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Commercial applications of duckweeds include wastewater recycling and freshwater reclamation through removal
of nitrogen- and phosphate-based fertilizer run-off and other waste-products, serving as feedstock for biofuels
production (from starch or lipid), and production of food with superior nutritional quality (for humans and livestock),

while requiring minimal space, light, and fertilizer.

duckweed applications

| 1. Overview

Some duckweed plants (family Lemnaceae) are 100% edible, with much or all the plant (in rootless duckweeds)
consisting of one or several fronds (small green, leaf-like organs). Fronds are largely responsible for nutrient
uptake especially under ample nutrient supply. Only under low nutrient supply does the plant rely primarily on fine
roots for taking up nutrients (except in rootless species). Lemnaceae possess the highest relative growth rates
among plants [, which may be related to the fact that aquatic floating plants reinvest their photosynthetic income
predominantly into additional productive infrastructure (additional photosynthetic tissue), while having minimal need
to invest in non-productive (non-photosynthetic) support structures (see &), Furthermore, duckweeds accumulate
exceptionally large amounts of essential (= must be acquired from the diet) human micronutrients with antioxidative
and anti-inflammatory effects (antioxidant vitamins A, C, E, carotenoids, and phenolics) BILMEIEI6 puckweed'’s
highly efficient uptake of ammonium (preferred over nitrate [ is likely related to the fact that ammonium is the
most common form of nitrogenous waste produced by heterotrophic aquatic organisms. In addition, duckweeds
receive ammonium from their endogenous N,-fixing Rhizobium symbionts and possess an unusual capacity for
conversion of the (potentially toxic) ammonium to large amounts of vegetative storage protein. In addition to their
exceptional potential to produce high-quality plant-based protein, duckweeds thus have a high fertilizer-use
efficiency and capacity for phytoremediation &, such as removal of fertilizer runoff from freshwater bodies and
fertilizer retention in, e.g., rice paddies [&. Finally, cultivation of duckweed could be further optimized using
hydroponic vertical farms, where nutrients and water are recirculated, saving both resources, space, and energy to

produce high-value products.

| 2. Commercial Applications of Duckweed

2.1.Human and Livestock Nutrition
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Based on its nutritional composition, duckweed can provide high-quality nutrition for both humans and livestock.
The propensity to accumulate large amounts of storage protein throughout the plant allows duckweed to produce
between 20-40% of crude protein [, which is equivalent to 20x the amount of protein produced by soybean per
unit cultivated area (2% and much higher amounts of protein yet compared to those produced by cereals 1. A key
factor in duckweed'’s superior protein production is protein accumulation in all of its tissues compared to only in the
seeds of land plants. At the same time, duckweed-protein quality is as high as that of soybean or milk — with all
essential amino acids that humans must obtain from their diet 22, The main protein in duckweed is RuBisCO, a
non-allergenic source of all nine essential amino acids for humans (and their livestock) with high digestibility,
making it an ideal candidate for human food and as animal feed (131, Duckweed also contains large amounts of the
non-essential amino acid glutamic acid that has health benefits for humans and other animals 4. However, like
other plants (e.g., spinach or beet greens 2, some duckweeds (e.g., genus Lemna) can contain high levels of
anti-nutritive compounds such as oxalic acid 28, This compound chelates calcium ions and other micronutrients,
hindering their absorption in the intestine and compromising human health 7181 |n contrast, duckweeds in the
genus Wolffia contain minimal and thus safe amounts of anti-nutrients, which makes this genus suitable as a safe
source of human food highly recommended for its superior nutritional characteristics regarding proteins, vitamins,
and other micronutrients mentioned above. There are other potentially anti-nutritive compounds (nitrates, tannins,
phytates, dioxins, and cyanogenic glycosides [12) that require further investigation in duckweeds. Wolffia globosa

(Mankai) has long been consumed as a high-protein source in Japan 29,

Sufficient intake of protein and other micronutrients (such as vitamins and antioxidants) is essential for optimal
body function [50] and one of the current Global Challenges 2! facing human society and science. Currently, more
than 15% of people worldwide cannot achieve the recommended daily protein intake and fall behind even further
with respect to micronutrients (up to 25% deficit), leading to malnutrition 2223, The WHO “Global Strategy for
Food Safety (2022—2030)” program (https://www.who.int/publications/i/item/9789240057685) aims to “ensure that
all people, everywhere, consume safe and healthy food so as to reduce the burden of foodborne diseases” 24, A
resilient food system is thus needed that is fit for the future, with concomitant benefits for the health of individual

people and societies as well as for the physical, natural environment including climate.

Plant-microbe interaction in duckweed also has multiple nutritional benefits, including minimizing loss of
photosynthesis-associated micronutrients under elevated CO, (see above; (23128 Fyrthermore, and in contrast to
edible products from other plants, Mankai contains high levels of vitamin B12 — even after plants have been
surface-sterilized 2. The synthesis of vitamin B12 is carried out by bacteria and archaea absent in other plant-
based food products 28, Presence of vitamin B12 in Mankai is apparently due to as-yet undefined B12-producing
bacteria that must be endophytic even in otherwise axenic Mankai cultures 21121, Because other plants are not a
source of vitamin B12, this vitamin is currently obtained mainly from animal products (clams and beef liver are rich
in vitamin B12; 22)). The current trend toward greater consumption of plant versus animal products B9 increases
the risk of vitamin B12 deficiency and associated health problems . To meet the need for B12 intake in diets low
in animal products, algae were suggested as a source, but recent studies showed that vitamin B12 occurs in algae
in a form (pseudo B12) not usable by humans and even capable of competing with the usable forms of B12 82, In

contrast, Makai can be considered an excellent addition to meat-free diets. Moreover, the Mankai intake also
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positively modified human gut microbiota and increased, e.g, the diversity of genes (as assessed via 16S rRNA)
related to vitamin B12 absorption [, Remarkably, a recent series of human clinical trials provided a
comprehensive summary of these and additional health benefits of a diet including Mankai — with improvements in
serum levels of vitamin B12, iron, and phenolics, gut microbiome composition, brain function, blood glucose

control/insulin sensitivity, cardiovascular health, and weight management (e.g., decreased fat accumulation) [ZZI33]
[34][35][36]37][38][39][40]

2.2. Feedstock for Biofuels

Problems of current production systems for biofuel feedstocks include the food-fuel conflict and undesirable
environmental impacts due to use of staple food crops with relatively high requirements for irrigation and
fertilization. Production of maize, yucca, or sweet potato for biofuel increased the price of these basic foods and
threatened food security [122]. In association with these crops’ high fertilizer requirement, excessive nutrient runoff
caused environmental problems 1. Therefore, it is urgent to identify new, sustainable feedstocks for biofuel

production.

Due to its high starch content (see, e.qg., 42), duckweed is suitable for bioethanol production via starch hydrolysis
and subsequent alcoholic fermentation. The yield of bioethanol from duckweed has been estimated to potentially
reach 6,420 L ha'l, which is about 50% above that obtained for ethanol based on corn (431411441 and production
could continue throughout the year. The ability of Lemna to accumulate starch without needing large amounts of
light 42 and to respond to elevated CO, with increased starch accumulation would support high biofuel-production
yields 43, Biofuel production could also be paired with wastewater treatment as previously shown for systems that
combine wastewater recycling with livestock feed production 9. Moreover, effective sequestration of atmospheric
CO, to starch by duckweed would contribute to CO, mitigation and climate control. Duckweed-based systems
could thus serve as a model for future regenerative life support systems providing both food and fuel on Earth as

well as for human space exploration 8!

Starch accumulation by Lemna can be enhanced through restriction of nutrient supply with minimal impact on
growth rate 41471481 Restriction of sulfur supply showed the greatest promise with respect to stimulation of starch
accumulation with negligible growth impact #Z, while nitrogen limitation increased starch yield at the expense of
growth and overall biomass production 47, Recent progress has also been reported in engineering duckweed for

enhanced accumulation of lipids [42[127] that could be used to produce biodiesel.

3. Agricultural Technology: Hydroponics and Vertical
Farming for Improved Yield

Documented advantages of hydroponic crops include highly efficient use of water and nutrients B by crops such
as tomato, cucumber, and other vegetables BUB1, Recirculating hydroponic systems further increase resource-use
efficiency 22, Duckweed has a high potential for use in closed hydroponic systems consisting of multiple vertical

layers (Figure 1), with controlled temperature, CO,, light intensity, quality, and photoperiod, as well as nutrient
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composition 23], Vertical design would further optimize use of space 154 when growing a diminutive, 100% edible
plant like duckweed. Control of environmental factors allows optimization of biomass quality with respect to
micronutrients (vitamins, antioxidants) and proteins for use as food 22! or either starch or lipid content for use as
biofuel feedstock. Recirculation of nutrients and water prevents nutrient release into the environment and resulting
land and water pollution B8 as well as minimizing water loss 52 by reducing evaporation (proximity between
different vertical levels could act as "semi-closed lids”). Duckweed, furthermore, thrives on a film of water (57,

Vertical, hydroponics-based farming is also suitable for continuous production throughout the year.

Figure 1: Schematic representation of a multi-level, closed vertical production system for duckweed with
interspersed blue and red light emitting diodes supplying the low level of light that can saturate plant growth and

food or biofuel feedstock production.

Figure 1 depicts a system where layers of duckweed are interspersed with layers of light-emitting diodes (LEDSs),
resulting in illumination of duckweed layers from both below and above, a design first suggested by Gale et al. (58]
Figure 1 features a mix of blue and red LEDs that, due to minimal self-shading within a single layer of fronds, may
support maximal productivity with minimal energy input. Using both red and blue wavelengths to support not only

photosynthesis but also plant morphogenesis 591 and blue-light-triggered phenolics production (69

| 4. Conclusions

Due to its high lipid- and starch-storage capacity, duckweed is a promising crop for production of biofuels, and its
exceptionally high protein and human-micronutrient content makes it a food with high nutritional value. Duckweed’s

outstanding ability to absorb ammonium (and turn it into protein) can furthermore serve in wastewater treatment.

All these characteristics make duckweed unusually productive in small culture areas or volumes. Combination of its
diminutive size with exceptionally high relative growth rates, harvest index (no inedible parts), and nutrient density

make this plant ideal for vertical growth in multiple stacked layers (Figure 1). Whereas multi-layer cultivation may
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also be attractive with terrestrial plants, it offers clear advantages in duckweed with highly efficient use of space,

energy, nutrient supply, and gas exchange with the atmosphere.
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