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Abstract
Duckweeds (family Lemnaceae) comprise 37
angiosperm species, which are distributed
among five genera. Although these tiny spec-
imens represent the smallest flowering plants
on earth, the group is practically ubiquitous in
water bodies worldwide. The paucity of mor-
phological features in duckweeds has made it
difficult to elucidate their evolutionary history,
or to present a compelling classification of the
group, but more recent molecular evidence has
facilitated an improved systematic evaluation
of these unique plants. The duckweeds are
closely related to aroids (family Araceae), with
which they share several morphological fea-
tures. Within Lemnaceae, the two species of
Spirodela and the monotypic genus Landoltia
are more distantly related to other duckweeds
than are the larger genera Lemna, Wolffia, and
Wolffiella to one another. A substantial amount
of plastid DNA sequence data has upheld a
phylogeny for the family that is mostly
consistent, and many of those relationships
have been corroborated by the recent addition
of nuclear DNA data. Morphologically, the

genera lacking roots (Wolffia and Wolffiella)
comprise a single lineage, as do the three
largest genera (Lemna, Wolffia, and Wolffiella)
that are more reduced in comparison with
Landoltia and Spirodela. The biogeography of
Lemnaceae indicates that numerous dispersal
events have occurred in relatively recent
evolutionary time, and that several species
essentially are cosmopolitan. Although not
particularly speciose, duckweeds comprise a
surprisingly diverse group with much potential
for exploring various genetic, biochemical,
and metabolic phenomena.

2.1 Introduction

Duckweeds (family Lemnaceae) are a common
floristic element of freshwater aquatic habitats
worldwide, where they often cover large portions
of the water surface. Their growth form, in which
the entire plant body floats on or is suspended
beneath the water surface, is uncommon among
aquatic plants, and their extreme morphological
reduction makes them truly unique. Among the
reduced features are leaves and stems, which are
collectively subsumed into a simplified structure
known as a “frond,” and roots, which are entirely
lacking in two genera (Wolffia and Wolffiella).
Vegetative reproduction commonly occurs by the
budding of additional fronds that can separate
from the parent frond, as well as by producing
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smaller, specialized structures that are more tol-
erant of freezing and desiccation. Categorized
as turions (Landolt 1986), these unusual struc-
tures actually represent modified whole plants
(Sculthorpe 1967) and often are induced under
periods of nutrient deficiency or attenuating
daylight (Landolt and Kandeler 1987).

Duckweeds also are capable of sexual repro-
duction, which is accomplished via tiny flowers
that self-pollinate, or are pollinated above the
water surface by small arthropod vectors such as
aphids, flies, mites, and spiders; despite some
reports to the contrary, they are not
water-pollinated (Landolt 1986, 1992a, b). Most
species produce only one tiny seed per ovary
(Landolt 1986). Duckweed fronds range in size
from 0.5 to 15 mm in length, with the miniscule
members of the genus Wolffia representing the
smallest of all angiosperm species.

Duckweeds evolved from an ancestor that
likely resembled modern aroid plants (e.g.,
Arisaema, Calla, Orontium, Philodendron), and
they diversified into 37 currently recognized
species (Table 2.1; Cabrera et al. 2008;
Cusimano et al. 2011; Nauheimer et al. 2012;
Sree et al. 2016). The five genera are rather easily
distinguished using vegetative features: Lan-
doltia (dotted duckmeat) and Spirodela (duck-
meat) species have relatively large, floating
fronds each with multiple roots; Lemna (duck-
weed) fronds are mostly floating (except for the
suspended L. trisulca) with one root each;
Wolffia (watermeal) species have small and stout
fronds lacking roots; and Wolffiella (mudmidget)
plants also lack roots and have small, elongated
fronds. (In this chapter, we will use the term
“duckweed” to refer broadly to plants in the
family Lemnaceae, although this common name
sometimes is used more specifically to refer only
to members of the genus Lemna.) Ecologically,
duckweeds are an important component of
aquatic habitats: They grow densely and shade
out large portions of shallow, still water
(Sculthorpe 1967; Landolt 1986; Parr et al. 2002;
Roijackers et al. 2004; Driever et al. 2005), and
are an important food source for waterfowl, fish,
and other herbivores (Sculthorpe 1967; Rusoff
et al. 1980).

Duckweed plants are distributed in temperate
and tropical latitudes worldwide (Landolt 1986).
In temperate environments, they may produce
turions or rely more heavily upon seeds to sur-
vive colder winter temperatures (Crawford et al.
2006). They are able to disperse rather easily as
seeds or fronds, because their small size enables
them to adhere to the legs and feathers of
waterfowl (Jacobs 1947; Hillman 1961; Landolt
1986; Les et al. 2003; Coughlan et al. 2014,
2017; Green 2016). Duckweeds frequently
reproduce vegetatively, and flowering, when it
occurs, may be influenced by day length
(Hillman 1976).

Duckweeds have become recognized in recent
years for their potential applications in biofuels,
environmental remediation, carbon sequestration,
and biochemical production (Bonomo et al.
1997; Stomp 2005; Cheng and Stomp 2009; Ge
et al. 2012; Xu et al. 2012; Su et al. 2014; Cui
and Cheng 2015). They are capable of rather
rapid vegetative multiplication, require minimal
nutrients (Lasfar et al. 2007), are readily cultured
(e.g., Oron 1994), and are amenable to genetic
manipulation (Yamamoto et al. 2001; Cantó-
Pastor et al. 2015). Besides their potential
applications for human benefit, duckweeds also
offer a study system in which to investigate
ecological and evolutionary questions (Crawford
et al. 2006; Laird and Barks 2018). Although a
few species (e.g., Lemna gibba, Spirodela poly-
rhiza) have received the most study, the diversity
of Lemnaceae could enable more varied research
applications in the future.

2.2 Taxonomy

Currently, there are 13 accepted species of
Lemna, 11 species of Wolffia, ten of Wolffiella,
two species of Spirodela, and one of Landoltia,
for a total of 37 duckweed species worldwide
(Sree et al. 2016; Table 2.1). The first duckweed
species to be recognized by Linnaeus (1753) all
were classified within the single genus Lemna.
Authors subsequently segregated species among
Wolffia (named originally by Schreber in 1791,
but not validly published until Schleiden in
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Table 2.1 Currently accepted Lemnaceae species, following Sree et al. (2016)

Subfamily Genus Section Species

Lemnoideae
Engl.

Landoltia Les &
Crawford

L. punctata (G.Mey.) Les & D.J.
Crawford

Lemna L. Alatae Hegelm. L. aequinoctialis Welw.

L. perpusilla Torr.

Biformes Landolt L. tenera Kurz

Lemna L. disperma Hegelm.

L. gibba L.

L. japonica Landolt

L. minor L.

L. obscura (Austin) Daubs

L. trisulca L.

L. turionifera Landolt

Uninerves Hegelm. L. minuta Kunth

L. valdiviana Phil.

L. yungensis Landolt

Spirodela Schleid. S. intermedia W.Koch

S. polyrhiza (L.) Schleid.

Wolffioideae
Engl.

Wolffia Horkel ex
Schleid.

[unassigned] W. australiana (Benth.) Hartog & Plas

[unassigned] W. borealis (Engelm. ex Hegelm.)
Landolt

Pigmentatae Landolt W. brasiliensis Wedd.

Pseudorrhizae
Landolt

W. microscopica (Griff.) Kurz

Wolffia W. angusta Landolt

W. arrhiza (L.) Horkel ex Wimm.

W. columbiana H.Karst.

W. cylindracea Hegelm.

W. elongata Landolt

W. globosa (Roxb.) Hartog & Plas

W. neglecta Landolt

Wolffiella Hegelm. Rotundae Landolt W. rotunda Landolt

Stipitatae Hegelm. W. hyalina (Delile) Monod

W. repanda (Hegelm.) Monod

Wolffiella W. caudata Landolt

W. denticulata (Hegelm.) Hegelm.

W. gladiata (Hegelm.) Hegelm.

W. lingulata (Hegelm.) Hegelm.

W. neotropica Landolt

W. oblonga (Phil.) Hegelm.

W. welwitschii (Hegelm.) Monod
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1844), Spirodela (Schleiden 1839), Wolffiella
(Hegelmaier 1895), and finally Landoltia (Les
and Crawford 1999). Landolt (1986) contributed
the most comprehensive modern treatment of the
genus, recognizing 34 species in four genera (i.e.,
prior to the establishment of Landoltia). Subse-
quent to his monograph, Landolt named four
additional species (Lemna yungensis, Wolffia
cylindracea, Wolffia neglecta, Wolffiella caudata;
Landolt 1992a, b, 1994, 1998). Additionally, he
merged Lemna ecuadoriensis with L. obscura
(Landolt 2000), bringing the most recently
accepted number of species to 37 (Sree et al.
2016). Numerous synonyms exist for genera and
species of Lemnaceae, and these were outlined
clearly by Landolt (1986) and then later by Sree
et al. (2016). In this treatment, we provisionally
exclude Lemna landoltii Halder & Venu, a
recently described taxon with affinity to L. per-
pusilla but known to grow in only one pond in
India (Halder and Venu 2012) and currently
uncorroborated by molecular sequence data.

The majority of duckweed species are clearly
differentiated morphologically and resolve as
monophyletic. However, a series of investiga-
tions have used broader taxon sampling, along
with plastid gene sequences and amplified frag-
ment length polymorphism (AFLP) data, to show
that a small number of species are incompletely
differentiated. These methods support the inde-
pendence of Landoltia punctata, Spirodela
intermedia, and S. polyrhiza (Bog et al. 2015).
However, in the genus Lemna, L. valdiviana and
L. yungensis are intertwined, and L. gibba asso-
ciates variously with L. japonica and L. turion-
ifera, potentially as a result of interspecific
hybridization (Bog et al. 2010). Wolffia globosa
clusters with W. neglecta and W. borealis,
whereas plastid data place some W. elongata
accessions withW. columbiana (Bog et al. 2013).
Study of the genus Wolffiella has revealed
extensive genetic overlap among two species
groups, W. gladiata + W. lingulata + W.
oblonga and W. hyalina + W. repanda + W.
rotunda (Bog et al. 2018). Tippery et al. (2015)
also sampled multiple accessions for some of
these species and recovered consistent plastid
and nuclear-based topologies, but with varied

levels of internal support for specific
associations.

With the exception of Wolffia, all other
duckweed genera are clearly monophyletic and
well differentiated using molecular data (Les
et al. 2002; Borisjuk et al. 2015; Tippery et al.
2015). In Wolffia, the species W. australiana, W.
borealis, W. brasiliensis, and W. microscopica
resolve within a modestly supported Wolffia
clade on the plastid phylogeny (Les et al. 2002);
however, the nuclear ribosomal phylogeny ren-
ders these taxa as unresolved, showing uncertain
affinity for either Wolffia or Wolffiella (Tippery
et al. 2015). Although molecular data have raised
some concerns regarding the monophyly of
Wolffia, in light of the morphological distinctness
of this genus and the lack of a strongly supported
phylogenetic alternative, we continue to recom-
mend the generic recognition of Wolffia without
taxonomic alteration from its current status.

Several taxonomic sections have been estab-
lished within Lemnaceae genera. Some of these
are congruent with phylogenetic relationships,
whereas others have been reevaluated or dis-
carded because of more recent evidence. For
maximum clarity, we will highlight only those
sections that are reasonably well supported by
phylogenetic evidence (Table 2.1). Within
Wolffiella, Hegelmaier (1868) segregated W.
hyalina and W. repanda into section Stipitatae,
and Landolt (1986) placed W. rotunda into sec-
tion Rotundae, with the remaining species com-
prising section Wolffiella. Lemna section
Uninerves (Hegelmaier 1895) contains L. min-
uta, L. valdiviana, and L. yungensis, while L.
aequinoctialis and L. perpusilla belong to section
Alatae (Hegelmaier 1895). Lemna tenera is the
sole species in section Biformes (Landolt 1986),
and the remaining species occupy section Lemna.
In genus Wolffia, section Wolffia contains seven
species that are consistently monophyletic in
molecular data analyses, whereas the four poorly
resolved species have been assigned variously to
section Pseudorrhizae (W. microscopica; Lan-
dolt 1986), the paraphyletic section Pigmentatae
(W. borealis and W. brasiliensis; Landolt 1986),
or are unassigned (W. australiana; Les et al.
2002).
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The taxonomic disposition of family Lem-
naceae has become controversial in recent years,
following phylogenetic studies that merged
Lemnaceae within a more broadly inclusive
Araceae (Cabrera et al. 2008; Cusimano et al.
2011; Nauheimer et al. 2012; Henriquez et al.
2014). Analyses using extensive plastid DNA
data indicate that the most recent common
ancestor of the core Araceae and the morpho-
logically divergent genera Gymnostachys, Lysi-
chiton, Orontium, and Symplocarpus also gave
rise to duckweeds. Thus, to preserve Araceae as a
monophyletic family, the broader community
(including the influential Angiosperm Phylogeny
Group; APG IV 2016) has opted to sink duck-
weeds within Araceae. However, we continue to
advocate the continued recognition of Lem-
naceae as a distinct family for several reasons.

First, the available phylogenetic evidence
supporting the descent of Lemnaceae from
within Araceae cannot be considered compre-
hensive. Previous phylogenetic analyses of Ara-
ceae used only plastid sequence data (Cusimano
et al. 2011; Nauheimer et al. 2012), without
sampling any nuclear loci. Plastid phylogenies
for Araceae sensu lato consistently show an
alternative topology for duckweeds that places
Lemna as sibling to Landoltia + Wolf-
fia + Wolffiella, rather than showing the topology
obtained in duckweed-specific studies, i.e., Lan-
doltia sibling to Lemna + Wolffia + Wolffiella
(Les et al. 2002; Tippery et al. 2015). Numerous
examples exist of nuclear and plastid phyloge-
netic discordance across land plants (e.g., Tip-
pery and Les 2011; Bruun-Lund et al. 2017), as
well as persistent taxonomic issues that have not
been resolved unambiguously using molecular
data (e.g., Mathews 2009; Wickett et al. 2014).
Moreover, the Araceae s.l. studies recovered
exceptionally long-branch lengths for all Lem-
naceae genera and highlighted their morpholog-
ical distinctness in fundamental traits such as
pollen structure and chromosome number
(Cusimano et al. 2011). Although maximum
likelihood and Bayesian phylogenetic methods
are less sensitive to long-branch artifacts (Gaut
and Lewis 1995; Philippe et al. 2005), there
remains evidence that long-branch lineages

should be evaluated with caution (Kück et al.
2012).

Secondly, even if the phylogeny depicted by
some authors (e.g., Cabrera et al. 2008; Cusi-
mano et al. 2011) correctly depicts evolutionary
relationships, a morphologically more satisfying
taxonomy could be achieved by recognizing
family Orontiaceae R.Br. ex Lindl. (i.e., Gym-
nostachydoideae Bogner & Nicolson and Oron-
tioideae Mayo, Bogner & P.C.Boyce) as sibling
to Lemnaceae + Araceae. Orontiaceae long have
been considered distinct from “true” Araceae
(sensu Mayo et al. 1997; Cusimano et al. 2011),
and they differ in some noteworthy features, such
as largely dimerous flowers, unidirectional tepal
and stamen development, and orthotropous ovule
orientation, although these features also are
homoplasic among Araceae s.l. genera (Grayum
1991; Buzgo 2001). The circumscription of
family Orontiaceae is not without precedent.
Brown (1810) initially published “Orontiaceae”
as a section of family “Aroideae” (i.e., Araceae),
and later, Lindley (1846) elevated Orontiaceae to
the level of “order,” at a level equivalent to
“order” Araceae. The International Code of
Nomenclature (ICN; Turland et al. 2018) Art.
18.2 allows such “orders” to be treated as validly
published families, if that was the intent of the
author. Given the equivalent presentation of
Araceae by Lindley, it appears quite clear that he
intended for Orontiaceae to be considered at the
rank of family also. Segregating Orontiaceae
from Araceae s.l. would allow a distinct lineage
to be understood more clearly in terms of its
morphological evolution and biogeography. In
contrast, sinking the undeniably distinct Lem-
naceae within a broader Araceae stands to upset
the morphological uniformity of Araceae.

Finally, the amount of nomenclatural confu-
sion would be reduced if the taxa of Orontiaceae
were removed from Araceae. The family Oron-
tiaceae contains only nine species in four genera
(Gymnostachys: 1, Lysichiton: 2, Orontium: 1,
Symplocarpus: 5), whereas Lemnaceae comprise
37 species in five genera. The concept of family
Lemnaceae extends back nearly two centuries
(Gray 1821; IPNI 2018), and over that time, there
has been little confusion about what species
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belong to the family. We argue that family
Lemnaceae deserves to continue as a unique
angiosperm family, for the sake of nomenclatural
stability and morphological clarity.

2.3 Phylogenetic Relationships

Because of their extreme morphological reduc-
tion, duckweeds traditionally were difficult to
place among other angiosperms. Fossils of
apparent duckweed relatives have supported a
link with the large family Araceae (Kvaček 1995;
Stockey et al. 1997, 2007, 2016; Coiffard and
Mohr 2018), and various morphological data also
support the current understanding of Lemnaceae
as closely related to Araceae (summarized by Les
et al. 2002). Ongoing molecular phylogenetic
studies (Cabrera et al. 2008; Cusimano et al.
2011; Henriquez et al. 2014) have begun to
portray a consistent phylogenetic position for
Lemnaceae, albeit based solely on plastid DNA
data.

Duckweeds and other Araceae belong to the
monocot order Arales Dumort., containing Ara-
ceae, Lemnaceae, and Orontiaceae (Les and
Tippery 2013). Arales are closely related to the
diverse order Alismatales Dumort., which com-
prises predominantly aquatic plants (e.g.,
Aponogetonaceae, Hydrocharitaceae, Pota-
mogetonaceae), as well as family Tofieldiaceae,
a family of uncertain phylogenetic position (Les
and Tippery 2013). In an analysis that combined
extensive molecular data with numerous fossil
calibration points, Magallón et al. (2015) noted
that Arales diverged from alismatid families
approximately 128.9 Ma (i.e., Arales stem node).
In a prior study, Nauheimer et al. (2012) obtained
a similar stem node estimate (135 Ma), and also
provided a crown node estimate for the diversi-
fication of Arales at 121.7 Ma, as well as esti-
mates for the stem (103.6 Ma) and crown
(73.4 Ma) ages of Lemnaceae.

We extended the divergence time estimates
from the study by Nauheimer et al. (2012) by
applying their crown age estimate to a duckweed
tree that was generated using plastid and nuclear
data (Tippery et al. 2015). We converted the tree

to be ultrametric using the chronos function of
the ape package in R, which employs the
penalized likelihood method of tree calibration
(Sanderson 2002; Kim and Sanderson 2008;
Paradis 2013; R Core Group 2018). Using this
strategy, we dated the crown node diversification
of Spirodela to 35.5 Ma, the stem node diver-
gence of Landoltia to 56.8 Ma, as well as nodes
involving the more species-rich genus Lemna
(stem 54.4 Ma, crown 41.7). Because the phy-
logeny does not clearly differentiate the genera
Wolffia and Wolffiella, we only could date the
crown diversification ages of Wolffia sect. Wolffia
(8.0 Ma) and genus Wolffiella (15.6 Ma)
(Fig. 2.1).

Extensive molecular data have been obtained
for all duckweed species, and they largely sup-
port a single phylogenetic hypothesis. Early
studies (Crawford and Landolt 1995; Crawford
et al. 1996, 1997, 2005) used allozyme data to
evaluate interspecific boundaries, and these
upheld the taxonomy used by Landolt (1986).
More recently, Bog et al. (2010, 2013, 2015,
2018) also studied multiple individuals of closely
related species, using AFLP and plastid data, and
identified a number of species groups with
potential interbreeding or incomplete divergence
(see Taxonomy section above). Comprehensive
phylogenetic studies of Lemnaceae have
employed flavonoid biochemical data (Les et al.
1997), as well as DNA sequence data from
plastid (rbcL, matK/trnK, rpl16, rps16; Jordan
et al. 1996; Les et al. 2002; Martirosyan et al.
2009) and nuclear (internal transcribed spacer
(ITS); Tippery et al. 2015) gene regions.
Molecular data helped to justify establishing
Landoltia as a separate genus (Les and Crawford
1999), and they have provided important support
for modern sectional classifications of the larger
genera.

The genera Spirodela and Landoltia are easily
differentiated from each other and from other
duckweeds using morphological or molecular
data (Les et al. 1997, 2002; Les and Crawford
1999; Tippery et al. 2015). Among the larger
genera, Wolffiella consistently has received
strong support in phylogenetic analyses for being
monophyletic, and also for the monophyly and

24 N. P. Tippery and D. H. Les



distinctness of sections Rotundae, Stipitatae, and
Wolffiella (Les et al. 1997, 2002; Tippery et al.
2015). The monophyly of Lemna also has been
confirmed by molecular data, and sections
Alatae, Biformes, Lemna, and Uninerves are
phylogenetically distinct. Section Hydrophylla

Dumort., containing only the submersed species
L. trisulca (Landolt 1986), is nested within sec-
tion Lemna and thus cannot be considered taxo-
nomically acceptable. Whereas the other genera
are rather cleanly differentiated in phylogenetic
analyses, the monophyly of genus Wolffia is less

Fig. 2.1 Phylogeny of Lemnaceae, constructed using
molecular sequence data from plastid and nuclear gene
regions. The tree reflects relationships that were deter-
mined previously (Tippery et al. 2015), with branches
made ultrametric to enable estimation of past divergence
times. Asterisks indicate nodes that received <0.95
Bayesian posterior probability support; all other nodes
depicted received Bayesian posterior probability � 0.99
(and typically also maximum likelihood bootstrap sup-
port � 95%). Note that the resolution of Wolffia

brasiliensis with Wolffiella is likely an analytical artifact
rather than an indication of its actual phylogenetic
association (see text for details). Ancestral area biogeo-
graphic reconstructions are shown at taxonomically
significant nodes, color-coded according to the areas
shown on the inset map. Pie charts show the relative
proportion of reconstructions that include a particular
geographic area; reconstructions that include two areas are
colored with diagonal stripes
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certain. Analysis of plastid data gave modest
support to a monophyletic Wolffia (Les et al.
2002), but the addition of nuclear data caused
W. brasiliensis to associate more strongly with
Wolffiella than with other Wolffia species (Tip-
pery et al. 2015). Landolt (1986) included
W. brasiliensis in section Pigmentatae along with
W. borealis, but these two species do not asso-
ciate strongly in phylogenetic analyses. Wolffia
australiana and W. microscopica, the latter
belonging to section Pseudorrhizae (Landolt
1986), likewise have uncertain relationships with
other Wolffia species (Les et al. 2002; Tippery
et al. 2015). The phylogenetic distinctness of
these four species is such that each might merit
its own monotypic section; however, we do not
advocate for any taxonomic revisions at this
time. We do retain the sectional classification
according to ICN guidelines, whereby named
sections must contain their respective type spe-
cies. Thus, W. microscopica belongs to section
Pseudorrhizae. We here designate W. brasilien-
sis to be the type species of section Pigmentatae,
because Landolt (1986), when establishing the
section, mentioned that Hegelmaier (1868, 1895)
originally considered W. brasiliensis to be the
sole representative of this group. The remaining
Wolffia species, which belong to section Wolffia,
are comfortably monophyletic and distinct from
other lineages.

Some phylogenetic uncertainty inevitably
persists, even after analyzing over 5000 nucleo-
tides of DNA sequence data (Tippery et al.
2015). Next-generation sequencing methods are
poised to drastically amplify the amount of
phylogenetically informative sequence data in
duckweeds (Appenroth et al. 2015). Researchers
have obtained whole-genome nucleotide
sequence data for Spirodela polyrhiza (Wang
et al. 2012, 2014) and two species of Lemna
(L. gibba and L. minor; lemna.org), as well as
plastid genome sequences for Wolffia australiana
and Wolffiella lingulata (Wang and Messing
2011). Such large-scale data may be able to
resolve persistent phylogenetic uncertainty
among duckweed lineages.

2.4 Morphological Evolution

The 37 duckweed species share a large number
of distinctive morphological characters, and they
clearly evolved from a single common ancestor.
Duckweeds are exceptional among flowering
plants for having their vegetative and reproduc-
tive organs severely reduced in size, and in some
cases lost entirely (e.g., the roots of Wolffia and
Wolffiella). A unique anatomical synapomorphy
for Lemnaceae among other Arales is the exis-
tence of pollen with an ulcerate aperture (Keating
2002; Cusimano et al. 2011). Prior to the advent
of molecular data, many authors considered
water lettuce (Pistia, Araceae) to be the closest
relative of duckweeds, because it shares a
pleustonic habit (i.e., with the entire plant float-
ing on the water surface), reduced flower num-
ber, and similar leaf morphology. Pistia indeed is
a close relative of duckweeds, but no closer than
any other “true” Araceae (sensu Mayo et al.
1997; Cusimano et al. 2011), and the morpho-
logical similarity between the two kinds of plants
resulted from convergent evolution rather than
descent from a morphologically similar ancestor.
Instead of having a pleustonic growth form, the
ancestor that gave rise to duckweeds would have
looked more like a modern aroid, with an erect
habit supported by terrestrial roots, basal leaves,
and a multi-flowered inflorescence (i.e., features
that are widespread in Araceae, Orontiaceae, and
Tofieldiaceae).

On morphological grounds, duckweed genera
are split broadly between two groups: plants that
produce roots (Landoltia, Lemna, and Spirodela)
belong to subfamily Lemnoideae, and those
lacking roots (Wolffia and Wolffiella) belong to
subfamily Wolffioideae (Landolt 1986). Phylo-
genetic data support Landolt’s (1986) assertion
that rooted plants represent the ancestral condi-
tion, with rootless plants being more derived.
Moreover, the number of roots per frond follows
a reduction series as lineages branch off: Spir-
odela (8–21 roots) branches first, followed by
Landoltia (2–7 roots), then Lemna (one root),
then the two rootless genera. Wolffia species
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differ from Wolffiella by having thick, nearly
globose fronds and flowers that are located
medially (as opposed to off-center) on the upper
frond surface (Landolt 1986).

As the lineage most distantly related to the
other Lemnaceae, it is tempting to interpret
Spirodela as having morphological features that
are ancestral for the family, yet it is important to
bear in mind that the genus also acquired
synapomorphic traits during its evolution. Spir-
odela species have fronds with the largest num-
ber of veins and roots, and at least some of their
roots do not perforate the associated scale-like
leaf. Landoltia punctata is a distinct duckweed
lineage, with fewer leaves per frond than Spir-
odela species, and roots that all perforate the
associated leaf (Landolt 1986).

There are several synapomorphies that help
define the clade of Lemna + Wolffia + Wolffiella.
Species belonging to these genera have a disporic
embryo sac (versus monosporic in Landoltia and
Spirodela), and they also differ from other
Lemnaceae by lacking dorsal/ventral scales.

Lemna species, in addition to their reduced
vein number and root number, differ from other
Lemnaceae by lacking root tracheids, guard cell
plastids, and anther pigment cells. Their crystal
cells consist only of raphides, without the addi-
tional druses that are produced by Landoltia and
Spirodela (Landolt 1986). Phylogenetic data
support the monophyly of section Alatae (L.
aequinoctialis and L. perpusilla), containing two
species with short, sharply pointed roots with
sheaths that are winged at the base. Lemna tenera
constitutes the sole species in section Biformes,
and it differs from most other Lemna species in
having elongate fronds that commonly grow
submersed. Obvious synapomorphies are lacking
for the sibling sections Alatae and Biformes.
Species in the monophyletic section Uninerves
(L. minuta, L. valdiviana, L. yungensis) share the
trait of having fronds with only one nerve each
(Landolt 1986, 1998). Sections Alatae, Biformes,
and Uninerves together are monophyletic. The
remaining Lemna species belong to section
Lemna, including the morphologically distinct L.
trisulca, which molecular data cannot sufficiently
distinguish from the rest of the section. A number

of morphological characters do distinguish sec-
tion Lemna, however, including relatively long
(>3 cm) roots with sheaths that are not winged
and tips that are mostly rounded; fronds often are
dotted or completely red beneath, and ovules are
orthotropous.

Wolffia and Wolffiella are sibling lineages
assigned to subfamily Wolffioideae (Landolt
1986). Besides lacking roots and frond veins,
Wolffioideae have a great deal of morphological
features in common that distinguish them from
the rest of Lemnaceae, including the lack of a
floral organ prophyllum and crystal cells, and
having a single reproductive pouch (versus two
in the rest of the family), unilocular anthers
(versus bilocular), ribbed seeds (versus smooth),
a single stamen per flower (versus two), apical
anther dehiscence (versus transverse), and an
ovary inserted at the base of the stamen (versus
above the stamens).

Molecular data suggest that species of Wolffia
do not all comprise a clade, but they share quite a
few features, including thick fronds and flowers
that emerge from the middle of the frond. Turi-
ons are widely present in genus Wolffia, with the
exception of W. microscopica, whereas turions
otherwise are found in only a few Lemnaceae
species (S. polyrhiza, Lemna aequinoctialis, and
L. turionifera). The Wolffia species that are most
difficult to place phylogenetically also are dis-
tinct morphologically. In addition to being the
only Wolffia species without turions, W. micro-
scopica (the sole species in section Pseudor-
rhizae) also features a conical appendage on the
lower frond surface. The two species belonging
to section Pigmentatae, W. borealis and W.
brasiliensis, have pigment cells in their vegeta-
tive tissue (visible on dead fronds). Wolffia aus-
traliana, which Landolt (1986) placed in section
Wolffia on morphological grounds, clearly is
separate from that group phylogenetically (Les
et al. 1997; Tippery et al. 2015) and remains
unassigned to a section. Section Wolffia, con-
taining the largest number of species, resolves
consistently as monophyletic with strong sup-
port; species in this section uniformly have
globular to ovoid fronds lacking pigment cells
and conical appendages.
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The genusWolffiella also resolves consistently
as monophyletic. Plants in the genus have flat-
tened fronds and flowers that are located laterally
on the upper frond surface. Sections of Wolffiella
largely have been upheld by molecular data and
are morphologically distinct. Section Stipitatae
(W. hyalina and W. repanda) includes species
having an elongated appendage that originates
from the vegetative budding pouch. Sections
Stipitatae and Rotundae, the latter comprising
only W. rotunda, together are monophyletic and
contain the only Wolffiella species that have
smaller (<3 mm), orbicular to ovate fronds that
float on the water surface. Section Wolffiella also
is monophyletic and contains all other species in
the genus, in contrast to sections Rotundae and
Stipitatae; species in section Wolffiella have
slender, elongated fronds (>3 mm) that grow at
least partially submersed.

2.5 Biogeography

Several duckweed species have broad distribu-
tions that extend over multiple continents (e.g., S.
polyrhiza, Landoltia punctata, Lemna
aequinoctialis, L. minor, L. trisulca), whereas
others have narrower ranges (e.g., Lemna tenera,
Wolffia elongata, Wolffiella denticulata; Fig. 2.2
a–e). Les et al. (2003) evaluated pairs of closely
related species and concluded that duckweeds, as
well as numerous other aquatic plant groups,
effected transoceanic dispersal in the relatively
recent past. Duckweeds are capable of external
biotic dispersal (i.e., exozoochory), which they
accomplish by adhering to the surfaces of ducks
and other waterfowl that are known to travel
large distances (Jacobs 1947; Hillman 1961;
Kimball et al. 2003; Coughlan et al. 2014).
Moreover, their habit of growing over large areas
of water surface makes it relatively easier for
them to attach to a biotic vector, and their
extremely small size and propensity for vegeta-
tive reproduction increase the likelihood that
populations will establish in new territory
(Coughlan et al. 2017; Green 2016).

In a phylogenetic context, it becomes apparent
just how many times duckweeds have established

in novel locations relative to their immediate
ancestors. We conducted a biogeographic anal-
ysis in RASP (reconstruct ancestral state in
phylogenies) ver. 3.2 (Yu et al. 2015), with the
S-DIVA reconstruction (Yu et al. 2010), using
geographic regions that commonly are not
occupied by the same duckweed species (i.e.,
Americas north of Yucatán; Americas south of
Yucatán; Africa; Eurasia west of India and north
of Japan/Korea; eastern Eurasia including India,
Japan, Korea, and Malaysia; and Australia and
New Zealand; Fig. 2.1), to reconstruct the colo-
nization history of duckweed species. The
reconstruction was constrained to allow a maxi-
mum of two areas to be occupied simultaneously.
Dispersal events were plotted onto an ultrametric
tree that was calibrated using the duckweed
crown age of 73.4 Ma. In their biogeographic
analysis of Araceae, Nauheimer et al. (2012)
recognized the dispersal ability of aquatic taxa
and analyzed duckweeds as having a “water
associated” range with high dispersal ability.
They reconstructed the common ancestor of all
Araceae to be North American, whereas the
sibling lineage of duckweeds was reconstructed
to have a Eurasian ancestor. Fossil duckweed
relatives recovered from late Cretaceous forma-
tions in North America (Kvaček 1995; Stockey
et al. 1997, 2007, 2016) may represent extinct
lineages that predated the clade of extant duck-
weeds, and it is noteworthy that contemporary
fossils putatively related to duckweeds also have
been recovered from Africa (Coiffard and Mohr
2018).

In our analysis, the phylogenetic positions of
S. polyrhiza and Landoltia punctata, two species
with worldwide distributions (Fig. 2.2a), along
with the disparate distribution ranges of related
Araceae lineages, resulted in broad uncertainty
about the geographic range of the duckweed
ancestor (Fig. 2.1). The common ancestor of
Lemna species (41.7 Ma [crown age]—54.4 Ma
[stem age]) was reconstructed with highest
probability to be in North America. Within genus
Lemna, section Uninerves was reconstructed to
have an ancestor in the Americas (2.7–34.8 Ma),
where all three species are native (Fig. 2.2b). The
ancestor of sections Alatae and Biformes likely
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Fig. 2.2 Global distributions of duckweed species,
redrawn from Landolt (1986). Maps show groups of
closely related species: a Landoltia and Spirodela,

b Lemna sects. Alatae, Biformes, and Uninerves,
c Lemna sect. Lemna, d Wolffia, and e Wolffiella
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Fig. 2.2 (continued)
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Fig. 2.2 (continued)
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Fig. 2.2 (continued)

32 N. P. Tippery and D. H. Les



Fig. 2.2 (continued)
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grew in North America (14.3–34.8 Ma), from
which L. aequinoctialis expanded its range to
become cosmopolitan (c. 4.4 Ma) and L. tenera
dispersed to Southeast Asia (c. 14.3 Ma;
Fig. 2.2b). Section Lemna includes several spe-
cies with broad geographic ranges (Fig. 2.2c),
and the common ancestor of the section was
reconstructed to inhabit North America (16.4–
41.7 Ma). The ancestor of Wolffioideae likely
grew in the Americas also (24.4–54.4 Ma). The
phylogenetically ambiguous Wolffia species
either remained in the Americas (W. borealis, W.
brasiliensis) or dispersed independently to Aus-
tralia (W. australiana) or eastern Asia (W.
microscopica) (all dispersals of these species
were reconstructed to have occurred roughly
19.2–22.5 Ma). The geographic range for the
common ancestor of section Wolffia was uncer-
tain, with the reconstruction more strongly sup-
porting ancestral areas that included Africa or
eastern Asia (8.0–19.8 Ma). The common
ancestor of W. angusta, W. globosa, and
W. neglecta, however, resolved rather clearly as
east Asian or Australian (4.6–8.0 Ma), regions
where these species grow today. Likewise, the
sibling species W. arrhiza and W. cylindracea
had an ancestor in Africa (4.5–6.9 Ma) where
both species are found today, and the ancestor of
the sibling species W. columbiana and W. elon-
gata likely dispersed to South America
(3.7–6.9 Ma) where these species grow today.
Our biogeographic reconstruction for Wolffiella
supported the analyses done by Kimball et al.
(2003) and placed the common ancestor of the
genus in Africa (15.6–22.5 Ma), where W. den-
ticulata, some populations of W. welwitschii, and
species in sections Rotundae and Stipitatae grow
today. Starting about 3.9–9.7 Ma and possibly
coincident with the range expansion of W. wel-
witschii, the ancestor of W. caudata, W. gladiata,
W. lingulata, W. neotropica, and W. oblonga
dispersed into the Americas.

Anthropogenic dispersal events have been
responsible for the recent introductions of some
species. Lemna minuta, native to the Americas, is
invasive in Europe and Japan (Landolt 2000;

Ceschin et al. 2017). Landoltia punctata has a
rather large native range, including Africa,
Southeast Asia, Australia, and South America,
and in the modern era, it has expanded into
Europe and North America (Landolt 1986; Les
et al. 1997; Jacono 2018). Other anthropogenic
duckweed dispersal events include L. gibba to
Japan and L. minor to Australasia (Landolt
1986). Given their abundance and capacity for
dispersal, duckweeds represent a likely group of
plants for colonizing new territory, potentially
aided by humans.

2.6 Conclusions

Many aspects that make Lemnaceae distinct,
from their profound morphological evolution to
their extensive geographical dispersal capacity,
are enlightened by having a phylogenetic per-
spective. Duckweeds for the most part have a
stable and well-resolved phylogeny that allows
for meticulous reconstruction of ancestral mor-
phological states and biogeography. Only a
handful of Wolffia species remain ambiguously
resolved on the molecular phylogeny, and future
genomic-level phylogenetic studies may soon
resolve these species satisfactorily. Genomic
sequence data also stand to offer new perspec-
tives into the unique physiology of duckweeds,
and molecular biotechnology may be able to
deliver duckweed strains that are maximally
productive for biofuel production, wastewater
remediation, or other applications. Amid all of
the potential new benefits from studying duck-
weeds, it will be important to retain a phyloge-
netic perspective, for example, to explore
enzyme variants or similar physiological path-
ways in related species. Individual duckweed
species each contain a wealth of biological
potential, and taken together, the Lemnaceae are
an extensive resource for biotechnology.
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