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ABSTRACT

Duckweeds are small, simply structured floating plants that grow on surface waters. They grow rapidly
and are easy to cultivate, harvest, process and analyze, which makes them useful in many ways. Duck-
weeds are of great value in illustrating the physiological effects of toxic water contaminants on plants
and serving to indicate the presence and environmental risk of such toxins. The pronounced capacity
of duckweeds to assimilate aqueous nutrients and to take up and mediate the removal of a variety of
toxic substances from aqueous solution constitutes the potential of these organisms for wastewater
remediation. The biomass yielded by duckweed growth — particularly on nutrient-rich wastewater —
has a high nutritional value and is well suited for biofuel production, as well as being useful for
fertilization, biosorption and soil and water amendment. Duckweeds thus have the potential for inte-
grating a significant contribution to meeting food, feed and energy demands traditionally supplied
by terrestrial crop plants and fossil fuels with the remediation of polluted waters. Duckweed growth
can also be used to directly generate bioelectricity, and the success of genetically transforming duck-
weed plants opens the road to biomanufacturing with these organisms, both of which are in principle
compatible with wastewater remediation. However, neither wastewater remediation by duckweeds
nor the exploitation of the multiple potential benefits of wastewater-grown duckweed biomass has yet
been widely implemented. The present review underlines the potential of duckweeds for combining
resource management with water remediation, while examining the difficulties encountered in the

realization of this potential.
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1. Introduction

The current expansion of world population and indus-
trialization gives rise to increasing production of wastewa-
ter. Municipal, agricultural and industrial wastewaters are
often discharged untreated into the surroundings, and even
when they are processed, in facilities ranging from simple
septic tanks to large-scale sewage treatments plants, waste-
water effluents are often not sufficiently cleared to the extent
that they are of no hazard to the environment. In addition,
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leachates from solid wastes and fertilizer spread on fields and
pesticides sprayed on crops can contaminate ground water
and water reservoirs via rain and runoff. Duckweeds, small
floating aquatic plants or macrophytes, can help to clear these
waters of excessive nutrients, heavy metals and organic xeno-
biotics. Their potential for effecting the cleanup of wastewaters
and polluted surface waters and some examples of their actual
use in this regard have been described in a recent review [1].
Duckweed-based water remediation is the reference point of
this review, and its essential features will be reiterated under
consideration of recent relevant findings in the following.
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Water remediation is not the only use to which duck-
weeds can be, and have been, put. Duckweeds have long
been used as model organisms for investigating basic issues
of plant biology, and they are also well-established as test
organisms, especially for detecting and evaluating toxicity in
aquatic environments. Duckweeds can serve as vehicles for
recombinant protein and bioelectricity production, and have
use in medicine. Duckweed biomass can be put to a great
variety of uses, including animal and even human nutrition,
bioenergy production, biosorption and soil improvement. A
major aim of the present review is to emphasize that all of
the uses for duckweeds are actually or potentially related to
water remediation. Investigations utilizing the model inves-
tigative character of duckweeds point to the presence of pol-
lutants present in wastewater and other surface waters and
their deleterious physiological and environmental effects.
The cultivation of duckweeds on contaminated waters to
effect the removal of these pollutants can produce ample
biomass with all its potential applications, and the duck-
weed growth could also be used to produce bioelectricity
and recombinant proteins. Although they may at first sight
appear to be very promising, neither wastewater remediation
by duckweeds nor any of the potential benefits accruing from
duckweed cultivation on wastewater have been successfully
implemented to any significant extent. This review also dis-
cusses why this potential has not yet been realized.

The newsletter of the International Steering Committee
on Duckweed Research and Applications (ISCDRA: [2]) is a
valuable source of information on, among many other topics
of duckweed research, current affairs in water remediation
by duckweeds and the utilization of duckweed biomass.
Some specific references will be made to articles in this news-
letter, and the newsletter itself (see [2]) is recommended for
keeping up to date on duckweed research and applications.

The versatile utilization potential of duckweeds is based
on particular attributes of these organisms.

2. Duckweed attributes

Duckweeds are small aquatic plants or macrophytes
that grow on the surface of bodies of still or slowly moving
water. As summarized in a recent review [1], their architec-
ture is simple, consisting principally of thallus-like vegeta-
tive bodies, or fronds, made up mostly of spongy mesophyll
with large air spaces that confer buoyancy. The fronds are
often flattened ovoids ranging from two to 15 mm across,
but can also be globoid, cylindrical, ellipsoidal or narrow
linear as little as 0.2 mm in width. Representing a fusion of
leaves and stems, these simple forms constitute the extreme
reduction of a vascular plant, which may or may not bear
hairless roots on the underside. The duckweeds make up the
family Lemnaceae that includes 5 genera encompassing 37
species (Fig. 1; [3]). The phylogenetic relationships between
the duckweed species have been deduced on the basis of
morphology, anatomy, biochemical data and DNA sequences
from chloroplast and ribosomal genes [3-6]. Many duck-
weed species are widely distributed about the globe [7], and
each species can encompass numerous clones, or strains or
ecotypes, that have evolved in response to particular micro-
environments. Since there are few morphological characters
to differentiate between duckweeds, DNA bar-coding and

amplified fragment length polymorphism analysis are mod-
ern approaches to identifying the species to which such eco-
types belong [8,9]. Although they are flowering plants, most
duckweeds flower only infrequently under laboratory condi-
tions (often as a response to stress [10]), and reproduce pre-
dominantly in the vegetative mode. Daughter fronds bud off
from one or two pouches in mother fronds, while remaining
attached for a time to form colonies. This vegetative repro-
duction can take place very rapidly.

Duckweeds are often touted as being the world’s fastest
growing higher plants (e.g., [11-13]). This rapid growth is
on the one hand favored by the high proportion of photo-
synthetic tissue in the fronds and the good exposure to light
ensured by the floating growth mode. In addition, duck-
weeds can proficiently take up nutrients (see [1]), and their
vegetative propagation enables them to rapidly spread over
the surface of the water on which they float (see, for example,
[14]). Indeed, their ability to rapidly overgrow open, nutri-
ent-rich water in conjunction with their vegetative reproduc-
tion and assimilatory prowess has led to duckweeds being
compared with “Darwinian demons”, highly reproductive
and proliferative hypothetical organisms [15]. While this
seemingly “demonic” potential can of course not be realized
due to the presence of multiple real growth constraints (see
[12]), duckweeds can indeed produce large amounts of bio-
mass under favorable cultivation conditions.

The small size and rapid growth of duckweeds make these
organisms amenable to cultivation and harvest on any scale,
and their simple anatomy (e.g., lack of many common struc-
tural elements and lignin) makes their tissues easy to process.
The clonal reproduction of the fronds is easily monitored, and
it is conducive to stability in the genetic and physical makeup
of the macrophytes over time. These properties all contrib-
ute to the various uses to which duckweeds have been put.
However, the particular use that may be envisaged for duck-
weed must take into account the diversity shown by this fam-
ily. This is particularly evident with regard to growth.

How well duckweeds actually can grow varies strongly
with the individual duckweed species and strain (or clone/
ecotype). Duckweed clones, or strains, show a wide range
of growth rates under a particular set of conditions. In an
investigation of the relative growth rates (RGRs), doubling
times and relative yields of 39 clones representing 13 species
from all five duckweed genera under favorable, standard-
ized conditions on synthetic mineral salt medium [11], these
growth parameters were found to vary strongly (e.g., RGRs
ranging from 0.153 to 0.519 d) with the individual ecotype,
rather than with the genus or species. A similar examination
of 25 clones representing all 11 species of the genus Wolffia
revealed RGRs ranging from 0.155 to 0.559 d™* [13]. The abil-
ity of duckweeds to grow under particular environmental
conditions also varies strongly. E C,, values (concentrations
at which 50% growth inhibition occurred) for 33 duckweed
strains representing 13 species across all five genera ranged
from 10 to 377 mM NaCl in standard mineral salt nutrient
medium; 10 strains were considered to be suitable for cul-
tivation in a six-fold dilution of sea water, and one Spirodela
polyrhiza clone in an only three-fold dilution [16].

These data illustrate a general principle involved in
choosing duckweed for a particular application: the neces-
sity for extensive screening to identify a clone well suited to
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Fig. 1. Five genera and 37 species of the family of the Lemnaceae (duckweeds).
Note: Representative shapes, sizes of and groupings of fronds are shown for each genus (the actually depicted species is underlined), along
with the number of roots that the fronds of the genus species exhibit. Drawings by Dr. K. Sowjanya Sree. The phylogenetical position of the

family is shown in [4].

the purpose and the growth conditions at hand. If a partic-
ular attribute, for example, biomass itself (as the product of
growth), or some constituent of the biomass, is the goal of a
particular prospective duckweed cultivation project, screen-
ing for this attribute should be carried out under the con-
ditions closely resembling those envisaged for the planned
project-scale operation. Examples of experiments screening
duckweeds for high biomass, protein, starch and fatty acid
content will be mentioned in the following.

The ease with which duckweeds can be cultivated and
analyzed has led to use of these macrophytes as model and
test organisms. These roles are most important in determin-
ing the presence and the action of toxic water constituents
that are targets of water remediation.

3. Duckweeds as model and test organisms

Many years ago, Hillman advocated using duckweeds as
model organisms for studying plant biology [17], and these
macrophytes have indeed long been employed for investigat-
ing plant physiology. A number of such studies are quoted in
Table 1. The model character of duckweeds, in particular Lemna
minor and Lemna gibba, has also long served to determine the
deleterious effects of wastewater constituents on aquatic plants.
Numerous examples of these investigations and the possibility

of using duckweeds to establish biomarkers for toxic effects in
aquatic plants have been discussed in a recent review [1]. The
use of L. minor as a model organism for probing the use of 'H
NMR for identifying phytotoxin-elicited metabolic changes
mentioned in Table 1 [27] is a further case in point. A recent
report in this regard describes the biochemical changes and the
oxidative stress alleviation activity elicited in L. minor by the
pharmaceuticals diclofenac and paracetamol, which are often
detected in aquatic systems [31].

Despite their value in elucidating plant physiology and
wastewater toxicity, duckweeds have been largely eclipsed
as model plants over the past 20 years by Arabidopsis, which
initiated the era of plant genomics capable of rapidly tack-
ling a multitude of important physiology questions, and
by crop plants of great nutritional and commercial impor-
tance such as maize and soybean. The recent sequencing
of the S. polyrhiza [32] and L. minor [33] genomes have now
opened the way to all manner of genome-oriented investi-
gations and manipulations with duckweeds, and interest in
the potential of these macrophytes as model organisms for
plant biology research is being renewed [34,35]. The use of
L. minor cells transformed with bioluminescence markers for
monitoring gene expression quoted in Table 1 [28] is a case
in point. Efficient transformation and gene silencing tech-
niques recently developed for L. minor [36] will facilitate the
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Table 1

Use of duckweeds as model organisms to investigate plant biology
Investigation Duckweed Reference
Photoperiodic control of flowering Lemna perpusilla [18]
Biosynthesis of the branched-chain sugar apiose Lemna gibba [19]
Effect of light on the synthesis of ribulose-1,5-bisphosphate Lemna gibba [20]
Effect of light on the synthesis of light-harvesting chlorophyll proteins Lemna gibba [21]
Plant sulfur assimilation Lemna perpusilla [22]
Auxin biosynthesis Lemna gibba [23]
Dormant bud induction Spirodela polyrhiza [24,25]
Low-fluence phytochrome response in plant development Spirodela polyrhiza [26]
Use of "H NMR fingerprinting for studying metabolic changes due to phytotoxic substances Lemna minor [27]
Single-cell bioluminescence imaging for monitoring cellular plant gene expression Lemna minor [28]
Effects of heterogeneous nutrient dispersal on biomass accumulation Lemna minor [29]
Dietary transfer of metals/metal cycling in aquatic ecosystems Lemna minor [30]

use of duckweeds for elucidating physiology and improving
biotechnology, as already illustrated by the development
of a L. minor isoleucine auxotroph for recombinant protein
expression [37]. Stable non-transgenic gene expression by
means of genome duplication may lead to novel insights into
metabolite production [38].

L. minor has also found application as a test organism in
the study of host immune responses to biofilm microbial infec-
tions [39] and as a high-throughput infection model for patho-
genic bacteria [40]. In terms of wastewater science, however,
especially L. minor and L. gibba have long been instrumental in
detecting the presence of toxicity in water samples, in addition
to elucidating the deleterious effects of water-borne toxins, as
recently discussed in detail in [1]. As such, duckweeds are vital
for pointing to the risks posed by wastewaters to aquatic plant
life. In a related vein, L. gibba has been explored for its ability
to determine the effect of diluted substances in a homeopathic
context [41,42]. L. minor was also chosen as the model exper-
imental plant to demonstrate the suitability of a disposable
electrochemical sensor for monitoring heavy metal take-up
from contaminated waters [43].

In addition to their usefulness in pointing to the presence
and the deleterious effects of toxic substances in wastewater
and surface waters, duckweeds are of great potential value in
ridding these waters of such substances.

4. Wastewater remediation by duckweeds

Duckweeds are proficient and versatile in removing
nutrients and other pollutants from water. If they do this
efficiently enough, duckweed growth on wastewater and
other contaminated surface waters can result in the release
of an effluent harmless to the environment and suitable for
irrigation.

4.1. Nutrient and pollutant take-up

The rapid growth of which duckweeds are capable
shows that these organisms can take up and assimilate large
amounts of macronutrients (NH,", NO,” and PO,*) from
their supportive medium. The removal of especially NO,-
from nutrient-rich waters may be largely due to the action

of denitrifying bacteria associated with the duckweed rhizo-
sphere [1]. The efficiency of total nitrogen and NH," removal
from lake water in China by Lemna japonica was found to
be improved by up to 20% by adding carrier biofilms to the
wastewater that served as artificial roots and enhanced the
growth of nitrifying and denitrifying bacteria [44].
Duckweeds can also tolerate and take up numerous
water contaminants including many heavy metals and a
variety of organic xenobiotics including pesticides and
phenolics [1]. Some of the organic xenobiotics can also be
degraded by the duckweeds. The quinolone aquaculture
antibiotic flumequine can be removed from solution and
degraded by L. minor [45], and Lemna triscula has been
shown to efficiently remove anatoxin-a, a cyanobacterial
neurotoxin, from culture medium and to subsequently
degrade much of the toxin [46]. Bacteria associated with the
duckweed rhizosphere are often involved in the removal
of xenobiotics from solution and their breakdown [1].
Rhizosphere bacteria can be not only beneficial for duck-
weed growth and remediative activity but can also protect
the macrophyte from the toxic effects of the substances that
it takes up. The presence of the L. minor rhizobacterium
Exiguobacterium sp. MH3 led to both better growth of and
chromium uptake by the duckweed, while alleviating the
toxic effects of the heavy metal [47]. However, not all of
the bacteria that can utilize water contaminants as growth
sources and can colonize duckweeds may actually be suited
to removing these contaminants from polluted waters [48].
The rapid growth and xenobiotic uptake by duckweeds
make these organisms obvious candidates for the bioremedi-
ation of wastewaters and polluted surface waters. Although
many of the studies of nutrient and xenobiotic take-up by
duckweeds have been carried out with spiked standard
nutrient media, this does not mean that they are irrelevant
for actual wastewaters. When the performance of Lemna
aequinoctialis in removing nutrients from artificial culture
medium and from sewage water was compared, NH,* and
total phosphorus were removed to an extent of more than
80% from each medium [49]. This indicates that experiments
with artificial media can indeed give a good estimate of how
efficient nutrient removal will be on actual wastewater.
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Analogous to the variability in growth rates described
above in Section 2, individual duckweed clones or ecotypes can
vary considerably in their suitability for growing on and remov-
ing unwanted substances from a particular type of wastewater.
This has been most convincingly shown in a study comparing
the growth of 41 duckweed strains across 12 species and all five
genera on synthetic medium formulated to closely resemble
swine lagoon effluent that was particularly rich in NH,* [50].
Increases in fresh weight and dry weight (DW) showed 11- and
3-fold ranges, respectively, among the strains, and there was
a 28-fold difference between the most disparate strains with
regard to total protein content, i.e., in the amount of NH,* hav-
ing been assimilated from the wastewater. This study led to the
selection of a clone of each of Landoltia punctata, L. gibba and L.
minor that were particularly well-suited for nutrient take-up
from swine wastewater (see [1]).

4.2. Studies of wastewater remediation

A number of studies have demonstrated the potential
of duckweeds for improving the quality of actual domestic,
municipal, agricultural and industrial wastewaters. These
encompass investigations in Ghana, Egypt, Israel (see [1])
and in several other countries as shown in Table 2. The
duckweeds were shown to remove much of the organic and
inorganic nitrogen and phosphorus of nutrient-rich wastewa-
ters, in addition to reducing chemical and biological oxygen

demand, removing suspended solids, mosquito larvae and
coliform bacteria from the wastewaters and maintaining a
neutral pH value. Two of the studies in Table 2 demonstrate
that duckweeds can also facilitate the removal of heavy met-
als and unwanted chemical ions from industrial wastewaters.
The finding that L. minor growing on subtropical paddy fields
in China significantly (19%) reduced the overall greenhouse
effect of CH, and N,O release [63] may also be relevant for the
remediation of detrimental effects of wastewaters.
Duckweeds may not, however, necessarily improve the
remediation of polluted waters over that of more conven-
tional wastewater treatment systems in some geographical
or climatic contexts. Full technical scale “Lemna System” set-
ups for domestic wastewater treatment consisting of primary
aerated ponds serially connected with secondary duckweed
ponds have been operated in Poland for several years. A
recent study has shown, however, that reduction in the nutri-
ent content and the chemical and biological oxygen demand
of the water was independent of whether the duckweed
(L. minor) was growing on the secondary pond or not [64].

4.3. Is duckweed wastewater remediation viable?

Despite the obvious potential of duckweeds to improve
the quality of wastewater and the demonstration of this
potential in the treatment of actual wastewaters described
above, the use of duckweeds in wastewater remediation

Table 2
Wastewater remediation with duckweeds
Wastewater Location Duckweed Removal of Reference
Settled residential wastewater Near Thessaloniki, Greece Lemna minor Nutrients, BOD, TSS [51]
bacteria

Secondary treated university Lesvos, Greece Lemna minor Nutrients, COD, [52]

wastewater antimicrobials

Mine gallery water Keban, Turkey Lemna minor Heavy metals [53]

Lemna gibba

Settled municipal wastewater Khirbet As-Samra, Central Lemna sp. Nutrients, BOD, [54]
Valley, Jordan bacteria

Drainage water Gharbia, Nile Delta, Eygpt Lemna gibba Ammonia, COD [55]

Activated sludge-treated domestic = Mahdia, Tunisia Lemna minor Nutrients, BOD, COD, [56]

wastewater coliform bacteria

Settled municipal wastewater Taxila, Pakistan Unspecified Nutrients, BOD, COD [57]

duckweed

Untreated municipal and industrial Islamabad, Pakistan Lemna minor Heavy metals [58]

wastewater effluents

Untreated domestic sewage Jodhpur, India Lemna minor Nutrients, BOD, COD,  [59]

TSS, TDS

Wetland with RBC-treated Near Ranchi, India Lemna minor Phosphate, BOD [60]

university wastewater effluent

Oxygen-treated steel plant coking ~ Jamshedpur, India Lemna minor Chloride, sulfate, TDS [61]

wastewater

Constructed wetland with diluted Webberville, MI, USA Lemna minor Nutrients, COD, [62]

raw dairy wastewater bacteria

Note: “Nutrients” refer to nitrogen-containing substances and phosphates, “BOD” and “COD” to biological and chemical oxygen

demand, respectively, and “TSS” and “TDS” to total suspended and soluble solids, respectively.
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has not become of large-scale importance. A good example
of this is the recent report of the result of a national survey
that duckweed ponds currently account for less than 1% of
108 natural treatment systems being used in India to treat a
variety of wastewater effluents, in contrast to polishing and
waste stabilization ponds which comprise the treatment
system in nearly 98% of the facilities [65]. It is perhaps not
to be expected that duckweeds will readily find a place in
modern large-scale municipal sewage and industrial effluent
treatment plants, which must be planned and constructed
to ensure effective clearance of a large volume of wastewa-
ter in relatively restricted areas. As alluded to some time
ago by Stomp [66], experience with wastewater remedia-
tion by duckweeds has apparently not provided economic
arguments sufficient to procure research and development
investments necessary to establish sophisticated wastewater
remediation technology. Paul Skillicorn recently described
the failure of an attempt to finance a duckweed wastewa-
ter treatment plant in Texas, citing unwillingness to chal-
lenge the status quo in implementing new technological
endeavors in America [67]. But wastewater remediation by
duckweeds is indeed now gaining importance in rural areas
and less well-developed countries without extensive access
to traditional water treatment technology (see again [67]),
and is being integrated into comprehensive concepts being
developed for wastewater treatment in such countries (e.g.,
[68]). This idea becomes attractive in view of efforts to imple-
ment the remediative potential of duckweeds by exploiting
the biomass that the macrophytes growing on wastewater
produce, i.e., by using wastewater remediation for the pro-
duction of a crop plant. Before this is examined, however, a
further potential benefit of wastewater remediation by duck-
weeds is indicated.

4.4. Generation of bioelectricity?

It has recently been demonstrated with Lemna minuta that
duckweeds can produce bioelectricity while growing pho-
toautotrophically in a newly designed direct photosynthetic
plant fuel cell [69]. The duckweed could conceivably grow
on wastewater in the fuel cell, and, if the fuel cell could be
constructed on an appropriate scale, extensive wastewater
remediation by duckweeds could be combined with signif-
icant electricity production. In this case, the bioelectricity
generation could be a value-added product of water remedi-
ation lending incentive to implementation of the remediation
logistics. Over 40% increases in soluble protein and reserve
carbohydrate contents of Lemna valdiviana due to enhanced
metabolic activity under the polarization conditions of the
fuel cell [70] show that bioelectricity generation by duck-
weeds may also result in improved quality of the concomi-
tantly produced biomass.

5. Wastewater remediation for biomass production

Duckweeds growing on nutrient-rich waters produce bio-
mass that represents reclamation of the water-borne nutrients.
The possibilities of exploiting nutrient-rich biomass derived
from wastewater remediation was recognized long ago by
Hillman and Culley [71], who proposed growing duckweed
on lagoons fed by sludge from fermented dairy manure and

using the harvested duckweed for fodder for the cattle. This
seminal idea has been followed up in numerous studies and
publications since then, and much attention has been given
to the potential of using wastewater-derived duckweed bio-
mass for animal feed and for biofuel production [72-75]. The
most famous example is the use of duckweed to remediate
hospital wastewater in Mirzapur, Bangladesh, and the use of
the biomass for fish food in pisciculture ponds (see [72,73]).

However, no large-scale utilization of duckweed in any
sense has been realized up to now. As discussed by Stomp
in a review published in 2005 [66], the successful transfor-
mation of any wild plant (which a duckweeds is) into a crop
plant is dependent on the identification of a valuable product
that can be obtained from the plant, the development of pro-
cessing methods to obtain specific products from the plant
biomass, and the development of agronomic programs to
scale up consistent production of the biomass. In addition,
genetics programs should be developed to improve product
quality, increase production and lower production costs. As
discussed in the following Section 7, duckweed biomass does
represent a valuable product in terms of nutrition, energy and
remediation, and techniques required to process it to specific
products are available. Large-scale wastewater remediation
with duckweeds would immediately suggest itself as a vehi-
cle for increasing biomass production, but it is subject to the
economic and conceptual restrictions alluded to above. The
large-scale realization of Hillman’s remediation/utilization
vision is only now really starting to come of age (see [34]);
it is being fueled by the rising need for environmentally sus-
tainable crops to complement traditional agriculture in meet-
ing incipient global nutrition and energy demands. A facility
to use wastewater-derived, starch-rich duckweed for bio-
degradable plastic production has now been established in
Argentina [76] and other initiatives to exploit the nutritional
value of wastewater-grown duckweed are in the planning or
development stages in Holland [77] and the Philippines [78],
as well as in other South American and Asian countries (see
the newsletters of the ISCDRA [2]).

Whatever use is envisaged for duckweed biomass, as
much of the biomass should be produced as possible under
the conditions under which the duckweed can be cultivated.
Duckweed biomass targeted for a particular usage should also
have a high content of the appropriate constituent, for exam-
ple, a high protein or starch content when nutrition or biofuel
production is the goal, as will be discussed in the following.
There are two basic strategies for optimizing the amount and/
or desired attributes of the duckweed biomass to be produced.
One is to identify a duckweed clone or ecotype that performs
particularly well in the appropriate manner under the condi-
tions under which it will be growing. The importance of this
for biomass production per se is well illustrated in terms of
the large variation in the growth rates (measured as biomass
production!) of individual duckweed clones referred to in
Section 2, and duckweeds particularly proficient in producing
high protein- or high-starch biomass can also be identified by
screening (see below). The other basic strategy is to optimize
the conditions of cultivation for a particular duckweed strain.
For example, a fuzzy-logic-based diagnosis system has been
developed to optimize the pH and temperature conditions
for L. gibba biomass production [79], and the light intensity
and photoperiod required for maximum biomass and starch
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production with L. aequinoctialis have been evaluated [80].
Whereas these two studies were carried out with synthetic
mineral growth media, the most favorable conditions of water
depth, coverage rate and harvest regime for the production of
high-protein L. aequinoctialis biomass on actual domestic sew-
age and industrial wastewater have been determined in China
[81]. In addition, transforming duckweed with appropriate
genes may be able to effect the enhancement or improvement
of particular duckweed attributes.

A number of studies illustrating high yields of biomass
produced by duckweeds growing on agricultural and
university wastewaters have been tabulated in a recent
review [1], and some further examples of wastewater
remediation to generate duckweed biomass, in some cases

specifically targeted for animal feed and biofuel production,
are shown in Table 3. Of course, duckweeds do not have
to grow on actual wastewater to produce useful biomass,
as shown by the example of protein-rich duckweed for
broiler feed grown on irrigation pond water in Jordan [91].
Duckweeds are not the only macrophytes under consider-
ation for producing useful biomass in the implementation
of water remediation, and some other water plants may at
first glance appear to be more promising than duckweeds in
this regard. For instance, water hyacinth (Eichhornia crassipes)
produced twice as much biomass as did L. japonica in a pilot-
scale wastewater treatment system, while exhibiting rates of
total nitrogen and phosphorus recovery from the wastewater
similar to those shown by the duckweed. However, protein

bically digested swine
wastewater

production

Table 3
Recent examples of wastewater remediation targeted for duckweed biomass production
Growth medium Location Removal of Yield Duckweed Reference
Secondary treated Lesvos, Greece Nutrients, COD, Protein- and Lemna minor [52]
university wastewater antimicrobials starch-rich
biomass
Domestic wastewater Cairo, Egypt Nutrients, BOD, Protein-rich Lemna gibba [82]
septic tank effluent COD, coliform biomass for fish
bacteria feed
Anaerobically digested Melbourne, Nutrients Biomass for bio-oil  Landoltia punctata [83]
swine lagoon wastewater ~ Australia production
Anaerobically treated Florianopolis, Nutrients, COD, Protein-rich Lemna valdiviana [84]
domestic wastewater Brazil coliform bacteria biomass for fish
feed
Anaerobically digested Raleigh, NC, USA  Nutrients Protein-rich Unspecified [85]
swine wastewater biomass for laying
hens
Anaerobically digested Zebulon, NC, USA  Nutrients Biomass for Spirodela polyrhiza [86]
swine wastewater bio-hydrogen
production
Anaerobically treated Shanghai, China Nutrients Biomass Spirodela oligorrhiza®  [87]
swine wastewater
Domestic sewage and Dianchi Lake near ~ Nutrients Protein-rich Lemna aequinoctialis  [81]
agricultural runoff Kunming City, biomass
China
Domestic and agricultural ~ Dianchi Lake near =~ Nutrients Protein- and Lemna japonica [88]
wastewater Kunming City, starch-rich
China biomass
Untreated swine lagoon Leshan City, China  Nutrients Protein-and starch- Several species [89]
wastewater rich biomass
Sewage water Quingdao, China Nutrients, heavy Starch-rich Lemna aequinoctialis ~ [49]
metals biomass for
bio-ethanol
production
Untreated and anaero- Chengdu, China Nutrients Biomass for biofuel = Spirodela polyrhiza [90]

Note: “Nutrients” in the third column refers mainly to nitrogen compounds (mostly NH,") and phosphates, “BOD” and “COD” to biological
and chemical oxygen demand, respectively.
*Currently accepted name: Landoltia punctata [3].
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and starch contents were higher in the duckweed, which was
considered to have converted wastewater nutrients more effi-
ciently into biomass than did the water hyacinth [88].

Duckweeds growing on wastewater will produce
biomass containing microbial organisms associated with
growing duckweeds, as well as any pollutants that the
macrophytes may have taken up, if these have not been
degraded in the process. This especially holds true for
incorporated or adsorbed heavy metals resistant to break-
down (see also [1]). As discussed in the following, the
presence (or lack) of pathogens and/or toxic substances in
the biomass will have consequences for the uses to which
the biomass can be put.

If duckweeds are grown on wastewater only for purposes
of remediation and/or there is no market for the generated
biomass, the plant material must be disposed of in a safe
manner. Pathogens can be killed by heating the harvested
biomass, and the duckweed tissues may be safely used for
landfill or compost if they do not contain significant amounts
of toxicants. If they do contain heavy metals and/or toxic
organic xenobiotics (which could leach out of landfill depos-
its), the only really safe option is incineration. Heavy metal
removal from the intact biomass itself (e.g., [92]) would not
be worthwhile, and incineration would eradicate any organic
toxins. Biomass-derived heavy metals could be removed and
reclaimed from the incinerator ash by chemical and biochem-
ical leaching techniques (e.g., [93]) if they would compromise
the disposal of the ash or if there was a market for them.

6. Uses for duckweed biomass

Duckweed biomass can be used as a foodstuff, for pro-
ducing several types of biofuel production, for fertilizer and
for water and soil amelioration. The biomass of accordingly
genetically engineered duckweed can also be the source of
recombinant proteins. All this also applies in principle to
duckweed biomass derived from wastewater remediation
(see Fig. 2), and the prospect of large-scale use of duck-
weed in water improvement implies potentially significant
contributions to issues of nutrition and alternative energy
supply in particular. However, the use of biomass from
duckweeds grown on wastewater is in many cases depen-
dent on the absence of unhealthy or toxic contaminants taken
up or adsorbed from the water.

6.1. Nutrition

Nutrition was the first use envisaged for wastewa-
ter-grown duckweed biomass [71], and especially duckweed
grown on nutrient-rich media is rich in protein content with
an amino acid composition favorable for both animal and
human nutrition [73,75,94,95]. Large-scale duckweed cultiva-
tion on nutrient-rich wastewater accordingly suggests itself
for widespread utilization as animal feed and human food
to complement or even partially replace the nutrition feed-
stocks traditionally supplied by soil-grown crops, especially
when protein malnutrition is an issue.

Wastewater
domestic
Food for mqnicipcl
humans agricultural Bio-alcohol
industrial
Feed for ? Protein-rich Starch-rich
animals biomass biomass
Fertilizer Duckweeds
genetically Bio-oil
Biochar modified

Biosorption Any
powder biomass
Biogas
Combustion Bioelec-
heat

tricity Irrigation

Fatty
acid-rich
biomass

Recombinant
proteins

water

Fig. 2. Uses to which wastewater-grown duckweed biomass can be put.
Note: Successful remediation of the wastewater will result in a non-toxic effluent suitable for irrigation. Bioelectricity and recombinant
proteins can be produced through the growth of duckweed. The question marks in red indicate that these uses are only acceptable in the

absence of toxic substances and pathogens.
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However, heavy metals, phenols, pesticides, dioxins, anti-
biotics, natural toxins and pathogens can be sequestered in the
tissues of duckweeds growing on wastewaters, and duckweeds
growing under open-environment conditions are associated
with a microflora of bacteria, viruses, fungi, algae and min-
ute invertebrates. In addition, Spirodela, Landoltia and Lemna
species contain oxalic acid that impairs palatability [73,95,96].
Wastewater-grown duckweeds can thus pose serious health
risks for consumption. Sporadic studies have shown such duck-
weeds targeted for animal feed to be harmless in terms of micro-
bial content [97,98], but any duckweed biomass seriously being
considered for animal feed and especially human consumption
would have to be stringently tested for the presence of any
health-threatening xenobiotics and pathogens that might have
been present (and should be tested for) in the growth medium.
This concern with health safety is most likely the reason that
commercially available duckweed feed and food products
(high-protein and high-fiber concentrates for both animal feed
and human consumption from Parabel [99] and whole-plant
human food preparations form Hinoman [100] and Green Onyx
[101] derive from growth under strictly controlled, hygenic
conditions.

6.1.1. Animal feed

Hillman and Culley first envisaged growing duckweed
on dairy wastewater for cattle fodder in 1978 [71]. Although
a number of monographs published in the 1990s [72-74]
amount to handbooks for the cultivation of duckweed on
agricultural and municipal wastewaters and the utilization
of the duckweed biomass produced for feeding fish, poul-
try, pigs and ruminants, the use of duckweed as an animal
feed supplement has not seriously developed further since
then, due to concerns about toxic content and pathogen
transfer ([96] and the abundance of cheap grain and soybean
supplies and the lack of appropriate cropping systems [85].
Nevertheless, duckweeds growing on irrigation ponds are
promising as a food source for broilers in Jordan, where feed-
stuffs are limited and expensive [91].

Recent studies illustrating benefits of using duckweeds
used as a feed supplement may help to revive interest in
wastewater-grown duckweed in animal nutrition. L. minor
supplied in conjunction with lime to aquaculture ponds in
Bangladesh resulted not only in a 60% increase in fish produc-
tion but also in a 12-fold reduction in the euglenophyte con-
tent of the water [102]. In addition to enhancing the growth
and production of the respective test animals, the inclusion
of duckweed in animal feed has led to improved digestion
in carp [103], shrimp [104] and lambs [105] and to a higher
Omega 3 fatty acid content of hen eggs [85]. Duckweed in
dog diets can improve stool consistency [106], and at least
one entrepreneur is developing duckweed-based feed prod-
ucts specifically for pets [107].

6.1.2. Human consumption

Wolffia arrhiza has long been cultivated in South East
Asia for human consumption [74, 108], and duckweed bio-
mass, with its high content of protein with a favorable amino
acid composition, would make duckweed an attractive
human nutrition additive (see [74]). W. arrhiza has even been

envisaged as an edible component of a controlled aquatic
ecological life support system for use in a lunar or planetary
base [109]! Although many publications tout its promise for
relieving local and global nutrition concerns, duckweed has
not become a widespread food source. The marketing of
even duckweed grown on uncontaminated nutrient waters
for food would be a challenge in terms of removing oxalic
acid and offsetting the costs regarding cultivation, harvest-
ing, drying, processing, packaging and distribution, and
that grown on wastewater would be additionally subject to
the health concerns mentioned above. Duckweed biomass
stemming from wastewater remediation could thus only
be considered fit for human consumption upon attestation
of absolute harmlessness following cost-intensive extensive
analysis of the water composition and of the attributes of the
biomass itself, an unrealistic prospect at present.

6.2. Energy

Duckweed biomass can be used to produce a variety of
energy-rich biofuel products: biogas and bio-alcohols, along
with bio-oils and biochar. This usage is the topic of two com-
prehensive recent reviews [110,111]. Whereas biogas is pro-
duced by the anaerobic digestion of biomass and bio-alcohols
by fermentation of hydrolyzed biomass starch, bio-oils and
biochar derive from the hydrothermal liquefaction or pyrol-
ysis of biomass. The health safety concerns due to heavy
metal, organic xenobiotic and microorganism contamination
of wastewater-grown duckweed biomass under consider-
ation for use in nutrition, fertilization or biomanufacturing
are of little relevance for generating energy products. The
biomass contaminants will in most cases be destroyed by the
processing conditions or sequestered from the formed bio-
fuel products, and would not compromise the final products
even if they were to be present.

6.2.1. Biogas

Biogas has long been produced by the anaerobic diges-
tion of organic municipal, agricultural and industrial organic
wastes to methane (see [110]), which is an energy-producing
fuel through its combustion with oxygen. Duckweed biomass
resulting from cultivation on wastewaters or even skimmed
off untended ponds and lagoons receiving agricultural run-
off can be profitably used in biogas production facilities if
there is no other use for it. Studies have shown that duck-
weed biomass added to poultry, dairy and swine manure sig-
nificantly improved biogas production in anaerobic digesters
(see [110]). The mature technology and relatively low costs
involved make biogas production a valuable option for dis-
posing of “superfluous” duckweed.

Biogas generally contains carbon dioxide in addition to
methane, diminishing the fuel value of the latter. The char-
coal-like biochar that is a product of the pyrolysis of duck-
weed biomass [112] can, in addition to releasing energy when
burned, be used for catalyzing the conversion of biogas to
hydrogen- and carbon monoxide-containing syngas useful for
synthesizing methanol and synthetic hydrocarbon fuels [113].

The clean and efficient fuel hydrogen gas can be pro-
duced from the fermentation of plant biomass. Up to 75 ml
H, could be produced from 1 g DW of acid-pretreated, swine
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wastewater-grown S. polyrhiza by fermentation with anaero-
bic sludge microflora for 7 d [86]. The yield of H, (42% of the
total biogas formed) was comparable with that obtained from
the biomass of various important crop plants. H, production
would be a good use for superfluous duckweed biomass; the
H, will have to be separated from the rest of the biogas, if it is
to be obtained in pure form.

6.2.2. Bioalcohol

The duckweed biomass component most readily suited
to producing bioethanol is starch, which is hydrolyzed with
amylolytic enzymes and the resultant glucose fermented with
yeast to yield the alcohol. The saccharification of cell wall
carbohydrates with cellulases and pectinases and fermenta-
tion of the released sugars can also contribute to bioalcohol
production [110]. Duckweed biomass to be used for ethanol
production should accordingly have a high starch content.
Although it has long been evident that the starch contents
of duckweeds grown on mineral medium vary enormously
(ranging from 3% to about 50% of the DW: see [114]), screen-
ing studies aimed at identifying duckweed clones exhibit-
ing particularly high starch contents in their biomass have
not been systematically carried out. In their review, Cui and
Cheng [110] have thoroughly described plant starch metabo-
lism from the viewpoint of optimizing starch content for bio-
fuel production. Since starch accumulation in plant tissues is
the result of photosynthetic carbon assimilation taking place
in excess of the utilization of starch in dissimilatory processes,
the authors point out that starch content of duckweeds can be
maximized by either increasing photosynthetic production
without increasing dissimilation or inhibiting dissimilation
without impairing photosynthetic processes.

Stimulating photosynthesis is dependent on increas-
ing illumination and/or carbon dioxide concentration in the
medium. These would be difficult and expensive to imple-
ment, especially outdoors [110], and thus appear impractical
in terms of cultivating high-starch duckweeds on wastewater.
Nevertheless, studies on improving the yield and starch
content of duckweed biomass by optimizing growth con-
ditions are being undertaken. A laboratory experiment
with L. aequinoctialis growing on artificial mineral medium
observed the highest biomass production (233 g m™) and
the highest starch yield (99 g m™) at a light intensity of
110 pumol m? s and a 24-h photoperiod over a period of 39 d
[80]. These lighting data could possibly be profitably employed
to optimize future industrial large-scale duckweed cultivation.

Manipulating cultivation conditions to inhibit starch deg-
radation is much easier than enhancing photosynthesis. Cui
and Cheng [110] have described how nutrient starvation and
exposure to cations, abscisic acid and other chemical inhibi-
tors can repress starch breakdown in duckweeds by inhibiting
growth, and Sree and Appenroth [115] emphasized that abi-
otic stresses leading to starch accumulation in L. minor must
be suppressing growth more effectively than photosynthesis.
The expression and activities of the key starch-synthesizing
enzymes ADP-glucose pyrophosphorylase (ADPG-PP)
and soluble starch synthase are enhanced, and those of the
starch-degrading enzyme (3-amylase are decreased, in La.
punctata (“La.” denotes “Landoltia”) upon nitrogen and phos-
phorus deficiency [116]. High-starch duckweed biomass can

readily be produced by growing duckweeds on nutrient-rich
medium to accumulate biomass and then transferring them
to nutrient-poor water to effect the deposition of photosyn-
thate as starch when growth is inhibited due to the lack of
nutrients. This is a realistic strategy for producing starch-rich
feedstock for bioethanol production, as municipal and agri-
cultural wastewater support rapid growth, and transferring
the harvested duckweeds for a few days to rain, tap or lake/
river water would suffice to induce starch accumulation.

Methods to induce high starch accumulation in duck-
weed without any medium change would be convenient for
producing high-starch biofuel feedstock. The presence of
heavy metals, which are contaminants in many wastewaters,
results in starch accumulation [110, 115], but heavy metals
either present in the wastewater or added at the required
concentrations would also impair long-term growth and thus
overall starch accumulation. Several duckweed clones iden-
tified as being relatively tolerant of NaCl in a screen accu-
mulated high amounts of starch upon exposure to the salt
at concentrations (of about 100 mM) that only slightly inhib-
ited growth (to at most 10%: [16]). This opens the prospect of
growing duckweed on moderately salt-containing wastewa-
ter as a simple one-step procedure for producing high-starch
biomass [16].

Recent experiments have demonstrated the even simpler
possibility of enhancing duckweed tissue starch yield by
simultaneously increasing photosynthetic activity and inhib-
iting starch degradation by the use of a growth retardant.
La. punctata fronds sprayed with uniconazole had a higher
chlorophyll content and photosynthetic activity than did
control fronds, and accumulated 10% more DW and almost
three times as much starch (48% of DW). This inducible
starch accumulation could significantly enhance the value of
duckweed biomass as a bioethanol feedstock. Both transcrip-
tomic [117,118] and proteomic analysis [119] have indicated
that uniconazole increases abscisic acid and cytokinin levels
to promote chlorophyll biosynthesis and starch-synthesiz-
ing ADPG-PP activity, in addition to causing a decrease in
the gibberellic acid level that may lead to an inactivation of
starch-degrading a-amylase.

Many of the studies respective of high-starch biomass
duckweed have used artificial mineral salt media for duck-
weed cultivation; this could lead to doubts as to relevance
for growth on actual wastewater. The biomass production
and biomass starch content of L. aequinoctialis grown on
mineral salt culture medium and on sewage water were
compared [49]. Although the growth of the duckweed was
only half as fast on the sewage water, it was still consider-
able (4.3 g DW m™ d™), and the starch content of the sewage
water-derived biomass (34% of DW) and the ethanol yield
derived from it (0.17 g g! DW) compared favorably with
those of the duckweed grown on the artificial medium.
This indicates that biomass, starch and ethanol yields pro-
duced in pilot experiments under standardized conditions
can indeed indicate performance to be expected on actual
wastewater media.

Even though the saccharification of duckweed starch and
cellulose and the fermentation of the released sugars to eth-
anol have been well developed [110], efforts to improve the
process continue to be made. L. minor biomass pre-treated
by steam explosion (10 min at 210°C) and simultaneously
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saccharified with cellulose and B-glucosidase and fermented
with yeast gave good yields of ethanol (70% of the theoretical
yield from the tissue glucose) at the relatively high substrate
density of 20% (w/v) [120].

Whereas high-starch duckweed biomass is usually
thought of in terms of bioethanol production, even more
succinate — a precursor to a number of chemicals and food
and diet supplements — than ethanol can be produced from
hydrolyzed Wolffia globosa starch when this is fermented with
Actinobacillus succiogenes [121].

Duckweeds can also be used to produce biobutanol,
which has a higher energy density than bioethanol. This
has been achieved with La. punctata on the one hand by the
acid hydrolysis of the plant material and fermentation of the
released sugars with Clostridium acetobutylicum (see [110]). It
has also been shown that 2-methyl-1-butanol, isobutanol and
3-methyl-1-butanol could be produced efficiently by fermen-
tation of acid hydrolysates of La. punctata by bio-engineered
Cornebacterium crenatum [122]. Butanol has also been formed
at a high yield by the enzymatic hydrolysis of the starch and
cellulose of La. punctata biomass and simultaneous fermenta-
tion with Clostridium acetobutylicum under control of the pH
value [123].

6.2.3. Bio-oil

Qils for biofuel can be produced from duckweed accord-
ing to two basic techniques [111]. Hydrothermal liquefaction,
in which the freshly harvested plant material is heated at
high temperatures and pressures in the presence of an inor-
ganic catalyst, demonstrated the formation of predominantly
heavy bio-oils (mainly resin and asphalt fractions) from
unidentified duckweed collected from constructed wetlands
[124]. Alternatively, bio-oils can stem from the pyrolysis of
dried biomass at high temperatures in the absence of oxygen,
as shown with L. minor [112]. Crude bio-oil derived from the
hydrothermal liquefaction or pyrolysis of duckweed biomass
can be upgraded to more valuable products in subcritical
water by heating with gas and inorganic catalysts. Biocrude
produced from L. minor underwent deoxygenation, desulfur-
ization and denitrogenation when treated in this manner to
form upgraded oils possessing similar properties to petro-
leum diesel [125]. Ongoing efforts to upscale the hydrother-
mal biomass liquefaction process [126] should give impetus
to the utilization of duckweed biomass for bio-oil production.

Another source of bio-oil for fuel is the fatty acids present
in free form in plant tissues or as triacylglycerides present in
large amounts in the oil-bearing seeds of plants such as rape,
soybean and peanut [127]. These fatty acids can be re-esteri-
fied with methanol to yield biodiesel. Duckweed fronds can
have a total fatty acid content up to 15% of the tissue DW, but
have — as do all plant leaves — a much lower triacylglyceride
content (0.02%-0.15% of the tissue DW [128]) than do the oil-
seeds (up to over 50% by DW). However, tobacco leaves have
been recently genetically engineered to accumulate more
than 15% triacylglyceride by DW by expressing three genes
involved in triacylglyceride production in Arabidopsis thaliana
and sesame [129]. Given the success of transformation with
duckweeds (see Section 3), similarly engineered duckweeds
could become major producers of triacylglycerides for bio-
fuel production.

6.3. Water and soil amendment
6.3.1. Fertilizer

Although duckweeds have a long history as an animal
foodstuff, there are few references to it being used as a plant
fertilizer. This is surprising, since duckweed biomass could
improve the nutritive value and the texture of soil, and its use
as fertilizer or compost would also be a productive means of
disposing of superfluous duckweed. L. minor used as a com-
plement to fertilizer nitrogen improved the growth and yield
of rice plants and increased the nutrient contents of both the
plant biomass and the soil in Bangladesh [130], and duck-
weed has been referred to as a fertilizer in Angola, China and
Mexico [73]. More recently, fertilization with duckweeds in a
consortium of lake weeds in Michigan significantly increased
plant-available soil moisture, enhanced sod establishment
and provided higher turf density, in addition to increasing
turfgrass yield and quality [131]. However, plant-available
N can be released excessively upon water weed application
overload, and the presence of unwanted material (“trash”) in
the plant material may also discourage the use of this type
of biomass as fertilizer [131]. Indeed, duckweed biomass
contaminated with heavy metals and/or organic xenobiotics
would not be suitable for use as fertilizer.

6.3.2. Biosorption

Not only live duckweeds but also non-living duckweed
biomass can be used to remove heavy metals from solution
on account of its adsorptive properties. Untreated dried L.
aequinoctialis powder adsorbed water-soluble cadmium well
[132], and finely divided dried L. minor was a good adsor-
bent for arsenic [133]. Dried, powdered L. gibba adsorbed the
insecticide methyl parathion in addition to cadmium from
nutrient solution spiked with these substances [134]. These
findings indicate that dried duckweed can be a cost-effective
biosorbent for the removal of toxins from polluted waters
in place of the more expensive activated charcoal or other
chemical sorbents traditionally used for this purpose. Heavy
metals and/or organic xenobiotics having been taken up from
wastewaters by duckweeds would not compromise the bio-
sorptive action of the biomass, as the (adsorbed) contami-
nants would remain bound to the plant material.

6.3.3. Soil improvement

The biochar, or charcoal, co-product of the pyrolysis of
plant biomass (see Section 6.2) can be used to improve the qual-
ity of soils. The application of charcoal can improve bioavail-
able water, build organic matter, enhance nutrient cycling and
reduce leaching in soil, as well as sequestering carbon removed
from the atmosphere [135]. The adsorptive properties of bio-
char make this substance also promising for the remediation
of heavy metal-polluted soils (especially in conjunction with
bioremediation [136]) and waters. Although large-scale bio-
char production has been envisaged only for harvestable for-
est and crop biomass [135], it could easily be complemented
by the addition of otherwise superfluous duckweed biomass.
Duckweed harvested from wastewater containing heavy metals
or other toxic xenobiotics would pose no problem in this regard,
as organic contaminants would be destroyed in the pyrolysis
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process, and any metal residues remaining in the biochar would
be firmly adsorbed and not released into the environment.

6.4. Use in medicine

Duckweeds find employment as medicinal plants for
treating a variety of illness, presumably due to the variety
of biologically active compounds having been found in
L. minor [137]. Duckweed biomass grown on wastewater con-
taining heavy metals, (potentially) toxic organic xenobiotic
contaminants, microflora or pathogens would certainly not
be acceptable for this usage. The pectin polysaccharide lem-
nan from L. minor has been shown to be useful as an adjuvant
for oral murine immunization [138] and as a cryoprotectant
of human white blood cells, helping to preserve leucocyte
membrane integrity and neutrophil phagocytic activity [139].
Duckweed grown on wastewater could conceivably serve as
a feedstock for obtaining lemnan, as long as the procedure
for purifying the polysaccharide is sufficiently selective.

6.5. Biomanufacturing

The stable transformation of some Lemna and Spirodela
species has shown the potential of duckweeds for expressing
recombinant proteins, polymers and small molecules [66,140].
Human monoclonal antibodies [141], a bacterial endogluca-
nase [142] and avian influenza antigens [37,143,144] have
all been successfully expressed in L. minor, and the bovine
serum inhibitor aprotinin in Spirodela oligorrhiza (correct
modern name: La. punctata; see [3]) [145]. The recent stable
transformation of W. arrhiza [146] shows the promise of this
duckweed species for biomanufacturing as well.

Recombinant proteins are quintessential examples of
valuable products that can be obtained from duckweeds via
genetics programs and genetic engineering, and Stomp [66]
has emphasized the suitability of duckweeds for bioman-
ufacturing and analyzed the technological and economic
problems of production, processing and safety and regula-
tion relevant to the commercialization of recombinant duck-
weed proteins. In principle, recombinant proteins could be
produced by and isolated from genetically engineered duck-
weed growing on wastewater. As with duckweed biomass
targeted for human consumption, however, recombinant
therapeutic proteins produced in this manner are not likely
to be acceptable for health and safety reasons; marketable
proteins would have to come from duckweeds grown under
controlled, aseptic conditions. On the other hand, recombi-
nant proteins such as industrial enzymes isolated from duck-
weeds grown on wastewater free of heavy metals and toxic
organic xenobiotics could be commercially viable, as long as
protein degradation stemming from duckweed-associated
microorganisms could be circumvented. However, the obsta-
cles encountered in serious efforts to establish a duckweed
biotechnology firm producing recombinant therapeutic pro-
teins [147] illustrate why it is so difficult to conduct any via-
ble duckweed biomanufacturing at present.

7. Conclusions and outlook

The value of duckweeds for science, agriculture and
industry is apparent from the various uses to which these

small aquatic plants can be put, including acting as model
organisms for investigating plant physiology and as test
organisms in toxicology and medicine, partaking in waste-
water remediation and producing protein- and starch-rich
biomass for use in nutrition, biofuel production and soil and
water amelioration, as well as acting as vehicles for bioman-
ufacturing and bioelectricity production. It is intriguing that
all of the uses which apply to duckweeds have an actual or
potential relationship with the widespread environmen-
tal concern of water pollution. Duckweeds as investigative
model organisms contribute heavily to elucidating the phys-
iological effects of wastewater contaminants, and duckweeds
as test organisms are important for the evaluation of the
ecotoxicity of such contaminants. The generation of plant
biomass for nutrition, fertilization, biosorption and as a feed-
stock for the production of biofuel and related products such
as biochar can be a major asset of the remediative action of
duckweeds on wastewater, and even recombinant protein
expression and the generation of electricity can be effected
by duckweeds growing on wastewater.

The (potential) usefulness of duckweeds in water toxic-
ity testing will certainly increase with the genomic informa-
tion and bioengineering techniques now available for these
organisms, and the well-established associated role of duck-
weeds in environmental risk assessment can also only profit
from these developments. However, the numerous investi-
gations demonstrating the value of duckweeds for waste-
water remediation have been mainly confined to laboratory
investigations or pilot projects, and wastewater treatment by
duckweeds has not been widely implemented and generally
not been developed on a scale warranted by large volumes
of wastewater or other contaminated surface waters in need
of cleanup. It is to be hoped that the experimental results
having been obtained and the experimental setups having
been described will generate more interest in the potential
of duckweeds for wastewater remediation than has been the
case up to now, and that increased efforts will be devoted to
confronting the technological and economic challenges posed
by setting up duckweed water treatment systems. Although
wastewater remediation systems established in larger com-
munities will continue to rely on established technology, it
should be possible to generate more interest in employing
duckweed for final water cleanup in domestic, agricultural
and industrial settings in which sophisticated wastewater
treatment is not practicable.

It might be expected that awareness of the nutrient rec-
lamation represented by the large amounts of biomass that
can be produced by duckweeds growing on nutrient-rich
wastewater and the numerous reports of the uses to which
this biomass can be put would be an impetus for increas-
ing the use of duckweeds for wastewater remediation.
However, the prospect of using duckweeds for human con-
sumption, which is actually attractive in terms of a high-
value protein diet, is unlikely to be realized due to health
and safety reasons when the plants are grown on wastewa-
ter. Health concerns and the degradative actions of waste-
water contaminants on proteins similarly discourage the
potential wastewater cultivation of genetically engineered
duckweeds for recombinant protein expression. On the
other hand, duckweeds grown on agricultural wastewaters
that are rich in nutrients but contain negligible amounts
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of toxic xenobiotics indeed suggest themselves for large-
scale animal feed and fertilizer usage. The multifaceted
possibilities for exploiting duckweed biomass for biofuel
and biochar production should not be compromised by
the presence of contaminants present in wastewater which
the duckweeds might be growing on, as these would not
contaminate the processed fuel products themselves, and
the generation of bioelectricity by duckweeds would be
possible on any wastewater on which the plants would
grow. Even if there is no other use for duckweed biomass,
it can always produce heat by incineration. The technolo-
gies required for growing, harvesting and processing of
duckweeds are all available, and especially process facil-
ities for converting biomass to biofuel are ample due to
the already established use of non-duckweed plant mate-
rial. The at first glance so promising use of duckweeds for
wastewater remediation and the exploitation of wastewa-
ter-derived duckweed biomass will be determined by the
development and operational costs for growing, harvest-
ing and processing the duckweeds and for marketing their
products. It is to be hoped that financing can be obtained
to meet these costs and thus help realize the potential of
duckweeds for preserving the environment and alleviat-
ing food and energy shortages.

References

[1] P. Ziegler, K.S. Sree, K.-J. Appenroth, Duckweeds for water
remediation and toxicity testing, Toxicol. Environ. Chem., 98
(2016) 1-28. doi: 10.1080/02772248.2015.1094701.

[2] ISCDRA (International Steering Committee for Duckweed
Research and Applications), Homepage Contains Links to the
ISCDRA Newsletters. lemnapedia.org/wiki/ISCDRA (accessed
July 13, 2016).

[8] K.S. Sree, M. Bog, K.-]. Appenroth, Taxonomy of duck-
weeds (Lemnaceae), potential new crop plants, Emir. J.
Food Agric., 28 (2016) 291-302.

[4] K.J. Appenroth, N. Borisjuk, E. Lam, Telling duckweed apart:
genotyping technologies for the Lemnaceae, Chin. J. Appl.
Environ. Biol., 19 (2013) 1-10.

[5] D.H. Les, D.J. Crawford, E. Landolt, ]J.D. Gabel, R.T. Kimball,
Phylogeny and systematics of Lemnaceae, the duckweed
family, Syst. Bot., 27 (2002) 221-240.

[6] N.P. Tippery, D.H. Les, D.J. Crawford, Evaluation of phyloge-
netic relationships in Lemnaceae using nuclear ribosomal data,
Plant Biol., 17(Suppl. 1) (2015) 50-58.

[7] E. Landolt, The Family of Lemnaceae — A Monographic Study,
Vol. 1. Biosystematic Investigations in the Family of Duck-
weeds (Lemnaceae), Verdffentlichungen des Geobotanischen
Instituts der ETH, Stiftung Riibel, Ziirich, 1986.

[8] N. Borisjuk, P. Chu, R. Gutierrez, H. Zhang, K. Acosta, N.
Friesen, K.S. Sree, C. Garcia, K.J. Appenroth, E. Lam, Assess-
ment, validation and deployment strategy of a two-barcode
protocol for facile genotyping of duckweed species, Plant Biol.,
17(Suppl. 1) (2015) 42-49.

[9] M. Bog, U. Lautenschlager, M.F. Landrock, E. Landolt, J. Fuchs,
K.S. Sree, C. Oberprieler, K.-J. Appenroth, Genetic charcteriza-
tion and barcoding of taxa in the genera Landoltia and Spirodela
(Lemnaceae) by three plastidic markers and amplified frag-
ment length polymorphism (AFLP), Hydrobiologia, 749 (2015)
169-182.

[10] A.H. Pieterse, Is flowering in Lemnaceae stress-induced?
A review, Aquat. Bot., 104 (2013) 1-4.

[11] P. Ziegler, K. Adelmann, S. Zimmer, C. Schmidt, K.-]. Appen-
roth, Relative in vitro growth rates of duckweeds (Lemnaceae) —
the most rapidly growing higher plants, Plant Biol., 17(Suppl.1)
(2015) 33—-41.

[12] U. Kutschera, K.J. Niklas, Darwin-Wallace demons: survival
of the fastest in populations of duckweeds and the evolution-
ary history of an enigmatic group of angiosperms, Plant Biol.,
17(Suppl. 1) (2015) 24-32.

[13] K.S. Sree, S. Sudakaran, K.-J. Appenroth, How fast can angio-
sperms grow? Species and clonal diversity of growth rates in
the genus Wolffia (Lemnaceae), Acta Physiol. Plant., 37 (2015)
204.

[14] K.S.Sree, S.C. Maheshwari, K. Boka, ].P. Khurana, A. Keresztes,
K.-J. Appenroth, The duckweed Wolffia microscopica: a unique
monocot, Flora, 210 (2015) 31-39.

[15] J. Uchmanski, A. Kaliszewicz, V. Havro, Darwinian demons,
Pol. Acad. Sci., 1 (2006) 8-11.

[16] K.S. Sree, K. Adelmann, C. Garcia, E. Lam, K.-]. Appenroth,
Natural variance in salt tolerance and induction of starch accu-
mulation in duckweeds, Planta, 241 (2015) 1395-1404.

[17] W.S. Hillman, Calibrating duckweeds: light, clocks, metabo-
lism, flowering, Science, 193 (1976) 453—458.

[18] W.S. Hillman, Photoperiodism: an effect of darkness during
the light period on critical night length, Science, 140 (1963)
1397-1398.

[19] E. Beck, O. Kandler, Isotopienstudien zur Biosynthese von
Apiose in Lemna, Zeitschr. Pflanzenphysiol., 55 (1966) 71-84.

[20] E.M. Tobin, J.L. Suttie, Light effects on the synthesis of ribu-
lose-1,5-bisphosphate carboxylase in Lemna gibba L. G-3, Plant
Physiol., 65 (1980) 641-647.

[21] E.M. Tobin, White light effects on the mRNA for the light-
harvesting chlorophyll a/b-protein in Lemna gibba L. G-3, Plant
Physiol., 67 (1981) 1078-1083.

[22] A.H. Datko, H.S. Mudd, J. Giovanelli, PK. Macnicol, Sul-
fur-containing compounds in Lemna perpusilla 6746 grown
at a range of sulfate concentrations, Plant Physiol., 62 (1978)
629-635.

[23] E. Rapparini, Y.Y. Tam, ]J.D. Cohen, ].P. Slovin, Indole-3-ace-
tic acid biosynthesis in Lemna gibba studied using stable iso-
tope labeled anthranilate and tryptophan, Plant Growth Reg.,
27 (1999) 139-144.

[24] C.C.Smart, Molecular Analysis of Turion Formation in Spirodela
Polyrrhiza: A Model System for Dormant Bud Induction, G.A.
Lang, Plant Dormancy: Physiology, Biochemistry and Molecu-
lar Biology, CAB International, New York, 1996, pp. 269-281.

[25] K.-J. Appenroth, L. Adamec, Specific turion yields of differ-
ent clones of Spirodela polyrhiza depend on external phosphate
thresholds, Plant Biol., 17(Suppl. 1) (2015) 125-129.

[26] K.-J. Appenroth, H. Gabrys, Light-induced starch degrada-
tion in non-dormant turions of Spirodela polyrhiza, Photochem.
Photobiol., 73 (2001) 77-82.

[27] K.A. Aliferis, S. Materzok, G.N. Paziotu, M. Chrysayi-Tokous-
balides, Lemna minor L. as a model organism for ecotoxicologi-
cal studies performing 'H NMR fingerprinting, Chemosphere,
76 (2009) 967-973.

[28] T. Muranaka, S. Kubota, T. Oyama, A single-cell biolumines-
cence imaging system for monitoring cellular gene expression
in a plant body, Plant Cell Physiol., 54 (2013) 2085-2093.

[29] B.Zhang, X. Liu, D.L. DeAngelis, W.-M. Ni, G.G. Wang, Effects
of dispersal on total biomass in a patchy, heterogeneous sys-
tem: analysis and experiment, Math. Biosci., 264 (2015) 54-62.

[30] E. Lahive, J. O'Halloran, M.A.K. Jansen, A marriage of conve-
nience: a simple food chain comprised of Lemna minor (L.) and
Gammarus pulex (L.) to study the dietary transfer of zinc, Plant
Biol., 17(Suppl. 1) (2015) 75-81.

[31] M. Kummerova, S. Zezulka, P. Babula, J. Triska, Possible eco-
logical risk of two pharmaceuticals diclofenac and paracetamol
demonstrated on a model plant Lemna minor, J. Hazard. Mat.,
302 (2016) 351-361.

[32] W. Wang, G. Haberer, H. Gundlach, C. GlaSler, T. Nussbau-
mer, M.C. Luo, A. Lomsadze, M. Borodovsky, R.A. Kerstet-
ter, J. Shanklin, D.W. Bryant, T.C. Mockler, K.J. Appenroth, J.
Grimwood, J. Jenkins, J. Chow, C. Choi, C. Adam, X.-H. Cao, J.
Fuchs, I. Schubert, D. Rokhsar, J. Schmutz, T.R. Michael, K.EX.
Mayer, J. Messing, The Spirodela polyrhiza genome reveals
insights into its neotenous reduction, fast growth and aquatic
lifestyle, Nat. Commun., 5 (2014) 3311.



340

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

P. Ziegler et al. / Desalination and Water Treatment 63 (2017) 327-342

A. Van Hoeck, N. Horemans, P. Monsieurs, HX. Cao, H.
Vandenhove, R. Blust, The first draft genome of the aquatic
model plant Lemna minor opens the route for future stress phys-
iology research and biotechnological applications, Biotechnol.
Biofuels, 8 (2015) 188.

K.-J. Appenroth, K.S. Sree, T. Fakhoorian, E. Lam, Resurgence of
duckweed research and applications: report from the 3rd Interna-
tional Duckweed Conference, Plant Mol. Biol., 89 (2015) 647-654.

E. Lam, Duckweed Futures: Duckweed’s Renaissance as a
Model System for Plant Biology? ISCDRA Newsletter, Vol. 3,
Part 4, Issue 11, 2015, pp. 172-177. Available at: http://www.
ruduckweed.org/uploads/1/0/8/9/10896289/iscdra_issuell-
2015-11_final.pdf (accessed July 13, 2016).

A. Canto-Pastor, A. Molla-Morales, E. Ernst, W. Dahl, J. Zhali,
Y. Yan, B.C. Meyers, J. Shanklin, R. Martienssen, Efficient trans-
formation and artificial miRNA gene silencing in Lemna minor,
Plant Biol., 17 (Suppl. 1) (2015) 59-65.

L.V. Nguyen, KM. Cox, ].S. Ke, C.G. Peele, L.F. Dickey, Genetic
engineering of a Lemna isoleucine auxotroph, Transgen. Res.,
21 (2012) 1071-1083.

R. Vunsch, U. Heinig, S. Malitsky, A. Aharoni, A. Avidov, A.
Lerner, M. Edelman, Manipulating duckweed through genome
duplication, Plant Biol., 17(Suppl. 1) (2015) 115-119.

S. Edwards, B.V. Kjellerup, Exploring the applications of inver-
tebrate host-pathogen models for in vivo biofilm infections,
FEMS Immunol. Med. Microbiol., 65 (2012) 205-214.

E.L.S. Thomson, J.J. Dennis, Common duckweed (Lemna minor)
is a versatile high-throughput infection model for the Burk-
holderia cepacia complex and other pathogenic bacteria, PLoS
ONE, 8 (2013) e80102.

C. Scherr, M. Simon, J. Spranger, S. Baumgartner, Duckweed
(Lemna gibba L.) as a test organism for homeopathic potencies,
J. Altern. Complement. Med., 13 (2007) 931-937.

T. Jager, C. Scherr, M. Simon, P. Heusser, S. Baumgartner,
Development of a test system for homeopathic preparations
using impaired duckweed (Lemna gibba L.), J. Altern. Compl.
Med., 17 (2011) 315-323.

D. Neagu, F. Arduini, J.C. Quintana, P. Di Cori, C. Forni, D.
Moscone, Disposable electrochemical sensor to evaluate the
phytoremediation of the aquatic plant Lemna minor L. toward
Pb* and/or Cd*, Environ. Sci. Technol., 48 (2014) 7477-7485.

Y. Zhao, Y. Fang, Y. Jin, ]. Huang, X. Ma, K. He, Z. He, F. Wang,
H. Zhao, Microbial community and removal of nitrogen via the
addition of a carrier in a pilot-scale duckweed-based wastewater
treatment system, Bioresour. Technol., 179 (2015) 549-558.

A. Cascone, C. Forni, L. Migliore, Flumequine uptake and
the aquatic duckweed, Lemna minor L., Water Air Soil Pollut.,
156 (2004) 241-249.

A. Kaminski, B. Bober, E. Chrapusta, J. Bialczyk, Phytoreme-
diation of anatoxin-a by aquatic macrophyte Lemna trisulca L.,
Chemosphere, 112 (2014) 305-310.

J. Tang, Y. Zhang, Y. Cui, ]J. Ma, Effects of a rhizobacterium
on the growth of and chromium remediation by Lemna minor,
Environ. Sci. Pollut. Res., 22 (2015) 9686-9693.

X.-J. Xu, J.-Q. Sun, Y. Nie, X.-L. Wu, Spirodela polyrhiza stimu-
lates the growth of its endophytes, but differentially increases
their fenpropathrin-degradation capabilities, Chemosphere,
125 (2015) 33-40.

C. Yu, C. Sun, L. Yu, M. Zhu, H. Xu, J. Zhao, Y. Ma, G. Zhou,
Comparative analysis of duckweed cultivation with sewage
water and SH media for production of fuel ethanol, PLoS ONE,
9 (2014) e115023.

B.A. Bergmann, J. Cheng, J. Classen, A.-M. Stomp, In vitro selec-
tion of duckweed geographical isolates for potential use in swine
lagoon effluent renovation, Bioresour. Technol., 73 (2000) 13-20.

E.H. Papadopoulos, E.G. Metaxa, M.N. latrou, A.H. Papado-
poulos, Evaluation of performance of full-scale duckweed and
algal ponds receiving septage, Water Environ. Res., 86 (2014)
2309-2316.

E.IL Iatrou, A.S. Stasinakis, M. Aloupi, Cultivating duckweed
Lemna minor in urine and treated domestic wastewater for
simultaneous biomass production and removal of nutrients
and antimicrobials, Ecol. Engin., 84 (2015) 632-639.

[53]

[54]

[59]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

M. Sasmaz, E.I.A. Topal, E. Obek, A. Sasmaz, The potential of
Lemna gibba L. and Lemna minor L. to remove Cu, Pb, Zn, and As
in gallery water in a mining area in Keban, Turkey, J. Environ.
Manag., 161 (2015) 246-253.

M.W. Shammout, S. Oran, M. Fayyad, The application of duck-
weed (Lemna sp.) in wastewater treatment in Jordan, Int. J.
Environ. Pollut., 33 (2008) 110-120.

A. Allam, A. Tawfik, A. El-Saadi, A. Negm, Potentials of using
duckweed (Lemna gibba) for treatment of drainage water for reuse
in irrigation purposes, Desal. Water Treat., 57 (2014) 459—467.

M. Bouali, I. Zrafi, F. Mouna, A. Bakhrouf, Pilot study of con-
structed wetlands for tertiary wastewater treatment using
duckweed and immobilized microalgae, Afr. J. Microbiol. Sci.,
6 (2012) 6066-6074.

M. Shah, H.N. Hashmi, A. Ali, A.R. Ghumman, Performance
assessment of aquatic macrophytes for treatment of munici-
pal wastewater, J. Environ. Health Sci. Engin., 12 (2014) 106.
S.H. Bokhari, I. Ahmad, M. Mahmood-Ul-Hassan, A. Moham-
med, Phytoremediation potential of Lemna minor L. for heavy
metals, Int. J. Phytoremed., 18 (2016) 25-32.

M.A. Kuraishi, S. Sharma, Wastewater pollution remediation:
an experimental investigation with aquatic macrophyte Lemna
minor, J. Environ. Sci. Engin., 53 (2011) 199-202.

A. Priya, K. Avishek, G. Pathak, Assessing the potentials of
Lemna minor in the treatment of domestic wastewater at a pilot
scale, Environ. Monit. Assess., 184 (2012) 4301-4307.

P. Saha, A. Banerjee, S. Sarkar, Phytoremediation potential
of duckweed (Lemna minor L.) on steel wastewater, Int. J.
Phytorem., 17 (2015) 589-596.

U. Adhikari, T. Harrigan, D.M. Reinhold, Use of duckweed-based
constructed wetlands for nutrient recovery and pollutant reduc-
tion from dairy wastewater, Ecol. Engin., 78 (2015) 6-14.
C.Wang, S. Li, D.Y.F. Lai, W. Wang, Y. Ma, The effect of floating
vegetation on CH, and N,O emissions from subtropical paddy
fields in China, Paddy Water Environ., 13 (2015) 423-431.

T. Ozimek, W. Dabrowski, M. Florkiewicz, Duckweed does not
improve the efficiency of municipal wastewater treatment in
lemna system plants, Arch. Environ. Protect., 41 (2015) 47-52.
D. Kumar, S.R. Asolekar, S.K. Sharma, Post-treatment and reuse
of secondary effluents using natural treatment systems: the
Indian practices, Environ. Monit. Assess., 187 (2015) Art. 612.
A.-M. Stomp, The duckweeds: a valuable plant for biomanufac-
turing, Biotechnol. Ann. Rev., 11 (2005) 69-99.

P. Skillicorn, Paul Skillicorn: Duckweed Visionary Speaks, ISC-
DRA Newsletter April 2015, Vol. 3, Part 2, Issue 8, 2015, pp.
48-53. Available at: http://www.mobot.org/jwcross/duckweed/
Duckweed_Organizations/ISCDRA _issue08-2015-03.pdf
(accessed July 13, 2016).

S.M. Kerstens, 1. Leusbrock, G. Zeeman, Feasibility analysis of
wastewater and solid waste systems for application in Indone-
sia, Sci. Total Environ., 530-531 (2015) 53-65.

Y. Hubenova, M. Mitov, Conversion of solar energy into
electricity by using duckweed in Direct Photosynthetic Plant
Fuel Cell, Bioelectrochemistry, 87 (2012) 185-191.

Y. Hubenova, M. Mitov, Enhanced metabolic and redox
activity of vascular plant Lemna valdiviana under polarization
in Direct Photosynthetic Plant Fuel Cell, Bioelectrochemistry,
106 (2015) 226-231.

W.S. Hillman, D.D. Culley, The uses of duckweed, Amer.
Scient., 66 (1978) 442-451.

P. Skillicorn, W. Spira, W. Journey, Duckweed Aquaculture:
A New Aquatic Farming System for Developing Countries,
A World Bank Publication, 1993. Available at: http://www.
sswm.info/sites/default/files/reference_attachments/SKIL-
LICORN %20et%20al%201993%20Duckweed %20Aquaculture.
pdf (accessed July 13, 2016).

S. Igbal, Duckweed Aquaculture: Potentials, Possibilities and
Limitations for Combined Wastewater Treatment and Animal
Feed Production in Developing Countries, EAWAG, SANDEC
Report No. 6/99 (1999). Available at: http://www.protilemna.
com/docs/Duckweed%20Aquaculture%20Potential %20Pos-
sibilities%20and%20Limitations%20SANDEC.PDF  (accessed
July 13, 2016).



[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

[84]

(85]

(86]

(87]

(88]

[89]

[90]

[91]

P. Ziegler et al. / Desalination and Water Treatment 63 (2017) 327-342

R.A. Leng, Duckweed: A Tiny Aquatic Plant With Enormous
Potential for Agriculture and Environment. FAO, Rome (Italy),
Animal Production and Health Div,; University of Tropical
Agriculture Foundation, Phnom Penh (Cambodia), 1999, Acces-
sion No. 394535. Available at: http://www.fao.org/ag/AGAinfo/
resources/documents/DW/Dw2.htm (accessed July 13, 2016).

J.J. Cheng, A.-M. Stomp, Growing duckweed to recover nutri-
ents from wastewaters and for production of fuel ethanol and
animal feed, Clean, 37 (2009) 17-26.

MamaGrande. mamagrande.org/(accessed July 13, 2016). See
also: E. Mercovich, Argentine Government Supports Duck-
weed Integrated Water Treatment and Biomass Production
Model, ISCDRA Newsletter, Vol. 3, Part 1, Issue 7, 2015, p.
12. Available at: http://www.mobot.org/jwcross/duckweed/
Duckweed_Organizations/ISCDRA _issue07-2015-01.pdf
(accessed July 13, 2016).

Wageningen. Cultivation of Duckweed for Protein, Wageningen
UR. Available at: https://www.wageningenur.nl/en/show/Culti-
vation-of-duckweed-for-protein.htm (accessed July 13, 2016).
Philemna Solutions: Duckweed-Based Feed Lines for Poultry
and Pisciculture, ISCDRA Newsletter, Vol. 3, Part 2, Issue 8,
2015, pp. 54-58. Available at: http://www.mobot.org/jwcross/
duckweed/Duckweed_Organizations/ISCDRA_issue08-2015-
03.pdf (accessed July 13, 2016).

S. Suthar, R. Verma, S. Deep, K. Kumar, Optimization of con-
ditions (pH and temperature) for Lemna gibba production using
fuzzy model coupled with Mandami’s method, Ecol. Engin., 83
(2015) 452-455.

Y. Yin, C. Yu, L. Yu, J. Zhao, C. Sun, Y. Ma, G. Zhou, The influ-
ence of light intensity and photoperiod on duckweed biomass
and starch accumulation for bioethanol production, Bioresour.
Technol., 187 (2015) 84-90.

Y. Zhao, Y. Fang, Y. Jin, ]. Huang, S. Bao, Z. He, F. Wang, H.
Zhao, Effects of operation parameters on nutrient removal
from wastewater and high-protein biomass production in
a duckweed-based (Lemna aequinoctialis) pilot-scale system,
Water Sci. Technol., 70 (2014) 1195-1208.

S.A. El-Shafai, F.X. Abdel-Gwad, F. Samhan, A. Nasr, Resource
recovery from septic tank effluent using duckweed-based tila-
pia aquaculture, Environ. Technol., 34 (2013) 121-129.

N. Muradov, M. Taha, A.F. Miranda, K. Kadali, A. Gujar, S.
Rochfort, T. Stevenson, A.S. Ball, A. Muradov, Dual application
of duckweed and azolla plants for wastewater treatment and
renewable fuels and petrochemicals production, Biotechnol.
Biofuels, 7 (2014) 30.

E.T. De Matos, ER. Lapolli, R.A. Mohedano, D.M. Fracalosi,
G.W. Bueno, R. Roubach, Duckweed bioconversion and fish
production in treated domestic wastewater, ]. Appl. Aquacult.,
26 (2014) 49-59.

K.E. Anderson, Z. Lowman, A.-M. Stomp, J. Cheng, Duckweed
as a feed ingredient in laying hen diets and its effect on egg
production and composition, Int. J. Poult. Sci., 10 (2011) 4-7.

J. Xu, M.A. Deshusses, Fermentation of swine wastewater-
derived duckweed for biohydrogen production, Int.
J. Hydrogen Energ., 40 (2015) 7028-7036.

J. Xu, G. Shen, Growing duckweed in swine wastewater for
nutrient recovery and biomass production, Bioresour. Technol.,
102 (2011) 848-853.

Y. Zhao, Y. Fang, Y. Jin, ]. Huang, S. Bao, T. Fu, Z. He, F. Wang,
H. Zhao, Potential of duckweed in the conversion of wastewa-
ter nutrients to valuable biomass: a pilot-scale comparison with
water hyacinth, Bioresour. Technol., 163 (2014) 82-91.

Z. Zhao, H. Shi, Y. Liu, H. Zhao, H. Su, M Wang, Y. Zhao,
The influence of duckweed species diversity on biomass
productivity and nutrient removal efficiency in swine waste-
water, Bioresour. Technol., 167 (2014) 383-389.

W. Wang, C. Yang, X. Tang, Q. Zhu, K. Pan, Q. Hu, D. Ma,
Carbon and energy fixation of great duckweed Spirodela
polyrhiza growing in swine wastewater, Environ. Sci. Pollut.
Res., 22 (2015) 15804-15811.

M.W. Shammout, H. Zakaria, Water lentils (duckweed) in
Jordan irrigation ponds as a natural water bioremediation agent
and protein source for broilers, Ecol. Engin., 83 (2015) 71-77.

341

[92] M. Horsfall, F.E. Ogban, F.E. Akporhonor, Recovery of lead and
cadmium ions from metal-loaded biomass of wild cocoyam
(Caladium bicolor) using acidic, basic and neutral eluent solu-
tions, Electr. J. Biotechnol., 9 (2006) 152-156.

H.-Y. Wu, Y.-P. Ting, Metal extraction from municipal solid

waste (MSW) incinerator fly ash — chemical leaching and fun-

gal bioleaching, Enzyme Microb. Technol., 38 (2006) 839-847.

L.L. Rusoff, E.W. Blakeney, D.D. Culley, Duckweeds (Lemna-

ceae family): a potential source of protein and amino acids,

J. Agric. Food Chem., 28 (1980) 848-850.

J.P. Goopy, PJ. Murray, A review on the role of duckweed in

nutrient reclamation and as a source of animal feed, Asian-Aus-

tral. J. Anim. Sci., 16 (2003) 297-305.

M. Van der Spiegel, M.Y. Noordam, H.J. van der Fels-Klerx,

Safety of novel protein sources (insects, microalgae, seaweed,

duckweed, and rapeseed) and legislative aspects for their

application in food and feed production, Comp. Rev. Food Sci.

Food Safe., 12 (2013) 662-678.

M.S. Islam, M.S. Kabir, S.I. Khan, M. Ekramullah, G.B. Nair,

R.B. Sack, D.A. Sack, Wastewater-grown duckweed may be

safely used as fish food, Can. J. Microbiol., 50 (2004) 51-56.

S. Moyo, ].M. Dalu, J. Ndamba, The microbial safety of duck-

weed fed chickens: a risk assessment of using duckweed reared

on domestic wastewater as a protein source in broiler chickens,

Phys. Chem. Earth, 28 (2003) 1125-1129.

[99] Parabel. www.parabel.com/ (accessed July 13, 2016).

[100] Hinoman. www.hinoman.biz/ (accessed July 13, 2016).

[101] Green Onyx. www.greenonyx.biz/ (accessed July 13, 2016).

[102] M.S. Rahman, M. Shahjahan, M. Haque, S. Khan, Control of
euglenophyte bloom and fish production enhancement using
duckweed and lime, Iran. J. Fish. Sci., 11 (2012) 602-617.

[103] S. He, X.-F. Liang, L. Li, J. Sun, D. Shen, Differential gut growth,
gene expression and digestive enzyme activities in young grass
carp (Ctenopharyngodon idella) fed with plant and animal diets,
Aquaculture, 410-411 (2013) 18-24.

[104] M.d.C. Flores-Miranda, A. Luna-Gonzales, D.V, Cortes-
Espinosa, P. Alvarez-Ruiz, E. Cortes-Jacinto, F.J.
Valdez-Gonzalez, R. Escamilla-Montes, H.A. Gonzalez-
Ocampo, Effects of diets with fermented duckweed (Lemna
sp.) on growth performance and gene expression in the
Pacific white shrimp, Litopenaeus wvannamel, Aquacult.
Internat., 23 (2015) 547-561.

[105] P. Zetina-Cordoba, M.E. Ortega-Cerrilla, E. Ortega-Jimenez, J.G.
Herrera-Haro, M.T.Sanchez-Torres-Esqueda, J.L. Reta-Mendi-
ola, J. Vilaboa-Arroniz, G. Mungula-Ameca, Effect of cutting
interval of Taiwan grass (Pennisetum purpureum) and partial
substitution with duckweed (Lemna sp. and Spirodela sp.) on
intake, digestibility and ruminal fermentation of Pelibuey
lambs, Livest. Sci., 157 (2013) 471-477.

[106] W.Y. Brown, M. Choct, J.R. Pluske, Duckweed (Landoltia
punctata) in dog diets decreases digestibility but improves stool
consistency, Anim. Prod. Sci., 53 (2013) 1188-1194.

[107] Green Sun Products. www.greensunproducts.com/ (accessed
July 13, 2016).

[108] K. Bhanthumnavin, M.G. McGarry, Wolffia arrihza as a possible
source of inexpensive protein, Nature, 232 (1971) 495.

[109] V. Bliim, M. Andriske, H. Eichhorn, K. Kreuzberg, M.P.
Schreibmann, A controlled aquatic ecological life support
system (ACELSS) for combined production of fish and higher
plant biomass suitable for integration into a lunar or planetary
base, Acta Astronaut., 37 (1995) 361-371.

[110] W. Cui, J.J. Cheng, Growing duckweed for biofuel production:
a review, Plant Biol., 17(Suppl. 1) (2015) 16-23.

[111] R. Verma, S. Suthar, Utility of duckweeds as source of biomass
energy: a review, Bioenerg. Res., 8 (2015) 1589-1597.

[112] N. Muradov, B. Fidalgo, A.C. Gujar, A. T-Raissi, Pyrolysis of
fast-growing aquatic biomass — Lermna minor (duckweed): char-
acterization of pyrolysis products, Bioresour. Technol., 101
(2010) 8424-8428.

[113] N. Muradov, B. Fidalgo, A.C. Gujar, N. Garceau, A. T-Raissi,
Production and characterization of Lemna minor biochar and
its catalytic application for biogas reforming, Biomass Bioeng.,
42 (2012) 123-131.

(93]

[94]

[95]

[96]

[97]

(98]



342 P. Ziegler et al. / Desalination and Water Treatment 63 (2017) 327-342

[114] E. Landolt, R. Kandeler, The Family of Lemmnaceae — A Mono-
graphic Study, Vol. 4: Biosystematic Investigations in the
Family of Duckweeds (Lemnaceae), Vol. 2 (Phytochemistry;
Physiology; Application; Bibliography), Verdffentlichungen
des Geobotanischen Instituts der ETH, Stiftung Riibel, Ziirich,
1987.

[115] K.S. Sree, K.-]. Appenroth, Increase of starch accumulation in
the duckweed Lemna minor under abiotic stress, Alban. J. Agric.
Sci., 13(Special issue) (2014) 11-14.

[116] Z. Zhao, H.-j. Shi, M.-1. Wang, L. Cui, H. Zhao, Y. Zhao, Effect
of nitrogen and phosphorus deficiency on transcriptional reg-
ulation of genes encoding key enzymes of starch metabolism
in duckweed (Landoltia punctata), Plant Physiol. Biochem., 86
(2015) 72-81.

[117] Y. Liu, Y. Fang, M. Huang, Y. Jin, J. Sun, X. Tao, G. Zhang,
K. He, Y. Zhao, H. Zhao, Uniconazole-induced starch
accumulation in the bioenergy crop duckweed (Landoltia
punctata) I: transcriptome analysis of the effects of uniconazole
on chlorophyll and endogenous hormone biosynthesis,
Biotechnol. Biofuels, 8 (2015) 57.

[118] Y. Liu, Y. Fang, M. Huang, Y. Jin, J. Sun, X. Tao, G. Zhang, K.
He, Y. Zhao, H. Zhao, Uniconazole-induced starch accumu-
lation in the bioenergy crop duckweed (Landoltia punctata) II:
transcriptome alterations of pathways involved in carbohy-
drate metabolism and endogenous hormone crosstalk, Biotech-
nol. Biofuels, 8 (2015) 64.

[119] M. Huang, Y. Fang, Y. Liu, Y. Jin, J. Sun, X. Tao, X. Ma, K. He, H.
Zhao, Using proteomic analysis to investigate uniconazole-in-
duced phytohormone variation and starch accumulation in
duckweed (Landoltia punctata), BMC Biotechnol., 15 (2015) 81.

[120] X. Zhao, G.K. Moates, A. Elliston, D.R. Wilson, M.]. Coleman,
K.W. Waldron, Simultaneous saccharification and fermentation
of steam exploded duckweed: improvement of the ethanol yield
by increasing yeast titre, Bioresour. Technol., 194 (2015) 263-269.

[121] S. Soda, T. Ohchi, J. Piradee, Y. Takai, M. Ike, Duckweed bio-
mass as a renewable biorefinery feedstock: ethanol and suc-
cinate production from Wolffia globosa, Biomass Bioenerg.,
81 (2015) 364-368.

[122] H. Su, ]. Jiang, Q. Lu, Z. Zhao, T. Xie, H. Zhao, M. Wang, Engi-
neering Corynebacterium crenatum to produce higher alcohols
for biofuel using hydrolysates of duckweed (Landoltia punctata)
as a feedstock, Microb. Cell Fact., 14 (2015) 16.

[123] H. Su, G. Xu, H. Chen, Y. Xu, Enriching duckweed as an energy
crop for producing biobutanol using enzyme hydrolysis pre-
treatments and strengthening fermentation processes using
pH-stat, ACS Sust. Chem. Engin., 3 (2015) 2002-2011.

[124] SN. Xiu, A Shabazi, ]J. Croonenberghs, L.J. Wang, Oil
production by thermochemical liquefaction, Energy Sources
Part A, 32 (2010) 1293-1300.

[125] C. Zhang, P. Duan, Y. Xu, B. Wang, F. Wang, L. Zhang, Catalytic
upgrading of duckweed biocrude in subcritical water,
Bioresour. Technol., 166 (2014) 37-44.

[126] D.C. Elliott, P. Biller, A.B. Ross, A.J. Schmidt, S.B. Jones, Hydro-
thermal liquefaction of biomass: developments from batch to
continuous process, Bioresour. Technol., 178 (2015) 147-156.

[127] M.A.R. Meier, ].G. Metzger, U.S. Schubert, Plant oil renewable
resources as green alternatives in polymer science, Chem. Soc.
Rev., 36 (2007) 1788-1802.

[128] Y. Yan, ]J. Candreva, H. Shi, E. Ernst, R. Martienssen, J.
Schwender, J. Shanklin, Survey of the total fatty acid and tri-
acylglycerol composition and content of 30 duckweed species
and cloning of a D6-desaturase responsible for the production
of g-linolenic and stearidonic acids in Lemna gibba, BMC Plant
Biol., 13 (2013) 201.

[129] T. Vanhercke, A. El Tachy, Q. Liu, P. Shrestha, U.K. Divi, ]J.-P.
Ral, M.P. Mansur, P.D. Nichols, C.N. James, PJ. Horn, K.D.
Chapman, F. Beaudoin, N. Ruiz-Lopez, PJ. Larkin, R.C. de
Feyter, S.P. Singh, ].R. Petrie, Metabolic engineering of biomass
for high energy density: oilseed-like triacylglycerol yields from
plant leaves, Plant Biotechnol. J., 12 (2014) 231-239.

[130] Z. Ahmad, N.S. Hossain, S.G. Hussain, A.H. Khan, Effect of
duckweed (Lemna minor) as complement to fertilizer nitrogen on
the growth and yield of rice, Int. J. Trop. Agric., 8 (1990) 72-79.

[131] A. Fortuna, P.E. Rieke, L.W. Jacobs, B. Leinauer, D.E. Karcher,
Kentucky bluegrass response to use of aquatic plants as a soil
amendment, HortScience, 40 (2005) 237-241.

[132] L. Chen, Y. Fang, Y. Jin, Q. Chen, Y. Zhao, Y. Xiao, H. Zhao,
Biosorption of Cd* by untreated dried powder of duckweed
Lemna aequinoctialis, Desal. Water Treat., 53 (2015) 183-194.

[133] E.T. Romero-Guzman, L.R. Reyes-Gutierrez, M.]. Marin-
Allende, Z.I. Gonzales-Acevedo, M.T. Olguin-Gutierrez,
Physicochemical properties of non-living water hyacinth
(Eichhornia crassipes) and lesser duckweed (Lemna minor) and
their influence on the As(V) adsorption process, Chem. Ecol.,
29 (2013) 459-475.

[134] F.Z. Halaimi, Y. Kellali, M. Couderchet, S. Semsari, Comparison
of biosorption and phytoremediation of cadmium and methyl
parathion, a case-study with live Lemna gibba and Lemna gibba
powder, Ecotoxicol. Environ. Saf., 105 (2014) 112-120.

[135] D.A. Laird, The charcoal vision: a win-win-win scenario for
simultaneously producing bioenergy, permanently sequester-
ing carbon, while improving soil and water quality, Agron. J.,
100 (2008) 178-181.

[136] J. Paz-Ferreiro, H. Lu., S. Fu, A. Mendez, G. Gasco, Use of phy-
toremediation and biochar to remediate heavy metal polluted
soils: a review, Solid Earth, 5 (2014) 65-75.

[137] LN. Vladimirova, V.A. Georgiyants, Biologically active com-
pounds from Lemna minor S.F. Gray, Pharm. Chem. J., 47 (2014)
599-601.

[138] S.V. Popov, E.A. Giinter, P.A. Markov, V.V. Smirnov, D.S.
Khramova, Y.S. Ovodov, Adjuvant effect of lemnan, pec-
tic polysaccharide of callus culture of Lemna minor L. at oral
administration, Immunopharm. Immunotoxicol., 28 (2006)
141-152.

[139] A.N. Khudyakov, T.V. Polezhaeva, O.O. Zaitseva, E.A. Giinter,
O.N Solomina, O.V. Popeyko, A.A. Shubakov, K.A. Vetoshkin,
The cryoprotectant effect of polysaccharides from plants and
microalgae on human white blood cells, Biopreserv. Biobank.,
13 (2015) 240-246.

[140] J. Xu, M.C. Dolan, G. Medrano, C.L. Cramer, P.J. Weathers,
Green factory: plants as bioproduction platforms for
recombinant proteins, Biotechnol. Adv., 30 (2012) 1171-1184.

[141] K.M. Cox, ]J.D. Sterling, J.T. Regan, J.R. Gasdaska, K.K.
Frantz, C.G. Peele, A. Black, D. Passmore, C. Moldo-
van-Loomis, M. Srinivasan, S. Cuison, P.M. Cardarelli, L.F.
Dickey, Glycan optimization of a human monoclonal anti-
body in the aquatic plant Lemna minor, Nat. Biotechnol.,
24 (2006) 1591-1597.

[142] Y. Sun, ].J. Cheng, M.E. Hummel, C.D. Skory, W.S. Adney, S.R.
Thomas, B. Tisserat, Y. Nishimura, Y.T. Yamamoto, Expression
and characterization of Acidothermus cellulolyticus E1 endoglu-
canase in transgenic duckweed Lemna minor 8627, Bioresour.
Technol., 98 (2007) 2966-2872.

[143] A. Firsov, I Tarasenko, T. Mitiouchkina, N. Ismailova, L.
Shaloiko, A. Vainstein, S. Dolgov, High-yield expression of
M2e peptide of avian influenza virus in transgenic duckweed
plants, Mol. Biotechnol., 57 (2015) 653-661.

[144] K. Bertran, C. Thomas, X. Gao, M. Bublot, N. Pritchard, J.T.
Regan, K.M. Cox, J.R. Gasdaska, L.F. Dickey, D.R. Kapczynski,
D.E. Swayne, Expression of H5 hemagglutinin vaccine antigen
in common duckweed (Lemna minor) protects against H5N1
high pathogenicity avian influenza virus challenge in immu-
nized chickens, Vaccine, 33 (2015) 3456-3462.

[145] S. Rival, J.-P. Wisniewski, A. Langlais, H. Kaplan, G. Freyssi-
net, G. Vancanneyt, R. Vunsch, A. Perl, M. Edelman, Spirodela
(duckweed) as an alternative production system for pharma-
ceuticals: a case study, aprotinin, Transgen. Res., 17 (2008)
503-513.

[146] P. Khvatkov, M. Chernobrovkina, A. Okuneva, A. Pushin, S.
Dolgov, Transformation of Wolffia arrhiza (L.) Horkel ex Wimm,
Plant Cell Tiss. Organ Cult., 123 (2015) 299-307.

[147] J.W. Cross, The Rise and Fall of a Duckweed Biotechnology
Firm: What Can It Tell Us? ISCDRA Newsletter, Vol. 3, Part
2, Issue 9, 2015, pp. 83-88. Available at: http://www.mobot.
org/jwcross/duckweed/Duckweed_Organizations/ISCDRA _
issue09-03_03-2015-07.pdf (accessed July 13, 2016).



