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Abstract: Duckweed (Lemnaceae) rises as a crucial model system due to its unique characteristics and wide-
ranging utility. The significance in physiological research and phytoremediation highlights the intricate
potential of Duckweed in the current era of plant biology. Special attention to Duckweed has been brought due
to its distinctive features of nutrient uptake, ion transport dynamics, detoxification, intricate signaling, and
stress tolerance. In addition, Duckweed can alleviate environmental pollutants and enhance sustainability by
participating in bioremediation processes and wastewater treatment. Furthermore, insights into the genomic
complexity of Lemnaceae species and the flourishing field of transgenic development highlight the
opportunities for genetic manipulation and biotechnological innovations. The novel methods for germplasm
conservation of Duckweed can be adopted to preserve genetic diversity for future research endeavors and
breeding programs. This review centers on prospects in Duckweed research promoting interdisciplinary
collaborations and technological advancements to drive its full potential as a model organism.
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1. Introduction

Duckweed, also known as Lemnaceae, is a rapidly proliferating aquatic monocot angiosperm.
The common habitat of Lemnaceae constitutes still or slow-moving freshwater environments
including ponds, lakes, and marshes. Lemnaceae species are very tiny with a size ranging from 1-10
millimeters in length consisting of floating leaves called fronds and delicate root forms referred to as
rootlets. With the relatively small structure, Lemnaceae species can double the biomass with high
nutritional value within a short period under favorable growth conditions. Recently, Duckweed has
served as a model organism for understanding physiological aspects relative to growth and
development due to its simple morphology, rapid growth, and ease of cultivation. Moreover,
Duckweed possesses unique adaptive characteristics that enable it to survive in diverse
environmental conditions including low light conditions, fluctuating nutrient levels, and different
ranges of pH [1]. Furthermore, Duckweed has an efficient potential to remove heavy metals,
pesticides, and organic compounds from wastewater sources. Therefore, Duckweeds have gained
attention as a promising candidate for investigating plant stress responses, and environmental
interactions due to their distinct ability to accumulate a variety of pollutants and to survive in
nutrient-rich and polluted waters, their high protein content, and their potential as a source of biofuel
[2]. Although the Lemnaceae family is extensively diverse and consists of more than 30 species with
five genera Lemna, Landoltia, Spirodela, Wolffia, and Wolfiella, most of the research has been focused
on the Lemna genus in bioaccumulation and tolerance to environmental stressors studies [3].
Additionally, the genome size of the Lemnaceae species is relatively small compared to the other
monocots which allows Duckweed to further contribute to genomics and transcriptomics studies.
The understanding of genomics and transcriptomics in Duckweed enables the biotechnological
assessment of genetic modifications and their impact on innovative sustainable solutions for
environmental and agricultural challenges.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Advantages of Duckweed over Arabidopsis

Arabidopsis thaliana (Arabidopsis), a small cruciferous dicot plant, is a universally accepted
model plant for plant biology research [4]. Arabidopsis offers many advantages to be used as a
functional and classical model for studying various aspects of plant research from physiology to
muti-omics. It has a high reproductive potential and due to its small size, it can be grown on a large
scale in a very small space. Additionally, it can be a self-pollinated plant, and thus it is easier to
regulate the extraneous variables during experiments in comparison to cross-pollinated plants [5].
Also, the completion of the entire genome sequencing of Arabidopsis by the Arabidopsis Genome
Initiative in the year 2000 makes it a popular experimental model [6]. Although Arabidopsis exhibits
ample advantages, it has certain limitations in understanding the aspects of crop plants, particularly
the monocots. Recently, Duckweed has re-emerged as a compelling alternative or complement to the
Arabidopsis for the monocot model system. The remarkable growth rate and nutrient acquisition of
Duckweed highlight the significant advantage as a model organism [7]. Rapid growth enables quicker
experiments and high-throughput screening, especially for genetics and large-scale studies.
Subsequently, it acquires a small genome size, typically around 150 Mbp, which simplifies genomic
analysis and genetic manipulation [8]. In addition, Duckweed offers distinct advantages over
Arabidopsis, including adaptability to various environmental conditions, and potential for bioenergy
production [9]. Duckweed can be an excellent model organism for biological studies, including
genetics, genomics, ecology, and renewable energy research. Considering the several advantages
associated with Duckweed, it can be used for different research studies (Figure 1).
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Figure 1. Benefits and utilization of Duckweed in diverse research domains.

3. Importance of Duckweed in Physiological Research
3.1. Nutrient Uptake and Stress Tolerance

With relatively minimal size and remarkable growth and adaptations, Duckweed has become
the interest of plant physiological studies. The focus on Duckweed has been expanded due to its
efficient and rapid nutrient absorption from the surrounding ecosystem with an extensive growth
rate. Like terrestrial plants, Duckweed can uptake nutrients including nitrogen, and phosphorus that
are essential for growth and metabolism through passive diffusion, active transport, and symbiotic
interactions with microorganisms. However, the nutrient uptake in Duckweed is a non-continuous
process and is solely affected by environmental abundance [10]. The regulatory mechanisms
governing nutrient uptake processes in Duckweed are not well understood. The research approach
with particular attention on physiological and developmental processes, can provide a scope with
enormous advantage in nutrient cycling and sustainable agriculture. Additionally, Duckweed has
significant photosynthetic capabilities with high rates of carbon fixation and efficient light energy
utilization [9]. An essential aspect of understanding the photosynthetic system is the light adaptation
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potential. Several physiological studies have shown the effect of different light intensities on the
growth and adaptation of diverse Lemnaceae species. With high-intensity light, Duckweed species
reduce the physiological growth rate alternatively, diverting the growth to defense regulation with
increased production of protective pigments such as carotenoids showing their strategic adjustments
to light conditions [11]. In addition, prior investigations have elucidated the response of Duckweed
to environmental stressors encompassing heavy metal exposure, salinity variations, and temperature
oscillations [12]. In Lemna minor species, the increased accumulation of macro and micronutrients
exhibited the proficiencies of Duckweed to overcome salinity-induced stress [13]. The ability to
tolerate environmental stressors is another promising characteristic of Duckweed that provides
insight into plant stress resistance responses.

3.2. lon Transport in Duckweed

Duckweed has made substantial contributions to understanding the aspect of physiological ion
transport. In a groundbreaking study, the dynamic response of calcium signaling in Duckweed under
Cadmium (Cd) stress conditions was elucidated through the utilization of a Ca2+-sensing fluorescent
reporter (GCaMP3) in transgenic Duckweed (Lemna turionifera 5511). The notable accumulation of
Ca2+ in vacuoles revealed the subcellular calcium localization during Cd stress. Furthermore, the
Ca2+ inflow study has suggested that Ca2+ inflow was stable at low speed, however, the treatment
of Cd treatment changed to high-speed efflux. Additionally, the introduction of exogenous v-
aminobutyric acid (GABA) to Duckweed resulted in the stabilization of the Ca2+ signal, highlighting
its significant regulatory function in managing the Ca2+ signal under Cd-induced stress [14]. In
addition to Cd, cobalt (Co2+) is another metal ion that has a phyto-modulatory effect in Duckweed
species. The hyperaccumulation of cobalt in fronds inhibits the vegetative growth of L. minor with no
distinctive alterations in the iron (Fe) content in fronds. The chlorophyll content and photosynthetic
efficiency initially remained constant but gradually decreased over time with the acquisition of Co2+
suggesting the inhibition of biosynthesis rather than promoting the degradation of existing pigment
molecules. This finding indicates the strength of L. minor as a model system for understanding the
mechanistic effect of heavy metal metabolism and bioaccumulation at the cellular level [15].

Apart from heavy metals, the transport and impact of other ions such as phosphate (Pi), Nitrate
(NO3-), and Ammonium (NH4+) have been investigated in different Duckweed species. In the pre-
anthropogenic era, phosphate (Pi) was the limiting mineral factor for floating aquatic plants including
Duckweeds under natural conditions. Therefore, Duckweed and other macrophytes, have evolved to
be particularly proficient in assimilating and storing this ion. Moreover, phosphorus (Pi) deficiency
in Duckweeds has been shown to exert significant impacts on growth and metabolic processes. The
induction of a glycosylphosphatidylinositol-anchored purple acid phosphatase (PAP) in L. punctata
in response to Pi deficiency facilitates enhanced Pi uptake and storage in vacuoles to support growth.
Furthermore, Duckweeds like L. minor and L. gibba employ diverse strategies for Pi storage, including
the accumulation of various phosphate forms as short- and long-term Pi reserves [1]. Therefore,
Duckweed can survive under phosphorus deficiency highlighting its adaptability and making it an
invaluable model for studying nutrient acquisition and storage mechanisms in aquatic plants.

3.4. Signaling Mechanisms in Duckweed

In addition to ion transport, Duckweed (Lemnaceae) has been a promising system for studying
plant signaling responses to various environmental cues and stressors. Several studies have
investigated the signaling pathways involved in the growth, development, and stress tolerance
mechanisms of Duckweed. Previous findings suggested the roles of phytohormones, including
auxins, cytokinins, abscisic acid (ABA), and gibberellins, in regulating key processes such as cell
division, differentiation, and stress responses in Duckweed [17-21] Additionally, the involvement of
calcium ions (Ca2+), reactive oxygen species (ROS), and protein kinases in mediating signal
transduction pathways have been identified in Duckweed, particularly in response to environmental
stresses such as salinity, drought, and heavy metal toxicity [22-25] Furthermore, the signaling
components, such as receptors, transcription factors, and downstream effectors, involved in
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developmental processes, responses to pathogens and environmental stimuli has been characterized
through genomics and transcriptomics analysis [26-28]. The understanding of Duckweed signaling
networks can give scope to develop strategies to improve its resilience and productivity under
adverse environmental conditions.

4. Phytoremediation and Wastewater Treatment through Duckweed

Duckweed has garnered attention for its potential applications in phytoremediation and
wastewater treatment due to its ability to efficiently remove nutrients, heavy metals, and organic
pollutants from aquatic environments [29]. Research has demonstrated that Duckweed can effectively
absorb and accumulate nutrients such as nitrogen and phosphorus, thereby mitigating
eutrophication in water bodies [30]. Additionally, Duckweed can uptake and sequester heavy metals
such as cadmium, lead, and arsenic, contributing to the remediation of contaminated water and soil
[12]. Furthermore, Duckweed has the potential to degrade organic pollutants through mechanisms
such as phytodegradation and rhizofiltration, where pollutants are metabolized by Duckweed or
microbial communities associated with its roots. Moreover, Duckweed-based constructed wetlands
and wastewater treatment systems have been developed and optimized for the treatment of various
types of wastewater, including municipal, agricultural, and industrial effluents [31-33]. Through
bioremediation and wastewater treatment applications, Duckweed offers a cost-effective, sustainable,
and environmentally friendly solution for addressing water pollution and resource management
challenges.

5. Genome Complexity of Lemnaceae Species

Although Duckweed has promising characteristics, a few challenges hamper the application of
Duckweed for agricultural and biotechnological applications. The limited genomics and
transcriptomics information of Duckweed restricts this powerful model system from flourishing in
plant stress research. Moreover, the genomic content of Duckweed is found to be enriched with
repetitive elements, sequences that act as a confounding factor for sequencing and assembly efforts
[36-39]. Therefore, it is required to utilize advanced sequencing technologies with sophisticated
bioinformatics tools designed to analyze the genomic complexities of Lemmnaceae. Advanced
sequencing techniques need to be applied to thoroughly understand its genome. One such advanced
sequencing method is PacBio sequencing which can provide long, detailed reads of the genome,
crucial for assembling complex genomes like Duckweed [40]. These long reads allow for more
complete and accurate assemblies, better gene characterization, and variant detection within the
Duckweed population. However, PacBio sequencing is not allowed to reveal the 3D organization of
the genome. To analyze the 3D architecture of the genome, Hi-C sequencing comes into play to
capture the interaction pattern of different regions of chromosomes, providing a blueprint for the
physical structure of the genome [41]. This information helps to direct PacBio sequences into their
proper chromosomal positions and relative spatial gene interaction potentially influencing stress
tolerance [42]. A powerful and inclusive understanding of the Duckweed genome can be achieved by
combining the detailed sequencing of PacBio with the 3D architecture from Hi-C insights.

6. Transgenic Development of Duckweed

Studies on transgenic development in Lemnaceae have showcased its potential as a versatile
platform for genetic engineering and biotechnological applications. The transgenic Duckweed lines
with enhanced traits for biomass production, nutrient uptake, stress tolerance, and biofuel
production have been developed through different transformation approaches [43-45]. Genetic
engineering approaches have been employed to modulate key metabolic pathways, regulatory genes,
and signaling pathways in Duckweed, aiming to improve its productivity and sustainability. For
instance, transgenic Duckweed lines with increased expression of genes involved in starch
biosynthesis have been developed to enhance starch accumulation for bioethanol production [46].
Similarly, genetic modifications targeting genes associated with dormant structure development
have led to the development of Duckweed lines allowing to study of the extreme temperature
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response [47]. Moreover, transgenic Duckweed expressing stress-responsive genes or transcription
factors have shown enhanced tolerance to various abiotic stresses, such as salinity, drought, and
heavy metal toxicity, expanding its potential for phytoremediation and ecological restoration.
Furthermore, advances in genome editing technologies, such as CRISPR-Cas9, have enabled precise
and targeted modifications of Duckweed genomes, accelerating the development of transgenic lines
with desired traits [48-52]. Through these transgenic development studies, Duckweed emerges as a
promising platform for sustainable biotechnological applications, including bioenergy production,
wastewater treatment, and environmental remediation.

7. Development of Novel Methods for Duckweed Germplasm Conservation

The development of new cryopreservation methods for Duckweed has aimed to establish
efficient techniques for the long-term preservation of genetic diversity and conservation of valuable
germplasm. Cryopreservation is crucial for maintaining the genetic resources of Duckweed species,
especially those with unique traits of interest for biotechnological and agricultural applications.
Traditional cryopreservation methods, such as slow freezing and vitrification, have been adapted and
optimized for Duckweed, but they often suffer from low recovery rates and genetic stability issues.
Consequently, researchers have explored novel cryopreservation approaches tailored to the unique
physiology and morphology of Duckweed. One promising technique is encapsulation-dehydration,
where Duckweed tissues are encapsulated in protective matrices and dehydrated before
cryopreservation, enabling better cell survival and recovery post-thaw. Additionally, advancements
in cryoprotectant solutions and protocols have improved the viability and regrowth of cryopreserved
Duckweed samples. Furthermore, studies have investigated the use of cryogenic storage techniques,
such as liquid nitrogen immersion and droplet freezing, to preserve Duckweed cultures in suspended
animation at ultra-low temperatures [53,54]. These innovative cryopreservation methods offer
practical solutions for the long-term storage and conservation of Duckweed germplasm, facilitating
future research and biotechnological applications. Continued research efforts are needed to optimize
protocols, enhance recovery rates, and ensure genetic stability for the widespread adoption of
cryopreservation in Duckweed conservation programs and biobanking initiatives. Moreover,
Duckweed has also acquired significant interest as a sustainable food source due to its high
nutritional composition. Therefore, the preservation of the genetic diversity of Duckweed is crucial
for plant research and potential food security. The traditional liquid and solid culture media have
been used as methods for germplasm preservation and in vitro maintenance of Duckweed plants in
the laboratory. The germplasm conservation can be efficiently extended through a novel synthetic
seed technology approach. Developing Duckweed synthetic seeds (SynSeeds) can be a distinct
germplasm conservation method for enabling a consistent supply of Duckweed plants for sustainable
food production and research.

8. Discussion and Future Perspectives

Recent developments in Duckweed research have advanced its potential applications across
different fields showing enormous potential for this versatile plant in the near future. The traits of
rapid growth, high nutrient uptake efficiency, and tolerance to environmental stresses of Duckweed
present advantages to exploit it to its full potential. Profound insights into the genetic makeup of
Duckweed's unique traits can be studied with the current advancements in genomic sequencing and
molecular biology techniques. The elucidation of Duckweed's genetic makeup can facilitate the
development of genetic engineering techniques aimed at enhancing desirable traits in Duckweed and
other monocot plants. Genetic manipulation can be used to enhance traits such as increased biomass
production, nutrient uptake, and stress resistance to maximize the utility of Duckweed in various
applications. Moreover, innovations in cultivation technologies such as photobioreactors and
specialized wastewater treatment techniques have optimized Duckweed cultivation for applications
in bioenergy production, bioremediation of polluted water bodies, and sustainable agricultural
practices. These technologies enable the efficient cultivation of Duckweed on a large scale and can be
used for addressing pressing environmental challenges. Furthermore, beyond its traditional
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applications, Duckweeds are being investigated as a promising medium for biopharmaceutical
production, phytoremediation of contaminated sites, and ecological restoration efforts [55,56]. These
diverse applications highlight the versatility of Duckweed and its potential to contribute to multiple
aspects of human well-being and environmental sustainability (Figure 2). Interestingly, Duckweed
shows tremendous promise for boosting space research by providing sustainable solutions for life
support and resource management beyond Earth (Appendix A). Overall, the future of Duckweed
research holds promise for further developments in genetic manipulation, cultivation methods, and
downstream processing technologies. Continued innovation in these areas is anticipated to establish
Duckweed as an efficient model system in addition to its adoption as a sustainable solution to global
challenges related to food security, environmental degradation, and the transition to renewable
energy sources.

Bioregenerative space
life support

Phytoremediation

Figure 2. Potential applications of Duckweed in promoting environmental sustainability and
enhancing agricultural productivity.

Author Contributions: Conceptualization, D.T., KM.P-M. and M.S.M.; writing —original draft preparation, D.T.;
writing—review and editing, KM.P-M. and M.S.M.; visualization, D.T.; supervision, KM.P-M. and M.S.M.;
project administration, KM.P-M. and M.S.M..; funding acquisition, KM.P-M. and M.S.M. All authors have read
and agreed to the published version of the manuscript.”.

Funding: This research was funded by NSF award 10S-2038872 to K.M.P-M. and M.S.M.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

Appendix A


https://doi.org/10.20944/preprints202404.1923.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2024 d0i:10.20944/preprints202404.1923.v1

Duckweed: a future superfood of planets other than Earth

With the advancement of space exploration and finding the potential colonization
of planets other than Earth, identifying nutritious and sustainable food sources to
support health is a crucial requirement in this era of science. One such plant is
Duckweed, which emerges as a promising candidate for addressing nutritional
needs and an attractive option for space agriculture. It proliferates rapidly and
possesses a rich nutrient profile, including essential vitamins, minerals, proteins,
and antioxidants. Moreover, its high growth rate allows efficient biomass
production which makes it an efficient resource for sustainable food production.
While research on Duckweed's nutritional content and growth characteristics
exists, there is a notable gap in comprehensive comparative studies across different
species. Furthermore, the specific suitability of various Duckweed species for
extraterrestrial environments, with their unique challenges such as microgravity
and limited resources, remains largely unknown. Research can be modulated to
bridge this knowledge gap through a systematic analysis of phytonutrients, protein
content, and growth rates across different species of Duckweed. Through the
elucidation of the nutritional composition and growth dynamics of various
Duckweed species, Duckweed can be identified as the most promising candidates
for space agriculture and lay the foundation for their potential utilization in
extraterrestrial habitats. The challenges of food security, resource scarcity, and
waste management in space habitats can be reduced by utilizing the nutritional
benefits and remediation ability of Duckweed. Furthermore, Duckweed may have
broader implications for terrestrial agriculture, offering innovative solutions to
address food security challenges on Earth.
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