doi:10.1093/plcell/koab189

Return of the Lemnaceae: duckweed as a model plant
system in the genomics and postgenomics era
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Abstract

The aquatic Lemnaceae family, commonly called duckweed, comprises some of the smallest and fastest growing angiosperms
known on Earth. Their tiny size, rapid growth by clonal propagation, and facile uptake of labeled compounds from the me-
dia were attractive features that made them a well-known model for plant biology from 1950 to 1990. Interest in duckweed
has steadily regained momentum over the past decade, driven in part by the growing need to identify alternative plants
from traditional agricultural crops that can help tackle urgent societal challenges, such as climate change and rapid popula-
tion expansion. Propelled by rapid advances in genomic technologies, recent studies with duckweed again highlight the po-
tential of these small plants to enable discoveries in diverse fields from ecology to chronobiology. Building on established
community resources, duckweed is reemerging as a platform to study plant processes at the systems level and to translate
knowledge gained for field deployment to address some of society’s pressing needs. This review details the anatomy, devel-
opment, physiology, and molecular characteristics of the Lemnaceae to introduce them to the broader plant research com-
munity. We highlight recent research enabled by Lemnaceae to demonstrate how these plants can be used for quantitative
studies of complex processes and for revealing potentially novel strategies in plant defense and genome maintenance.

Introduction (La.), Lemna (Le.), Wolffiella (We.), and Wolffia (Wo.) (Les et
The duckweed family Lemnaceae belongs to the monocot  al, 2002; Bog et al, 2020b). The common name duckweed
order Alismatales (Figure 1) and consists of 36 recognized  derives from their global distribution along with waterfowl
species representing five genera: Spirodela (Sp.), Landoltia  such as ducks (Silva et al,, 2018) and their prodigious growth
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Figure 1 The Lemnaceae family is a sister lineage to other extant monocot families that has readapted to an aquatic lifestyle. (A) Phylogenetic re-
lationship between the greater duckweed (Spirodela, Lemnaceae, Alismatales) and other branches of the angiosperms. The genus names are
shown immediately to the right of the tree diagram, followed by the family names. WGD events are shown in black circles at the approximate
time during their evolutionary history. “A field in a flask™ a culture of Wo. globosa (B) or Sp. polyrhiza (C) plants in a flask of growth medium. (D)
Turions are a dormant form of many Lemnaceae species that enable these simple plants to overwinter at the bottom of their resident water bod-
ies. Pictured is a clone of Sp. polyrhiza under low phosphate conditions in the growth medium. A typical growing frond cluster is shown in the
middle, surrounded by turions. DF, daughter frond; MF, mother frond; T, turion.

rates. Some duckweeds are commonly referred to as water
lentil (Lemna spp.) or water meal (Wolffia spp.). The individ-
ual plant can range in size from 1.5 cm (Sp. polyrhiza) to
<1 mm (Wo. angusta) and is composed of a leaf-stem
structure called a frond, with some genera having roots,
such as Spirodela, Landoltia, and Lemna (Figure 2).

Before Arabidopsis thaliana was adopted as a model plant
in the genomics era, duckweed was an important experi-
mental system for plant physiology and biochemistry. While
a core group of researchers has continued to study duck-
weeds since the 1950s, the era of genomics has opened new
opportunities to build tools for the broader community.
Like Arabidopsis, Sp. polyrhiza has a small genome of ~158
Mb, yet it only has ~19,000 annotated genes, which repre-
sent a conserved set of angiosperm genes without large
paralog expansions (Wang et al, 2014; Michael et al, 2017).
Moreover, the further loss of genetic redundancy in the 354
Mb Wo. australiana genome, which has even fewer genes
(~15,000) with remarkable attrition in pathways such as dis-
ease resistance and organogenesis, provides a unique oppor-
tunity to define gene functions in a minimalist plant
(Michael et al, 2021). As aquatic plants, duckweeds also pre-
sent an important opportunity to define the molecular
mechanisms underlying the biochemistry, metabolism, and
interactions with microbial symbionts (Acosta et al., 2020).
The development of tools such as robust transformation
methods and multiomics database resources will make the
duckweed platform more accessible and a versatile compo-
nent of the plant molecular biology toolkit once again.

As we show in this model system review, the types of
experiments which unique features of duckweeds will enable

and facilitate, as well as their growing commercial applica-
tions, make it an exciting model plant in the postgenomic
era. For instance, the reduced anatomical features of duck-
weed coupled to its clonal reproduction should make it pos-
sible to track all cells with current single-cell capture
methods and high-throughput omics technologies. There is
also growing interest in the commercial sector to farm duck-
weed as a staple food and as a source of protein for plant-
based ingredients that are sustainable and resilient to cli-
mate change. In this review, we provide an overview of the
species in the Lemnaceae family, how they can be used for
commercial and research applications, current and future
tool development, and available resources that again make
these aquatic monocots an attractive model for plant
research.

Phylogenetic history and traits

Taxonomic position

Closely connected with the simple morphology of duck-
weeds is the question of whether these aquatic plants repre-
sent the end of an evolutionary reduction process
(Hegelmaier, 1868). The emergence of molecular taxonomy
revolutionized the systematics of duckweeds and their posi-
tion within angiosperms (Les et al., 2002), and demonstrated
that duckweeds are closely related to the Araceae
(Nauheimer et al, 2012). Extending these studies, several
reports deployed plastidic barcodes on a larger number of
clones for each species to determine their phylogenetic rela-
tionships within the Lemnaceae (Wang et al,, 2010; Borisjuk
et al, 2015 Tippery et al, 2015 Bog et al, 2019). More
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Figure 2 Morphological variations among diverse genera and species of duckweed. Six different species from four genera of duckweeds are shown
to illustrate the various sizes and shapes of these aquatic plants. The genome sequences of three of these clones (Sp. polyrhiza 9509, Le. minor

5500, and Wo. australiana 8730) are currently available.

recently, amplified fragment length polymorphisms
(AFLPs) and the application of genotyping-by-sequencing
helped to resolve problematic species that were difficult
to distinguish based on plastidic sequences alone (Bog
et al, 2020a, 2020b, 2020c). In contrast to the Angiosperm
Phylogeny Group Ill definition (APG, 1998), which charac-
terizes duckweeds as a subfamily (Lemnoideae) of the
Araceae, many researchers in the field now consider duck-
weeds to be a separate family (Lemnaceae), which is in
agreement with general taxonomic rules (Bog et al., 2020a;
Tippery and Les, 2020).

Phylogenetic analysis with both nuclear and plastidic
markers showed that Spirodela and Landoltia represent older
phylogenetic branches from the common ancestor than the
more recently derived genera of Lemna, Wolffiella, and
Wolffia. When comparing species belonging to each of the
five genera of Spirodela (2 species), Landoltia (1), Lemna
(12), Wolffiella (10), and Wolffia (11), a reduction of organis-
mic complexity from Spirodela toward Wolffia is observed,
which is quantified by the so-called “degree of primitivity”
(Landolt, 1986), and is generally accompanied by a higher
nuclear DNA content (Figure 3). These observations suggest
an evolutionary trajectory from a more to less differentiated
plant body during adaptation to the aquatic lifestyle
through a series of morphological reductions (Landolt,
1986). While there is general concordance at the genus level
between taxonomic trees created with morphological char-
acteristics (Landolt, 1986) and those generated from

molecular data (Borisjuk et al, 2015; Bog et al, 2019), the
latter has a much higher resolving power at the species
level.

Anatomy, morphology, and growth characteristics

The adaptation of duckweeds to a floating aquatic lifestyle
apparently led to morphological and biochemical properties
distinct from those normally found in land plants (Figure 2).
Examples of such features are their meristem structure and
low lignin content in the cell wall. Endemic species such as
We. denticulata and We. gladiata have evolved distinctive
morphologies compared to the more cosmopolitan pioneer
species, such as Sp. polyrhiza and Le. minor (Figure 2). The
simplified vegetative body of a duckweed is called a frond or
thallus (Hillman, 1961). Depending on the genus, duckweed
fronds can be roundish to obovate (Spirodela, Landoltia, and
Lemna), hemispherical or boat-shaped (Wolffia) or sickle-
shaped, tongue-shaped or ovate (Wolffiella). The fronds of
subsequent generations are held together, in some cases
even after maturity, thus resulting in colonies of connected
fronds (see Le. trisulca in Figure 2). The smallest colonies
consist of two fronds (Wolffia and some Wolffiella) and
the largest range up to 50, such as in We. gladiata and
Le. trisulca (Landolt, 1986; Bog et al., 2020a). The fronds are
physically held together with the help of an elongated stipe.
Abscission zones (two in Sp. polyrhiza and one in Wo.
microscopica) are present on the stipe, facilitating the sepa-
ration of daughter fronds from the mother frond (Landolt,
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Figure 3 Phylogeny and variations in genome size of different Lemnaceae species. Left: Evolutionary relationships between Lemnaceae species
based on maximum likelihood analysis of concatenated alignment of 139 atpF-atpH and psbK-psbl intergenic spacer sequences from all 36
Lemnaceae species with taro (Colocasia esculenta) as an outgroup. Numbers in parentheses represent the number of clones analyzed. Species that
could not be confidently resolved into a single clade were collapsed into a multispecies clade. One interesting observation is that the plastidic bar-
code sequences of Wo. brasiliensis consistently showed higher similarity to those of We. hyalina and We. rotunda, while morphologically it is dis-
tinctly a Wolffia species. This apparent discrepancy could be due to potential hybridization events in the past that resulted in the transfer of
plastid genome sequences from a Wolffiella ancestor to a Wolffia lineage. Future genome sequencing of relevant species that may be involved will
help clarify this issue. For a detailed methods description, see https://github.com/kenscripts/tpc_dw_review/. Right: The genome sizes for 28 se-
lected species from six groups representing all five genera were estimated using several methods, and in some cases the genome sizes for a signifi-
cant number of clones from the same species were measured (Sp. polyrhiza, Sp. Intermedia, La. punctata, and Le. minor). Genome size estimates
were carried out by flow cytometry (FC, black outline), which requires the inclusion of accurate controls, or by K-mer frequency analysis (kmer,
red outline), which relies on high quality short-read sequencing data. Numbers in red depict the number of clones used for each species in genome
size estimations. The genome size of We. neotropica was estimated based on K-mer frequency.

1986; Kim, 2016). The stipe originates from the base at the
ventral side of the mother frond from where the cells fur-
ther divide and grow (Landolt, 1986; Sree et al., 2015a). This
could be considered intercalary growth at the base of the
frond. The stipe has been speculated to function in the
transport of nutrients and substances from the mother
frond to the daughter frond (Kim, 2016).

A transparent waxy cuticle encloses the entire duckweed
body and fortifies its epidermis against mechanical injury
and solar radiation (Borisjuk et al, 2018). It may also serve
as a barrier for gas and solute exchange controlled by the
epidermis. The cell walls of epidermal cells in duckweed
have distinct morphologies depending on the genus and are

bent (Spirodela), undulated (Landoltia, Lemna), or straight
(Wolffiella, Wolffia). While stomata are found on the epider-
mis of duckweeds, these aquatic plants do not form tri-
chomes or root hairs (Landolt, 1986). Differentiation of
stomata is restricted to the dorsal epidermis and may de-
pend on growth conditions, such as light and temperature
(Klich et al,, 1986). In contrast to land plants, stomata re-
main open in Lemna (Mclaren and Smith, 1976) even upon
prolonged exposure to the phytohormone abscisic acid
(ABA). The ventral epidermis is involved in nutrient uptake
(Cedergreen and Madsen, 2002) and may provide an active
surface for interactions with aquatic bacteria (Duong and
Tiedje, 1985).


https://github.com/kenscripts/tpc_dw_review/
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The bulk of the frond consists of parenchyma cells with a
central vacuole, contributing to the high (up to 95%) water
content of the tissues. Dorsal cell layers contain a higher
density of chloroplasts (Figure 2) and perform the function
of the chlorenchyma (White and Wise, 1998; Kwak and Kim,
2008). The photosynthetic properties of chloroplasts and
their rearrangements in response to light can be associated
with distinct light-utilization strategies in different species
(Paolacci et al, 2018a). A loose tissue structure, increased
cell size, and formation of gas/air spaces (Jones et al, 2021)
are indicative of the aerenchyma. The aerenchyma in duck-
weed supports the exchange of gases between the dorsal
and ventral portion of the body. Importantly, the presence
of the aerenchyma may also allow fronds to control their
degree of flotation on or under the water surface by regulat-
ing the air space volume within fronds (Landolt and
Kandeler, 1987).

The duckweed root is an adventitious organ found in
Spirodela, Landoltia, and Lemna species (Bellini et al., 2014)
that develops on the lower side of the frond, next to the
budding pouches, and is subtended by both the epidermal
sheath at the junction and by the root-cap at the root tip.
Apical root growth is followed by the differentiation of epi-
dermis, cortex, tracheary elements, and phloem cells
(Melaragno and Walsh, 1976; Echlin et al, 1982; Landolt,
1986; Kim, 2007). Because of the considerable length and
the thread-like structure with high cytoplasmic density at
the root tip, the root may act like a pendulum to attenuate
dynamic loads from water and wind motion.

The frond meristem is composed of densely packed, pro-
liferating mitotic cells that are significantly smaller than their
neighboring parenchyma cells. Frond meristem cells contain
small vacuoles and proplastids with only a few thylakoids
(McCormac and Greenberg, 1992; Kim, 2011). Meristems
usually localize to the ventral side of the frond body inside a
small cavity (vegetative pouch) where clonal daughters bud
and detach (Landolt, 1986; Lemon and Posluszny, 2000).
Wolffia and Wolffiella contain only one basal pouch, whereas
Spirodela, Landoltia, and Lemna possess two lateral pouches.
At the abscission stage, the young daughter frond usually
contains at least two successive generations of vegetative
buds (Rimon and Galun, 1968; Sree et al, 2015a). While dif-
ferentiation of the meristem is less understood in duck-
weeds and rather unlike the differentiation of the canonical
shoot apical meristem of land plants, the frond itself can be
botanically described as a juvenile tissue (Landolt, 1986).
Interactions between meristem cells and functionally differ-
entiated tissues of the frond mainly occur via symplastic
connections. The arrangement of plasmodesmata and their
dynamic features appear to be sufficient for communication
and metabolite transport. In general, a vascular system is
completely absent (Wolffia and Wolffiella) or fairly simplified
(Spirodela, Landoltia, and Lemna) in duckweeds (Landolt,
1986).

A prominent morphological feature that facilitates the
survival of many duckweed species under unfavorable envi-
ronments is the formation of turions (Landolt, 1986).
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Turions are thought to represent overwintering, dormant
duckweed derived from the meristematic pocket in place of
normal proliferating daughter fronds (Figure 1D). As it
matures, the color of a dormant turion can change from
green to purple due to hyperaccumulation of anthocyanin;
the mature turion eventually detaches from the mother
frond colony and sinks to the bottom of the water body.
When proper light, temperature, and nutrient conditions re-
turn, such as in spring, turions can germinate and resume
metabolic activities (Landolt and Kandeler, 1987; Appenroth
and Augsten, 1990). During the early phase of germination,
the low-molecular weight carbohydrate reserve is consumed,
but starch degradation is not observed. Storage starch, how-
ever, is used to support the rapid growth of newly germi-
nated fronds, allowing them to cover the water surface
quickly in spring (Appenroth et al,, 2013).

Compared to fronds, turions have smaller cells, lack aeren-
chyma and plasmodesmata, and have thicker cell walls
(Jacobs, 1947; Kim, 2013). Turion cells are densely packed
with starch grains (Smart and Trewavas, 1983b), with starch
content in turions exceeding 70% dry weight (Dolger et al,
1997). In addition to the Lemnaceae, turion-producing spe-
cies have been reported in 11 genera of aquatic vascular
plants (Adamec 2018), indicating that this may be a com-
mon strategy for adaptation to aquatic habitats. In the
Lemnaceae, turions are observed in almost all Wolffia species
(not reported for Wo. microscopica), Le. turionifera, Le. per-
pusilla, Le. aequinoctialis (Landolt, 1986), and Sp. polyrhiza
(Figure 1D). Abiotic turion-inducing factors include limiting
nutrient levels (phosphate, nitrate, sulfate) and low tempera-
tures (Appenroth et al, 1989; Appenroth, 2002; Appenroth
and Nickel, 2010). Turion formation rates for different clones
of Sp. polyrhiza were shown to be linked to local climatic
conditions (Kuehdorf et al,, 2014). The ‘specific turion yield’
is a quantitative trait that can be predicted for an adapted
population of Sp. polyrhiza by using five different local cli-
matic parameters. This remarkable observation indicates
that the production of turions in Sp. polyrhiza is a key trait
for the species’ survival in a particular climate. In addition
to nutrient limitation in the growth medium, ABA is a
powerful experimental tool to induce the formation of
turions (Smart and Trewavas, 1983a) and could function as
an intracellular mediator of other turion-inducing factors
(Smart et al, 1995).

Vegetative reproduction, such as the budding of clonal
daughter fronds from a mother frond (Figure 1), is the most
common mode of duckweed propagation. Fronds display a
limited lifespan of a few weeks and produce a finite number
of daughter fronds whose area progressively diminishes
(Ashby et al, 1949). Therefore, growth in duckweeds
includes an increase in cell size, the number of individual
plants, and the number of daughter fronds produced by
each plant. Growth can thus be measured in terms of
either biomass (such as fresh weight and dry weight) or the
number of fronds. A standard measure of relative yield for
duckweed was recently introduced (Ziegler et al, 2015). In
nature, growth responses of different duckweed species to
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abiotic factors such as light and temperature are closely
linked to the range of their geographical distribution.
Consistent with geobotanical data, some S. polyrhiza clones
can withstand temperatures of up to 38°C, unlike Le. minor
clones, which typically display growth arrest at 32°C.
Similarly, Le. minor clones can often withstand temperatures
down to 5°C, while Sp. polyrhiza clones typically only toler-
ate temperatures as low as 12°C before growth arrest
(Docauer, 1983; Landolt, 1986). Like turion formation,
growth rate also displays a high level of clonal dependence
(Sree et al, 2015b; Ziegler et al,, 2015).

Although vegetative clonal division is most common in
duckweeds, they can also propagate generatively through
sexual reproduction. When flowering occurs, the floral
organs are located in a cavity on the dorsal surface of the
frond in Wolffiella and Wolffia spp. or in a membranous,
sac-like spathe within a lateral budding pouch in Spirodela,
Landoltia, and Lemna spp. (Landolt, 1986 Lemon and
Posluszny, 2000). Flower size and morphology are minimized
to a male (androecium) and female (gynoecium) floral or-
gan, while a corolla and calyx are absent. Flowers are bisex-
ual, usually protogynous, and smallest in Wolffia and
Wolffiella. Modulation of various abiotic factors and the ad-
dition of different chemical molecules to duckweeds have
been used as inducers of flowering under in vitro conditions.
Exposure to low temperature (22°C) was found to induce
flowering in Wo. microscopica (Rimon and Galun, 1968),
while the effects of phytohormones, chelators, heavy metal
ions, and photosynthetic products on flowering initiation
have been investigated in other species (Landolt and
Kandeler, 1987). Among these, ethylenediamine-di-o-
hydroxyphenylacetic acid (EDDHA) and salicylic acid (SA)
were reported to be floral inducers in duckweeds
(Maheshwari and Seth, 1966; Cleland and Ajami, 1974), even
under noninductive conditions in terms of day length
(Landolt and Kandeler, 1987). For example, EDDHA could
induce flowering in short-day plants (Maheshwari and Seth,
1966), long-day plants (Pieterse and Miller, 1977), and day-
neutral plants (Khurana and Maheshwari, 1986). EDDHA
was initially thought to act by chelating metal ions that
might be required for floral induction in duckweeds. It was
later suggested that the breakdown of EDDHA may release
SA-like active molecules (Tanaka et al., 1979; Pieterse, 2013).
In line with the current understanding of the role of SA in
plant defense, it was suggested that flowering could be a
stress response and that endogenous SA produced in
stressed plants leads to flower induction (Pieterse, 2013).

Chromosomes and genomics of duckweeds
Variations in chromosome number and genome size

While the most common diploid chromosome number in
duckweeds is 2n = 40 (Hoang et al, 2019), highly variable
chromosome numbers have been reported within some
duckweed species. For example, 20-84 chromosomes have
been reported for Le. aequinoctialis (Urbanska, 1980; Geber,
1989; Wang et al, 2011; Hoang et al, 2019). Even considering
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the predominantly asexual propagation of duckweed species,
such high variability in chromosome number appears un-
usual. However, in cases where previously variable numbers
were reported and the corresponding clones are still avail-
able, deviating chromosome numbers could not always be
confirmed (Hoang et al, 2019). Studies with some of the
cultured clones indicated apparent autotetraploidy (e.g. Le.
aequinoctialis, 2n = 42 and 84), which might have occurred
spontaneously or could be chemically induced, such as in
La. punctata 5562 with 2n = 46 and 92 (Vunsh et al, 2015;
Hoang et al, 2019).

Genome size across 28 duckweed species with available
data (Figure 3) ranges from ~158 Mb in the phylogeneti-
cally oldest genus Spirodela up to 2,203 Mb in Wo. arrhiza,
a species in the phylogenetically most recent genus (Wang
et al, 2011; Smarda et al, 2014; Van Hoeck et al, 2015; Bog
et al, 2015, 2020c; Hoang et al,, 2019; Michael et al, 2021).
The largest intrageneric variation was found in the most de-
rived genus Wolffia, spanning from 354 to 2,203 Mb. Among
eleven species sampled across the five genera of duckweed,
genome size was positively correlated with guard cell and
nucleus volume, in parallel with progressive organ size re-
duction. In contrast, no correlation between genome size
and the number of chromosomes was observed (Hoang et
al, 2019). More surprising is the considerable variation in es-
timated genome size for clones within some species. For 27
Le. minor clones, genome size varied from 356 to 604 Mb
(Wang et al, 2011), while two verified diploid genomes from
this species displayed size estimates of 409 and 481 Mbp by
K-mer analysis for clones 5500 and 8623, respectively (Van
Hoeck et al, 2015; Hoang et al, 2019). With Le. aequinoctialis
and La. punctata, a possible explanation is spontaneous
whole-genome duplication (WGD) in clones of these species
(Hoang et al, 2019). Further, cytogenomic investigations and
whole-genome resequencing would be helpful for resolving
whether clone-specific WGD occurred, followed by an ex-
tremely rapid genome size reduction, or whether a subset of
clones comprise interspecific hybrids or cryptic species.

Genome sequences and features suggest novel modes of
regulation

The first duckweed genome sequenced was that of Sp. poly-
rhiza due to its small genome size of ~158 Mb and basal
position in the Lemnaceae. The initial Sp. polyrhiza reference
genome draft (x20 coverage) was carried out with clone
7498 (Sp7498) from Durham, NC, USA. The genome se-
quence revealed two lineage-specific ancient WGD events
(Figure 1A) and the smallest gene repertoire of any plant se-
quenced at the time of its publication, with 19,623 protein-
coding genes (Wang et al,, 2014), which is ~30% fewer than
reported for A. thaliana. While the Sp. polyrhiza genome
shares most of the core gene families found in plants, its re-
duced gene content reflects the lowest gene expansion and
copy number, which is consistent with the aggressive re-
moval of duplicated genes after the two WGD events.
Therefore, the Sp. polyrhiza genome is ideal for gene
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discovery and functional analysis of highly conserved core
pathways in plants, since it likely contains fewer redundan-
cies that often confound reverse genetic approaches.

To improve the Sp. polyrhiza genome assembly and to
help uncover the genetic basis for variations in turion for-
mation, clone 9509 (Sp9509) from Lotschen, Germany was
chosen for assembly of a high-quality genome due to its
lower specific turion yield compared to Sp7498 (Kuehdorf et
al, 2014). Sp9509 was sequenced using a combination of
high coverage (x100) Illumina short read libraries containing
small (~500 bp) to large (~20 kbp) genome fragment
inserts and single-molecule BioNano Genomics optical maps
for additional chromosome scaffolding (Michael et al, 2017).
The higher resolution Sp9509 reference genome revealed the
highest solo-to-intact ratio of any plant genome tested to
date at the time, indicating that this species is actively purg-
ing active long terminal repeat retrotransposons as well as
other sequences to maintain or further decrease its genome
size. This finding is consistent with the reduced protein-
coding gene content after two WGD events and is further
supported by the observation that Sp. polyrhiza has retained
only 20% of the ribosomal DNA repeats found in similarly
sized plant genomes. In addition, the Sp9509 genome has
the lowest DNA methylation level of any known flowering
plant, specifically in the syntenic regions with retained
paralogs involved in growth control and photosynthesis hav-
ing little to no DNA methylation (Michael et al, 2017).
Comparison of the two Sp. polyrhiza reference genomes also
revealed a surprisingly low level of nucleotide diversity and
highly conserved chromosomal structure. Resequencing of
additional Sp. polyrhiza populations from across the globe
further extended this observation and revealed a very low
level of nucleotide variation in this species yet a large popu-
lation size, which possibly reflects its rapid clonal propaga-
tion and local adaptation (Ho et al, 2019; Xu et al,, 2019).
More recently, additional orthogonal technologies have been
applied to further improve the end-to-end assemblies and
gene annotation for the 20 chromosomes in these two
Sp. polyrhiza reference genomes by several groups (Hoang et
al, 2018; An et al,, 2019; Harkess et al, 2021). These are ex-
cellent resources for duckweed research specifically and
more broadly for comparative genomics in plant research.

Lemna minor (Lm5500) was the first duckweed species to
be sequenced after Sp. polyrhiza, revealing a slightly larger
gene repertoire of 22,382 protein-coding genes and a much
higher repeat content of 61% (Van Hoeck et al, 2015).
Lm5500 is diploid, in contrast to another sequenced Le. mi-
nor clone (Lm8627), which is polyploid. The assembled
sequences for both Lm8627 and Le. gibba clone 7742
(Lg7742) are currently available to the community (lem-
na.org). The intraspecific differences in genome size and
chromosome number that have been observed in Le. minor
clones (Figure 3; Wang et al, 2011) contrast with the rela-
tively stable and highly conservative genome of Sp. polyrhiza.
Since Wo. australiana has the smallest genome of the
Wolffia genus at 354 Mb, reference genomes were recently
completed for two clones (Wa7733 and Wa8730). These
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high-quality genome assemblies revealed that Wa7733
and Wa8730 have a further reduction in the number of
predicted protein-coding genes compared to Sp. polyrhiza,
with 15,312 and 14,324, respectively. This finding is consis-
tent with the minimal tissue types and lack of roots in Wo.
australiana (Michael et al, 2021). The Wo. australiana ge-
nome also contains ~50% repetitive sequences, which is less
than that of Le. minor (61%) but approximately twice that
of Sp. polyrhiza (25%). Consistent with having the smallest
genome in the Wolffia genus, transposable elements have
been actively purged from Wo. australiana, resulting in an
even higher solo-to-intact ratio than in Sp. polyrhiza. The re-
duction in circadian, light signaling, developmental, root-
related, and disease resistance genes in the Wo. australiana
genome is apparently linked to the proliferation and purging
of transposable elements, which provides a unique opportu-
nity to explore the genesis and genomic architecture of a
highly derived plant.

These initial genomics studies in the Lemnaceae represent
an important resource for the plant biology community.
With their basal position in the monocot lineage, the
Lemnaceae provide valuable information about the genome
structures of the early common ancestors of grasses and
other grain crops. In addition, as an angiosperm family that
has adapted to an aquatic habitat, the distinct developmen-
tal attributes in the Lemnaceae offer unique opportunities
to associate gene presence or absence to the gain and loss
of traits. Thus, high-quality genome assemblies are being
completed for additional duckweed species in diverse gen-
era. For instance, the genomes of two Sp. intermedia clones
(Si8410 and Si7747) were recently sequenced, shedding light
on chromosomal dynamics between Sp. intermedia with 18
chromosomes (2n = 36) and Sp. polyrhiza with 20 chromo-
somes (2n = 40) (Hoang et al, 2020). Also, draft genomes
for Le. minuta, Le. turionifera, Le. japonica, La. punctata,
and We. neotropica have been generated: requests can be
made for the data from the corresponding authors. These
resources and additional genome assemblies covering the
remaining duckweed species should provide an essential
foundation for understanding the relationships between
genera and species in Lemnaceae, as well as the evolutionary
path that enables these tiny plants to adapt to aquatic
niches in a wide geographic range.

Ecology and biogeography

Duckweed biota

Duckweeds typically inhabit relatively small and shallow wa-
ter bodies in areas ranging from tropical to boreal regions
(Supplemental Table S1). The freshwater ecosystems in
which Lemnaceae can be found include small rivers, lakes,
ditches, and wetlands. Lemnaceae represent cornerstone
species in aquatic food webs, as they comprise an essential
food resource for many organisms (Landolt, 1986). On the
other hand, the growth of Lemnaceae can also reduce the
abundance of other macrophytes and microphytes due to
their competition for nutrients and light in the water
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column (Scheffer et al, 2003). Thus, changes in duckweed
growth and distribution can drastically influence the diver-
sity and stability of freshwater ecosystems. Because of an-
thropogenic activities, nitrogen and phosphorus levels in the
water column as well as average water temperature have in-
creased globally. The combination of these factors changes
the growth dynamics and equilibrium between duckweeds
and their biota. Using mesocosms (controlled outdoor ex-
perimental systems), Feuchtmayr et al. (2009) showed that
both warming water and increased nutrient levels in the wa-
ter column favor duckweeds over phytoplankton, one of the
major competitors of duckweeds (Scheffer et al, 2003).
Studies on the interactions between Le. minor and moth lar-
vae (Cataclysta lemnata), a natural herbivore of duckweeds,
showed that increased temperature reduced the grazing
pressure of Le. minor by the insect (Van Der Heide et al,
2006). Consistently, long-term monitoring of Dutch ditches
showed that higher temperatures and increased water nutri-
ent levels increased the risk of duckweed dominance, which
can result in a reduction in biodiversity (Peeters et al., 2013).
Therefore, models that can forecast different stable states
between duckweeds and their biota can be useful for devel-
oping sustainable strategies that prevent the loss of biodiver-
sity in freshwater ecosystems in the future (Scheffer et al,
2003). To this end, systematic and quantitative measures of
the ecological consequences of duckweed dominance are
needed. Also, the current long-term and global freshwater
ecosystems monitoring system (https://www.sdg661.app/
home) would benefit from the inclusion of Lemnaceae.

Duckweed dispersal and distribution

Lemnaceae, which rarely undergo sexual reproduction, are
model species to study the dispersal of vegetative propa-
gules. The local dispersal of Lemnaceae can be facilitated by
streaming water and occasionally by strong winds, while dis-
persal over longer distances (>10 km), as well as dispersal
between separate, isolated waterbodies, is often facilitated
by a dispersing organism. Birds, in particular, have long been
flagged as epizoochorous dispersers of many aquatic plants,
including the Lemnaceae (Darwin, 1859; Coughlan et al,
2017). The mechanism underlying the attachment to a dis-
perser species is rarely studied, but nonspecific entangle-
ment is often assumed. It was recently suggested that the
stickiness of roots may play a key role in attaching colonies
of rooted Lemnaceae species to disperser surfaces (Cross,
2017). Once attached to a disperser, dehydration and the as-
sociated loss of viability of the propagule are major con-
straints for the survival of the dispersed plant (Landolt and
Kandeler, 1987). However, mallard ducks can effectively
transfer Le. minuta across significant distances (up to 250
km), likely due to the humid microclimate that exists be-
tween the feathers of dispersing birds (Coughlan et al, 2015;
Coughlan et al, 2017). Perhaps unexpectedly, endozoocho-
rous dispersal has also been reported. Viable Wo. columbi-
ana propagules were identified in the feces of ducks and
swans, indicating that plants can survive passage through
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the guts of some waterfowls (Silva et al, 2018).
Endozoochory may also be relevant for the dispersal of rela-
tively well-protected turions (Landolt and Kandeler, 1987).
Thus, epi- and endozoochorous transport can realistically fa-
cilitate the dispersal of Lemnaceae over distances of several
hundred kilometers. The dispersal of Lemnaceae over longer
distances most likely occurs through a “step-by-step” process
involving a series of intermediate waterbodies with birds act-
ing as dispersing agents (Coughlan et al., 2017), which might
explain the disjointed population distribution for some spe-
cies of Lemnaceae (Les et al, 2003). While the likelihood
that a propagule survives a long flight may be low, stagger-
ing numbers of birds covering large distances as part of their
annual migration (sometimes in excess of 10,000 km) could
provide a potential transport highway, with a significant
number of successful dispersals of viable individuals.

The extent of natural dispersal of Lemnaceae is debated,
and contradictory information can be found in the litera-
ture. It might be surmised that the extent of dispersal could
potentially be revealed by the genetic structure of a popula-
tion. Studies of the intraspecific genetic variation within a
local population of Le. minor showed that such populations
are made up of just a small number of genetically distinct
individuals, while substantial intraspecific diversity has been
observed between closely located populations of Le. minor
(Cole and Voskuil, 1996; Martirosyan et al,, 2008; El-Kholy et
al, 2015). These data suggest low levels of gene flow be-
tween populations. In some cases, such limitations in gene
flow were attributed to geographic barriers. Resequencing
and comparative study of 68 genomes of Sp. polyrhiza sug-
gested that the Himalayas represent one of the barriers pre-
venting the dispersal of this species in Southeast Asia (Xu et
al, 2019), while a smaller study of 23 clones of Sp. polyrhiza
suggested that the Hungarian population is isolated from
other European genotypes, possibly due to the mountainous
borders surrounding this region (Chu et al, 2018).

Alien, invasive duckweeds

Plants, animals, and other organisms that disperse to new
locations and negatively affect the ecosystems and ecosys-
tem services of their new environment are defined as alien
invasive species. Many species of Lemnaceae have dispersed
widely beyond their natural distribution range and are con-
sidered to be more invasive than other species based on
traits such as rapid vegetative propagation (Moodley et al,
2016). A prime example of an alien invasive species is Le.
minuta. This species is native throughout the temperate
zones of the Americas, but it dispersed widely throughout
Eurasia in the 1950-1960s through natural means, such as
bird-mediated dispersal (Ceschin et al, 2018; Lucey, 2003;
Mifsud, 2010). Le. minuta is not the only alien Lemnaceae in
Europe, since evidence is emerging that both Le. turionifera
and Le. valdiviana are invasive in parts of Eurasia (Iberite et
al, 2011), as is Wo. columbiana (Ardenghi et al, 2017). La.
punctata is another alien species in both Europe and North
America. Florida in the United States, with its extensive
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aquatic habitats, is home to at least six nonnative species of
Lemnaceae (Ward and Hall, 2010). However, La. punctata is
the only species to exert a strong enough impact on ecosys-
tems to be considered an alien, invasive species.
Comparative analysis of congeneric plant species with simi-
lar morphological structures and lifecycles is a powerful tool
to identify plant traits related to invasiveness. This makes
the Lemnaceae excellent model organisms for the study of
dispersal and invasiveness, two processes that are particu-
larly relevant in a world experiencing climate change.

What are duckweeds good for?

The potential commercial applications of duckweed have
attracted investigators from both the basic and applied sec-
tors for more than 50 years. Aside from their prodigious
growth rates, other unique qualities of duckweed that com-
pare favorably to traditional crop plants are their natural
aquatic habitat (which obviates the need for arable land),
their small size, and a floating lifestyle that enables easy har-
vesting. Duckweeds can produce relative yields (i.e. the
amount of biomass after 7 days of cultivation starting with
1 g of initial biomass) of up to 50 g in the case of some
clones of Wo. microscopica under optimized conditions
(Sree et al, 2015b). With these attractive qualities and an
urgent need for additional crops that can be produced
sustainably as well as economically, there are great opportu-
nities to develop the Lemnaceae into a novel agriculture
platform that can augment traditional farming systems.
While there are engineering challenges for growing duck-
weeds reliably at scale, in addition to potential hurdles in-
volved in creating a market for duckweed-related products,
there are also encouraging advances in delineating numer-
ous applications that duckweeds are well suited for. Here,
we summarize these applications to illustrate how basic re-
search in duckweed could have societal impacts in the near
term.

Human nutrition and animal feed

Duckweeds, especially Wo. globosa, have traditionally been
used as human food source in some Asian countries such as
Thailand, Llaos, and Cambodia (Bhanthumnavin and
McGarry, 1971). Rusoff et al. (1980) reported four duckweed
species with the remarkably high protein content of
35%-40% of dry weight and an essential amino acid spec-
trum for the human diet that compares well with soybean
(Glycine max). Representatives from all five known genera
(Appenroth et al, 2017), and especially from Wolffia
(Edelman and Colt, 2016), including all 11 species of the ge-
nus (Appenroth et al, 2018), were analyzed for their starch,
protein, fat, mineral, vitamin, and phytosterol content, as
well as amino acid and fatty acid spectra. All data showed
that their contents in duckweeds were in good agreement
with the recommended levels for human nutrition by the
World Health Organization. Moreover, no toxic effects on
three different human cell lines were detected in extracts of
different duckweeds spanning all five genera (Sree et al,
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2019). While some duckweed species such as those in the
Lemna genus have been known to contain significant levels
of calcium oxalate in the form of raphides (Landolt, 1986),
which may be linked to health issues such as kidney stones,
raphides are not found in the rootless duckweeds such as
Wolffiella spp. (Appenroth et al, 2017). Over the past de-
cade, several companies (e.g. Parabel, Hinoman, GreenOnyx,
and Plantible) have emerged that aim to popularize duck-
weed as a food and protein source, while products derived
from Lemna and Wolffia species have been granted
Generally Recognized as Safe status by the US Food and
Drug Administration. These activities are thus paving the
way for the large-scale use of duckweed-derived products
for human consumption.

The use of duckweed as animal feed also has a long tradi-
tion. Animals such as cows, chicken, pigs, ram, sheep, horses,
and especially a broad spectrum of fishes were reported to
feed on duckweeds (Landolt and Kandeler, 1987; Sonta et
al, 2019). Comparisons between duckweed and corn (Zea
mays) revealed that duckweed can be a better feedstock for
animals than corn kernels due to its high protein content of
up to 30% (Lee et al, 2016). However, the commercial appli-
cation of duckweeds for livestock feeding might be a chal-
lenge since the current price of animal feed is generally low.
Nonetheless, duckweed could attract a higher price when
used as a nutritious pet food, making this a more realistic
possibility. As a source of either food or animal feed, a high
protein content in duckweed biomass is desirable, since ade-
quate protein intake is a major requirement for the proper
development of young animals as well as proper health in
adults.

Feedstocks for biofuel and biogas production

Duckweeds can accumulate up to 50% starch on a dry-
weight basis, with increased starch accumulation during
wastewater cleaning (Cheng and Stomp, 2009), making
them a potential feedstock for bioenergy production (Ma et
al, 2018). Several treatments can induce starch accumula-
tion in duckweed, such as abiotic stressors, nutrient limita-
tion (Cui and Cheng, 2015; Guo et al,, 2020), the addition of
the phytohormone ABA (Liu et al, 2018), and treatment
with heavy metals or salt (Sree et al, 2015¢; Shao et al,
2020). Duckweed starch can then be degraded to sugars and
fermented to bioethanol or higher alcohols, such as butanol
(Cui and Cheng, 2015). In addition to starch and soluble
sugars, the cell wall material from duckweed, comprising
more than 30% of its biomass, is more easily converted to
fermentable sugars compared to the cell wall material of the
energy plant sugarcane due to its low lignin content
(Sowinski et al, 2019; Pagliuso et al, 2020). Duckweed bio-
mass can also be used to produce biogas via anaerobic di-
gestion (Ren et al, 2018) and can be combined with
saccharification and fermentation to bioalcohols to signifi-
cantly enhance the total energy output (Calicioglu and
Brennan, 2018; Kaur et al, 2019). In addition, wastewater pu-
rification could be readily combined, at least in principle,
with the production of bioalcohols or biogas (Xu et al,
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2012; Cui and Cheng, 2015). The high rate of biomass pro-
duction by duckweed, assimilation of CO,, and its benefit
for carbon credit should be economically relevant in view of
its potential to mitigate climate change via carbon
sequestration.

Phytoremediation

Phytoremediation refers to the cleaning of the environment
via the uptake or degradation of pollutants using plants.
Duckweeds are especially useful for this purpose in aquatic
locales because most of the surfaces of these fast-growing
plants are in direct contact with water. Water purification
by duckweeds can be facilitated by the uptake of heavy
metals, uptake and metabolism of xenobiotics and pharma-
ceutical drugs, or uptake of macroelements such as nitrates
and phosphates from eutrophic water (Ziegler et al, 2016).
Experiments on nutrient removal by duckweed cultivation
have been carried out in several pilot scale studies with
promising results (Xu et al, 2012; Zhao et al, 2015). More
recently, the applications of duckweed for remediation of
crude oil contaminants and polyester manufacturing waste-
water have been reported (Ekperusi et al, 2020; Osama et
al, 2020). While these studies have documented the effec-
tiveness of duckweed to aid in water remediation, how
duckweed biomass is utilized after harvest will be deter-
mined by the particular contaminant’s lifecycle in duckweed
tissues. Effective solutions to manage and utilize the duck-
weed harvested from contaminated sources would open this
platform for large-scale applications in many communities.

Phytotoxicity testing

The toxic effects on duckweeds upon exposure to different
concentrations of heavy metals can be measured based on
common physiological parameters, such as relative growth
rate, chlorophyll, or carotenoid content under standardized
conditions. Using dose-response curves, toxicity parameters
for effective doses at an effect level of 50%, 20%, or 10% can
be calculated (Naumann et al, 2007). This procedure is
called biomonitoring, which can be used to quantify the
toxicity of the substances present or to evaluate the health
of water bodies in environmental monitoring (Ziegler et al,
2016). The well-known phenotyping company LemnaTec de-
veloped an automated method for monitoring the phyto-
toxic effects of substances by visually tracking duckweed
growth (Perera et al, 2019). While Le. minor growth has
been deployed as a standardized assay by the Environmental
Protection Agency of the United States and the
International Organization for Standardization to monitor
the presence of toxic substances (USEPA, 1996; 1SO, 2005),
the nature of a causal agent is difficult to ascertain without
any predetermined target(s). One proposed approach is to
identify highly specific plant responses for each toxic sub-
stance of interest, making it possible to recognize the type
of contaminants based on a number of chosen markers to
monitor (Ziegler et al, 2018). This may be possible using
metabolomics to generate chemically induced metabolite
fingerprints in duckweed that could be used to evaluate the

K. Acosta et al.

causal agent for the stress responses (Kostopoulou et al,
2020). However, resources would have to be invested to cre-
ate a comprehensive reference data library in order to test
this possibility.

Production of biopolymers, proteins, and vaccines
Biopolymers such as polylactic acid and polyhydroxybutyrate
can be produced from different plant components.
Duckweed powder made from complete fronds of Lemna
species has been used to produce bioplastics by mixing it
with glycerol and polyethylene (Zeller et al, 2013).
Genetically modified duckweed could be used as an expres-
sion system for valuable products such as high-value mono-
clonal antibodies or antibodies with humanized
glycosylation patterns, as well as virus-like particles for vac-
cine platforms (reviewed in Cross, 2015). While products
from transgenic duckweed have yet to make it into the
commercial space, genetic modification of duckweed for
commercial applications remains an interesting prospect. It
has been shown that the E7 gene from the bacterium A. cel-
lulolyticus, encoding a hydrolytic enzyme used in fuel pro-
duction (Sun et al,, 2007), as well as therapeutic monoclonal
antibodies against CD20, CD30, and a 2b interferon (Cox et
al, 2006) can be successfully expressed in Le. minor.

One benefit of duckweed’s aquatic growth habitat is the
secretion of target proteins directly into the growth medium
for easier purification. Aprotinin, a medically important pro-
tease inhibitor, has been expressed in La. punctata, secreted
into the medium, and successfully purified using an immu-
noaffinity column (Rival et al, 2008). Adequate vaccine pro-
duction is a growing challenge in a globalized world where
pathogens can spread with greater ease than ever before.
Duckweeds may provide an efficient and safe system for
vaccine production to help tackle the rising demand for vac-
cines, especially in the developing world. Protective antigens
have been developed against porcine epidemic diarrhea virus
(Ko et al, 2011) and tuberculosis (Peterson et al, 2015).
Several studies have shown the potential of using duck-
weeds to express antigens from the avian influenza virus
H5N1 (Thu et al, 2015; Bertran et al, 2015), while Firsov et
al. (2018) also successfully expressed a part of the M2e sur-
face protein of H5N1 with the mucosal adjuvant ricin lectin
subunit B (RTB) in duckweed. Mice orally immunized with
the RTB-M130 protein produced specific antibodies against
M2e peptide. Transgenic duckweed plants thus appear to be
a promising route for producing quality antigens as edible
vaccines that may provide affordable control of H5N1 in
animals.

History of duckweed in plant biology
research

The first recorded scientific studies of the Lemnaceae con-
centrated on describing their morphology and histology. A
monograph focused on the Lemnaceae was published in
1839 by the botanist Matthias ). Schleiden (Schleiden, 1839),
one of the originators of the cell theory. Later, Christoph F.
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Hegelmaier published “The Lemnaceae: a monographic
study” (Hegelmaier, 1868) with detailed drawings that are
still relevant today. By the turn of the 20th century, it had
been established that the family Lemnaceae comprised “four
well-defined genera and about twenty-eight species, distrib-
uted throughout the torrid and temperate zones”
(Thompson, 1898). The family has since been expanded to 5
genera with 36 species (Bog et al, 2020a, 2020b; Figure 3).

Modern studies of the Lemnaceae can be dated to the
mid-1950s, with the movement of William Hillman and
others away from the descriptive toward more quantitative
biochemical mechanisms (Hillman, 1957). As pointed out by
Hillman (1961) and expanded on by Landolt and Kandeler
(1987), the use of duckweed as a model system for physio-
logical and photosynthetic studies is based on its ease of
manipulation and maintenance. Since duckweeds are small,
morphologically reduced, fast-growing, easily cultivated un-
der aseptic conditions, and particularly suited to biochemical
studies involving isotope labeling, they were considered to
be an ideal system for plant research (Hillman, 1976). For ex-
ample, much of what we know about photoperiodic flower-
ing responses came from fundamental studies conducted
with Lemna by Hillman at the Brookhaven National
Laboratory. This included diversification of the time mea-
surement systems among different photoperiodic species
both within the Lemnaceae and among different geographi-
cal isolates of a single species. In the era of plant molecular
biology (since the 1980s), this valuable physiological informa-
tion from early studies involving duckweed served to inspire
researchers utilizing model plants with better genetic tools
or stronger commercial interests, such as A. thaliana and
rice.

The Lemnaceae are especially well suited for in vivo bio-
chemical research compared to other plants. Their facile up-
take of solutes from defined growth media and easy
handling under controlled conditions have made them at-
tractive for whole-plant biochemical research (Figure 1, B
and C). Anthony J. Trewavas, one of the first to recognize
this, used radiolabeled compounds to study nucleic acid and
protein turnover in Le. minor plants (Trewavas, 1970, 1972).
In a series of papers, Trewavas et al. also explored the effects
of ABA on turion development, including changes in protein
and mRNA synthesis (Smart and Trewavas, 1984) and the
downregulation of cell wall polysaccharide synthesis by
UDP-apiose/UDP-xylose synthase during turion development
(Longland et al., 1989). Similarly, Datko et al. (1978a) used
Le. perpusilla 6746 to carry out in vivo labeling studies with
radiolabeled sulfate and other sulfur-containing compounds
to quantify sulfur assimilation by plants into various prod-
ucts under defined conditions. A phytostat system (analo-
gous to the powerful chemostat platform for the study of
microbial metabolism networks) was established for the first
time with plants to enable quantitative measurement of the
effects from changing concentrations of a single component
in the system (Datko et al,, 1978b).

Another exceptional achievement leveraging the in vivo
labeling capacity of the duckweed system was the early
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characterization of auxin biosynthesis pathways in plants.
Using intact duckweed plants to carry out isotopic com-
pound loading to avoid confounding issues of other studies
that rely on excised plant parts, the first clear biochemical
evidence for the existence of a tryptophan (Trp)-indepen-
dent indole-3-acetic acid (IAA) biosynthesis pathway in Le.
gibba G3 was demonstrated (Baldi et al,, 1991). This conclu-
sion was soon supported by the isolation and study of Trp-
auxotrophs from A. thaliana (Normanly et al, 1993). The
relative importance of the two IAA biosynthesis pathways
was also shown to be influenced by temperature in Le. gibba
G3, with the Trp-independent pathway predominating at
higher growth temperatures, such as 30°C (Rapparini et al,
2002). While the Trp-dependent pathway has been well
characterized over the past two decades (Mano and
Nemoto, 2012), the first breakthrough for the Trp-
independent pathway finally came with the report of indole
synthase (INS) as a key branchpoint toward IAA from
indole-3 glycerol phosphate (Wang et al, 2015). However,
the pathway from indole produced by INS in the cytosol to
IAA remains to be elucidated.

Finally, perhaps the most impactful contribution of duck-
weed to plant biology is the discovery of the function and
roles of the D1 protein in photosystem Il (PSII) of the thyla-
koids, also known as the 32 kDa herbicide-binding protein.
Mattoo et al. in the Edelman laboratory produced seminal
results describing the lifecycle (Mattoo and Edelman, 1987)
of this highly unstable protein that acts as a critical primary
electron acceptor in the PSIl complex (Mattoo et al., 1984).
Pulse labeling of La. punctata plants with >*S-methionine en-
abled the discovery of the translocation of precursor D1
protein from its synthesis on the stromal lamellae to its site
of action in the granal lamellae of the thylakoids, among
other findings (Mattoo and Edelman, 1987).

Coinciding with the rise of Arabidopsis genetics and mo-
lecular biology beginning in the mid-1980s, basic research
using duckweeds subsided over the period of 1990-2010.
While some of the first cloned plant genes were from
Lemna, and the dissection of promoter functions had been
carried out in duckweed using transient assays (Stiekema et
al,, 1983; Kehoe et al,, 1994), the duckweed research commu-
nity remained small during this boom time of plant molecu-
lar genetics. Over the past decade, however, the rapid
accumulation of genomics tools coupled with advances in
analytical and computational technologies have set the stage
for a renaissance of duckweed research (Lam et al, 2014).
The many advantages of duckweed as an experimental plat-
form, such as its aquatic habitat and rapid clonal propaga-
tion, coupled with its smaller gene repertoire, should enable
it once again to help illuminate novel pathways and para-
digms in plant biology.

Hot topics in duckweed research

Propelled in large part by recent advances in genomics tools,
several areas of duckweed research are beginning to contrib-
ute new knowledge to key areas of plant biology. In the
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following sections, we describe research topics that exem-
plify how the physical characteristics of duckweeds help to
simplify experimental systems. We also illustrate how
Lemnaceae could provide a novel window into the diversity
of evolved strategies that have helped shape genome struc-
tures as well as their associated metabolic, physiological, and
evolutionary processes.

Plant-microbiota interactions

A rapidly growing area of plant biology is plant microbiome
research, which ultimately aims to understand and manipu-
late plant-associated microbial communities toward benefi-
cial agricultural outcomes (Busby et al,, 2017). This research
is hindered in terrestrial plant model systems, where both
biological factors such as complex plant development
(Beilsmith et al, 2021) and technical factors such as the
need to manipulate soil conditions (Kremer et al, 2021)
complicate reductionist approaches used to gain a mecha-
nistic understanding of plant microbiome processes
(Vorholt et al,, 2017). In contrast, duckweed presents a facile
model plant microbiome system for dissecting mechanisms
underlying plant—microbiota interactions. Compared to soil,
the liquid growth medium used for duckweed allows for
an experimental system with minimal heterogeneity and
ready access to exudates and microbe(s) of interest. An exu-
date trapping system (Lu et al, 2014) and whole microbial
community capture method (Ishizawa et al, 2017) have
been developed to analyze these exudates and microbial
communities. When testing interactions between bacteria
isolates and gnotobiotic plants, the aquatic lifestyle and
small size of duckweed greatly facilitate the functional analy-
sis of plant—microbe interactions under defined conditions.
To begin to dissect the mode of interaction between
duckweed associated bacteria (DABs) and duckweed, a
PCR-based attachment assay and methods for reintroduc-
tion of microbes with gnotobiotic plants have been reported
(Huang et al, 2020; Acosta et al,, 2020; Ishizawa et al., 2020).
These studies should help pave the way for the application
of reductionist approaches to the duckweed system, as
have been shown in Arabidopsis (Duran et al, 2018).
Together, these tools could be leveraged to build a tractable
high-throughput model plant microbiome system with
duckweed.

One question that arises is whether the microbiome pro-
files found in terrestrial plants are related to those found in
duckweed. To this end, several high-throughput amplicon
sequencing studies have generated community profiles and
characterized the assembly of the DAB community from
field sites and reconstitution experiments using gnotobiotic
plants. The DAB community is primarily composed of
Proteobacteria, followed by Bacteroidetes (Xie et al, 2015;
Acosta et al, 2020), and most closely resembles the profile
from terrestrial leaf microbiomes (Acosta et al, 2020). In ad-
dition, duckweed serves as a distinct habitat for bacteria
compared to the surrounding environmental community,
demonstrating the selection of particular bacteria, as ob-
served in terrestrial plants (Xie et al, 2015 Acosta et al,
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2020; Fitzpatrick et al, 2020; Huang et al, 2020).
Furthermore, many of the bacterial taxa associated with
duckweed appear to be enriched in the surrounding water
when compared to the original inoculum (Acosta et al,
2020), as has been observed for the recruitment of root-
associated communities (Edwards et al, 2015). Therefore,
similar structuring principles may be found between the
duckweed microbiome and terrestrial plant microbiome.

While community profiling studies are essential for provid-
ing a comprehensive understanding of the ecological
processes and structural aspects of the plant microbiome,
reductionist-based approaches involving gnotobiotic plants
and synthetic microbial consortia are used to establish
causality and gain a mechanistic understanding of the roles
various microbial community members may play in this eco-
system (Vorholt et al, 2017; Duran et al., 2018). Prerequisites
for this approach include being able to isolate representative
microbial community members as well as having reference
genomes for these community members and the plant host.
Fortunately, high-quality genomes are available for different
duckweed species and a significant portion of the DAB com-
munity can be cultivated (Matsuzawa et al, 2010; Tanaka et
al, 2018), with an increasing number of DAB genomes being
sequenced. Functional studies with DAB isolates have shown
that they affect duckweed growth under defined conditions
(Toyama et al,, 2017; Ishizawa et al, 2019b), facilitate the re-
moval of nutrients (Zhao et al, 2015), enhance bioremedia-
tion of pollutants (Toyama et al, 2006; Yamaga et al, 2010;
Ogata et al, 2013; Xie et al,, 2014), produce phytohormones
(Gilbert et al, 2018), and affect plant development (Huang
et al, 2020). The ability to readily analyze duckweed exu-
dates and collect microbial community members from the
growth medium allows researchers to examine which classes
of exudates play key roles in community assembly and to
characterize how microbiota respond to these compounds.
For example, certain duckweed exudates, such as fatty acid
esters and amides, were found to stimulate the nitrogen-
removal efficiency of bacteria by activating nitrate and ni-
trite reductases (Sun et al, 2016), the methane oxidation ac-
tivity of methanotrophs (lguchi et al, 2019), or the
pollutant degradation activity of bacteria (Xu et al, 2015).
Analysis of the community dynamics revealed by inoculating
different plant-growth-promoting bacteria onto duckweed
demonstrated that the colonization of bacteria can change
in the presence of other microbes even though these bacte-
ria occupy different plant niches (Yamakawa et al, 2018)
and irrespective of inoculation density or inoculation order
(Ishizawa et al, 2019a). Furthermore, exogenous DABs with
plant-growth-promoting ability can be displaced from the
host by native DAB communities (Ishizawa et al, 2020),
highlighting the resiliency of the indigenous community
against invaders.

The emergence of duckweed genomics will advance the
exploration of the mechanistic underpinnings from the plant
host perspective using transcriptomic approaches. These
advances, together with the ability to precisely define media
conditions and construct synthetic bacterial communities,
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should promote our understanding of DAB community es-
tablishment at the systems level. Future directions for duck-
weed microbiome research should include characterizing
communities of other microorganisms associated with duck-
weed, including fungi and algae (Watanabe et al, 2016).
While this floating macrophyte is evolutionarily distant from
terrestrial models, investigation of the duckweed micro-
biome may assist in the discovery of conserved principles
underlying plant microbiota interactions that can be trans-
lated to economically important crops.

Disease resistance genes in duckweed

As duckweeds are aquatic plants that have adapted to
thrive in organics-rich environments with high microbial
loads, these plants might be expected to have heightened
disease resistance functions. It is thus surprising that the
number of nucleotide-binding leucine-rich repeat domain
genes (NLRs), which encode many of the proteins involved
in disease resistance, was found to be significantly lower in
the Sp. polyrhiza 9509 (Sp9509) genome than in other
model plants (Michael et al, 2017). Interestingly, similar at-
trition of these NLRs was observed in the eelgrass Zostera
marina and in carnivorous plants of the Utricularia and
Genlisea genera (Baggs et al., 2020). These observations raise
this intriguing question: What is the basis for the broad-
spectrum resistance in the Lemnaceae? In a recent study of
the Sp7498 genome, it was suggested that there may be an
amplification of antimicrobial protein (AMP)-encoding genes
due in part to the presence of many of these loci with du-
plicated AMPs (An et al, 2019). The heightened expression
of some of these AMPs in Sp7498 was hypothesized to pro-
vide enhanced immunity in this duckweed.

Using the latest available annotations from high-quality
reference genome assemblies for two clones each of Sp. poly-
rhiza (Hoang et al., 2018; Harkess et al, 2021) and Wo. aus-
traliana (Michael et al, 2021), NLR genes were curated using
the NB-ARC (nucleotide-binding adaptor shared by APAF-1,
certain R gene products, and CED-4) conserved motif and
their gene numbers compared to those from well-curated
genomes of Brachypodium distachyon BD21, rice (Oryza sat-
iva), A. thaliana Col-0, and alfalfa (Medicago truncatula).
Genes encoding pattern-recognition receptors (PRRs), which
include genes involved in microbial-associated molecular
pattern-triggered immunity (PTI), were also identified. Those
that contain a kinase domain (LRR-RK, LysM-RK) were sepa-
rately curated from those that do not (LRR-RP, LysM-RP).
Lastly, genes encoding members from eight families of
known plant AMPs (Hammami et al, 2009) in these same
genomes were identified as well. Using a relatively stringent
informatics pipeline, 169 NLR genes were found in A. thali-
ana with a genome size of ~150 Mb (Table 1). The number
of NLR-related genes increased in the other model terrestrial
plant genomes with larger genome sizes. In contrast, both
Sp. polyrhiza genome assemblies produced sets of 20-35
NLR genes. Since Sp. polyrhiza has approximately the same
genome size as A. thaliana, this lower NLR gene count is un-
likely to be due to a smaller genome even when factoring in
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the smaller gene set of the Sp. polyrhiza genome (Michael et
al, 2017). A more dramatic decrease to only 3-4 NLR-re-
lated genes is observed in the two clones of Wo. australiana
(Michael et al, 2021). Since the Wo. australiana genomes
are ~375 Mb in size, similar to the rice genome, this low
number of NLR genes indicates that a significant repertoire
of varied NLRs is not needed by Wo. australiana to provide
immune functions for the survival of this species.
Interestingly, examining the number of PRR genes encoding
proteins with a kinase domain, which likely include genes in
the PTI pathway, both Wo. australiana genomes exhibit an
increase in the number of genes in this category compared
to the two Spirodela genomes. In contrast, the number of
PRR-related genes without a kinase domain showed the op-
posite trend with the two Wolffia genomes displaying two-
to three-fold lower numbers, which reflects a similar trend
for most of the other gene families in this species compared
to other sequenced Lemnaceae species (Michael et al,
2021). Strikingly, while both Spirodela genomes are missing
LysM-type PRRs, they can be found in the Wo. australiana
genomes. This observation indicates that these LysM-type
PRRs must have been present in the common ancestor of
Sp. polyrhiza and Wo. australiana. Altogether, these results
suggest that in Wo. australiana, the basal immunity func-
tions mediated by PRR genes could play a more dominant
role in the pathogen response in contrast to Sp. polyrhiza,
where the NLR genes could play a more significant role.

Finally, of the eight classes of AMPs that were examined,
the class of AMPs with the highest number of genes in
duckweeds is in the lipid transfer protein (LTP) category,
followed by the Snakin and Defensin classes (Table 1). While
this analysis did not reveal a significant increase in the num-
ber of AMP-encoding genes in these duckweed genomes,
the persistent numbers of LTP, Snakin, and Defensin genes
in Wo. australiana suggest that they are indispensable for
this minimalist species where the total gene set has
decreased to ~15,000 genes. These observations raise the
possibility that these AMPs could be downstream effectors
from the LRR-RK-type PRRs in Wolffia to provide major
immune functions in comparison to Spirodela. It would be
interesting to test predictions of this hypothesis, such as the
induction of AMP-encoding genes upon the challenge of
Wolffia with microbial pathogens. Elucidating the mecha-
nisms of induced immunity to potential invaders in duck-
weeds is likely to uncover novel disease resistance strategies
and could be a key advance for a successful cropping system
to be designed using these versatile plants.

Cell autonomy and transcriptome studies of
circadian rhythms in duckweeds

The small size, relatively flat surface of the fronds, and sim-
ple architecture of intact duckweed are ideal for long-term,
automated microscopic observations, which can be used to
track and quantify plant physiological processes at high spa-
tial resolution. One such process is the circadian clock, an
internal biological timing device for adjusting various
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Table 1 Comparison of defense-related genes between sequenced duckweeds and those of other model plant species. Genes encoding AMPs,
PRRs containing LRR (LRR-RK, LRR-RP) or LysM (LysM-RK, LysM-RP) domains, and NLR proteins were curated for Sp9509 (Hoang et al., 2018),
Sp7498 (Harkess et al, 2021), Wo. australiana 8730, and Wo. australiana 7733 (Michael et al,, 2021). For comparison, B. distachyon, O. sativa, A.
thaliana, and M. truncatula were analyzed with the same pipeline using proteomes from the Monocot and Dicot PLAZA 4.5 database (Van Bel
et al., 2018). For a detailed methods description, see https://github.com/kenscripts/tpc_dw_review/.

Defense-Related Gene Type Sp. polyrhiza  Sp. polyrhiza

Wo. australiana

Wo. australiana  B. distachyon  O. sativa  A. thaliana M. truncatula

Gene Category 9509 7498 8730 7733

NLRs NB-ARC 20 35 3 4 346 483 169 797

PRRs LRR-RK 56 36 95 78 401 375 356 434
LRR-RP 78 80 20 32 1 143 162 332
LysM-RK 0 0 2 2 3 3 5 19
LysM-RP 0 0 5 5 3 7 4 9

AMPs Cyclotide 0 0 1 1 0 0 1 1
Defensin 5 5 9 9 44 23 60 85
Hevein 0 0 6 5 16 10 10 8
Knottins 0 0 0 0 2 2 0 0
LTP 25 26 28 28 67 79 61 91
Snakin 9 8 12 13 15 15 19 28
Thionin 2 1 0 0 12 12 4 1
Vicilin 3 2 0 0 2 0 2 1

functions to the cyclic natural environment. Once entrained,
physiological outputs of the clock display circadian rhythms
even under constant conditions. These rhythms are usually
synchronized to the day—night cycles in the natural environ-
ment. Core circadian clock genes encoding single MYB do-
main transcription factors form conserved transcription—
translation feedback loops that generate circadian oscilla-
tions in plants. While circadian regulation of plant genes has
been well studied at the organismal and tissue levels,
whether the clock can function cell autonomously was un-
known. To observe circadian rhythms of individual cells in
live duckweed plants, bioluminescence imaging of Le. gibba
fronds that were transfected with the AtCCAT:LUC reporter
by particle bombardment was used to monitor rhythmic
gene expression of multiple cells simultaneously (Muranaka
et al, 2013). Analyses of the circadian clock’s behavior at a
single-cell level in these intact plants revealed quantitative
parameters for the heterogeneity and stability of individual
cellular clocks, spontaneous local coupling of cellular clocks,
and the stochastic synchronization patterns of cellular clocks
under non-24-h light/dark cycles (reviewed in Muranaka
and Oyama, 2018). Using the experience and tools generated
from these studies, bioluminescence monitoring at single-
cell resolution was successfully applied to detached
Arabidopsis leaves (Kanesaka et al, 2019). Although the
gradual growth with 3D distortion of Arabidopsis leaves was
a disadvantage for long-term studies of more than several
days, the bioluminescence of individual cells was traceable
to detect cellular circadian rhythms. Thus, the biolumines-
cence monitoring system originally established in duckweed
could be applied to other plants of interest to examine cell
autonomous behaviors in different species.

Plant growth is controlled by the coordination of time-of-
day (TOD) pathways to specific times in a day by the circa-
dian clock (Michael et al, 2008a). In fact, global TOD gene
regulation is a common feature in plants, with 30%-50%

and 10%-20% of genes displaying peak expression or phased
expression at specific times over the day under diurnal and
circadian free-run conditions, respectively (Michael et al,
2008b; Filichkin et al., 2011). All core circadian clock ortho-
logs cycle in Spirodela with the expected phases as in other
plants, and most fundamental biological processes such as
photosynthesis, the cell cycle, protein synthesis, and metabo-
lism are phased to a conserved TOD. Strikingly, only 13% of
genes in Wo. australiana were found to display TOD expres-
sion under the same diurnal LDHH conditions (Michael et
al, 2021). While all the core circadian clock orthologs have
conserved TOD expression, many pathways are not phased
to a specific time of day in Wolffia. However, the core pho-
tosynthetic and chloroplast-associated pathways still cycle in
a TOD fashion, which is consistent with the notion that an-
ticipation of the light—dark transitions to optimize these
light-dependent, energy-related functions is still being main-
tained. The loss of TOD regulation for most pathways in
Wolffia apparently results from the loss of key developmen-
tal and light-regulated pathways, which parallels its highly
reduced body plan and loss of roots. The contrasts between
the control of global gene expression patterns among duck-
weeds should provide an exciting model to further under-
stand growth-related pathways in plants as well as
mechanisms for energy use optimization via strategic mini-
mization of gene control.

Duckweed metabolomics: plant secondary
metabolites

Duckweeds have been recognized as an excellent model sys-
tem to study biosynthetic pathways and metabolic mecha-
nisms in large part due to their simplified structure and the
rapid uptake of labeled precursor compounds under defined
growth conditions. With the rapid advance in analytical in-
strumentation and growth of databases for compound iden-
tification over the past decades, the time is ripe for using
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the duckweed platform to delineate the intricate metabolite
network of a complete plant at the systems level.
Characterizing these metabolites will also help to explore
and optimize the use of duckweed beyond its role as a
model organism in the laboratory, since these plants could
have commercial potential.

Secondary metabolites and small molecules have been less
studied in the Lemnaceae than in other model plants, but
this is now rapidly changing. Using gas-chromatography cou-
pled with mass spectrometry (GC-MS ), the profile of epicu-
ticular waxes was analyzed in Sp. polyrhiza (Borisjuk et al,
2018). While in land plants, sterols are not present on the
surface of leaves or stems but in the cuticle, high levels of
sterols were found on the surface of Spirodela fronds, which
is thought to function as a sunscreen for these plants.
Furthermore, GC-MS analysis of exudates of Sp. polyrhiza
also led to the identification of several fatty acids and fatty
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acid amides that might be involved in plant/bacteria interac-
tions (Sun et al, 2016). Semipolar metabolites from duck-
weeds have been analyzed by liquid chromatography
coupled with mass spectrometry (LC-MS) techniques, and
distinct patterns of metabolite profiles have been found be-
tween different genera and species (Figure 4A). Flavonoids,
compounds used for nutraceutical, medicinal, and cosmetic
purposes, have also been characterized in some duckweeds
(Qiao et al, 2011; Ren et al, 2016; Bottner et al, 2020).
Currently, the major bottleneck in mass spectrometry-based
metabolomics is metabolite identification. Shahaf et al.
(2016) developed a unique analysis platform that enables
matching of mass spectra from plant extracts against a nat-
ural product library containing several thousand entries of
secondary metabolite standards (Figure 4B). This technique
was used for analysis of LC-MS chromatograms from Le.
gibba, La. punctata, Sp. polyrhiza, and Wo. globosa, which
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Figure 4 Integration of metabolomics and genomics analysis in the Lemnaceae. (A) Comprehensive mass spectrometry-based metabolomics as a
tool for pathway elucidation and characterization of biosynthetic enzymes and genes. Plant extracts are analyzed using high-resolution LC-MS
(HR-LC-MS). Raw chromatograms typically consist of several thousand mass signals, and data can be deconvoluted using computation tools. (B)
One method for compound identification from complex mixtures involves matching the mass spectra from an extract corresponding to a peak
onto an entry in spectral libraries. An example for metabolite NP006950 (Weizmass library) is shown, illustrating that chromatographic retention,
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led to the identification of 29 metabolites from 8 different
natural product classes with high confidence, providing the
first glimpse of the “natural product repertoire” for the
Lemnaceae (Shahaf et al, 2016; Figure 4C). While several of
the identified molecule classes are typically found in mono-
cots, such as flavonoids related to the apigenin and luteolin
type, the Lemnaceae metabolite profile also showed several
molecules/metabolite classes previously not described in
these plants, such as gingerglycolipid “A” and its derivatives.
These compounds were only previously described in ginger
(Zingiber officinale) and were believed to be specialized
metabolites unique to this plant.

Metabolite identification not only provides leads for the
search and characterization of derivatives for these com-
pounds, but it also facilitates the prediction of metabolic
pathways as well as biosynthetic genes/enzymes, and hence
the metabolic network of duckweed. One approach to de-
fining metabolic pathways involving a biosynthetic precursor
of interest is called DLEMMA (Feldberg et al, 2009). In this
method, the duckweed is fed different stable isotope-labeled
variants of a precursor compound to facilitate the subse-
quent use of the labeling pattern of detected compounds
for intermediate identification. For example, feeding of Sp.
polyrhiza with differentially labeled tyrosine led to the iden-
tification of 59 tyrosine-derived metabolites, all of them new
for Lemnaceae (Feldberg et al, 2018). Furthermore, the iden-
tification of these derivatives enabled the construction of
entirely new metabolic pathway models based only on me-
tabolite data without using genetic information. Knowledge
about the metabolic landscape of duckweed, especially
metabolites identified with high confidence, allows one to
predict enzymatic reactions necessary to form a specific
structure. These hypothetical reactions can in turn hint at
enzymes and genes that are involved in biosynthesis and for
which candidate genes with the predicted enzyme activity
may be identified from transcriptome and/or genome data.

The production of secondary metabolites is often under
environmental control, with a particular stress or condition
modulating the pathway for the metabolite. The use of me-
tabolite extraction techniques under a single environmental
condition will likely not be sufficient to characterize all the
potential compounds a duckweed clone can produce.
Mining the genome for potential metabolic pathways (i.e.
the gene space) can help establish the repertoire of potential
enzymes in one duckweed clone needed to generate a spe-
cific secondary metabolite. Genes encoding enzymes in-
volved in successive steps of biosynthetic pathways that
form secondary metabolites in plants are sometimes found
in clusters (Osbourn, 2010), termed biosynthetic gene clus-
ters (BGCs). Identifying duckweed BGCs by analyzing well-
annotated reference genomes in combination with metabo-
lite extraction and identification creates a powerful tool that
can be used to help discover biosynthetic pathways in duck-
weed. As described earlier, reference genomes are rapidly be-
ing completed for the Lemnaceae (see “Chromosomes and
genomics of duckweeds”). These resources enable the use of
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strategies for linking metabolites to their biosynthetic genes/
enzymes. Figure 4D illustrates how whole-genome data can
be used by the PlantiSMASH analysis pipeline to identify
plant BGCs (Kautsar et al, 2017). Candidate BGC contents
were compared using reference genomes of Sp. polyrhiza
and Wo. australiana. Sp. polyrhiza had a lower number of
candidate clusters (five), while the Wo. australiana genome
showed eleven candidate BGCs. Interestingly, this analysis
revealed more unique gene clusters between the two duck-
weed genera than common ones. Although the data are
preliminary, the occurrence of clusters and the resulting
metabolites that can be produced from them might help ex-
plain important phenotypic differences between the genera.
In summary, the Lemnaceae display a diverse and unique
metabolite profile between genera. Their metabolites and
pathways show potential for varied biological activity and
might help explain the lifestyles of the different members of
the Lemnaceae family in their natural aquatic environment.
The combination of metabolic profiling and gene discovery
could be a powerful tool to characterize the chemical space
in these aquatic plants and to investigate how metabolites
might mediate the interactions of duckweeds with their
aquatic environment.

Experimental evolution and eco-evolutionary
dynamics

Their short generation times and small size also make duck-
weed an ideal model system to tackle problems in evolu-
tionary ecology (Laird and Barks, 2018). Here, we highlight
two emerging fields that can greatly benefit from using
duckweed as a model system. Experimental evolution, in
which phenotypic and genotypic changes are measured un-
der controlled selection regimes, is a powerful approach to
study the processes and mechanisms of adaptive evolution
in real-time (Teotonio et al, 2009; Schlotterer et al, 2015).
Plant scientists have used long-term experiments to investi-
gate the phenotypic responses of plants to herbivory under
natural conditions (either herbivore exclusion or addition to
the plant population) for decades (Detling and Painter,
1983). They have convincingly demonstrated that herbivores
can drive the contemporary evolution of plant traits, such
as the levels of defense metabolites (Zist et al, 2012), plant
phenology (Agrawal et al, 2012), and growth rates (Turley
et al, 2013). However, due to the long lifecycles of many
plants, most of these studies only investigated the evolution-
ary process during a few generations, which limits the power
of detecting traits under selection (Kofler and Schlotterer,
2014). In addition, such studies are difficult to replicate in
many other laboratories, as they require a large planting
area and long durations. The short generation times (within
a few days) and small size (1-15 mm) of duckweeds are ex-
cellent attributes for experimental evolution studies to ad-
dress many questions that are not as tractable with other
systems. For example, under indoor conditions, one can use
the “select and resequence” approach to study >100 gener-
ations of plants that are evolving under different stress
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conditions within 1 year (Burghardt et al, 2018). A critical
component for such studies is to have diverse genotypes at
the beginning of the study, as evolution in such experiments
will likely be affected by initial genetic variations in the pop-
ulation. To this end, the currently available duckweed collec-
tions and their ongoing sequencing efforts described here
should provide the resources and reference material critical
for such studies.

It is now apparent that evolution can take place within
ecological timescales and alter population dynamics
(Lavergne et al., 2010), which in turn can modify evolution-
ary trajectories and create eco-evolutionary feedbacks
(Kinnison and Hairston, 2007; Pelletier et al, 2009).
Understanding how these feedbacks alter the evolution of
species interactions is one of the major challenges in evolu-
tionary ecology. Addressing this challenge requires the inter-
acting organisms to be specifically manipulated at the
ecological and evolutionary levels (Bailey et al, 2009; Hendry,
2019), which is challenging for many study systems.
However, recent work has demonstrated the potential of us-
ing duckweeds to study eco-evolutionary feedbacks. Using a
combination of theoretical modeling and experimental ma-
nipulation of duckweed evolution, rapid evolution was
shown to affect the dynamics of competing species and
eco-evolutionary interactions to shape the trajectory of
species coexistence (Hart et al, 2019). In another recent
study, eco-evolutionary dynamics were characterized for
duckweed-microbiome interactions where microbiome pres-
ence apparently led to rapid evolutionary change in bacterial
community members, which in turn affected the bacterial
species composition and host fitness (Tan et al, 2021).
The advent of duckweed genomics will put these tiny plants
in a position to further advance research on eco-
evolutionary dynamics by providing quantitative genomic
data to help unravel the genomic underpinnings and
the underlying molecular mechanisms of these complex
processes at the systems level (Rudman et al, 2018).

Duckweed research tools, technologies, and
resources

Critical for successful model plant systems are tools, technol-
ogies, and resources that allow researchers to fully explore
their questions. Key technologies include a genotyping plat-
form, transformation system, and genetic methods. Also at
the heart of a vibrant community is an organizing commit-
tee and international meetings that provide researchers op-
portunities to share research ideas and findings. Finally,
resources such as genomics databases (and, in the case of
duckweed, clone collections) will allow interested laborato-
ries to quickly adopt a new model and explore its potential.

Genotyping

Several universal plastidic barcode sequences, among those
recommended by the Consortium for the Barcode of Life
plant-working group (Hollingsworth et al, 2009), have been
used to distinguish 31 of the 37 duckweed species
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recognized at the time (Borisjuk et al, 2015), with more
challenging species found within the Lemna, Wolffiella, and
Wolffia genera. AFLP technology, although technically chal-
lenging and more expensive, was used to further resolve
most of the species within these genera (Bog et al, 2010,
2013). More recently, genotyping-by-sequencing (Bog et al,
2020c) and a tubulin-based polymorphism method (Braglia
et al, 2021) demonstrated the feasibility of resolving inter-
specific differences amongst closely related duckweed spe-
cies. As more genome sequences become available, these
technologies can be refined and serve as high-resolution
methods for rapid species identification in duckweed.

Besides distinguishing duckweed species, biotechnological
applications will require identification at the clonal level,
since significant physiological and biochemical differences
can exist between clones of the same species (Sree et al,
2015b). Facile genotyping methods with the capability of re-
solving intraspecific variations would be invaluable. A novel
bioinformatic pipeline using so-called polymorphic NB-ARC-
related genes was successfully tested using a training set of
genome sequences from nine clones of Sp. polyrhiza to iden-
tify primer sets with the ability to distinguish these nine
clones from each other as well as 11 additional Sp. polyrhiza
clones, illustrating this strategy’s efficacy (Chu et al, 2018).
Sp. polyrhiza was selected for this proof-of-concept study
due to its low intraspecific variations based on whole-ge-
nome sequencing studies (Michael et al, 2017, Ho et al,
2019; Xu et al, 2019). A limitation of this technique is that
it requires the generation of multiple whole-genome assem-
blies for the investigated species as a training set for the
algorithm. Fortunately, more and more high-quality genome
assemblies for numerous duckweed species and clones are
being generated and made available through large-scale se-
quencing studies.

Transformation and its application in duckweed

Transformation has been demonstrated for almost all duck-
weed genera, with the fastest methods taking 2-3 months,
like in other model crops. The first demonstration of trans-
genic gene expression in duckweed was reported in 1991
by transfecting Le. gibba fronds with a transgene using the
biolistic particle gun system to demonstrate phytochrome
regulation of a sequence upstream of the SSU5B gene by
transient assays (Rolfe and Tobin, 1991). Conditions for tran-
sient expression using Agrobacterium-mediated gene transfer
were subsequently described for Wo. columbiana (Boehm et
al, 2001). Stable transformation was demonstrated in the
late 1990s (Stomp and Rajbhandari 1999; Edelman et al,
1999). Some of the key challenges for development of stable
transformation systems were the high inter- and intraspecific
variability observed in attempts to standardize tissue culture
conditions for plant regeneration from callus tissue (Chang
and Chiu, 1978; Chang and Hsing, 1978; Liu et al, 2019). The
effects of medium composition and light intensity on callus
induction, growth, and frond regeneration were optimized
for Le. gibba (Moon and Stomp,1997; Li et al, 2004), while
carbohydrate and phytohormone requirements for callus
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induction, callus growth, and frond regeneration were
established for clones of La. punctata 5562 (Li et al, 2004;
formerly named Sp. oligorrhiza) and more recently, for Wo.
arrhiza (Khvatkov et al, 2015).

Duckweed can be transformed through calli or directly
using fronds or roots. Duckweed callus transformation (DCT)
protocols generally involve the selection/treatment of an ex-
plant, callus induction, callus maintenance and growth, callus
transformation, transformant selection, and frond regenera-
tion (Li et al, 2004), with many of these steps requiring a dif-
ferent set of conditions for different clones (Huang et al,
2016; Yang et al, 2017). Different DCT protocols require spe-
cific conditions because duckweed clones, even within the
same species, can respond differently to transformation con-
ditions (Chang and Hsing, 1978; Liu et al, 2019). Furthermore,
only certain clones produce callus under a particular condi-
tion, which also limits the generality of each DCT protocol
(Yang et al, 2018a; Liu et al, 2019). As an alternative, direct
in planta transformation (DIPT) of fronds or roots has been
used to produce stable transformants of duckweed (Ko et al,
2011; Balaji et al, 2016; Yang et al, 2018b). Duckweed DIPT
involves the selection/treatment of explants, Agrobacterium
inoculation, cocultivation, selection, and frond regeneration.
DIPT protocols with Lemna have used wounded fronds and
separated mother and daughter fronds as explants (Ko et al,
2011; Yang et al, 2018b), while unwounded Spirodela fronds
may be required for transformation (Balaji et al, 2016). Like
DCT protocols, Agrobacterium inoculation and cocultivation
in DIPT protocols involve the addition of acetosyringone (Ko
et al, 2011; Balaji et al, 2016; Yang et al, 2018b), while selec-
tion and frond regeneration can also be combined in DIPT
protocols to speed up transformation (Ko et al, 2011; Yang
et al, 2018b). Monitoring transgene expression for a period of
10 months showed stable transformation with a DIPT proto-
col (Balaji et al, 2016). Transformation protocols also exist for
Wolffia species, albeit with lower transformation efficiency
compared to protocols for other species (Khvatkov et al,
2015; Heenatigala et al.,, 2018).

In summary, the short transformation time required in
DIPT protocols makes them an attractive alternative to DCT
protocols for duckweed research. Currently, researchers can
adopt two transformation strategies depending on their re-
search objective: (1) transformation conditions can be opti-
mized for a particular clone from a species of interest that
has already been identified as amenable to transformation
or (2) several clones from a species of interest can be
screened using a particular transformation protocol to iden-
tify ones with a higher frequency of success. With the intro-
duction of miRNA silencing (Cantd-Pastor et al, 2015) and
precise genome-editing technologies using the CRISPR/Cas9
method (Liu et al, 2019), a routine transformation protocol
should allow for hypothesis-driven studies in the duckweed
model system.

Genetics and crossing systems
Flower-induction and cross-pollination protocols will help to
facilitate genetic studies in the Lemnaceae. While duckweed
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propagation is mainly vegetative, many studies have investi-
gated flowering induction in duckweed to reveal triggers of
sexual reproduction in these plants (see “Anatomy, mor-
phology, and growth characteristics”). Among these, SA and
the chelating agent EDDHA can promote flowering in many
duckweed species when added to the culture medium
(Pieterse, 2013). A recent systematic comparison of the
effects of these chemicals, daylength, and other culture con-
ditions on the frequency of flower induction and seed pro-
duction was reported for clones of Sp. polyrhiza, Le. gibba,
and Wo. microscopica (Fourounjian et al, 2021). Although
floral induction is possible in duckweed, flowers are often
aborted and do not form seeds, as observed in some clones
of Le. gibba. Fu et al. (2017) found that the application of
SA can prevent seed abortion in Le. gibba clone 7741 but
not in clone 5504. The anthers did not dehisce in clone
5504, and artificially released pollen grains did not germi-
nate, suggesting male sterility. This hypothesis of male steril-
ity was supported by cross-pollination between the two
clones, since pollination of clone 5504 with pollen grains
from clone 7741 yielded seeds. Analysis of the resulting
progeny using intersimple sequence repeat markers sug-
gested that cross-pollination occurred, resulting in the
production of intraspecific hybrids (Fu et al, 2017). While it
would be important to verify the hybrid nature of these
putative F1 plants by examining the F2 lines for segregation
of the two sets of chromosomes, the data so far indicate
that outcrossing between duckweed clones might be possi-
ble using this strategy. If validated, this approach could
open the gateway for facile methods of transformation and
genetic studies that are commonly performed in other
model plants.

Missing duckweed technologies

To further enhance the field of duckweed research as a
model plant system, the development and advances in sev-
eral key technologies are highly desirable. One such missing
technology is a reliable genetic system where routine flower-
ing induction and hybridization between strains or back-
crosses can be performed. As discussed above, there are
several species that have clones known to flower routinely,
and good progress is being made to establish the necessary
knowledge base for environmental and hormonal cues that
induce flowering in a few key duckweed species. The current
lack of such a reliable and facile genetic protocol has hin-
dered the development of basic research in duckweed.
While mutant induction and identification in duckweed
were shown to be feasible, predominantly via the deploy-
ment of X-ray bombardment or treatment with nitroso-
methyl urea as a mutagen to generate so-called “aberrants”
that have auxotrophic or growth phenotypes (Smith and
Castle, 1960; Posner, 1962; Tam et al,, 1995), the genetic ba-
sis of the phenotypes observed in these lines has never been
resolved. For example, Strain 1073 derived from Lemna per-
pusilla 6746 was found to exhibit differences in its flowering
response to light and is blocked in its photosynthetic activi-
ties (Eames and Posner, 1974). This was subsequently traced
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to a loss of expression of the nuclear gene encoding the
Rieske Fe-S protein (Lam and Malkin, 1985), which led to
rapid turnover of the other proteins that make up the cyto-
chrome bg/f complex in the thylakoid membrane (Bruce and
Malkin, 1991). The question of whether the flowering pheno-
type in the Le. perpusilla 1073 mutant is related to its photo-
synthesis defect could potentially be dissected using classical
genetic approaches such as backcrossing to wild-type
parents. Unfortunately, this clone has not been maintained.

Another important technology that is missing is systematic
mutant library generation to facilitate functional analysis of
all genes encoded in the genomes of a representative species.
With the completion of multiple high-quality assemblies for a
growing number of duckweed species, the availability of
indexed insertion libraries in these species would provide a
powerful resource to query gene function rapidly, as in
Arabidopsis (Matus et al, 2014) and the green alga
Chlamydomonas reinhardtii (Li et al, 2016). To enable the de-
ployment of this approach, several accessory technologies are
needed: (1) a facile transformation technology that is easily
scalable; (2) robust and reliable transformant identification
and curation; (3) high-throughput insert sequencing and
indexing and (4) protocols for selfing of transformants to
produce homozygotes for phenotyping. To generate a large
number of random insertions, an efficient transformation sys-
tem would need to be deployed, and a more rapid method
such as DIPT would be preferable (Yang et al, 2018b). The re-
cent advent of in planta transformation using nanomaterials
as DNA carriers could also be an attractive method to de-
velop for duckweeds to further improve the throughput of
transgenic plant line production (Wang et al, 2019). In addi-
tion to generating stable transformants in large numbers, this
approach could also be applied for rapid, high-throughput
transient expression assays to test gene functions.

Creating and maintaining a large library of transgenic duck-
weed lines presents another challenge. While the incorpora-
tion of a transgene can be readily detected using PCR-based
screening strategies after selecting duckweed plants on the
appropriate antibiotics, continuously propagating thousands
of transgenic duckweed lines as living plant clones in culture
would be laborious and costly. A better approach for main-
taining the selected transgenic lines may be to produce seeds
from the identified transgenic lines and store them until they
are needed. Thus, the selection of a proper duckweed clone
that is amenable to viable seed production is an important
consideration. Systematic attempts at cryopreservation of
duckweeds have only been marginally successful (Sauter 1993;
https://patents.google.com/patent/W0O2011005502A3), so it is
not a viable option at this time .

Insertion site identification is facilitated by rapid advances
in high-throughput sequencing technologies that reduce
costs while increasing the accuracy of DNA sequencing
Techniques such as TAILED-PCR (Liu and Chen, 2007) can
be used to amplify DNA from regions adjacent to the inserts
embedded in the genome of the transformed duckweed. A
next generation approach would be to employ CRISPR
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coupled to long read sequencing such as Oxford Nanopore
Technologies to define the sites of transgene insertions.
Sequencing should reveal the genome locations of the inser-
tion events and whether they are likely to disrupt the func-
tion of a duckweed gene.

Lastly, in order to use insertion lines to study gene func-
tion, it is important to keep in mind that most insertions
are initially hemizygous. Unless the insertion resulted in a
dominant phenotype, which will probably be a rare event,
the transgenic lines will not show a mutant phenotype in
the Ty primary transformants. Thus, readily induced flower-
ing and setting of viable seeds will be highly desirable traits
for users of this resource as well.

Community organization, newsletter, and
international meetings

Steering committees have been instrumental in guiding, co-
ordinating, and communicating research for successful plant
model systems such as Arabidopsis, maize, and
Brachypodium (Parry et al, 2020). The International Steering
Committee on Duckweed Research and Applications
(ISCDRA) was founded in 2013 to provide similar functions
for the duckweed community. The ISCDRA releases a
quarterly newsletter (Duckweed Forum) that represents a
comprehensive resource for new and current researchers as
well as application specialists, providing announcements, re-
search updates, guidelines, protocols, and discussion topics
such as nomenclature standards that are relevant for the
community. Past and present issues of the Duckweed Forum
can be freely accessed via the website of the Rutgers
Duckweed Stock Cooperative (RDSC; ruduckweed.org). The
ISCDRA organizes a biennial international meeting that
brings together researchers from all over the world, with the
next meeting scheduled for 2022 in Germany (previous
meetings were held in China, the United States, Japan, India,
and lIsrael). In addition, each year at the Plant and Animal
Genome meeting in San Diego, CA, there is a workshop ti-
tled “Duckweed Research and Applications,” which has been
running since 2018.

Clone collections

The first major duckweed clone collection in the community
was amassed and maintained from 1953 to 2012 by Elias
Landolt at the Geobotanical Institute of SFIT Zurich. At its
peak, this collection comprised over 1,000 clones and served
as a source of duckweed germplasm for duckweed research-
ers around the world as well as starting material for later
collections (Lammler and Bogner, 2014). Currently, several
duckweed clone collections exist around the world, includ-
ing the United States, Germany, Switzerland, and China (see
Lam et al, 2020, for locations and contacts for these facili-
ties). Researchers can request duckweed clones from these
collections by directly contacting the respective director of
the collection. To identify and track duckweed clones, a 4-
digit numbering system was first adopted by Elias Landolt.
Clones from the original Landolt Collection maintain this
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identification system, with numbers for more recent clone
isolates assigned by the RDSC. However, with the increasing
number of investigators interested in population studies in-
volving duckweed over the past decade, newer clones in col-
lections can also adopt an individualized identification
system consisting of an investigator’s initials followed by dig-
its (Lam et al, 2020). An accepted clone identification system
is critical for replicating experimental results between labora-
tories and extending prior work. It thus serves as a founda-
tion for the community in which results from various
reported studies can be integrated and leveraged to-
gether based on knowledge of the biological material be-
ing tested. As noted earlier in this review, duckweeds
have historically been used to study various aspects of
plant biology. In some cases, keynote clones have been
extensively used in a particular field of study. This
includes Le. minor 8627 and Le. aequinoctialis 6002 for
transformation studies (Canté-Pastor et al, 2015; Liu et
al,, 2019); Le. perpusilla 6746 (now renamed as Le. aequi-
noctialis 6746) and Le. gibba G3 to study flowering
(Hillman, 1959; Fu et al., 2017); Le. minor 5512 as well as
Le. minor 5576 to study plant—microbe interactions
(Ishizawa et al., 2020; Acosta et al., 2020); Le. minor 5500
for ecological and toxicological studies (Paolacci et al.,
2018b); La. punctata 5562 (previously named Sp. oligor-
rhiza) to study the D1 protein of PSIl (Mattoo and
Edelman, 1987); and Sp. polyrhiza clones 7498 and 9509
for genomic studies (Wang et al., 2014; Michael et al,
2017; Hoang et al., 2018).

Genomic resources

The duckweed community is growing and generating valu-
able resources for genome discovery at an increasing rate. A
growing number of datasets are available at the National
Library of Medicine (NCBI) and the Short Read Archive
(SRA). Currently, the Sp. polyrhiza reference genomes
(Sp7498v2; Sp9509v3) can be accessed from multiple loca-
tions including phytozome (https://phytozome-next.jgi.doe.
gov/), PLAZA (https://bioinformatics.psb.ugentbe/plaza/),
SpirodelaGenome (http://spirodelagenome.org/), and NCBI.
The reference genomes for two Sp. intermedia clones, Si7747
and Si8410, can be obtained from the European Nucleotide
Archive and raw data from NCBI SRA (Hoang et al, 2020).
Additional Lemna and Wolffia genomes can also be found
at lemna.org and CoGe (https://genomevolution.org/coge/).
One of the first duckweed datasets at NCBI contains full-
length cDNA clones for Wo. arrhiza 8872a, Wo. australiana
7733, and La. punctata 9264 sequenced by the Waksman
Student Scholars Program at Rutgers University in New
Jersey since 2009 (https://wssp.rutgers.edu/research/previ
ous). In addition to genome sequencing data, multiple tran-
scriptome, proteome, and bacterial DNA amplicon datasets
from studies involving duckweeds have been deposited in
publicly accessible databases. These duckweed-related
resources are summarized in Table 2, along with their access
information and references.
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Outlook

There is a need for new models to tackle complex molecular
and ecological processes in plant biology using multidiscipli-
nary approaches. Duckweeds are well-suited to play an im-
portant role in these endeavors, as their clonal mode of
reproduction, transformation systems, minimal core gene
content, rapid growth, small size, easy uptake of labeled
compounds, fewer cell types, and unique lifestyle provide
new opportunities for the discovery of novel traits and path-
ways. Two advanced technologies that we believe will be es-
pecially exciting to apply to the duckweed model system are
single-cell genomics and X-ray computed microtomography
(microCT). Both of these methodologies have recently been
successfully applied to excised plant organs or tissues to
demonstrate their ability to reveal new information on root
cell biology in the case of single-cell transcriptomics (Rhee
et al, 2019) and leaf air-space quantification in intact leaf
samples by microCT (Mathers et al,, 2018). In fact, as this re-
view was being prepared, the first report describing the ap-
plication of microCT to duckweed was published (Jones et
al, 2021). Because of its diminutive size, the duckweed
model system should allow these approaches to be applied
at the whole plant level and provide quantitative informa-
tion on discrete lineages of cell populations or 3D parame-
ters for plant architecture as a function of growth and the
environment. These types of discoveries will be required for
a future in which improved crops will have to withstand
large temperature swings, droughts, and floods and there
will be an increasing need for higher yields and nutritional
qualities. As aquatic plants that have adapted to habitats
that are distinct from those of land plants, the Lemnaceae
appears to deploy different strategies for defense and growth
regulation. Elucidating these alternative pathways may pro-
vide insights on novel strategies for designing future crops
by the next generation of farmers, scientists, and climate
warriors.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Table S1. Examples of habitats and growth
habits of duckweeds.
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