear — Industrial enzyme 

(biofuel, paper) 48 

Lemna minor Sterol 22-desaturase 
(stigmasterol) FTS (stable) 397% increase in 

stigmasterol Biofortification 56 

Wolffia arrhiza Hirudin Stable, contained 
bioreactor — Anticoagulant peptide 35 

Wolffia globosa LamB antigen (V. 
alginolyticus) Stable nuclear Improved fish survival 

post-challenge Edible fish vaccine 25 

Spirodela oligorrhiza GFP Stable nuclear >25% TSP Reporter / yield 
benchmark 51 

S. polyrhiza / 
Landoltia punctata GFP (PVX vector) Transient 

(Agrobacterium) >1 mg/g fresh weight Rapid protein production 44 

Abbreviations: TSP, total soluble protein; GUS, β-glucuronidase; G-CSF, granulocyte colony-stimulating factor; PVX, potato virus X; FTS, frond 
transformation system; —, not reported. 

5. Duckweed versus Established Bioproduction 

Platforms 

5.1. Duckweed in comparison with Nicotiana 

benthamiana 

Nicotiana benthamiana has become one of the most 

established plant hosts for transient molecular farming 

because of its high susceptibility to Agrobacterium-

mediated infiltration, rapid recombinant-protein 

accumulation, and the extensive development of viral 

and non-viral expression systems. Modern plant 

molecular farming increasingly combines transient 

expression with optimized genetic circuits, viral 

replicons, host engineering, and glycoengineering to 

improve recombinant-protein yield, quality, and 

consistency (6, 14). These developments have made N. 

benthamiana particularly attractive for rapid production 

and evaluation of vaccine antigens, antibodies, enzymes, 

and other complex recombinant proteins. Beritza et al. 

(6) emphasized that optimization of agroinfiltration, host 

responses, and intracellular protein stability remains an 

important route for further increasing transient 

expression in N. benthamiana. 

Duckweeds offer a substantially different production 

strategy. Rather than relying primarily on transient 

infiltration of mature leaves, duckweeds combine rapid 

vegetative multiplication with stable transformation and 

cultivation in soil-free aquatic systems. Their ability to 

generate biomass through clonal propagation, together 

with relatively simple cultivation requirements, 

represents a potentially attractive feature for continuous 

recombinant biomass production. Recent reviews have 

emphasized that duckweed species possess diverse 

genetic resources and increasingly effective 

transformation systems, while recombinant vaccines and 

therapeutic proteins have already been produced in 

several genera, including Lemna, Spirodela, and Wolffia 

(33). Thus, the principal advantage of duckweed may not 

necessarily be a higher instantaneous expression level 

than N. benthamiana, but rather the combination of rapid 

biomass multiplication, stable propagation, aquatic 

cultivation, and the possibility of integrating production 

with other biomass-based applications (33). 

An informative example is provided by recombinant 

influenza vaccine antigens. Bertran et al. (7) 

demonstrated that hemagglutinin produced in transgenic 

Lemna minor could generate a protective immune 

response against highly pathogenic H5N1 influenza 

virus in chickens. Earlier work also demonstrated high-

level production of influenza M2e antigen in transgenic 

L. minor, with accumulation reaching 1.96% of total 

soluble protein (17). These findings establish that stable 

duckweed systems can generate biologically functional 

vaccine antigens rather than merely reporter proteins. In 

comparison, N. benthamiana has been extensively 

exploited for transient expression of influenza antigens 

and numerous other recombinant vaccine candidates, 

benefiting from the maturity of agroinfiltration and 

transient-expression technologies (6, 14). 

The two platforms should therefore be regarded as 

complementary rather than directly substitutable. N. 

benthamiana currently has a clear technological 

advantage for rapid transient expression, construct 

screening, and short-cycle recombinant-protein 

production. Duckweed, in contrast, is particularly 

attractive when stable biomass generation, clonal 

propagation, soil-free cultivation, and potentially 

contained aquatic production are important 

considerations (33). This distinction is particularly 

relevant when selecting a host according to the intended 

product and production strategy rather than simply 

comparing maximum expression levels. 

Another relevant distinction concerns the transition from 

laboratory expression to an integrated manufacturing 

process. Although plant molecular farming offers 
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important advantages in speed and production flexibility, 

it remains less horizontally integrated than established 

microbial and mammalian platforms, particularly with 

respect to standardized process development, analytical 

workflows, and routine clinical translation (9). 

Duckweed therefore faces not only the general 

challenges of plant molecular farming but also species-

specific limitations related to transformation efficiency, 

cultivation standardization, biomass harvesting, 

downstream processing, and regulatory acceptance (33). 

5.2. Duckweed versus microbial and mammalian 

expression systems 

Compared with Escherichia coli, duckweed possesses an 

important biological advantage for recombinant proteins 

that require eukaryotic folding, disulfide-bond 

formation, secretion, or post-translational processing. E. 

coli remains one of the most widely used and cost-

effective hosts for recombinant protein production 

because of its rapid growth, well-established 

fermentation technology, extensive genetic toolbox, and 

relatively simple downstream processing. However, 

bacterial expression can be constrained by protein 

aggregation, toxicity, inefficient folding, and the absence 

of many eukaryotic post-translational modifications 

(28). Duckweed, as a eukaryotic plant system, can 

potentially overcome some of these limitations for 

selected proteins, although plant-specific glycosylation 

patterns must also be considered when the target is a 

therapeutic glycoprotein (14). 

Yeast systems, particularly Komagataella phaffii (Pichia 

pastoris), occupy an important intermediate position 

between bacterial and higher-eukaryotic production 

platforms. They combine the scalability and process 

control of microbial fermentation with eukaryotic 

protein-folding machinery and secretion capabilities. 

Consequently, yeast can be highly effective for secreted 

enzymes and selected therapeutic proteins. Duckweed 

instead offers the possibility of biomass-based 

cultivation and plant-specific biological processing, but 

its industrial bioprocessing infrastructure is considerably 

less mature than microbial fermentation (9, 33). 

Mammalian cell systems, particularly Chinese hamster 

ovary (CHO) cells, remain the benchmark for many 

therapeutic glycoproteins because of their capacity to 

generate post-translational modifications that are highly 

compatible with human proteins and because of decades 

of development in cell-line engineering, bioreactor 

operation, quality control, and regulatory manufacturing. 

Geng et al. (18) highlighted both the importance of CHO 

cells for recombinant therapeutic proteins and the 

extensive engineering strategies available to overcome 

intracellular degradation and improve product quality. 

Plant systems can offer advantages in production 

flexibility and potentially lower upstream costs, but they 

still face challenges associated with product consistency, 

purification, process standardization, and regulatory 

translation (9, 14). 

Microalgae represent another potentially relevant 

platform because they combine photosynthetic biomass 

production with the possibility of stable genetic 

engineering and cultivation in controlled photobioreactor 

systems. Recent work has emphasized the increasing 

potential of microalgae for production of 

biopharmaceuticals, although transformation efficiency, 

expression stability, cultivation requirements, and 

species-specific limitations remain important barriers to 

broader application (19). In this context, duckweed 

occupies an intermediate and potentially distinctive 

position: like microalgae, it can be cultivated without 

agricultural soil and can utilize aquatic production 

systems, while, like higher plants, it possesses a complex 

eukaryotic cellular machinery suitable for production of 

recombinant proteins and metabolites (33). 

The most defensible positioning of duckweed is 

therefore not as a universal replacement for E. coli, yeast, 

CHO cells, N. benthamiana, or microalgae. Rather, 

duckweed represents a complementary biological chassis 

with a distinctive combination of rapid clonal biomass 

production, aquatic cultivation, genetic tractability, and 

potential integration with food/feed, environmental 

remediation, and biorefinery processes (33). Its 

commercial competitiveness will ultimately depend on 

whether these biological advantages can be translated 

into reproducible biomass productivity, high product 

recovery, acceptable downstream-processing costs, 

effective containment, and regulatory approval. 
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Table 2. Comparative characteristics of major platforms for recombinant protein production 

Feature Duckweed (Lemna, 
Spirodela, Wolffia) 

Nicotiana 
benthamiana E. coli K. phaffii CHO cells Microalgae 

Primary 
production 
strategy 

Stable transformation; 
emerging transient systems 

Transient 
agroinfiltration; stable 
systems also available 

Fermentation Fermentation Mammalian 
cell culture 

Stable/transient 
expression; 
photobioreactors 

Growth rate Rapid clonal biomass 
multiplication 

Rapid terrestrial 
biomass production Very rapid Rapid Relatively slow Rapid, species-

dependent 

Soil requirement No 
Generally 
yes/controlled 
terrestrial cultivation 

No No No No 

Genetic toolbox 
Developing; species-
dependent Highly developed Very highly 

developed 
Highly 
developed 

Highly 
developed 

Developing; 
species-dependent 

Transient 
expression 
maturity 

Moderate/emerging Very high Very high High High Emerging/
moderate 

Stable 
recombinant lines 

Well demonstrated in 
several species Demonstrated Routine Routine Routine Species-dependent 

Eukaryotic 
folding/PTMs Yes Yes Limited Yes Excellent Yes 

Human-
compatible 
glycosylation 

Requires engineering/
characterization 

Requires engineering 
for some products 

Generally not 
suitable 

Requires 
engineering for 
selected 
products 

Strong 
benchmark Species-dependent 

Complex 
recombinant 
proteins 

Demonstrated Extensively 
demonstrated 

Frequently 
challenging Demonstrated Excellent Demonstrated for 

selected proteins 

Cultivation 
infrastructure 

Relatively simple aquatic 
systems 

Greenhouse/controlled 
environment Fermenter Fermenter Advanced 

bioreactor Photobioreactor 

Land requirement Potentially minimal Higher than aquatic 
systems None None None None 

Containment 
potential 

High in appropriately 
closed aquatic systems 

High in controlled 
production systems Very high Very high Very high High in closed 

systems 

Whole-biomass 
applications 

Potential advantage Limited No No No Potential 

Phytoremediation 
integration 

Major unique advantage Limited No No No Potential 

Process-
development 
maturity 

Emerging Advanced plant 
platform Very high Very high Very high Emerging 

Major 
competitive 
strength 

Rapid clonal biomass + 
aquatic/contained 
cultivation + 
multifunctionality 

Rapid transient 
expression and rapid 
prototyping 

Low cost + 
rapid growth + 
mature 
fermentation 

Secretion + 
scalable 
fermentation 

Product quality 
+ mature 
bioprocessing 

Photosynthetic 
production + 
aquatic cultivation 

Major limitation 
Scale-up, standardization, 
downstream processing, 
regulatory maturity 

Dependence on 
transient-expression 
infrastructure and plant 
biomass processing 

Limited 
eukaryotic 
PTMs 

Product-specific 
PTM limitations 

High cost and 
process 
complexity 

Genetic and 
process 
limitations are 
species-dependent 

Abbreviations: PTM, post-translational modification; CHO, Chinese hamster ovary. 

6. Duckweeds in Phytoremediation and 

Environmental Management 

6.1. Nutrient Recovery and Heavy Metal Removal 

Duckweeds are exceptionally efficient at scavenging 

nitrogen and phosphorus from wastewater, mitigating 

eutrophication while producing protein-rich biomass 

(22, 40). They also act as biofilters for heavy metals like 

cadmium and arsenic, hyperaccumulating them through 

chelation and vacuolar sequestration (15). At the 

molecular level, genome-wide characterization of the 

phosphorus- and nitrogen-responsive SPX and GARP 

transcription-factor superfamilies in Spirodela polyrhiza 

has begun to reveal the regulatory architecture 

underlying this efficient nutrient scavenging, identifying 

candidate genes for engineering enhanced 

phytoremediation capacity (57, 61). 

6.2. Degradation of Organic Micropollutants 

Duckweeds effectively degrade complex organic 

molecules. Lemna aoukikusa and Lemna aequinoctialis 

remediates pharmaceutical wastewater and swine 

wastewater contaminated with the antibiotic 

oxytetracycline, with research identifying twelve 

degradation intermediates (23, 27). Furthermore, Lemna 

minor has been shown to remove pharmaceuticals and 

personal care products (PPCPs), such as diclofenac, from 

urban wastewater (41, 59). The efficacy of duckweed-

based systems is often enhanced by its associated 

microbiome, which can improve stress tolerance and 

directly contribute to the degradation of hydrocarbons 

and other pollutants (29, 30, 31, 40). 
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7. Other Biotechnological Applications 

7.1. Bioenergy Production 

Under nutrient starvation, duckweeds accumulate high 

levels of starch (up to 50% dry weight), making them a 

promising non-food feedstock for bioethanol production 

(3). The whole biomass can be utilized for biogas 

production via anaerobic digestion. 

7.2. Sustainable Feed and Human Nutrition 

With a protein content of 25-45% dry weight and a 

favorable amino acid profile, duckweed biomass is a 

sustainable feed supplement in aquaculture and poultry 

farming (1). Wolffia species are consumed as a vegetable 

in Southeast Asia and are being commercialized as a 

nutrient-dense superfood (2, 10). 

7.3. Carbon Sequestration and Space Applications 

Their rapid growth makes duckweeds efficient at 

capturing atmospheric CO2. Their potential extends to 

space exploration, where they are investigated for 

Bioregenerative Life Support Systems (BLSS) to treat 

wastewater, produce oxygen, and provide fresh food for 

astronauts (10, 46). 

8. Regulatory and Biosafety Considerations 

As duckweed-based platforms move toward commercial 

and clinical application, regulatory and biosafety 

considerations warrant explicit attention. Plants used for 

phytoremediation and bioproduction carry biological 

risks independent of their transgenic status, including the 

potential for establishment, spread, and introgression of 

transgenes into related populations (21).  

Duckweed's obligate aquatic habit, highly reduced root 

system, clonal propagation, and rare flowering under 

standard cultivation substantially limit its capacity to 

establish in terrestrial ecosystems and reduce the 

likelihood of pollen-mediated transgene flow (5, 16, 45, 

62); however, these built-in features are contingent on 

appropriate physical containment (13, 54) and do not 

remove the need for site-specific risk assessment, 

particularly for open-pond cultivation which is 

reinforced by regulatory frameworks emphasizing that 

gene flow pathways, ecological consequences, and local 

environmental conditions must be evaluated case by case 

(Dolezel et al. 2025).  

 Rare flowering under standard cultivation is well-

established, with multiple studies noting that flower 

induction requires specific experimental protocols and 

occurs infrequently in nature (36). The male sterility of 

interspecific hybrids further constrains pollen-mediated 

gene flow (36, 47). However, hybridization does occur 

in nature — L. × mediterranea was detected across 4200 

km² in southern Italy and that clonal lineages can 

disperse over 130 km via waterfowl (47), demonstrating 

that biological barriers are not absolute. 

Molecular containment strategies developed for other 

transgenic crops — including inducible kill-switches, 

marker-free transformation, and chloroplast-level 

containment — offer additional safeguards that merit 

systematic evaluation in duckweed systems (12). 

Regulatory pathways for plant-made pharmaceuticals 

and industrial proteins also differ substantially between 

jurisdictions, and early engagement with regulatory and 

biosafety authorities will be essential for translating 

laboratory-scale duckweed platforms into approved 

products. Integrating biosafety governance into the 

design of transformation systems, rather than treating it 

as a downstream hurdle, would strengthen the credibility 

and pace of duckweed-based bioproduction. 

9. Challenges and Future Prospects 

Despite significant progress, challenges remain, 

including optimizing transformation for all species and 

managing metal-laden biomass from phytoremediation. 

Future prospects are bright and they will focus on: 

1. Precision Breeding: Widespread adoption of 

CRISPR-Cas9 for creating tailor-made lines. 

2. Multi-Omics Integration: Using systems biology for 

predictive engineering. 

3. Consortium-Based Remediation: Designing 

synthetic microbial communities to enhance 

pollutant degradation. 

4. Biorefinery Concepts: Developing integrated 

processes to fractionate biomass into protein, starch, 

and metabolites, maximizing value and 

sustainability. 

5. Regulatory Harmonization: Engaging biosafety and 

regulatory agencies early to establish clear approval 

pathways for duckweed-derived pharmaceuticals, 

industrial proteins, and food/feed products. 

10. Conclusion 

Duckweeds are increasingly being recognized as 

promising platforms for sustainable biotechnology, 

although substantial technical and regulatory barriers 

remain before broad industrial adoption. Their unique 

biology, advanced genomic resources, and sophisticated 

genetic tools position them as powerful contributors to a 

sustainable future. Through species-specific 

applications—from producing pharmaceuticals in 

Lemna minor to purifying wastewater with Spirodela 

polyrhiza—duckweeds offer versatile solutions across 

multiple industries. As research continues to unlock their 

full potential, they are poised to become a cornerstone of 

the global bioeconomy. Realizing this promise fully will 

require parallel investment in scale-up bioprocess 

engineering, regulatory science, and public acceptance, 

alongside continued advances in genetic tool 

development. 
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