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1. Introduction 

1.1. Overall view and purpose 

A growing world population of up to 9.7 billion people by 2050 and up to 12.4 billion by 2100 

(United Nations, 2022) will cause a rising future demand for plant- and meat-based food and 

livestock feed in general and protein in particular. Simultaneously, climate change will lead 

to more frequent and severe weather events, such as increasing temperatures, local heat 

periods resulting in droughts or heavy, long-lasting rainfalls that can cause flooding (Clarke 

et al., 2022). These factors make today’s traditional agricultural practices vulnerable and less 

productive, which can result in decreased food and feed yields. Additionally, rising sea levels, 

caused by the melting of the global ice sheets, will result in less land area available for crop 

production (Despommier, 2011).  

In animal nutrition, soybean meal is currently a major source of protein. To fulfill the global 

demand for soy, large areas of native rainforest are destroyed to obtain land for soybean 

production. The European Union is dependent on imports of high-protein feed, mainly from 

the American continent, in form of soybean meal due to its high protein content and high 

levels of limiting amino acids (Anderson et al., 2011; European Commission, 2018). The 

decoupling of land farming and livestock production caused several environmental and 

sustainability issues, such as deforestation in South America or nutrient surpluses in areas 

with intense livestock production (Demann et al., 2023). This deforestation fuels the effects 

of global warming. Today’s agriculture is related to further ecological problems, such as 

eutrophication or water deficiency in certain areas due to the extensive and inefficient use 

of nutrients and irrigation water.  

To ensure food security, meaning a sufficient global agricultural food and feed production, it 

requires new cultivation techniques, which should be climate-resilient, space- and resource-

efficient and could potentially be operated close to the consumer and integrated into 

material and energy cycles. Additionally, the identification and integration of new crop 

plants into human and animal nutrition are required. Those new crops should be 

characterized, amongst others, by  

• suitability for human and animal nutrition, 

• fast growth rates, resulting in high biomass production,  

• high nutritional value, especially regarding proteins, 

• high-quality amino acid distribution and 

• edibility of the whole plant or the majority of plant parts.         

One plant family, which helps to fulfill all these requirements, is duckweed (Lemnaceae).  
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1.2. Duckweed 

1.2.1. Taxonomy, global distribution and morphology 
Duckweeds are floating fresh water plants. They are the smallest angiosperms on earth and 

belong to the family of Lemnaceae Martinov (Martinov, 1820), a subgroup of the monocot 

order Alismatales (Acosta et al., 2021; Tippery et al., 2021). The five genera (Spirodela 

Schleid., Landoltia Les & Crawford, Lemna L., Wolffiella Hegelm. and Wolffia Horkel ex 

Schleid.) consist of two, one, twelve, ten and eleven species, respectively (Table 1). This 

results in a total of 36 different species  (Bog et al., 2019).  

Table 1: Taxonomy of the five duckweed genera and their corresponding species (Bog et al., 2019) 

Spirodela Landoltia Lemna Wolffiella Wolffia 

S. intermedia L. punctata L. aequinoctialis W. caudata W. angusta 

S. polyrhiza 
 

L. disperma W. denticulata W. arrhiza 

  L. gibba W. gladiata W. australiana 

  L. japonica W. hyalina W. borealis 

  L. minor W. lingulata W. brasiliensis 

  L. minuta W. neotropica W. columbiana 

  L. obscura W. oblonga W. cylindracea 

  L. perpusilla W. repanda W. elongata 

  L. tenera W. rotunda W. globosa 

  L. trisulca W. welwitschii W. microscopica 

  L. turionifera  W. neglecta 

  L. valdiviana   

 

Duckweeds can be found worldwide, except for regions with extreme weather conditions, 

such as the polar areas and rarely occur in deserts (Figure 1). The genera Lemna, Spirodela 

and Wolffia are distributed globally, while Wolffiella is restricted to the subtropical zones of 

the American and African continents (Fourounjian et al., 2020; Landolt, 1986).   
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Figure 1: Map of the world with the distribution of Lemnaceae marked as dots. Numbers indicate reasons for lacking of 
Lemnaceae (1=too dry, 2=too wet, 3=too cold, 5= too low density of botanical exploring) (Landolt, 1986) 

Duckweeds can grow in high altitudes of up to 4450 m above sea level in the southern 

subtropical Andes of South America. The altitude, however, is not a species-relevant growth 

factor, but the correlating local climatic conditions are (Landolt, 1986). Most species 

developed variations in their genetic and physiological properties due to geographically 

different conditions, named clones (Sree and Appenroth, 2020). This clonal differentiation 

has been proven e.g., for the nutritional quality, growth rate, turion formation capacity and 

starch accumulation capacity (Bog et al., 2019).  

Duckweeds, as monocotyledon plants, have a simple morphological structure. Compared to 

other seed plants, they lack the morphological differentiation into stems, branches and 

leaves. Instead, their leaf-like body consists of fronds and a root, except for Wolffia and 

Wolffiella, which are missing the roots. The differences between the duckweed subfamilies 

are based on their morphology. Lemnoideae have roots and two lateral pouches from where 

new fronds emerge. Wolffioideae are characterized by the absence of roots and have only 

one such pouch (Sree and Appenroth, 2020). They reach sizes from less than 1 mm (Wolffia 

angusta) to 1.5 cm (S. polyrhiza) (Acosta et al., 2021). Genera can be easily distinguished by 

morphology (Figure 2). The identification of species and clones is more difficult due to a high 

similarity on a morphological basis. For clonal differentiation molecular barcoding, 
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fingerprinting by amplified fragment length polymorphism or genotyping-by-sequencing is 

required (Bog et al., 2019; Sree and Appenroth, 2020).  

 

Figure 2: Morphology of the five duckweed genera. Scale: 1 cm (Yang et al., 2020) 

In natural habitats, duckweeds often form a dense layer on stationary or slowly moving 

water bodies when growth conditions are optimal. A survival strategy for unfavorable abiotic 

conditions is the formation of turions, which sink to the ground of the water body and 

emerge when conditions become favorable for growth again. Turions are a kind of resting 

fronds or dormant tissue. In case of S. polyrhiza, the turions are morphologically different 

from their fronds and do not continue to grow. Those are called “true turions”. In the natural 

aquatic environment of the temperate zone, turions become dormant immediately after 

their formation in order to avoid germination before winter. They are similar to most seeds 

regarding their formation, dormancy and germination, however, turions are vegetative 

organs (Appenroth et al., 1996). Turions are rich in starch, reaching contents of 65 % in the 

dry matter (DM) (Xu et al., 2018). Turion formation can be induced by the limitation of 

nitrate, sulfate and phosphate (Appenroth et al., 1996) or low temperature (Appenroth and 

Nickel, 2010). 

1.2.2. Growth 
Duckweeds can reproduce in two different ways. By multiplication (vegetative) or by sexual 

(generative) reproduction. All duckweed species have the ability to flower, i.e. sexual 

reproduction. However, flowering occurs seldom and in small duckweed species flowering is 

only visible under a microscope. Factors inducing the flowering process are high duckweed 

densities, light intensity, photoperiod (duration of light and darkness), temperature and the 

application of certain chemicals, such as the chelating agent ethylenediamine-di-o-

hydroxyphenylacetic acid (EDDHA), Fe-EDDHA, 8-hydroxyquinoline or salicylic acid  (Khurana 

and Maheshwari, 1983; Khurana et al., 1986; Landolt, 1986; Seth et al., 1970) 

Multiplication is the form of reproduction that occurs predominantly in most duckweed 

species. A mother frond built a genetically identical clone by budding within the pouch of the 

basal frond section. When this daughter frond matures, the connection (called stipe) to the 

mother frond breaks. Each daughter frond already contains two or more new generations of 
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daughter fronds when detaching from the mother frond. One mother frond can produce up 

to 24 clones in a lifespan of 5 to 10 weeks (Cao et al., 2020; Landolt, 1986; Sree et al., 

2015b).  

The growth rates are the highest of all higher plants and duckweeds are the fastest-growing 

angiosperms on earth (Sree et al., 2015c). Usually, the growth rate is specified by the relative 

growth rate (RGR (d-1)) according to equation (1), where x is the value of the measured 

parameter (duckweed fresh weight, dry weight or number of fronds) at two time points at 

the beginning (t0) and the end (t7) of a 7-day test period (Ziegler et al., 2015).   

𝑅𝐺𝑅 = (𝑙𝑛𝑥𝑡7 − 𝑙𝑛𝑥𝑡0)/(𝑡7 − 𝑡0)        (1) 

The RGR describes the biomass gain after one day of cultivation, starting with an initial 

biomass of one gram. Another parameter is the doubling time (DT (d)) according to equation 

(2), which describes the time needed for doubling the biomass (Ziegler et al., 2015).  

𝐷𝑇 = 𝑙𝑛2/𝑅𝐺𝑅          (2) 

The fastest RGR in duckweeds has been achieved for the species W. microscopica. Table 2 

shows RGRs and DTs for several selected clones. 

Table 2: relative growth rates (RGR) and doubling times (DT) for several selected duckweed clones (Sree et al., 2015c; Ziegler 

et al., 2015) 

Species Clone RGR (d-1) DT (d) 

W. hyalina 9525 0.519 1.34 

L. gibba 7742 0.503 1.39 

L. minor 9441 0.420 1.67 

S. polyrhiza 7110 0.168 4.13 

S. polyrhiza 9242 0.386 1.80 

L. punctata 9589 0.365 1.90 

W. globosa 9331 0.328 2.11 

W. microscopica 2005 0.568 1.22 

 

There are large differences in the RGR and DT between species and even between different 

clones of one species, as seen for S. polyrhiza. The reproduction rate is not only clone-

specific but also depends on abiotic factors, such as nutrient composition and availability, 

temperature as well as light intensity and spectrum (Landolt, 1986). The above-shown RGRs 

and DTs were achieved under standardized, sterile in-vitro conditions with a temperature of 

25 °C, replenishment of nutrient medium every seven days, a continuous white light at     
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100 µmol m-2 s-1 and a modified and autoclaved full medium, e.g. Schenk-Hildebrand 

medium (Sree et al., 2015c; Ziegler et al., 2015). 

1.2.3. Cultivation and quality 
Duckweeds are adapted to freshwater; they naturally do not occur in seawater. According to 

Sree et al. (2015a), an increasing salinity of the nutrient medium decreased the RGR of the 

investigated duckweed species and clones.  

The nutrient composition and concentration of most freshwater sources (e.g. tap water) 

used for duckweed cultivation are often not optimal, therefore the supply with additional 

nutrients is necessary for fast growth and nutrient-rich duckweed biomass. Nitrate, 

ammonium, phosphate, potassium, calcium, magnesium, sulfur, iron, manganese, boron, 

molybdenum and zinc are among the most important nutrients. In literature, several 

nutrient media are described for duckweed cultivation, such as Murashige-Skoog, Hutner, 
Schenk-Hildebrand, Steinberg, Hoagland, Bonner-Devirian and the N-medium (Appenroth, 

2015). Besides the composition and concentrations, also the nutrient ratio has an impact on 

duckweed biomass quantity and quality (Walsh et al., 2020). By optimizing the growth 

medium, the nutritional content within the biomass can be influenced and maximized 

(Appenroth et al., 2017; Xu et al., 2012; Xu et al., 2011).  

Duckweeds can tolerate pH values in the range of 4-10, the optimum depends on the species 

and is usually between 5-8 (Caicedo et al., 2000; McLay, 1976).  

The water temperature is another abiotic factor influencing the growth of duckweeds. The 

tolerable temperature range for duckweed survival is between 5 and 40 °C. The optimum 

depends on the species and is between 25 to 31 °C. In general, species from cooler or 

temperate climate regions have a lower optimum than those from tropical regions (Landolt 

and Kandeler, 1987; Lasfar et al., 2007).  

Irradiation is essential for photosynthesis in all higher plants. It has to be distinguished 

between the light intensity and quality, while the duration time of radiation is another 

relevant factor. The light intensity is the quantity of radiation in the form of number of 

photons, that reaches the plant surface and is available for photosynthesis. These 

photosynthetic photon flux densities are given in µmol m-2 s-1. In general, an increasing light 

intensity correlates with a higher growth rate in duckweeds, until reaching a species-

depending photo-inhibition point (Paolacci et al., 2018; Wedge and Burris, 1982; Yin et al., 

2015). The light quality, meaning the spectral distribution of photosynthetically active 

radiation in the range of 400 - 700 nanometers (nm), is important for photosynthesis in 

phototroph organisms. Most important for plant growth and health are the blue peak 

around 445 nm and the red peak around 660 nm. The duration of radiation is known as 

photoperiod and describes the rhythm between light and darkness. Theoretically, longer 
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periods of radiation result in longer photosynthesis phases. However, many plants are 

naturally adapted to phases of darkness, because of the naturally occurring day and night 

rhythm. This is known as the circadian clock system (Isoda et al., 2022). The optimal 

photoperiod for duckweeds is 12 to 13 hours of light per 24 hours when cultivated under 

sterile conditions (Lasfar et al., 2007).  

The abiotic conditions that are optimal for duckweed growth also provide perfect habitats 

for other species. Therefore, if duckweed is cultivated under non-sterile conditions, the 

growth of ubiquitous algae and other microorganisms is inevitable. Several green algae 

species (Scenedesmus conspicua. Chlorella sp., Chlamydomonas sp.) reduced the growth of 

duckweed by the depletion of nitrogen, phosphorus, iron and manganese, as well as a pH 

increase above 10. Furthermore, the presence of certain algae species reduced the 

chlorophyll contents by up to 97 % and can be lethal for Lemna gibba, if the initial duckweed 

cover is below 50 % of the surface area. However, a high initial duckweed cover will hinder 

algae growth by shading and could be a solution to reduce the detrimental effects on 

duckweed (Roijackers et al., 2004; Szabó et al., 1998; Szabó et al., 1999; Szabó et al., 2003; 

Szabó et al., 2005). Also, bacteria biofilms attached to the duckweed and cultivation system, 

considerably contribute to nitrogen removal via uptake or nitrification/denitrification 

(Körner and Vermaat, 1998). Another biotic factor with a fatal impact on duckweed is the 

growth of certain fungus species, such as Pythium myriotylum (Brand et al., 2021). 

Duckweeds are highly nutritious plants, which can reach protein contents of up to 45 % in 

the DM (Sela et al., 2020; Sońta et al., 2019; Xu et al., 2021). Appenroth et al. (2017) 

reported protein levels from 20 % to 35 %, fat contents from 4 % to 7 %, and starch contents 

from 4 % to 10 % (DM) for six different species, using a modified Schenk-Hildebrandt 

medium for cultivation. The amino acid composition is close to the recommendations for 

human nutrition of the World Health Organization (WHO, 2007). The content of the essential 

amino acid lysine was 4.8 %. Between 48-71 % of the fat content is present as 

polyunsaturated fatty acids with a high content of omega-3 fatty acids (Appenroth et al., 

2017). 

The nitrogen supply, especially the nitrate and ammonium concentration in the nutrient 

medium, influences the protein content of duckweed biomass (Iatrou et al., 2019). To 

maximize the starch content, several growing parameters, e.g. temperature (Cui et al., 2011; 

Xu et al., 2012), nutrient starvation (Zhao et al., 2015) or lighting (Yin et al., 2015), have been 

successfully investigated. However, high starch contents can only be achieved with 

simultaneously low RGRs, protein and phosphorus contents (Xiao et al., 2013). In the turions, 

starch contents of up to 65 % are possible (Xu et al., 2011; Xu et al., 2018). 
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1.2.4. Previous and current use of duckweed 
Duckweed has been an important plant for research and application for centuries. They 

played a major role in plant biology research, for example about the photoperiodic flowering 

response. In the era of plant molecular biology, the physiological information obtained from 

duckweed research was more and more transferred to other model plants, such as 

Arabidopsis thaliana or rice (Acosta et al., 2021). Nevertheless, duckweed is still used as a 

model plant to investigate plant physiological and ecotoxicological processes, such as the 

plant circadian system, sulfur assimilation pathways, flowering response and auxin 

biosynthesis (Cao et al., 2020; Isoda et al., 2022). Duckweeds are well suited for biochemical 

in vivo research, for example by studying the nucleic and protein turnover in L. minor using 

radiolabeled compounds (Acosta et al., 2021). Due to their fast multiplication and their 

ability to accumulate high amounts of nutrients and contaminants, they are often used for 

biomonitoring as indicator plants for heavy metals and other pollutants in laboratory or field 

studies (Hegazy et al., 2009; Nasu and Kugimoto, 1981; Ziegler et al., 2019). Another popular 

field of application is the phytoremediation process of contaminated water bodies, including 

different kinds of pollutants like heavy metals, pharmaceuticals and personal care products 

or benzotriazoles (Gatidou et al., 2017; Hu et al., 2021).  

 

1.3. Aims of this study 
The main aim of this dissertation is to develop a standardized cultivation system and process 

for Lemnaceae. The two duckweed species Lemna minor and Wolffiella hyalina were 

identified as potential candidates for human and animal nutrition due to their fast growth 

rates (Ziegler et al., 2015) and high protein contents (Appenroth et al., 2017).  

To reach the main aim, two parallel steps were pursued in the present project. On one hand, 

the effect of different abiotic factors (nutrients and light) on physiological and biochemical 

properties of L. minor and W. hyalina were investigated. On the other hand, these findings 

were used to develop and operate a biotechnological application, in the form of a re-

circulating indoor vertical farm (IVF). In order to establish duckweed for different fields of 

application it requires a standardized production process, which is characterized by the 

following aspects: 

• continuously high biomass harvest 

• stable and constant product quality 

• no application of pesticides 

• year-round cultivation, independent of climatic conditions 

• minimal input of nutrients and water 

• space efficiency 
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2. Manuscript Overview 

 

Manuscript I: 

Finn Petersen, Johannes Demann, Dina Restemeyer, Andreas Ulbrich, Hans-Werner Olfs, 

Heiner Westendarp, Klaus-Jürgen Appenroth. 2021. "Influence of the Nitrate-N to 

Ammonium-N Ratio on Relative Growth Rate and Crude Protein Content in the Duckweeds 

Lemna minor and Wolffiella hyalina". Plants 10, no. 8: 1741. 

https://doi.org/10.3390/plants10081741 

Manuscript I investigates the effect of different nitrate-N to ammonium-N ratios on the 

relative growth rate and crude protein content of two duckweed species. This data is 

important to yield a high protein content of the biomass.  

 

Manuscript II: 

Finn Petersen, Johannes Demann, Dina Restemeyer, Hans-Werner Olfs, Heiner Westendarp, 

Klaus-Juergen Appenroth, and Andreas Ulbrich. 2022. "Influence of Light Intensity and 

Spectrum on Duckweed Growth and Proteins in a Small-Scale, Re-Circulating Indoor Vertical 

Farm". Plants 11, no. 8: 1010. https://doi.org/10.3390/plants11081010 

Manuscript II investigates the effect of different light intensities and spectral distributions on 

the relative growth rate and crude protein content of two duckweed species, using a small-

scale and re-circulating indoor vertical farm. This data is important to achieve high growth 

rates at comparatively low light intensities and could provide information for a potentially 

energy-efficient duckweed cultivation in a new and innovative production system.  

 

Manuscript III: 

Finn Petersen, Johannes Demann, Jannis von Salzen, Hans-Werner Olfs, Heiner Westendarp, 

Petra Wolf, Klaus-Jürgen Appenroth, Andreas Ulbrich. 2022. “Re-circulating indoor vertical 

farm: Technicalities of an automated duckweed biomass production system and protein feed 

product quality evaluation”. Journal of Cleaner Production, Volume 380, Part 1, 134894, 

https://doi.org/10.1016/j.jclepro.2022.134894. 

Manuscript III describes the construction, technicalities and operation as well as biomass 

yield and quality of a re-circulating, large-scale indoor vertical farm for duckweed 

production. This biomass is evaluated as a potential animal feed source.   
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4. General Discussion 
The potential of duckweed is enormous due to its fast biomass production and high 

nutritional value, which can be influenced by cultivation conditions. Protein-rich duckweed 

biomass could become an established part of human and animal nutrition. In either case, a 

standardized production process aiming at large yields with stable product qualities is 

necessary. In the future, this process should be economically and ecologically viable, a status 

as Novel Food has to be granted and the acceptance of potential customers and consumers, 

leading to a sufficiently large demand, is required for a successful implementation of 

duckweed in different industries.  

With regard to plant cultivation, numerous abiotic factors influence duckweed growth and 

biomass quality, such as water quality, nutrient supply, light conditions, pH, temperature, 

CO2 content, flow rate, water depth and plant surface coverage (Coughlan et al., 2022; 

Landolt and Kandeler, 1987; Walsh et al., 2021) as well as biotic factors, including pathogens 

and competitors for nutrients and light (Brand et al., 2021; Roijackers et al., 2004). For this 

dissertation, a biological system was used to investigate the effect of the important abiotic 

factors nutrients and light on the physiological properties of two duckweed species and 

optimize them with regard to a biotechnological application. Especially nitrogen supply is an 

important factor with regard to a high protein content of the duckweed biomass.  

 

4.1. Nitrogen assimilation 
Nitrogen, after carbon, is the element required the second most by plants in terms of 

quantity, amounting to 1 - 5 % of the total plant DM (Hawkesford et al., 2012). In soils, 

nitrogen is present in inorganic forms (mainly nitrate and ammonium) and organic forms 

(mainly urea, free amino acids and short peptides) (Muratore et al., 2021). Nitrate is the 

major nitrogen source for plant growth in agriculture (Miller and Cramer, 2005). In general, 

nitrate assimilation occurs in the leaves and the roots of plants. In herbaceous plants, nitrate 

assimilation predominantly occurs in the leaves, while in woody plants or legumes it mainly 

takes place in the roots. Nitrate is taken up by the roots via a symporter with two protons 

(Figure 3). It can be temporary stored in the vacuole. Nitrate can be assimilated in the roots, 

until the capacity for nitrate assimilation in the roots is exhausted. The remaining nitrate can 

be released into the xylem and is carried by the transpiration stream into the mesophyll of 

the leaves. Nitrogen assimilation occurs in a multi-step process. In a first step, nitrate is 

reduced to nitrite by the enzyme nitrate reductase, which is present in the cytosol of the 

mesophyll. NADH acts as a reducing agent for this process. In a second step, nitrite is 

reduced to ammonium. The enzyme nitrite reductase, located in the plastids, causes this 

reaction by the uptake of six electrons from reduced ferredoxin (Heldt and Piechulla, 2021).  

Triggered by glutamine synthase, which is present in the chloroplasts, ammonium is 

incorporated by glutamic acid in ammonium assimilation to form glutamine, using ATP. 

Glutamine is then reduced by the enzyme glutamate synthase through transamination into 

glutamate (Heldt and Piechulla, 2021).  
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Ammonium is assimilated in the roots of plants. Theoretically, ammonium uptake for plants 

is easier than nitrate uptake, as the electrochemical gradient is lower. The assimilatory 

nitrate reduction is omitted, as ammonium can be directly used by the plants to metabolize 

amino acids. Nevertheless, many plant species preferentially take up nitrate over 

ammonium, even though it is correlated with an increased energy consumption for 

ammonium reduction. One reason might be an ammonium-triggered toxicity, which, 

however, differs between species (Zhou et al., 2021).  

 

Figure 3: Nitrate assimilation process in the root and leaves of plants (Heldt and Piechulla, 2014) 
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The content and form of nitrogen in the soil or nutrient solution is therefore an important 

growth factor. Plant physiologically, this has several reasons, as nitrogen is needed in many 

different compounds in plants. These include amino acids, proteins, amides, ureides, nucleic 

acids, chlorophyll, ATP, NAD(P)H, phytohormones, such as auxins and cytokinins, vitamins, 

such as thiamine and riboflavin, and various secondary plant compounds (Hawkesford et al., 

2012). As nitrogen is essential for the synthesis of a large number of different substances, a 

change in the nitrogen content of the soil or nutrient solution also affects the composition of 

the plant (Lieberei and Reisdorff, 2012). 

In soils, crop performance is often limited by nitrogen availability (Muratore et al., 2021). As 

a consequence, large amounts of nitrogen fertilizer are applied to the fields by conventional 

agriculture. As only about 50 % of the applied fertilizers is taken up by the plants, the 

remaining part is leached into the environment, leading to severe consequences, such as 

water eutrophication, air pollution, soil acidification (Zhou et al., 2021) and groundwater 

contamination (Mahvi et al., 2005). Hence, a target-oriented application of nitrogen 

fertilizers is needed. This includes minimal losses into the environment and an efficient 

uptake and conversion into usable biomass. Duckweeds cultivated in a re-circulating IVF 

could be a possible solution. 

 

Duckweeds take up nitrogen with their roots and fronds. In case of Wolffioideae uptake 

occurs only via the fronds, as they possess no roots. Increased root length and root to frond 

dry weight ratio at nutrient deficiency indicate the role of roots in nutrient uptake 

(Cedergreen and Vindbæk Madsen, 2002). Cedergreen and Vindbæk Madsen (2003) 

demonstrated that nitrate reductase activity in L. gibba is eight times higher in the root than 

in the fronds. As the uptake of ammonium and nitrate in duckweed occurs through the leaf-

like parts in addition to the roots, this indicates that nitrate, after uptake via the leaves, is 

transported through the phloem into the root where it is reduced to ammonium. This 

hypothesis can be supported by Cedergreen (2001). However, the uptake rate for nitrate 

and ammonium differed between roots and fronds of L. minor, while the area-specific 

uptake capacity only differed for ammonium. The uptake rate (µmol g-1 plant dry weight h-1) 

of nitrate and ammonium at low and intermediate NH4NO3 concentrations (5 and 50 mmol 

m-3, respectively) was higher for roots than fronds. Contrarily, at high NH4NO3 

concentrations (250 mmol m-3) the uptake rate for both N-forms was higher in the fronds. 

The area-specific ammonium uptake capacity (µmol m-2 root or frond h-1) of fronds was 

significantly increased compared to roots. With increasing nitrogen availability, the uptake 

capacity of roots and fronds declined. No differences for roots and fronds regarding the 

area-specific nitrate uptake capacity were determined. The ammonium uptake capacity was 

three to eleven times higher than the nitrate uptake capacity for both, roots and fronds. This 

indicates a preferential uptake of ammonium over nitrate and was confirmed by a two to 30 

times higher affinity for ammonium than nitrate (Cedergreen and Vindbæk Madsen, 2002). 

Nitrate was only taken up by six different investigated duckweed species when ammonium 

was depleted (Zhou et al., 2021).  
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However, previous studies did not investigate the effect of different nitrate to ammonium 

ratios on duckweed growth, protein content and nutrient uptake. In our study (Petersen et 

al., 2021) we identified that the nitrate-N to ammonium-N ratio significantly influences RGR, 

crude protein content (CPC) and relative protein yield of the two duckweed species L. minor 

and W. hyalina as well as the nitrate-N and ammonium-N content in the nutrient solution. A 

ratio of 75 % nitrate-N and 25 % ammonium-N [75-25] resulted in the highest RGR, which 

was significantly reduced with an increasing ratio of ammonium in the nutrient solution. The 

CPC increased with increasing ammonium concentration, except for a solution at the [75-25] 

ratio. The resulting relative protein yield, however, was highest at the ratio [75-25]. The total 

reduction of ammonium-N (mg l-1) in the nutrient solution was highest at the ratio [75-25], 

even though it only contributed to 25 % of the total nitrogen available. A possible 

explanation is the highest RGR at this ratio, which led to an increased nitrogen demand of 

the duckweeds. The highest nitrate reduction was achieved at the ratio [100-0], as nitrate 

was the sole nitrogen form available. In the other ratios containing ammonium, the nitrate 

reduction was significantly lower, as ammonium was presumably taken up preferentially. 

This data shows that for a larger-scale application aiming at protein-rich biomass, the 

nutrient solution has to be optimized firstly concerning the N-sources to reach fast growth 

rates and high protein contents. 

 

4.2. Protein biosynthesis 
The synthesis of amino acids, products of nitrogen assimilation, occurs mainly in the 

chloroplasts of plants. Different amino acids are synthesized in different ratios, depending 

on the species and the metabolic conditions. Usually, glutamate and glutamine are 

synthesized predominantly, while large quantities of alanine can often be detected in C4- 

plants (Heldt and Piechulla, 2021).  

For the synthesis of the different amino acids carbon structures are needed, which are 

synthesized in the Calvin cycle during CO2 assimilation. 3-Phosphoglycerate is the most 

important carbon source for amino acid synthesis (Heldt and Piechulla, 2021). A variety of 

different metabolic pathways are involved to synthesize the different amino acids (Figure 4). 
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Figure 4: Involvement of different carbon sources for the synthesis of the different amino acids (Heldt and Piechulla, 2014) 

Proteinogenic amino acids are the structures needed for protein biosynthesis, which takes 

place at the ribosomes. These synthesized proteins are reserves for amino acids, mainly in 

the form of storage proteins, which do not possess any enzymatic functions (Heldt and 

Piechulla, 2021). Storage proteins accumulate primarily in the protein storage vacuoles of 

terminally differentiated cells of the embryo and endosperm and as protein bodies directly 

assembled within the endoplasmic reticulum (Herman and Larkins, 1999). Those storage 

proteins can be fractioned based on their solubility into albumin (soluble in water), globulin 

(soluble in diluted saline solution) and prolamin (soluble in ethanol). The predominant form 

in plants is globulins, however, in different quantities. In duckweed S. polyrhiza high 

quantities of storage proteins are suspected, due to a high amount of larger molecular 

proteins with low solubility. The molecular weights of duckweed protein fractions ranged 

from 14 kDa to more than 160 kDa. Duckweed protein is more hydrophobic than soy protein 

at the same pH value and thermally stable up to 250°C (Yu et al., 2011). 
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4.3. Light and photosynthesis  
Plants use the energy of light to transform water and CO2 into glucose and O2. This process is 

called photosynthesis, which made life on earth possible in the first place, as all living 

biomass and O2 in the atmosphere are derived from this process.  

For this process, plants capture the light of the sun or an artificial light source and use its 

energy. The electromagnetic radiation comprises a large spectrum. With increasing 

wavelength, the energy content is decreasing (Figure 5).  

 

Figure 5: The electromagnetic spectrum (Verhoeven, 2017) 

In nature, plants need to react to large temporal and spatial variations in light conditions, 

such as intensity, spectral distribution and photoperiod (Ruban, 2009). Plants absorb 

photons as photosynthetic active radiation in the wavelength spectrum between 400 and 

700 by specific protein complexes, called reaction centers.  

These reaction centers, mainly located in the leaves of plants, contain chlorophyll. It is the 

predominant absorber of the photons of the red and blue wavelengths. As it doesn’t absorb 

much green light (480 – 550 nm), but partially reflects it, leaves appear in green color. Plants 

contain two types of chlorophyll (a and b), usually in a ratio of 3:1 (Heldt and Piechulla, 

2021). Other pigments for light absorption are carotenoids. For efficient photosynthesis, the 

energy of the photons is captured by antennas. They consist of protein-bound chlorophyll 

molecules, that absorb photons and transfer their energy to the reaction centers. Also, 

carotenoid pigments are present in the antennas. Two subsequent reaction centers, in 

photosystem II with an absorption maximum at 680 nm and photosystem I with an 

absorption maximum at 700 nm, are connected in plants (Heldt and Piechulla, 2021).  

Light can affect plants in two different ways. On the one hand, light affects the growth rate 

and the formation of metabolites of plants via photosynthesis. On the other hand, light can 

influence the development of plants due to light receptors (Table 3) (Nover et al., 2008). The 

influence of light on the plant's phenotype is called photo morphogenesis (Kadereit et al., 

2021; Schäfer and Nagy, 2006).  
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Excessive light irradiation can lead to a reduction in photosynthetic intensity. In light-

sensitive species, this can even lead to bleaching or death of the leaves. In this process, 

known as photo-inhibition, the photosynthetic apparatus of the plants is supersaturated 

with light energy, in particular Photosystem II is affected. Plants have protective mechanisms 

for excessive light irradiation, such as carotenoids or certain radical scavenging reactions, 

but these are often insufficient to completely prevent photo-oxidative destruction. Photo-

inhibition often occurs when plants are exposed to high light intensities after a dark period 

(Schopfer and Brennicke, 2016).   

With the help of various light receptors, plants are able to perceive seasonal and daily 

changes in day length in the form of circadian rhythms and to adapt their metabolic and 

developmental processes (Nover et al., 2008). 

The day/night ratio can influence the plant morphoses, such as flower induction, beginning 

and end of dormant periods, cambium activity, growth rate, formation of storage organs, 

formation of frost resistance, leaf fall, branching, adventitious rooting, leaf shape and 

succulence, and pigment formation (Kadereit et al., 2014). 

 

Table 3: Photosynthetic pigments and light receptors of plants with the respective absorption ranges and their effects 
(according to Schopfer and Brennicke (2016) and Nover et al. (2008)) 

photosynthesis 

pigments 

absorption 

spectrum 

effect 

chlorophyll 400-480 nm/550-700 nm absorbing light for photosynthesis 

carotenoids 460-520 nm absorbing light for photosynthesis 

photoreceptors   

phytochromes  660/730 nm control of photo-morphogenesis, circadian 

rhythm, photoperiod and shade avoidance; 

photo tropism 

cryptochromes 340 – 520 nm Inhibition of hypocotyl elongation; promotes 

leaf development, synthesis of anthocyanin, 

stomata opening; circadian control of 

flowering time 

phototropins 340 – 520 nm controls phototropism, movement of the 

chloroplasts and stomata opening; optimizing 

photosynthesis 

UV-B-photoreceptor 280 – 350 nm Inhibition of hypocotyl growth; regulates the 

transcription of several genes; sunscreen; 

regulation of stomata opening 

Zeitlupe-family        340-520 nm control of circadian rhythm and 

phototropism 
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The effect of light intensity on duckweed growth is well described in the literature. 

Increasing light intensities increase the RGR of duckweed until the point of photo-inhibition 

is reached (Paolacci et al., 2018; Stewart et al., 2020). However, little knowledge about the 

spectral effect on duckweed growth and protein content is available. According to Zhong et 

al. (2021), red light promoted starch accumulation in S. polyrhiza (clone 5510), while blue 

light increased biomass and protein accumulation. Contrarily, wavelengths corresponding to 

red, blue and white light did not significantly influence the amino acid concentrations of the 

soluble protein in W. arrhiza (Appenroth et al., 1982). Therefore, we investigated the effect 

of different light intensities and spectral distributions as well as their interaction on L. minor 

and W. hyalina growth and quality. The RGR increased with increasing light intensity for both 

species, while the spectrum did not significantly impact RGR. The CPC ranged between 31.8 

± 0.8 % and 32.4 ± 1.2 % for L. minor and between 39.3 ± 1.0 % and 40.0 ± 0.8 % for W. 

hyalina for the different treatments. No significant differences in the CPC for the different 

light intensities and spectral distributions within a species were detected (Petersen et al., 

2022a). 

In the course of this dissertation, an issue occurred regarding the growth of unwanted 

ubiquitous algae, which compete for nutrients and light and could overgrow a duckweed 

population, if no adequate measures were taken. Therefore, comparatively low light 

intensities were applied to avoid this effect. 

For large-scale applications, aiming at maximum biomass production, abiotic conditions 

closer to the respective duckweed species optimum have to be applied. However, measures 

to prevent uncontrolled algae growth or infections with pathogens have to be implemented 

as well. 

 

4.4. Cultivation system 
Different research institutes and companies around the world work on different approaches 

toward a standardized duckweed cultivation process. A re-circulating IVF operated in a 

controlled environment offers the possibility to standardize most of the relevant growth 

factors (Petersen et al., 2022b). The pH, nutrient composition and concentrations of the 

medium can be monitored and controlled, lighting systems can be automated and water 

temperature and movement can be adjusted. This way the quality and quantity of the yield 

can be regulated. Due to an indoor cultivation, a year-round production is possible, as the 

system is independent of the climatic conditions. Furthermore, some unwanted biotic 

factors, such as animals feeding on the duckweed and thereby damaging the harvest, can be 

excluded. The application of pesticides is not required. By re-circulating the nutrient solution 

within the system and constantly adding missing nutrients, the water and nutrient efficiency 

of such a system can be increased. Challenges, however, are the growth of ubiquitous algae 

and microorganisms. Different kind of filter systems and the adaption of growth factors can 

reduce their impact.  

High costs for building cultivation systems, energy supply for technical devices (e.g. light 

sources, pumps, heaters or coolers, nutrient dosing systems) and providing the 

infrastructure (e.g. water supply, nutrient sources, electrical energy) must be named on the 
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downside. To economically operate such a system, the input of resources and energy must 

be minimized, by simultaneously maximizing the output (quantity and quality of duckweed 

biomass). The use of cheap and easily available resources must be aimed at, while still trying 

to keep the process as standardized as possible. A medium mainly prepared with agricultural 

fertilizers and tap water fulfills these requirements and allows a quite standardized 

cultivation (Petersen, 2022; Petersen et al., 2021).  

 

4.5. Potential use of duckweed biomass 
Due to their beneficial properties, duckweeds are recently getting into the spotlight of 

interest for different applications (Acosta et al., 2021; Rozman and Kalčíková, 2022). 

Depending on the cultivation conditions, duckweed can either accumulate proteins or 

carbohydrates. The biomass can be used as fresh material or in a processed form, e.g. dried, 

milled or as an isolated fraction of the biomass. To demonstrate the variability of duckweed 

biomass applications, a potential use as food, feed and biofuel is discussed in this Chapter.  

4.5.1. Human nutrition 
Duckweeds are suitable for human nutrition (Appenroth et al., 2018; Appenroth et al., 2017; 

Beukelaar et al., 2019; Sree et al., 2019; Xu et al., 2021). The species W. globosa has been 

consumed as an inexpensive protein source by the less wealthy people in parts of 

southeastern Asia (Myanmar, Laos and northern Thailand) for many decades. They call it 

“khai-nam”, which translates to “eggs of the water” (Bhanthumnavin and McGarry, 1971). 

Recently, the nutritional composition and value of several duckweed species have been 

investigated more in detail. Duckweed possesses a high-quality protein, containing 4.8 % 

lysine, 2.7 % methionine + cysteine and 7.7 % phenylalanine + tyrosine  (Appenroth et al., 

2017). The content of all essential amino acids is above the recommendations of the WHO 

for human nutrition (WHO, 2007). The starch content differed between 4 and 10 %, while 

the fat content (both based on DM) reached more than 6 %, of which up to 71 % were 

polyunsaturated fatty acids. A high share of n-3 fatty acids (mainly α-linolenic acid) resulted 

in a favorable n6/n3 ratio of less than 0.5 for most of the investigated species (Appenroth et 

al., 2017). According to Appenroth et al. (2018) the species W. microscopica had an ash and 

fiber content of 16.5 % and 28.6 %, respectively, based on DM. Its biomass is rich in 

potassium, copper, iron, manganese and zinc and is characterized by a low content of 

sodium. All-E-lutein (70 mg per 100 g DM), (all-E)- violaxanthin (46 mg/100 g DM) and (all-E)-

b-carotene (28 mg/ 100 g DM) were the main components of carotenoids present in W. 

microscopicas biomass. The content of sterol, an important substance for serum cholesterol-

lowering processes, was about 50 mg g-1 lipid. However, the content of certain components, 

such as proteins, starch or micro elements, mainly depends on the nutrient medium applied 

(Appenroth et al., 2017). A strain of W. globosa, called Mankai®, is not only rich in proteins 

(about 45 % DM) but also has a high content of Vitamin B12 (2.8 µg per 100 g DM) (Sela et 

al., 2020). This vitamin is usually present in animal products, such as meat, eggs or dairy 
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products, making this strain especially interesting for the increasing consumer group of 

vegans. It is, however, not yet clear whether vitamin B12 is indeed produced by W. globosa 

or by associated bacteria. Mankai® has a mitigating postprandial effect on the Glycemic 

Index of abdominally obese participants compared to yogurt (Zelicha et al., 2019).  Sree et al. 

(2019) discovered, that seven different duckweed species covering all five genera do not 

contain anti-proliferative or cytotoxic effects, meaning that the high nutritional value of 

duckweed is not diminished by these harmful factors. Biomarkers in the blood and urine of 

adults consuming L. minor did not show significant differences in kidney function, liver 

function, cardiovascular health, inflammation and iron status compared to a spinach-based 

diet (Mes et al., 2022). The consumption of L. minor compared to green peas resulted in 

lower plasma glucose and insulin levels as well as significantly reduced blood concentrations 

of amino acids, indicating a lower digestibility of the duckweed (Zeinstra et al., 2019). 

Beukelaar et al. (2019) showed, that the knowledge about nutritional and sustainability 

benefits as well as an appealing meal preparation (e.g. in form of a salad) of duckweed 

increased the acceptability of Dutch consumers. Romano and Aronne (2021) suggest that the 

genus Wolffia can be used for food production and wastewater remediation in 

bioregenerative life support systems of future space missions. 

4.5.2. Animal nutrition 
Duckweeds are a feed source for different animals in the wild, such as ducks and fish. 

Traditionally, humans have used duckweed for feeding their domestic animals, especially in 

south east Asia (Fourounjian et al., 2020). For example, they have been produced for native 

chickens in Cambodia in an integrated system with duckweed ponds and a bio digester 

(Samnang, 1999). Moreover, it has been discovered that they pose a possibility for local 

farmers to minimize feed costs and increase income in Cambodia, Bangladesh or Nigeria 

(Ahammad et al., 2003; Olorunfemi, 2006; Samnang, 1999).  

The main characteristic of duckweed, as mentioned above, is its high protein content. The 

high share of essential amino acids in the protein is not only favorable for humans but also 

for farm animals. The fatty acid profile is also worth mentioning, as more than 50 % of the 

duckweed fatty acids profile consists of linolenic and linoleic acid (Appenroth et al., 2018; 

Appenroth et al., 2017; Yan et al., 2013). These are indispensable not only for humans but 

also for animals.  

In order to evaluate the nutritional quality of duckweed for farm animals, digestibility has to 

be considered. Especially protein as a main factor for growth or reproduction but also the 

phosphorus content has been investigated. A Lemna protein concentrate tested in growing 

pigs had a high digestibility of amino acids (Met 80.1 and Lys 81.2 %) and phosphorus (72.8 

%) (Rojas et al., 2014). Several trials were conducted with livestock to investigate the effect 

on performance associated with the proportion of duckweed in the complete diet. Broiler 

chickens reacted with increased growth to L. minor up to a share of 6 % in complete feed as 
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a substitute for sesame oil cake (Ahammad et al., 2003). Other trials showed, that rates of up 

to 8 % duckweed in all ages (Kabir et al., 2005) or up to 10 % in finisher diets (Kusina et al., 

1999) could be realized. A partial replacement for soybean meal for piglets and growing pigs 

has been realized (Moss, 1999). For laying hens, L. gibba could replace up to 10 % soy bean 

or approximately 50 % fishmeal without adverse effects on the egg quality or laying 

performance of hens (Akter et al., 2011; Zakaria and Shammout, 2018). Increased egg yolk 

color has been confirmed by various authors (Anderson et al., 2011; Chantiratikul et al., 

2010; Zakaria and Shammout, 2018), as well as increased n-3 fatty acid content in eggs 

(Anderson et al., 2011). Moreover, the nutritional value of duckweed has been shown for 

ducks (Khandaker et al., 2007; Khanum et al., 2005), fish (Asimi et al., 2018; Da et al., 2013; 

Fasakin et al., 1999), cattle (Huque et al., 1996) and sheep (Damry et al., 2001; Zetina-

Córdoba et al., 2012). Generally, trial results varied based on the quality of the used 

duckweed and its composition. It has been assumed, that oxalates or other anti-nutritives 

may limit the potential use of duckweed in feeding animals (Fourounjian et al., 2020). 

Consequently, product quality has to be optimized and controlled to ensure appropriate and 

efficient animal nutrition (Demann et al., 2023).  

4.5.3. Biofuel 
Biofuel is considered a more sustainable alternative to fulfill energy demands. Besides 

conventional plants, duckweed can accumulate starch as the main feedstock for biofuel 

production in actively growing plants as well as in turions. Other plant compartments can 

also be used energetically, such as pectin or cellulose. Main advantage of the use of 

duckweed is, that as an aquatic plant, it doesn’t compete with other crop plants for arable 

land (Appenroth et al., 2021). Moreover, high amounts of starch can be yielded, e.g. 28 t per 

hectare and year (Cheng and Stomp, 2009).  

Biofuel production can be divided into biomethane or biogas production and bioalcohol 

production. In these fields, several approaches to produce biofuel with duckweed have been 

described. According to Appenroth et al. (2021), the starch content in duckweeds can be 

increased by manipulation of the cultivation conditions, e.g. nutrient deficiency, salt stress 

or the phytohormone abscisic acid. Chen et al. (2012) found out that bioethanol yield could 

be maximized with pectinase pre-treatment of L. punctata as feedstuff for Saccharomyces 

cerevisiae. The maximum glucose yield of enzymatic liquefaction was 218.64 ± 3.10 mg g-1 

DM and was increased by 142 % compared to the not pre-treated plant material. 

Hydrolysates of duckweed have also been fermented with a modified Corynebacterium 

crenatum to higher alcohols (Su et al., 2015). Cheng and Stomp (2009) optimized duckweed 

production and yielded up to 45.8 % starch with a bioethanol yield of 25 % of the original 

biomass. Moreover, an N-supplementation of the yeast fermentation mesh may not be 

necessary because of the relevant N content in duckweed (Cheng and Stomp, 2009). Ge et 

al. (2012) reached a level of 36 % starch and the bioethanol yield was 8.5 % of the original 
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biomass. As mentioned above starch can also be accumulated in turions. Not only for 

bioalcohol but also for biogas production, the usability of duckweed biomass has been 

investigated. The duckweed species S. polyrhiza is a possible substrate for anaerobic 

digestion. A co-digestion with 20 % duckweed with activated sludge improved methane yield 

significantly (Ghosh et al., 2019). Combined fermentation with pig manure also resulted in 

higher methane yields (Cui and Cheng, 2015). 

As mentioned in Chapter 1.2.3., a high starch content is only possible with a simultaneously 

low RGR, protein and phosphorus content. This is useful for energy purposes but detrimental 

when a nutritional use is intended. 

 

4.6. Legal status 
Duckweed biomass intended for human nutrition purposes is considered a “Novel Food” in 

most parts of the world. As such, it is subject to thorough procedures for approval. This 

regulatory status includes the assessment of potential adverse effects on animals, plants, the 

environment and human health, specifically the nutritional composition, and the presence of 

toxins, anti-nutrients or allergens. This approval process is avoided if duckweed is assessed 

as a traditional food by the responsible authorities. In general, it depends on three criteria: 

• Duckweed species and strain:  

W. globosa and W. arrhiza are considered traditional eligible vegetables, while other 

duckweed species and strains (e.g. L. minor) are evaluated as Novel Food. 

• Natural and proprietary strains:  

Naturally occurring strains can be considered traditional food, while strains altered 

by human effort (e.g. breeding) will be considered Novel Food. 

• Intended use:  

only fresh produce will be evaluated as traditional food, while any processed or 

modified products will be considered Novel Food 

If not considered a traditional food, duckweed plants and their products are subject to the 

application procedures of the responsible authorities (Shoham, 2022). Table 4 shows the 

current application status of different duckweed species and their intended use. 
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Table 4: Current application status for different duckweeds and their products intended as human food in the EU, USA and 
Israel (Shoham, 2022) 

 

 

The European Food Safety Authority did not raise safety objections regarding the duckweed 

product of Israel-based company GreenOnyx for the species W. globosa and W. arrhiza 

(EFSA, 2021). This means that these two species can be used for human nutrition in the EU. 

The permission for L. minor as a novel food in the EU is still pending, but it’s already been 

approved as animal feed in Germany (Normenkommission für Einzelfuttermittel, 2017).  
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5. Outlook 
Besides the application of mineral fertilizers as a nutrient source, alternative nutrient-rich 

resources could be used for duckweed cultivation. Manure and wastewater are available in 

abundance in most parts of the world, easily available and cheap, however, they often 

contain a mixture of contaminants, such as pharmaceuticals, pesticides, biocides or heavy 

metals (Helmecke et al., 2020; Hölzel et al., 2012). The occurrence and concentration of 

contaminants depends on the origin of these nutrient sources. A lot of money and a complex 

infrastructure are provided to process these resources, for example the intensive 

purification of wastewater, which is afterwards pumped into rivers or streams. However, 

they still impact ecosystems, when they are released into nature. Another example would be 

the excessive spread of manure on fields, which leads to increasing nitrate concentrations in 

groundwater. Valuable nutrients are this way removed or lost during these processes. By 

implementing treated manure (Devlamynck et al., 2021a; Devlamynck et al., 2021b; Lambert 

et al., 2022), wastewater (Keuter et al., 2021) or dairy effluent (O'Mahoney et al., 2022) as a 

nutrient source to produce protein-rich duckweed biomass for the food and feed industry, 

two of the most urgent problems in today’s agriculture could be tackled.  

As those resources are not standardized and contain possible pollutants, several processing 

steps are necessary before use. The manure or wastewater has to be processed in a way, 

that the majority of pollutants are removed, but only a minor fraction of the nutrients. 

Possible treatments are a process using membrane bioreactors and electrodialysis (Gurreri 

et al., 2020) or the separation of the solid and liquid fractions (Porterfield et al., 2020). The 

liquid fraction can be added into the hydroponic production system but doesn’t contain the 

optimal nutrient composition needed for duckweed cultivation. Therefore, missing nutrients 

must be supplemented by adding mineral fertilizers. It has to be assured, however, that the 

concentrations of contaminants are below the respective threshold values and the growth 

rate and nutritional composition are similar compared to duckweeds from a cultivation 

process based solely on mineral fertilizers.  

 

The production management of a re-circulating IVF is an essential factor regarding the 

success or failure of the operation. To ensure constant yields with a defined product quality 

from a re-circulating IVF, close monitoring of the nutrient solution is inevitable. With regard 

to a practical application, these datasets should be available at regular time intervals online 

and on demand for the grower. Ion-selective sensors (Bamsey et al., 2012) or ion-sensitive 

field-effect transistors (Fan et al., 2012) for all relevant macro- and micronutrients are 

required, however, these technologies need to be improved firstly.  

To continuously obtain and assess data about the growth patterns of duckweed in a 

continuous production process, the implementation of image analysis software coupled with 

artificial intelligence is a possible solution (Romano et al., 2022). This way the harvest 

process could be automated. 

The use of plant growth-promoting bacteria (PGPB) can increase the growth rate of 

duckweed by up to 32.1 % compared to the control group without PGPB. This effect, 

however, only lasted for a few days after inoculation, after seven days the natural duckweed 
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microbiome significantly reduced the PGPB (Ishizawa et al., 2020). The implementation of 

PGPB in a non-sterile and re-circulating IVF has not been investigated yet. 

Contrarily, the growth of unwanted organisms in the re-circulating IVF can negatively 

influence duckweed cultivation and has to be suppressed by adequate measures, such as 

water filter devises or automated cleaning tools for the production basins. The current 

adaptations of the abiotic factors (e.g. low nutrient concentration and light intensity), which 

unfortunately also reduce the full potential of duckweed, have to be superseded by 

technological advances. 

To operate such a re-circulating IVF resource-efficiently and economically, the input of 

electrical energy, water and fertilizers have to be monitored closely. This way the input of 

resources can be correlated with the product (biomass) output. This enables to calculate the 

costs for a large-scale production system. Additionally, the process of drying fresh duckweed 

biomass to preserve it has to be investigated, as the energy input for oven drying is a major 

cost factor.  

To economically run a standardized cultivation system is only possible if all biotic and abiotic 

factors complement each other, are optimized for the species of choice, the output exceeds 

the input and if it’s able to compete with today’s protein sources regarding quality and 

quantity. 

In order to transfer the presented results to a larger and even more practical-oriented 

surrounding, longer-lasting trials in larger IVFs have to be conducted. Only this way the 

overall aim of providing large quantities of a high-quality, protein-rich product at all times 

can be realized.  
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6. Summary 
Duckweeds (Lemnaceae) are the fastest-growing angiosperms on earth. Five different 

genera, compromising 36 species of these floating freshwater plants, are distributed around 

the world. They differ in size, between less than 1 mm and up to 1.5 cm. They are highly 

interesting for different fields of application due to their fast growth rate and biomass 

production, their high nutritional value and their variability of nutritional composition, which 

can be influenced by cultivation conditions. Duckweeds are already used in wastewater 

remediation or as indicator plants in laboratories and could be implemented in human and 

animal nutrition, bioethanol production and for pharmaceutical purposes.  

For industrial purposes, large amounts of duckweed with a certain quality are required at 

any time of the year. Therefore, a standardized production process with a focus on plant 

physiological growth parameters is needed. The effect of the nutrient medium, especially 

the nitrate-N to ammonium-N ratio and nutrient concentration, on the relative growth rates 

(RGRs) and crude protein contents (CPCs) of two duckweed species (Lemna minor and 

Wolffiella hyalina) was investigated under non-axenic cultivation conditions. A nitrate-N to 

ammonium ratio of 75 to 25 % and a half-strength nutrient concentration compared to the 

original N-medium resulted in high RGRs of 0.23 d-1 for L. minor and 0.22 d-1 for W. hyalina 

and high CPCs (37.8 % for L. minor and 43.9 % for W. hyalina).  

The effect of different light intensities and spectral distributions on RGR, CPC and chlorophyll 

a content was investigated using a small-scale indoor vertical farm under non-sterile 

cultivation conditions. As ubiquitous algae can reduce duckweed growth in longer-lasting 

cultivation, for this 16-day experiment a nutrient concentration of 10 % compared to the 

original N-medium was applied. It resulted in the highest RGR for both species at the highest 

light intensity (150 µmol m-2 s-1), while the spectral distribution had no significant influence 

on the RGR. The CPC was not significantly influenced by any of the investigated cultivation 

parameters and reached between 31.8 % and 32.4 % for L. minor and between 39.3 % and 

40.0 % for W. hyalina for the different treatments. The chlorophyll a content was highest at 

the lowest light intensity (50 µmol m-2 s-1) and decreased with an increasing light intensity in 

both species. 

Based on these results and experiences with the previously used cultivation systems, a large-

scale Indoor Vertical Farm was developed. It consists of nine vertically stacked production 

basins (1.95 x 1.45 x 0.1 m), resulting in a total production area of ca. 25.5 m2. The nutrient 

solution is re-circulating within the system and the nutrients are dosed automatically based 

on the electrical conductivity. Most abiotic growth parameters are controllable and 

adjustable. During a 40-day production phase a total of 35.6 kg of fresh L. minor biomass was 

harvested, which corresponds to ca. 900 g per day.  

To further optimize the re-circulating cultivation system, an advanced method to identify the 

concentration of each nutrient in the medium at any time is required to avoid 

overconcentration or lack of single nutrients. Additional filter systems and cleaning devices 

should be implemented to reduce unwanted algae growth. A stable and standardized 

production process, resulting in stable yields with a defined product quality, is required to 

promote the implementation of duckweed for industrial applications. 
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7. Zusammenfassung 
Wasserlinsen (Lemnaceae) sind die am schnellsten wachsenden Blütenpflanzen der Erde. Es 

gibt fünf verschiedene Gattungen mit insgesamt 36 Arten dieser Süßwasserpflanzen, die eine 

Größe von weniger als einem Millimeter bis zu 1,5 cm erreichen können. Sie sind aufgrund 

ihres schnellen Wachstums und Biomasseproduktion, ihres hohen Nährwerts und ihrer 

Variabilität der Nährstoffzusammensetzung, die durch die Anbaubedingungen beeinflusst 

werden kann, für verschiedene Anwendungsbereiche von großem Interesse. Wasserlinsen 

werden bereits in der Abwassersaufbereitung und als Indikatorpflanze in Laboren eingesetzt 

und könnten in der Human- und Tierernährung, der Produktion von Bioethanol und für 

pharmazeutische Zwecke verwendet werden.  

Für industrielle Zwecke werden ganzjährig große Mengen an Wasserlinsen von definierter 

und stabiler Qualität benötigt. Daher ist ein standardisiertes Produktionsverfahren mit Fokus 

auf pflanzenphysiologische Wachstumsparameter erforderlich. Der Einfluss des 

Nährmediums, insbesondere des Nitrat-N- zu Ammonium-N-Verhältnisses und der 

Nährstoffkonzentration, auf die relativen Wachstumsraten und Rohproteingehalte von zwei 

Wasserlinsenarten (Lemna minor und Wolffiella hyalina) unter nicht-sterilen 

Kultivierungsbedingungen wurde untersucht. Ein Nitrat-N zu Ammonium-N Verhältnis von 75 

zu 25 % sowie eine Nährstoffkonzentration von 50 % im Vergleich zum ursprünglichen N-

Medium führten zu hohen relativen Wachstumsraten von 0,23 d-1 für L. minor und 0,22 d-1 

für W. hyalina und hohen Rohproteingehalten (37,8 % für L. minor und 43,9 % für W. 

hyalina).  

Die Auswirkung verschiedener Lichtintensitäten und -spektren auf die relative 

Wachstumsrate, den Rohprotein- und Chlorophyll a-Gehalt wurde in einer kleinen, 

vertikalen Indoor-Farm unter nicht sterilen Anbaubedingungen untersucht. Da ubiquitär 

vorkommende Algen das Wachstum von Wasserlinsen bei längerer Kultivierdauer 

beeinträchtigen können, wurde in diesem 16-tägigen Experiment eine 

Nährstoffkonzentration von 10 % im Vergleich zum ursprünglichen N-Medium verwendet. 

Bei der höchsten Lichtintensität (150 µmol m-2 s-1) wurden die höchsten relativen 

Wachstumsraten für beide Arten erzielt, während die spektrale Verteilung keinen 

signifikanten Einfluss auf die relativen Wachstumsraten hatte. Der Rohproteingehalt wurde 

durch keinen der untersuchten Kultivierungsparameter signifikant beeinflusst und erreichte 

bei den verschiedenen Behandlungen zwischen 31,8 % und 32,4 % für L. minor und zwischen 

39,3 % und 40,0 % für W. hyalina. Der Chlorophyll a-Gehalt war bei der niedrigsten 

Lichtintensität (50 µmol m-2 s-1) bei beiden Arten am höchsten und nahm mit steigender 

Lichtintensität ab. 

Auf der Grundlage dieser Ergebnisse und der Erfahrungen mit den zuvor verwendeten 

Anbausystemen wurde eine große Indoor Vertical Farm entwickelt. Sie besteht aus neun 

vertikal angeordneten Produktionsbecken (1,95 x 1,45 x 0,1 m) mit einer 

Gesamtproduktionsfläche von ca. 25,5 m2. Die Nährlösung zirkuliert innerhalb des Systems 

und die Nährstoffe werden automatisch auf Basis der elektrischen Leitfähigkeit dosiert. Ein 

Großteil der abiotischen Wachstumsparameter kann kontrolliert und angepasst werden. 

Während einer 40-tägigen Produktionsphase wurden insgesamt 35,6 kg frische L. minor-

Biomasse geerntet, was ca. 900 g pro Tag entspricht.  
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Zur weiteren Optimierung des Kreislaufkultivierungssystems sind fortschrittlichere 

Konzentrationsbestimmungen eines jeden Nährstoffs im Medium zu jedem Zeitpunkt nötig, 

um eine Überkonzentration oder einen Mangel an Einzelnährstoffen zu vermeiden. 

Zusätzliche Filtersysteme und Reinigungsvorrichtungen sollten implementiert werden, um 

unerwünschtes Algenwachstum zu reduzieren. Ein stabiles und standardisiertes 

Anbauverfahren, das zu stabilen Erträgen mit einer definierten Produktqualität führt, ist 

erforderlich, um den Einsatz von Wasserlinsen für industrielle Anwendungen zu fördern. 
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10. Appendix 

10.1. Supplementary material   
 

 

Manuscript I 

 

Figure S1: relative weekly yield (RY, week-1) based on DW, for L. minor (grey shaded columns) and W. hyalina (white 
columns), cultivated for seven days in nutrient solutions with different NO3

--N to NH4
+-N ratios in different dilutions, based 

on N-medium. For further explanations, see Fig. 1.  

 

Table S5: tap water analysis municipal utilities Osnabrueck Wittefeld 

substance unit german drinking 
water ordinance 

limits 

measured 
concentration 

boron mg L-1 1 0.02 
nitrate mg L-1 50 7.7 

ammonium mg L-1 0.5 <0.02 
chloride mg L-1 250 32 

iron mg L-1 0.2 0.014 
manganese mg L-1 0.05 - 

sodium mg L-1 200 17.4 
sulfate mg L-1 250 94 

potassium mg L-1 - 3.26 
calcium mg L-1 - 49.5 

magnesium mg L-1 - 7.5 



 

80 
 

Manuscript II 

Table S1. Formulation of seven stock solutions (g L-1) for five different nitrate-N to ammonium-N ratios 

([100-0], [75-25], [50-50], [25-75], [0-100]), based on the N-medium. 

Stock 

solution 
Product name 

Main  

components 

[100-0]  

(g L-1) 

[75-25]  

(g L-1) 

[50-50]  

(g L-1) 

[25-75]  

(g L-1) 

[0-100]  

(g L-1) 

1 Calcinit  NO3--N, NH4+-N, Ca+ 47.2 35.4 23.6 11.8 0 

1 Krista K Plus  NO3--N, K+ 161.8 121.3 80.9 40.4 0 

2 NH4Cl  NH4+-N, Cl- 0 0 26.7 53.5 80.2 

3 OCI Granular 2  NH4+-N, SO42- 0 33 33 33 33 

4 KCl  K+, Cl- 0 29.8 59.6 89.5 119.3 

4 CaCl2 * 2 H20  Ca+, Cl- 0 7.4 14.7 22.1 29.4 

5 Krista MKP  PO43-, K+ 27.2 27.2 27.2 27.2 27.2 

6 Epso Combitop  Mg2+, SO42-, Mn2+, Zn2+  49.3 49.3 49.3 49.3 49.3 

6 Borax  BO33- 0.06 0.06 0.06 0.06 0.06 

6 Mangaan  Mn2+, SO42- 0.44 0.44 0.44 0.44 0.44 

6 MoNa2O4 * 2 H20  MoO42-, Na+ 0.02 0.02 0.02 0.02 0.02 

7 Ferty 72  Fe3+ 2.2 2.2 2.2 2.2 2.2 

 

 

Manuscript III 

Table S1: same as Table S1 in “Supplementary Material Manuscript I” 

Table S2: same as Table S1 in “Supplementary Material Manuscript II” 
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