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Abstract: In order to produce protein-rich duckweed for human and animal consumption, a stable
cultivation process, including an optimal nutrient supply for each species, must be implemented.
Modified nutrient media, based on the N-medium for duckweed cultivation, were tested on the
relative growth rate (RGR) and crude protein content (CPC) of Lemna minor and Wolffiella hyalina,
as well as the decrease of nitrate-N and ammonium-N in the media. Five different nitrate-N to
ammonium-N molar ratios were diluted to 10% and 50% of the original N-medium concentration.
The media mainly consisted of agricultural fertilizers. A ratio of 75% nitrate-N and 25% ammonium-
N, with a dilution of 50%, yielded the best results for both species. Based on the dry weight (DW),
L. minor achieved a RGR of 0.23 ± 0.009 d−1 and a CPC of 37.8 ± 0.42%, while W. hyalina’s maximum
RGR was 0.22 ± 0.017 d−1, with a CPC of 43.9 ± 0.34%. The relative protein yield per week and m2

was highest at this ratio and dilution, as well as the ammonium-N decrease in the corresponding
medium. These results could be implemented in duckweed research and applications if a high
protein content or protein yield is the aim.

Keywords: amino acids; biomass production; cultivation; Lemnaceae; nutrient medium; uptake;
water lentils; yield

1. Introduction

A growing world population, with an increasing demand for protein, will necessitate
the efficient and increased production of food and animal feed. By 2050, the predicted
global population is expected to increase to 9.5 billion, resulting in a rising global demand
for protein of up to 78% under different scenarios [1]. In order to handle this challenge,
cultivating plants with a high protein content is a promising option. One of the possible
candidates is duckweed. However, for this purpose, duckweeds will need to be cultivated
under standardized, large-scale conditions.

Duckweeds are an aquatic plant family (Lemnaceae), which have been gaining increased
attention as an option for human nutrition and animal feeding. Several studies showed the
potential of certain duckweed species as a nutrient source [2–4]. This is due to high relative
growth rates (RGR) [5,6], a protein content comparable to soybeans, and, in accordance
with WHO recommendations, an amino acid composition suitable for humans. The species
Wolffiella hyalina and Wolffia microscopica, in particular, have been recommended for human
nutrition [2,3]. Additionally, the nutritional values and proportions within the duckweeds
can be modified by changing the cultivation conditions [2,7,8].
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Several duckweed species have been tested as feed for animals, such as chickens,
piglets and fish [9,10]. High contents of the essential amino acids lysine and methionine
make some duckweed species, such as W. hyalina, an interesting substitute for today’s fore-
most feed protein source soybean. Gwaze and Mwale [11] compiled several studies, which
tested duckweed in pig nutrition. The replacement of soybean meal by 40% duckweed in
the feeding rations of young piglets (0 to 10 days old) led to the highest average daily gain
in body weight compared to the control of 100% soybean meal [12]. Nguyen and Ogle [13]
showed that replacing 75% of roasted soybeans with Lemna minor in 5 to 15 week old Tau
Vang chickens resulted in weight gain and a feed conversion optimum.

Such promising studies have led to the challenge of yielding high quantities of protein-
rich duckweed biomass from a standardized, large-scale production process to incorporate
duckweed in the food and feed industry. To economically operate such a system, inexpen-
sive and easily available resources should be used. Moreover, an optimal nutrient supply
for each duckweed species must be identified.

According to Appenroth et al. [14,15] no other medium supports faster growth of
duckweeds than the N-medium. However, its only nitrogen source is nitrate, but different
studies have emphasised the preferential uptake of ammonium over nitrate [16–19]. Little
is known about the effect of different nitrate to ammonium ratios on the growth rate and
nutritional components of duckweeds.

The aim of our research was to examine how five different nitrate-N to ammonium-N
ratios in modified N-media [14,15] affected the RGR, crude protein content (CPC), and
relative protein yield (RPY) of L. minor and W. hyalina (Figure 1). In order to minimize
the inhibiting effect of algae on duckweed growth rate and biomass production, different
steps of dilution were investigated. Additionally, the decrease of NO3

−-N and NH4
+-N

concentrations in the media, due to N-uptake by the duckweeds, was measured.
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Figure 1. Investigated duckweed species. (A) Lemna minor, clone 9441. Mother frond (centre) is
bearing two daughter fronds. (B) Wolffiella hyalina, clone 9525. Mother frond (bottom) is bearing a
single daughter frond. Photos provided by Dr. K. Sowjanya Sree, Central University of Kerala, India.

2. Materials and Methods
2.1. Plant Material and Cultivation

Two duckweed species, Lemna minor L. (clone 9441; Germany) and Wolffiella hyalina
Delile Monod (clone 9525; India), were used for the experiments due to their fast growth
rates and high protein contents. The plant material was obtained from the Duckweed Stock
Collection of the Department of Plant Physiology, University of Jena, Germany.

Experiments were carried out in a climate chamber (length × width × height: 4 ×
3 × 3 m) at the campus of the University of Applied Sciences Osnabrück, Germany. The
trials were conducted in black PE-vessels with a diameter of 24 cm, each containing 4 L
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of nutrient medium. All modified media used were based on the N-medium [14,15]. The
following abbreviations for five different NO3

−-N to NH4
+-N ratios are used throughout

the manuscript: [100-0] = 100% NO3
−-N - 0% NH4

+-N; [75-25] = 75% NO3
−-N - 25% NH4

+-
N; [50-50] = 50% NO3

−-N - 50% NH4
+-N; [25-75] = 25% NO3

−-N - 75% NH4
+-N; and

[0-100] = 0% NO3
−-N - 100% NH4

+-N. In preliminary experiments, it was observed that the
growth of duckweed was disturbed by contamination of ubiquitous algae in the cultures. In
order to minimize nutrient competition and growth inhibition of the duckweed due to algae
and microorganism growth, several measures were implemented. Two different dilutions
(10% and 50% of the original concentration) were used for all five NO3

−-N to NH4
+-N

ratios, indicated by “/10” and “/50” following the ratios. Dilutions of 1% and 5% (/1; /5)
were used in initial experiments with 100-0, but omitted in later experiments because of
poor results. The temperature was kept at 20.4 ± 1.3 ◦C. S4W LED elements (SANlight
GmbH, Bludenz, Austria), with a photosynthetically active radiation of 350 µmol m−2 s−1,
were used as the light source. The photoperiod was set to 8 h of light and 16 h of darkness.

The pH showed a minor increase throughout the experimental period, rising from pH
6.6 to a maximum value of 7.0 in the 50% dilutions and from 7.2 to a maximum value of 8.0
in the 10% dilutions.

Six stock solutions, used for all five differently modified N-media, were mainly
prepared with commercially available agricultural fertilizers and deionized water. The
following products were used for preparing the stock solutions: Krista MKP, Calcinit,
Krista K Plus (Yara GmbH and Co. KG, Dülmen, Germany), OCI Granular 2 (OCI NV, Am-
sterdam, Netherlands), potassium chloride, sodium molybdate dihydrate technical grade
(AppliChem GmbH, Darmstadt, Germany), ammonium chloride p.a., calcium chloride
dihydrate (Merck KGaA, Darmstadt, Germany), Borax, Mangaan (Horticoop, Bleiswijk,
Netherlands), Epso Combitop (K+S AG, Kassel, Germany) and Ferty 72 (Planta Düngemit-
tel GmbH, Regenstauf, Germany). The precise formulation for each stock solution is
presented in Table 1.

Table 1. 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], and [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, SO4

2− 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 PO4
3−, K+ 27.2 27.2 27.2 27.2 27.2

6 Epso Combitop Mg2+, SO4
2−, Mn2+, Zn2+ 49.3 49.3 49.3 49.3 49.3

6 Borax BO3
3− 0.06 0.06 0.06 0.06 0.06

6 Mangaan Mn2+, SO4
2− 0.44 0.44 0.44 0.44 0.44

6 MoNa2O4 · 2 H20 MoO4
2−, 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

The stock solutions were diluted with local tap water (see Table S1) to obtain the initial
N-medium concentrations of 100%, as shown in Table 2.
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Table 2. Nutrient composition (mM) of the modified N-media with five different NO3
−-N (light grey) to NH4

+-N (dark
grey) ratios at an initial concentration of 100%. These concentrations were diluted to the final concentrations of 10% and
50%, and, in some cases, to 1% and 5%.

NO3−-N to NH4
+-N Ratio

Substance
[100-0]
(mM)

[75-25]
(mM)

[50-50]
(mM)

[25-75]
(mM)

[0-100]
(mM)

NO3
−-N 10.1 7.6 5.1 2.6 0.1

NH4
+-N 0 2.5 5 7.5 10

PO4
3− 1 1 1 1 1

K+ 9.1 9.1 9.1 9.1 9.1

Mg2+ 1.3 1.3 1.3 1.3 1.3

SO4
2− 2.0 3.2 3.2 3.2 3.2

Ca+ 2.2 2.2 2.2 2.2 2.2

Cl− 0.9 3.4 8.4 13.4 18.4

Fe3+ 0.025 0.025 0.025 0.025 0.025

BO3
3− 0.005 0.005 0.005 0.005 0.005

Mn2+ 0.013 0.013 0.013 0.013 0.013

Zn2+ 0.01 0.01 0.01 0.01 0.01

MoO4
2− 0.0004 0.0004 0.0004 0.0004 0.0004

Na+ 0.8 0.8 0.8 0.8 0.8

Table 3 depicts the measured concentrations for nitrate-N and ammonium-N, as well
as the corresponding electrical conductivity (EC), after dilution to the final concentrations
of 1%, 5%, 10%, and 50% of the undiluted medium.

Table 3. Measured concentrations of NO3
−-N and NH4

+-N (mg L−1) and EC-values (mS cm−1) at the start of the experiment
in the different nutrient media. For the composition of the undiluted nutrient medium, see Table 2. The diluted nutrient
media contain 1, 5, 10, or 50% of the undiluted medium.

Ratio [100-0] [75-25] [50-50] [25-75] [0-100]

Dilution (%) 1 5 10 50 10 50 10 50 10 50 10 50

NO3
−-N (mg L−1) 2.7 8.8 15.3 71.2 12.1 56.7 10.1 35.3 5.2 16.6 1.1 1.4

NH4
+-N (mg L−1) 0.06 0.17 0.29 1.1 3.6 17.3 7.1 32.5 10.7 51.3 14.4 64.4

EC (mS cm−1) 0.43 0.46 0.53 1.15 0.6 1.33 0.66 1.58 0.65 1.64 0.64 1.84

Pre-cultivation occurred for three days within each of the differently diluted and
modified nutrient media in order to avoid the lag-phase effect on the RGR data. Experi-
ments lasted for seven days and were conducted under non-axenic growth conditions. The
vessels were placed in a randomized block design within the climate chamber. In order
to start with a similar surface coverage of 60%, the initial fresh weight biomass of 2 g for
L. minor and 1.5 g for W. hyalina was placed in the above described vessels. At the end
of the experiment, the duckweeds were harvested with a metal sieve, rinsed with fresh
tap water to remove the attached nutrient solution, blotted with a paper towel to remove
attached water, and weighed.

2.2. Analytical Methods

The dry weight (DW) was determined from fresh weight by oven drying at 65 ◦C for
72 h. At time 0, four samples per species of the same fresh weight as the starting material
were used to determine the DW at the beginning of the experiments.
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The RGR per day was calculated according to Equation (1) [5], using the values of the
DW at the start (t0) and after seven days of cultivation (t7):

RGR = (lnDWt7 − lnDWt0)/(t7 − t0) (1)

where RGR is the relative increase of the DW per unit time of 1 day (d−1). The relative
weekly yield (RY; g biomass obtained after one week of cultivation starting with 1 g) was
calculated from the RGR using Equations (2) and (3):

lnDWt7 = lnDWt0 + RGR · (t7 − t0) (2)

RY = exp(lnDWt7) (3)

The RY (see Figure S1) was further used to calculate the RPY (g protein week−1 m−2)
by multiplying it with the CPC and extrapolating it to one square metre, according to
Equation (4):

RPY = RY · CPC/(0.0452 m2 · 100) (4)

where 0.0452 m2 is the cultivation area of the vessels used in the experiment.
Dried samples were ground and homogenized using a laboratory mill and stored for

further analysis. The nitrogen content of the dried samples was determined by the Dumas
method [20] using a FP628 (Leco, Saint Joseph, MI, USA), and was multiplied with the
factor 6.25 to determine the CPC [2,21].

Nutrient solution samples were taken at the start (day 0) and end (day 7) of the
experiment from each vessel, which were filtered (MN 619 EH, Machery Nagel GmbH
and Co. KG, Düren, Germany) to remove particles and instantly frozen at −18 ◦C. The
nitrate-N and ammonium-N concentrations in these samples were measured according to
German standard methods [22,23] with a Lambda 25 UV/VIS Spectrometer (Perkin Elmer,
Waltham, MA, USA).

2.3. Statistics

All the data is based on four replicates, which are given as mean ± standard deviations.
The data were analysed statistically by one-way ANOVA and Tukey’s post hoc test at 5%
significance level, using the software program SPSS 25 (IBM, Armonk, NY, USA). Datasets
fulfilled the one-way ANOVA postulates (including normal distribution and homogeneity
of variance).

3. Results
3.1. Growth

The RGR was determined in dependence on the different nutrient media used (Figure 2).
The highest value for L. minor was 0.23 ± 0.009 d−1 at [75-25]/50. The same RGR was
determined for W. hyalina at [100-0]/50. The two most nitrate-rich ratios ([100-0] and
[75-25]) showed an increasing RGR at higher nutrient concentrations (dilutions of 50%)
compared to the 10% dilutions, which was significantly higher for L. minor in both ratios
and for W. hyalina only in [100-0]. In these two ratios and dilutions, W. hyalina had a slightly
higher RGR than L. minor, with the exception of [75-25]/50. This was contrary to when
the ammonium concentration was increased. A significant drop of the RGR was observed
for the ratios [50-50], [25-75], and [0-100] for L. minor compared to the 50% dilutions and
for W. hyalina compared to the 10% and 50% dilutions, but it was more severe in the 50%
dilutions. This decrease resulted in a minimum RGR of 0.09 ± 0.015 d−1 at [25-75]/50 for
W. hyalina, while the decrease for L. minor (0.12 ± 0.002 d−1 at [0-100]/50) was less severe.
Lemna minor achieved higher RGRs than W. hyalina at an overall lower level compared to
the two most nitrate-rich ratios, except for [100-0]/1.
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3.2. Crude Protein Content and Protein Yield

The CPC increased in both duckweed species with increasing ammonium concen-
trations and a higher ammonium-N to nitrate-N ratio, but not significantly (Figure 3).
The higher dilution of the nutrient media, i.e., lower nutrient concentrations, led to lower
CPCs within each ratio. In general, W. hyalina had a higher CPC within each ratio and
dilution compared to L. minor. The highest CPC in L. minor was reached at [0-100]/50 with
40.6 ± 0.48%, followed by 39.1 ± 0.43% at [0-100]/10. The maximum value measured for
W. hyalina was 43.9 ± 0.34% at [75-25]/50, which is not significantly higher than the second
highest CPC (43.0 ± 0.4%) at [0-100]/50. A minimum CPC of 21.1 ± 1.3% for L. minor
and 30.3 ± 0.6% for W. hyalina were obtained in the ratio with the lowest concentration of
nutrients available for the plants ([100-0]/1), which are significantly lower than the second
lowest values for each species.

The highest RPY (g protein week−1 m−2) was obtained at [75-25]/50 for both species,
with a significant difference from the second highest value (Figure 4). A total of 41.6 ± 2.2
g week−1 m−2 were harvested from L. minor and 45.0 ± 5.7 g week−1 m−2 from W. hyalina.
A higher nutrient concentration in the ratios [100-0] and [75-25] led to a higher protein
yield. W. hyalina yielded more protein than L. minor under these conditions. The protein
yield significantly decreased with an ammonium concentration of 50% and more compared
to [100-0]/50 and [75-25]/50 for L. minor and [75-25]/50 for W. hyalina. At dilutions of
50%, W. hyalina performed worse than L. minor, while the RPY for both species was slightly
higher at 10% dilutions at an overall low level of less than 30 g week−1 m−2. The minimum
RPYs of 14.1 ± 0.24 g week−1 m−2 for L. minor and 14.2 ± 0.28 g week−1 m−2 for W. hyalina
were obtained in [100-0]/1.
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3.3. NO3
−-N and NH4

+-N Reduction in the Media

Figure 5 shows the total reduction of NO3
−-N (mg L−1) for each ratio and dilution

at day seven. In the nitrate-only medium, [100-0], the higher NO3
−-N concentration led

to a significantly higher absolute reduction in L. minor, but not in W. hyalina. The highest
starting concentration of nitrate-N ([100-0]/50) led to the highest absolute decrease of
nitrate-N, i.e., 6.5 mg L−1 and 6.9 mg L−1 for L. minor and W. hyalina, respectively. This
corresponded to a relative reduction of 9.1% (L. minor) and 9.7% (W. hyalina). In general,
higher nitrate-N concentrations resulted in a greater reduction, while an increasing NH4

+-
N concentration led to a decreasing nitrate-N reduction. These findings, however, were not
significant. The maximal relative reduction of NO3

−-N for L. minor was found at [25-75]/10
with 29.2% and for W. hyalina at [75-25]/10 with 29.6%.
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Figure 6 depicts the total reduction of NH4
+-N (mg L−1) for each ratio and dilution at

day seven. In the [100-0] nutrient media, NH4
+-N was present only in minor concentrations,

which were decreased almost completely by both duckweed species. This also applied
to [75-25]/10. The highest total reduction values were 8.1 ± 0.9 mg L−1 for L. minor
and 7.2 ± 0.5 mg L−1 for W. hyalina in the [75-25]/50 treatments. This corresponded to
a relative reduction of 46.8% (L. minor) and 41.6% (W. hyalina). The total, as well as the
relative reduction, was slightly higher for L. minor than for W. hyalina. A significant drop
was evident in the ammonium-only solutions, with the highest total NH4

+-N concentration
([0-100]/50), compared to the same dilution in the ratios [75-25], [50-50], and [25-75]. The
relative reduction for L. minor was 4.1% of the initially available NH4

+-N, while for W.
hyalina no reduction at all occurred. However, decreasing the total NH4

+-N concentration,
but keeping the ratio of the two N sources constant, i.e., [0-100]/10, resulted in much
higher uptake rates for L. minor (7.8 ± 0.14 mg L−1; 54% relative reduction) and W. hyalina
(6.9 ± 0.27 mg L−1; 48% relative reduction).
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4. Discussion

The maximum RGR reached in this experiment was 0.23 d−1 for both species, which
is lower compared to other studies. For L. minor, an RGR of 0.42 d−1 was reported, while
W. hyalina had the highest RGR of all investigated species with a value of 0.519 d−1 [5]. The
difference in the RGR was most likely caused by different growth conditions. Instead of
an axenic in vitro set-up, both duckweed species in this study were cultivated under non-
sterile conditions. The temperature was 5 ◦C lower and the photoperiod 16 h shorter, while
the light intensity was 250 µmol m−2 s−1 higher compared to the experimental set-ups
applied by Ziegler et al. [5]. These factors are possible explanations for the lower RGRs.

Iatrou et al. [24] achieved a maximum growth rate of 0.14 d−1 for L. minor at an
ammonium-N concentration of 31.9 mg L−1, using secondary treated wastewater. This was
in agreement with our experimental results for the same species in the ratio of [50-50]/50
(RGR of 0.14 ± 0.009 d−1 at a NH4

+-N concentration of 32.5 mg L−1).
Caicedo et al. [18] observed that the highest RGR (0.3 d−1) in Spirodela polyrhiza was

obtained at the lowest total ammonium concentrations (3.5–20 mg L−1 N; equal to ca.
0.25–1.4 mM) and assumed an optimum NH4

+-N concentration was below 20 mg L−1.
Zhang et al. [25] obtained the maximal RGR in L. minor at 3.5 mg L−1 ammonium-N. These
data partly agree with our results concerning the total concentration of NH4

+-N. High
RGRs were obtained for the treatments [75-25]/10, with an initial NH4

+-N concentration
of 3.6 mg L−1, and [75-25]/50, with a concentration of 17.3 mg L−1. The 10% dilutions
[50-50]/10, [25-75]/10, and [0-100]/10 had similar total NH4

+-N starting values of 7.1,
10.7, and 14.4 mg L−1, respectively. However, the RGR was significantly lower in these
three treatments for both species. It can be assumed that other factors, such as the ratio of
nitrate to ammonium, had a certain impact on the RGRs of L. minor and W. hyalina. This is
in agreement with the investigations of Mehrer and Mohr [26] and Hecht and Mohr [27]
on Sinapis alba seedlings. The explained the detrimental effects of higher ammonium
concentrations by identifying that ammonium accumulation is not well regulated by plants.
The stimulation of ammonium assimilation by simultaneously applied nitrate appears
to explain the nitrate-mediated ammonium tolerance. A similar mechanism exists in
duckweeds, as shown recently in Landoltia punctata [28]. A minor fraction of ammonium as
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the nitrogen source seemed to stimulate duckweed growth, while proportions of 50% and
higher had a growth inhibiting effect.

Approximately six NO3
− transporters and four NH4

+ transporters are involved in
the uptake of N for Arabidopsis thaliana. Nitrate acts as a signalling molecule that triggers
changes in the expression of genes, metabolism, and growth. Plants have evolved several
NO3

− uptake systems to survive in the changing environment. While low affinity trans-
porters are responsible for the uptake of a large amount of nitrate in the case of available
high concentrations, high affinity transporters ensure plant survival in the presence of low
nitrate concentrations [29]. Acquisition of ammonium from the aquatic environment is
important, as this N source for plants may be the dominating form under certain condi-
tions. While considerable progress was made in the last two decades, many aspects of
the regulation of NH4

+ uptake and metabolism are not yet well understood [30]. Lemna
minor grown in an NH4NO3 (1:1 ratio between NH4

+-N and NO3
−-N) containing nutrient

solution preferentially took up ammonium over nitrate. It was discovered that both roots
and fronds take up nitrate and ammonium from the medium. At low N concentrations, the
root-to-frond biomass ratio increased. This is advantageous for the plant at a morphological
level, wherein there is a lower biomass investment per unit surface area for roots than
for fronds [19]. Fang et al. [16] reported a preference in NH4

+ uptake compared to NO3
−

in Landoltia punctata. Turions of the duckweed Spirodela polyrhiza absorbed 15NH4
+ much

faster than 15NO3
− [31]. This was confirmed by our data, which showed that the average

relative uptake rate of NH4
+-N in almost all ratios and dilutions was higher than that of

NO3
−-N.
A decrease of the ammonium concentration in nutrient media can be caused by plant

uptake or by volatilization depending on the pH. With a pH value of 8 at 20 ◦C, less than
5% of the ammonium turns into NH3 [32]. By looking at the pH in the present experiment,
it can be concluded that the majority of the NH4

+-N was taken up by the duckweeds.
The chloride concentrations in the experiment increased with increasing ammonium

supplement because ammonium chloride was partly used to increase the NH4
+-N concen-

trations. Liu et al. [33] recommended an NaCl concentration below 75 mM for L. minor
for N and P removal from water. Concentrations of 50 mM and higher caused a decrease
in the fresh weight and chlorophyll content of L. minor. The maximum Cl− concentration
used in the presented experiment was 9.2 mM in [0-100]/50. Therefore, the significantly
reduced RGRs for both species in the ratios [50-50], [25-75], and [0-100], as compared to
[75-25], could not be caused by the presence of chloride.

Duckweeds (species not identified) grown in irrigation ponds in Jordan yielded an
average CPC of 26% [34]. Mohedano et al. [35] investigated the CPC of duckweed species
grown in anaerobically digested swine manure in two consecutive ponds. The average
CPC in the primary pond was 35% (based on dry matter) and decreased to 28% in the
secondary pond, which had less nutrients available. The estimated productivity of both
ponds was 24 t year−1 ha−1 (ca. 46 g week−1 m−2). This value is slightly higher than our
maximum value (45 g week−1 m−2). The lower CPC in their study was compensated for
by a higher RGR (0.24 d−1). Chakrabarti et al. [4] reported a yield of 703 kg month−1 ha−1

L. minor (ca. 17.5 g week−1 m−2) with RGRs ranging between 0.073 d−1 and 0.422 d−1.
The duckweed was cultivated on different media containing organic manure or inorganic
fertilizers. The final CPC was 36.07% and 27.12% for duckweeds grown in organic manure
and in inorganic fertilizer, respectively.

The modified Schenk-Hildebrandt medium used by Appenroth et al. [2] had a nitrate-
N to ammonium-N ratio of roughly [90-10]. The total ammonium-N concentration (1.3 mM)
was about the same as in [75-25]/50 (1.24 mM) of the modified N-medium, while nitrate
concentrations were higher in the modified Schenk-Hildebrand medium. The CPC in
the presented investigation was above 25% for L. minor and above 35% for W. hyalina
in almost all ratios and dilutions, which was also the result in Appenroth et al. [2] for
both species. Only 100-0/1 showed a lower value of 21.1% and 30.3% for L. minor and W.
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hyalina, respectively. The nitrogen availabilities in these two experiments were only slightly
different, thereby confirming our own results.

If duckweed should be cultivated in an agrarian system in order to produce food and
feed in the future, a standardized cultivation process needs to be implemented to yield
a standardized product quality. Of high interest concerning a standardized non-axenic
cultivation process is the growth of algae and microorganisms and how they influence
duckweed growth and culture medium composition. The use of plant growth-promoting
bacteria in particular may open up new opportunities [36]. Alongside the quality, the
amount of biomass and protein yielded is of great importance. The variation of the initial
biomass, hence surface coverage, could have an important impact on the productivity of
a system. The higher the initial biomass, the higher the nutrient requirement over time.
Therefore, highly diluted nutrient media result in low growth rates. An initial surface
coverage of 20% seems optimal for a high RGR [37,38]. Such a low initial duckweed
biomass, however, means less competition for other organisms competing for nutrients
and light. Therefore, in these experiments, an initial surface coverage of 60% was selected.
To avoid growth inhibition due to high densities (“overcrowding” [39]), a regular harvest
interval should be defined. Regarding the protein yield, the RPY should be considered a
good indicator for the productivity of a duckweed system.

5. Conclusions

Implementing conditions that increase the RGR and CPC, positively affect the RPY.
One such condition is a suitable nutrient composition of standardized quality. The concen-
tration of nutrients in the medium, as well as the ratio between nitrate-N and ammonium-N,
influenced the RGR, CPC, and RPY in the duckweeds L. minor and W. hyalina. The modifi-
cation of the promising N-medium, with a substitution of 25% nitrate-N by ammonium-N
at 50% dilution, significantly increased the RPY for both species when compared to the
nitrate-only ratio at the same dilution. L. minor yielded 41.6 ± 2.2 g week−1 m−2, while
W. hyalina reached 45.0 ± 5.7 g week−1 m−2.

However, other abiotic factors, such as light intensity, light spectrum, photoperiod,
temperature, water and duckweed movement, as well as biotic factors, such as the growth
of algae and microorganisms and their effects on duckweed, should be closely investi-
gated. A stable cultivation process is only possible if all the biotic and abiotic factors are
complementary and optimized for the species of choice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10081741/s1, 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 Figure 1. Table S1: tap water analysis municipal utilities Osnabrueck Wittefeld.
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10. Sońta, M.; Rekiel, A.; Batorska, M. Use of duckweed (Lemna L.) in sustainable livestock production and aquaculture—A review.
Ann. Anim. Sci. 2019, 19, 257–271. [CrossRef]

11. Gwaze, F.R.; Mwale, M. The Prospect of Duckweed in Pig Nutrition: A Review. J. Agric. Sci. 2015, 7, 189–199. [CrossRef]
12. Moss, M.E. Economics and Feed Value of Integrating Duckweed Production with a Swine Operation. Master’s Thesis, Texas Tech

University, Lubbock, TX, USA, 1999.
13. Nguyen, T.K.K.; Ogle, B. Effects of replacing roasted soya beans by broken rice and duckweed on performance of growing Tau

Vang chickens confined on-station and scavenging on-farm. Livest. Res. Rural Dev. 2004, 16, 56.
14. Appenroth, K.J. Media for in vitro-cultivation of duckweed. Duckweed Forum 2015, 3, 180–186.
15. Appenroth, K.J.; Teller, S.; Horn, M. Photophysiology of turion formation and germination in Spirodela polyrhiza. Biol. Plant 1996,

38, 95–106. [CrossRef]
16. Fang, Y.Y.; Babourina, O.; Rengel, Z.; Yang, X.E.; Pu, P.M. Ammonium and nitrate uptake by the floating plant Landoltia punctata.

Ann. Bot. 2007, 99, 365–370. [CrossRef] [PubMed]
17. Wang, W.; Yang, C.; Tang, X.; Gu, X.; Zhu, Q.; Pan, K.; Hu, Q.; Ma, D. Effects of high ammonium level on biomass accumulation

of common duckweed Lemna minor L. Environ. Sci. Pollut. Res. Int. 2014, 21, 14202–14210. [CrossRef] [PubMed]
18. Caicedo, J.; van der Steen, N.P.; Arce, O.; Gijzen, H.J. Effect of total ammonia nitrogen concentration and pH on growth rates of

duckweed (Spirodela polyrhiza). Water Res. 2000, 34, 3829–3835. [CrossRef]
19. Cedergreen, N.; Madsen, T.V. Nitrogen uptake by the floating macrophyte Lemna minor. New Phytol. 2002, 155, 285–292. [CrossRef]
20. Simonne, A.H.; Simonne, E.H.; Eitenmiller, R.R.; Mills, H.A.; Cresman, C.P. Could the Dumas method replace the Kjeldahl

digestion for nitrogen and crude protein determinations in foods? J. Sci. Food Agric. 1997, 73, 39–45. [CrossRef]
21. Casal, J.A.; Vermaat, J.E.; Wiegman, F. A test of two methods for plant protein determination using duckweed. Aquat. Bot. 2000,

67, 61–67. [CrossRef]
22. VDLUFA. Methodenbuch Band 1: Die Untersuchung von Böden, Methode A 6.1.4.1—Bestimmung von Mineralischem Stickstoff (Nitrat

und Ammonium) in Bodenprofilen (Nmin-Labormethode); VDLUFA-Verlag: Darmstadt, Germany, 2012.
23. VDLUFA. Methodenbuch Band 1: Die Untersuchung der Böden, Methode A 6.1.1.1—Bestimmung von Nitrat-Stickstoff durch UV-

Absorption; VDLUFA-Verlag: Darmstadt, Germany, 2012.
24. Iatrou, E.I.; Kora, E.; Stasinakis, A.S. Investigation of biomass production, crude protein and starch content in laboratory

wastewater treatment systems planted with Lemna minor and Lemna gibba. Environ. Technol. 2019, 40, 2649–2656. [CrossRef]
25. Zhang, K.; Chen, Y.-P.; Zhang, T.-T.; Zhao, Y.; Shen, Y.; Huang, L.; Gao, X.; Guo, J.-S. The logistic growth of duckweed (Lemna

minor) and kinetics of ammonium uptake. Environ. Technol. 2014, 35, 562–567. [CrossRef]
26. Mehrer, I.; Mohr, H. Ammonium toxicity: Description of the syndrome in Sinapis alba and the search for its causation. Physiol.

Plant. 1989, 77, 545–554. [CrossRef]
27. Hecht, U.; Mohr, H. Factors controlling nitrate and ammonium accumulation in mustard (Sinapis alba) seedlings. Physiol. Plant.

1990, 78, 379–387. [CrossRef]
28. Tian, X.; Fang, Y.; Jin, Y.; Yi, Z.; Li, J.; Du, A.; He, K.; Huang, Y.; Zhao, H. Ammonium detoxification mechanism of ammonium-

tolerant duckweed (Landoltia punctata) revealed by carbon and nitrogen metabolism under ammonium stress. Environ. Pollut.
2021, 277, 116834. [CrossRef] [PubMed]

29. Islam, S.; Islam, R.; Kandwal, P.; Khanam, S.; Proshad, R.; Kormoker, T.; Tusher, T.R. Nitrate transport and assimilation in plants:
A potential review. Arch. Agron. Soil Sci. 2020. [CrossRef]

http://doi.org/10.3390/foods6070053
http://doi.org/10.1016/j.foodchem.2016.08.116
http://doi.org/10.3389/fchem.2018.00483
http://www.ncbi.nlm.nih.gov/pubmed/30420949
http://doi.org/10.3389/fchem.2018.00479
http://www.ncbi.nlm.nih.gov/pubmed/30374437
http://doi.org/10.1111/plb.12184
http://www.ncbi.nlm.nih.gov/pubmed/24803032
http://doi.org/10.1007/s11738-015-1951-3
http://doi.org/10.1016/j.biosystemseng.2011.06.007
http://doi.org/10.1002/clen.201100108
http://doi.org/10.2478/aoas-2018-0048
http://doi.org/10.5539/jas.v7n11p189
http://doi.org/10.1007/BF02879642
http://doi.org/10.1093/aob/mcl264
http://www.ncbi.nlm.nih.gov/pubmed/17204539
http://doi.org/10.1007/s11356-014-3353-2
http://www.ncbi.nlm.nih.gov/pubmed/25056754
http://doi.org/10.1016/S0043-1354(00)00128-7
http://doi.org/10.1046/j.1469-8137.2002.00463.x
http://doi.org/10.1002/(SICI)1097-0010(199701)73:1&lt;39::AID-JSFA717&gt;3.0.CO;2-4
http://doi.org/10.1016/S0304-3770(99)00093-5
http://doi.org/10.1080/09593330.2018.1448002
http://doi.org/10.1080/09593330.2013.837937
http://doi.org/10.1111/j.1399-3054.1989.tb05390.x
http://doi.org/10.1111/j.1399-3054.1990.tb09052.x
http://doi.org/10.1016/j.envpol.2021.116834
http://www.ncbi.nlm.nih.gov/pubmed/33714787
http://doi.org/10.1080/03650340.2020.1826042


Plants 2021, 10, 1741 13 of 13

30. Hao, D.-L.; Zhou, J.-Y.; Yang, S.-Y.; Qi, W.; Yang, K.-J.; Su, Y.-H. Function and Regulation of Ammonium Transporters in Plants.
Int. J. Mol. Sci. 2020, 21, 3557. [CrossRef]

31. Appenroth, K.J.; Augsten, H.; Mattner, A.; Teller, S.; Döhler, G. Effect of UVB irradiation on enzymes of nitrogen metabolism in
turions of Spirodela polyrhiza (L.) Schleiden. J. Photochem. Photobiol. B 1993, 18, 215–220. [CrossRef]

32. Emerson, K.; Russo, R.C.; Lund, R.E.; Thurston, R.V. Aqueous Ammonia Equilibrium Calculations: Effect of pH and Temperature.
J. Fish. Res. Board Can. 1975, 32, 2379–2383. [CrossRef]

33. Liu, C.; Dai, Z.; Sun, H. Potential of duckweed (Lemna minor) for removal of nitrogen and phosphorus from water under salt
stress. J. Environ. Manag. 2017, 187, 497–503. [CrossRef] [PubMed]

34. Shammout, M.W.; Zakaria, H. Water lentils (duckweed) in Jordan irrigation ponds as a natural water bioremediation agent and
protein source for broilers. J. Ecol. Eng. 2015, 83, 71–77. [CrossRef]

35. Mohedano, R.A.; Costa, R.H.R.; Tavares, F.A.; Belli Filho, P. High nutrient removal rate from swine wastes and protein biomass
production by full-scale duckweed ponds. Bioresour. Technol. 2012, 112, 98–104. [CrossRef] [PubMed]

36. Khairina, Y.; Jog, R.; Boonmak, C.; Toyama, T.; Oyama, T.; Morikawa, M. Indigenous bacteria, an excellent reservoir of functional
plant growth promoters for enhancing duckweed biomass yield on site. Chemosphere 2021, 268, 129247. [CrossRef]

37. Hutabarat, R.C.S.M.; Indradewa, D. Effects of water flow rate and surface cover plant density on the growth of duckweed (Lemna
minor L.). Ilmu Pertan. Agric. Sci. 2020, 5, 98–109. [CrossRef]

38. Verma, R.; Suthar, S. Impact of density loads on performance of duckweed bioreactor: A potential system for synchronized
wastewater treatment and energy biomass production. Environ. Prog. Sustain. Energy 2015, 34, 1596–1604. [CrossRef]

39. Färber, E.; Königshofer, H.; Kandeler, R. Ethylene Production and Overcrowding in Lemnaceae. J. Plant Physiol. 1986, 124, 379–384.
[CrossRef]

http://doi.org/10.3390/ijms21103557
http://doi.org/10.1016/1011-1344(93)80066-I
http://doi.org/10.1139/f75-274
http://doi.org/10.1016/j.jenvman.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27856035
http://doi.org/10.1016/j.ecoleng.2015.05.041
http://doi.org/10.1016/j.biortech.2012.02.083
http://www.ncbi.nlm.nih.gov/pubmed/22425517
http://doi.org/10.1016/j.chemosphere.2020.129247
http://doi.org/10.22146/ipas.46517
http://doi.org/10.1002/ep.12157
http://doi.org/10.1016/S0176-1617(86)80050-5

	Introduction 
	Materials and Methods 
	Plant Material and Cultivation 
	Analytical Methods 
	Statistics 

	Results 
	Growth 
	Crude Protein Content and Protein Yield 
	NO3--N and NH4+-N Reduction in the Media 

	Discussion 
	Conclusions 
	References

