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July 30", 2025

Dear Duckweed Community,

We have good news!!!

It is our pleasure to present this 50th issue of our community newsletter, DUCKWEED FORUM. |, on behalf of
the ISCDRA, congratulate each one of us on this golden milestone. | also take this opportunity to thank each
and everyone who actively participated in building and shaping the Duckweed Forum. In this issue, you will find
an interesting note on the journey of our newsletter presented by one of the members, Klaus Appenroth. We
look forward to your active involvement also in the future.

In this issue, the commentary article by Evan Ernst and Robert Martienssen, based on the highlight from the
previous issue, depicts the genomic basis for some of the duckweed characters like clonal propagation and
triploid hybridization. This article is accompanied by the cover photo. An opinion piece by Shunong Bai and Eric
Lam puts forward changes in the notation of the duckweed individuals produced clonally, for the community to
present their views on these proposed ideas. It is recommended to write your views to the author, Eric Lam, so
as to steer a discussion on this proposal for nomenclature modification.

Cultivation of duckweeds is key to research and applications, whether it is in the laboratory or in large scale. In
this issue, a compilation of the cultivation conditions in several duckweed stock collections across the globe is
presented for exchange of ideas for both starter and established stock collections. Another article focuses on
the cultivation of duckweeds for nutritional purposes. And, one of the members, Tsipi Shoham introduces a
sustainable food system for cultivation of duckweeds. The workshop report detailed by Marcel Jansen, also a
member of the ISCDRA, focuses on duckweeds for remediation and their role in circular economy.
Interestingly, the workshop was organized at a place in Ireland where large scale cultivation of duckweed was
started in the country. This shows a growing interest in optimizing and standardizing duckweed growth for
survival as well as for biomass production, translating towards its applications for circular economy.

This issue’s student spotlight is not just focused on one individual but a group of young enthusiastic students
named 'iGEM Brno’ from Faculty of Science, Masaryk University, Czech Republic, wanting to work on duckweed
genetic engineering. The team interviewed by Tsipi Shoham is presented here. Also, an interview with John
Cross and history of his webpage The Charms of Duckweed' is presented by Klaus Appenroth in this 50th
issue. If someone could carry forward this educational effort with all due permissions, it will be a great service
to the scientific community. And, finally | would like to draw your attention to our visit to the venue of the next
duckweed meeting, the 8th ICDRA in Naples, Italy which will take place from 28 September to 2 October, 2026.
All those intending to attend this conference are requested to go through the details provided in this issue and
register their interest in order to get notified of the conference updates on a timely basis.

The increasing number and quality of publications in the diverse fields of duckweeds as compiled in the
database section by Klaus Appenroth provide the key metrics to gauge the growth and development of our
duckweed community. Looking forward to your active participation in the DUCKWEED FORUM as we go ahead
towards the diamond milestone.

Best regards,
Sincerely,

K. Sowjanya Sree
Chair, ISCDRA

vol 13 (3), page 88 of 142



FORUM

Evan Ernst’, Robert A. Martienssen’

'Howard Hughes Medical Institute, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, USA

(Email: eernst@cshl.edu; martiens@cshl.edu)

An organism's genome composition, at the fine scale of gene content and at the broad scale of karyotype
(chromosome number and structure), accounts for much of its anatomical, physiological, and evolutionary
differentiation. At the gene level, mutations and copy number variations, including absence, can have vast
functional consequences coinciding with the divergence of species and larger evolutionary groupings. For
example, the ancestor of all monocots in contrast to eudicots, lost the genetic pathway necessary for
xylogenesis, and consequently wood formation (Roodt et a/, 2019). Sometimes the effects of these variations
can be pronounced even when they involve a single gene, such as a transcription factor (TF) that can turn on,
off, or modulate the activity of entire pathways. For instance, the loss of the homolog of a GRAS-domain TF
known as LATERAL SUPPRESSOR (AtLAS) in legumes may have enabled the emergence of nodulation and
root nodule symbiosis (Liu et al, 2024). Detection of these events relies on complete and accurate genome
assembly, which the maturity of long-read sequencing technologies and orthogonal optical and chromatin
approaches has nearly solved, and high-quality protein coding gene annotation, which remains challenging in
the absence of manual curation.

In our recently published study with our collaborators in the Michael, Lam, and Schubert labs (Ernst et al,
2025), we combined diverse sequencing datasets with flow cytometry and genome in-situ hybridization (GISH)
to get a more comprehensive view of the types of genomic and epigenomic variations described above that
characterize the Lemnaceae. We generated chromosome-resolved de novo genome assemblies and
annotations for W australiana (8370), L. gibba (7742a), L. minor (7210, 9252), L. turionifera (9434), and L.
Jjaponica (7182, 8627, 9421). Our study also integrated high quality chromosome-resolved assemblies and
analyses of S. polyrhiza (7498, 9509) (Wang et al, 2014; Hoang et al, 2018) and S. intermedia (8410) (Hoang
et al, 2020). In total, we analyzed 11 clones of 7 species in the Spirodela, Wolffia, and Lemna genera.

Our study was not designed at the outset to obtain a full account of variation among all Lemnaceae genomes,
but to add data points from the Lemna genus to incrementally expand our knowledge of the family. Notably,
Landoltia and Wolffiella species are not represented. Nonetheless, the inclusion of early-diverging Spirodela
species allowed us to identify genes missing in all three genera that were likely absent from the common
ancestor of all duckweeds before they diverged 56 million years ago. Our phylogenomic approach began with
the popular OrthoFinder2 pipeline to estimate evolutionary relationships between the complete proteomes of
the included Lemnaceae and a diverse collection of monocot, dicot, and basal angiosperm species. We
included Ceratophyllum demersum and Zostera marina, two very distantly related plants that share a
submerged aquatic lifestyle, facultative sexual reproduction, and dormant bud formation. By considering gene
family copy number differences (especially gene losses) among different groupings of species, and
incorporating functional annotations of orthogroups drawn from Arabidopsis and rice gene membership as
well as projections from the eggNOG database, we were able to pinpoint specific genes that are likely
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responsible for physiological traits such as reduced stature and root anatomy, simplified vasculature,
suppression of stomatal closure and stomatal adaxialization, and calcium oxalate metabolism. In some cases,
we observed identical losses in Lemnaceae species and C. demersum, indicating convergent gene loss
between freshwater aquatic species that diverged over 150 mya, which provided higher confidence for the
significance of those losses. While there were too many detected gene losses and copy number increases to
analyze and discuss in a single publication, we encourage the community to explore the grouped comparison
tables, and the complete, functionally annotated orthology assignment tables available at lemna.org.
Researchers interested in mutant studies or trait engineering can use these tables along with the relevant
genome and proteome sequences as a starting point to assist in identifying and targeting genes and pathways
of interest.

Lemna japonica became a focal point of our study after a draft assembly of the readily transformable clone
8627, originally labeled L. minor, produced two distinct, complete sets of chromosomes (subgenomes)
indicating a potential hybrid. The identities of the parent species were independently confirmed to be L. minor
and L. turionifera by tubulin polymorphism fingerprinting (Braglia, Lauria, et al,, 2021), comparison with de novo
assemblies of L. turionifera and L. minor diploids, and by a GISH experiment in the Schubert lab (Ernst et al,
2025: Fig. 2D). Flow cytometry, genomic read coverage levels, and GISH (Ernst et a/, 2025: Figs. S2A, 2B and
2D) revealed that this hybrid was a triploid, with two heterozygous L. minor chromosome sets and a single set
from L. turionifera (MMT karyotype). We were surprised to find an example of a reciprocal triploid (MTT)
configuration in 7182, and the dihaploid hybrid 9421 (MT). While triploids are not exceedingly rare in nature,
they tend to account for only a small proportion of individuals in wild populations of most plants. These and
other observations (Braglia et al, 2024; Schmid et al, 2024; Braglia, Breviario, et a/, 2021) prompted a full
survey of the parentage and ploidy of all clones identified as L. minor in the Landolt collection, which
concluded that triploidy is prominent in wild populations of at least L. minor and its hybrids (Michael et al,
2025). Phylogenomic analysis in our study produced candidate explanations for the abundance of triploids and
their viability: loss of the Argonaute genes AGO9 and AGO6, which participate in RNAI in the germline, support
an elevated rate of unreduced female gamete production and the loss of the triploid block, respectively. It
appears that these reproductive AGOs were lost ancestrally, which should favor the formation of polyploids,
including allotriploids, in wild populations of all Lemnaceae, but the generality of high rates of unreduced
gamete production has yet to be established. At least for the Spirodela genus, ploidies higher than 2x could not
be confirmed in a recent study (Hoang et al, 2022). One explanation could be that, despite the genetic
predisposition for frequent diploid gametogenesis, higher ploidies of this genus compete poorly with their
diploid progenitors, as was demonstrated with synthetic autotetraploids of S. polyrhiza (Mortier et al, 2025).
On the other hand, autotriploid L. minor and allotriploid L. japonica hybrids exhibit higher growth rates under
specific environmental conditions (Michael et a/, 2025). These AGO losses could also explain the similarly high
proportions of triploids, along with tetraploids, which have now been observed in the Alatae section, in which L.
aequinoctialis and L. perpusilla participate in ongoing hybridization (Stepanenko et al, 2025). However, the
abundance of Alatae tetraploids in the collections raises the question of why we fail to observe them in the L.
minor hybrid complex. Triploids are often considered to be “bridge” cytotypes facilitating tetraploid or hexaploid
formation by backcrossing to diploid parents or selfing in obligate sexual reproducers, but clonally reproducing
plants don't require a high proportion of viable meiocytes to survive, and consequently triploids could be
expected to be better represented in wild populations. One obvious explanation is that L. japonica allotriploids,
and potentially L. minor autotriploids, could be infertile. A genetic cause of hypothetical infertility in the triploids
has yet to be found, but ongoing efforts by multiple groups to characterize the highly fertile Alatae could shed
light on this question, and more generally, on how sexual reproduction is initiated and completed in the
Lemnaceae in the absence of SUPPRESSOR OF CONSTANS 7 (SOCT) and other flowering genes.

Zooming out, large differences in karyotype between species or individuals can act as a reproductive barrier,
causing irregular chromosome pairing and imbalanced segregation during meiosis which lead to aneuploidy
(irregular chromosome number) in the gametes and the fertilized embryo, often with drastic fitness penalties.
At the sequence level, discrepancies in synteny (collinearity along the homologous chromosomes) of breeding
partners can block meiotic recombination, fixing mutations that can reproductively isolate offspring from the
rest of the population, ultimately resulting in speciation. Some examples of these karyotypic variations are
rearrangements such as whole-chromosome deletions, duplications, fissions, fusions, and inter- and intra-
chromosomal translocations, as well as intrachromosomal inversions, deletions and duplications. These
events can arise during replication or meiosis, and can be mediated by ectopic or illegitimate recombination
between copies of repetitive sequence elements such as ribosomal DNA (rDNA) and transposable elements
(TE).

From this first look at chromosome organization in the Lemna genus with sequence-level data, we found that,
while a chromosome number of 21 was conserved within this complex among L. minor, L. turionifera, and
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L. gibba, a non-reciprocal translocation of the short arm of chromosome 17, extending the short arm of
chromosome 20 distinguishes the L. turionifera karyotype. This event could have triggered the speciation of L.
turionifera. While rDNA repeat arrays remain the most challenging sequence context for assembly, we were
able to localize highly-conserved, and hence likely active, arrays in most genomes. From our work, rDNA arrays
were found on chromosome 20 of the diploid L. minors, and on chromosome 17 of the L. turionifera
subgenomes of the hybrids, suggesting that recombining rDNA could have mediated the translocation.

Genomic DNA sequence and organization alone, however, do not explain all biological variation. In living cells,
genomic DNA is bound to histone proteins, forming a complex called chromatin. Transcription of genomic
DNA is promoted or repressed by enzymes that write or erase chemical modifications on specific histone
residues. Plants, in particular, have evolved a pathway called RNA-directed DNA methylation (RdDM) that
interoperates with histone modifying enzymes, marking genomic regions by adding a methyl group to cytosine
residues. DNA methylation influences many important processes, such as transcriptionally repressing TEs
across cell division, time and tissue dependent regulation of developmental genes, and environmental
response. Taken together, an organism’s chromatin state and DNA modifications comprise its epigenome.
RdDM depends on the action of another, deeply conserved, pathway with numerous regulatory and cellular
defense roles known as RNA interference (RNAI), which cleaves single- or double-stranded RNA templates into
small RNA molecules, predominantly 20 to 24 nucleotides long, that are then used to recognize cognate
transcripts and cleave them or repress their translation. These and other epigenetic processes broadly control
gene expression by modulating the accessibility of genomic DNA to the transcription machinery.

On top of a large reduction in Argonaute family proteins and other RNAIi genes, we found that all analyzed
duckweeds lack several widely conserved components of the RADM pathway, consistent with very low levels
of cytosine methylation in the CHH context. Recently published work from the Mari-Ordonez lab indicates that
histone marks typically associated with an intact RADM process are mostly absent from TEs in somatic
tissues of S. polyrhiza, and restricted to just a few intact elements (Dombey et al, 2025). However, the
unvarying retention of CLSY3 and 4 proteins, DRMT and 2, and RNA polymerase V, points to conservation of
RdDM in the reproductive context. Supporting this hypothesis, some remaining RADM pathway components
were found to be upregulated in stamens, pistils, and seed in bulk RNA-seq of dissected floral tissues of an L.
aequinoctialis hybrid (Cristian Mateo-Elizalde, unpublished).

Epigenetic processes are also critical for the maintenance of genome integrity by ensuring proper
chromosome segregation during cell division. In some instances, epigenetic states are heritable, as is the case
with centromeres, which are the attachment points of mitotic and meiotic spindles. In most plants,
centromeres are defined by the binding locations of the centromeric histone CENH3, rather than the underlying
genomic DNA sequences. Because heterochromatin-inducing TEs and euchromatic genes were so
interspersed across Lemna chromosomes, and no clear large tracts of centromeric satellite repeats could be
discerned, we could not confidently infer centromere positions from the genome sequences alone. This
prompted us to raise antibodies against native Lemnaceae CENH3 peptides in collaboration with the Birchler
lab, to map centromeres with chromatin immunoprecipitation sequencing (ChlP-seq) for the first time in
Lemnaceae. Despite genomic evidence that could have supported poly- or holocentric architectures, we found
only strong evidence for monocentrism (one centromere per chromosome). Interestingly, only L. minor had a
strong association between CENH3 and centromeric satellites. Instead, L. turionifera centromeres were found
to form over intact centrophilic Ty3 and Ty1 TEs, associated with centromeres in diverse angiosperms and
gymnosperms, along with ATHILA TEs. Despite the differences in underlying genomic sequence, centromere
positions are well conserved between the two species. A recent publication on species of the Rosa genus,
which have evolved through frequent polyploidization and hybridization, has described a curious bimodal
system of chromosome inheritance in pentaploid dogroses in which the subgenomic chromosome sets
containing ATHILA TE-based centromeres are biparentally inherited, while the other subgenome with satellite-
based centromeres is inherited exclusively through the female germline (Herklotz et al, 2025). Though there is
no known evidence for fertility in imbalanced L. turionifera hybrids, these observations suggest that the
possibility should not yet be ruled out.

Aside from releasing the triploid block, another consequence of the absence of AGO6 is the loss of de novo
transcriptional silencing of transgenes — a convenient trait for research and biotechnological applications
because it removes this common obstacle of persistent stable expression. While we await the arrival of a
model duckweed that is diploid, fertile, and stably transformable, the genomic resources in this study continue
to support the use of the L. japonica 8627 transgenic system to conduct gene knockout and rescue
experiments. Reverse genetics studies in this hybrid complex would be well positioned to investigate the
underpinnings of turion formation, anthocyanin hyperaccumulation, and calcium oxalate metabolism and
storage in the Lemnaceae.
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italy
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K. Sowjanya Sree', Klaus-J. Appenroth?
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(Email: kssree9@bhu.ac.in; ksowsree@gmail.com)

2 Matthias Schleiden Institute — Plant Physiology, Friedrich Schiller University, Jena, Germany
(Email: klaus.appenroth@uni-jena.de)

Recently, we had the chance to visit a beautiful palace which is also the venue of the 8" International
Conference on Duckweed Research and Applications (8" ICDRA), the University of Naples Federico II, Portici,
Naples in Italy. We were welcomed by the organizers of the 8" ICDRA, Prof. Giovanna Aronne and Dr. Leone
Ermes Romano from this University and Dr. Laura Morello from the Institute of Agricultural Biology and
Biotechnology, CNR, Milan, Italy. They first gave us a tour of the extravagant venue which consisted of the
grand entrance of the palace with some of the finest frescoes, the Royal botanical garden with the Vesuvius in
the backdrop (well-known from the archaeological cities of Herculaneum and Pompeii), the meeting halls and
the impressive outdoor facilities which will surely enhance the scientific discussions during the coffee and
lunch breaks of the conference. The support provided by the host University is commendable. Together, we
discussed on various topics connected with the preparation for the conference next year, like research themes,
poster presentations, funding opportunities, student presentation awards, outdoor activities and so on. The 8"
ICDRA organizers are making it possible for the duckweed community to interact actively during the meeting
next year and we are sure that the participants of the conference will equally enjoy it and make use of the
opportunity for scientific discussions and collaborations together with the beauty of Portici, Ercolano and
Naples. We herewith echo the message of the organizers, requesting the participants to kindly fill-in the intent
form on the conference website (https://www.8thicdra.info/) in order to receive first-hand information about
the meeting. Please contact the organizers for any specific queries or information, at 8icdra@gmail.com

Photo taken in front of the
fagade of the palace, the
University of Naples
Federico Il in Portici, Naples
in Italy. From left to right:
Klaus-J.  Appenroth, K.
Sowjanya Sree, Giovanna
Aronne, Laura Morello and
g Leone Ermes Romano
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Shunong Bai' and Eric Lam?

'Peking University, School of Life Science, Beijing, China (Email:
shunongb@pku.edu.cn)

Rutgers, the State University of New Jersey, Dept. of Plant Biology,
New Brunswick, NJ, USA (Email: eric.lam@rutgers.edu)

Duckweeds are plants of the Lemnaceae family, normally floating on the surface of lentic water. Although
some species of these plants have been systematically investigated by plant scientists since the middle of the
twentieth century (Landolt 1986; Acosta et al 2021), these plants were generally marginalized in the
community of plant biology until the first decade of the 21 century when the 1' ICDRA 2011 was successfully
held in Chengdu, China. Since then, the duckweed community has grown steadily around the world, not only in
basic research including genome sequencing, but also commercial development activity. According to reports
delivered in the 7" ICDRA 2024, while the publication number increased rapidly during the past decade, some
duckweed companies have demonstrated to be among the rank of high tech industry in terms of revenue per
employee (Lam 2024; Shoham 2024). It even has been proposed that domestication of duckweeds might help
to initiate the second agricultural revolution (Bai, 2025).

Concomitant with the prosperous future of duckweed investigation, some nomenclature issues emerged
which ought to be addressed and resolved by this growing community. As a prominent example, because of
the small size and simple structure, some terms used for morphological description were adopted for
convenience by earlier studies, with little concern for comparison with functionally equivalent structures in
other plant species. For example, leaves mixed with other structures in some species were often called fronds,
which is actually equivalent to a small plant in function (Landolt, 1986); and branches generated from the
growth tips of the small plant, were called daughter fronds or granddaughter fronds, while the original small
plant was called the mother frond, even though there is no sexual process such as meiosis taking place. It is
not a critical issue if the studies of duckweeds were confined to a small community, as people involved in the
studies know what the terms refer to. However, if duckweeds do become model plants and play a key role in
the second agricultural revolution, it is inevitable for people to compare the structures of duckweed with other
more well described plant models. Under this circumstance, precision and consistency of nomenclature
become important virtues. Particularly, from a genomic perspective, even though the detached branches could
be considered as asexual reproduction, the terms of mother and daughter definitely could introduce confusion
between asexual proliferation of branches and the generation of true progenies through sexual reproduction.

In anticipation of accelerated development of genetic and genomic research with duckweeds in the near
future, here we propose to revise some fundamental terms to be considered for adoption by the community.

Firstly, we suggest the use of “plantlet” to represent the branching in duckweed plants instead of using “frond”
(Figure 1). The reason is that the duckweed plant is functionally and structurally equivalent to other plants such
as Arabidopsis, tobacco, wheat and rice except for their smaller size. Take Wolffia, the smallest plant in the
world, as an extreme minimalization example, it has a growth tip, has leaves, has branches, can flower with
stamen and stigma, although it has no root or stem, nor vascular bundles (Michael et al, 2021; Li et al, 2023).
If we call the plantlets of Wolffia fronds, all the detailed structures would be blurred, and there would be no
common terminology reference to be used in comparing the equivalent structures between Wolffia and other
plants.
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Secondly, we suggest using “plantlet” to represent the new individual before its physical separation from an
independent duckweed clone where it is generated, and a new “clone” after it has subsequently detached.
Based on the observation of the
morphogenetic  process in A
Wolffia, before the plantlet
detached from its clonal
progenitor  that it was
generated, it could already have
fully developed to its typical
structure, just like the branch on
Arabidopsis or rice from a bud 1t order branch
to a branch. Only difference is (a new plantlet
that the plantlet in Wolffia will affarabischilon)
generally detach from the clone
that it was generated from,
while the branch in Arabidopsis
or rice will not. An obvious
exception among duckweed
species in which the
plantlets/branches often do not & T ! - 0
detach is Lemna trisulca, which - B 1st order branch
results in a complex colony that : AR AN T
is reminiscent of “Christmas
tree lights”. The detachment of
the plantlets from the clone that
generated it in Wolffia is similar
to abscission of a leaf from the
plant by which it was generated.
Thus, until its full separation
from the progenitor clone, the
plantlet(s) remain connected to
the clone both physiologically Figure 1. Comparison of a plantlet of Wolffia to an Arabidopsis plant, highlighting the
and biochemically and thus is equivalence of branches between these two plant types with distinct morphologies. A)
not an independent new clone Top view of a W. australiana plantlet (Main plantlet), as seen under a dissecting
per se. The detachment of a microscope; a branch is protruding to the right (1st order branch). B) After peeling off
plantlet/branch represent its the deck, three young leaves (the biggest one has developed into a branch) are aligned
final step to produce a new Sequentially, as indicated by three arrowheads (Those could be designated as P1, P2,
clonal individual, much like the P3, as diagrammed in Figure 2). C) An Arabidopsis plant with multiple first order
buds, or adventitious buds, that branches and some second order branches.

Panels A, B are modifled from Li et al, 2023; Panel C is modified from
?re produced and detached | L oo envkeeh/kpwz/201207/t20120709.3611164.shtmi.
rom leaves in Bryophyllum

(kalanchoe) and Opuntia (prickly pear cactus) giving rise to a new plant. The relationship between the
branches/plantlets and the plant is somatic clonal relationship, not mother and daughter that are products
through sexual reproduction. Using the terms of “mother-daughter” to represent the clonal relationship will
introduce conceptual confusion not only for basic research, but also in applications.

Main plantiet

Thirdly, if the nature of clonal proliferation of the detached branches in duckweeds is taken into account, we
need to introduce a proper nomenclature system for identification purpose, as such clonal proliferation is not
as common for most plants and therefore no clear precedent for the purpose yet exists. Instead of the mother-
daughter terms, here we introduce the notation of CO, C1, C2, ... etc. to identify individual clones in a
population starting with the first single clone (C0) of the experimental system (Figure 2). In addition, newly
formed plantlets from the growth tips within individual clones are designated as P1, P2,... etc. to distinguish the
plantlets produced through clonal growth (Figure 2). The rationale of using C and P to label the clones and
plantlets proliferated through clonal growth derives from the well-accepted genetic terminology: FO, F1, F2...
etc. to describe successive generations and their relationships. In such genetic terms, F here refers to Filial,
noting the relation of a child to a parent. Similarly, the designation of TO, T1, T2... has been used to describe the
successive generations from an initial transformation event to produce a new genetic variety through
introduction of novel DNA elements into a recipient genome. Here for duckweeds, CO refers to the initial clone
used in a particular experimental setup. C1, C2...etc. refer to the detached duckweed clones that derived from
the first order branches of the initial clone. To distinguish between plantlet cohorts that are produced by the
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various clones during their life history, we propose to utilize subscripts that will correspond to the label of the
clone from which the plantlets derived. As an example, plantlets derived from CO will have the labels of Po-1, Pe-
2,...etc. (Fig. 2). When detached, the corresponding new clones will have the labels of C1, C2, ... etc. in this
second rank, equivalent to the second order branches in other plants such as Arabidopsis and rice (Fig. 2). In
this regard, we will not name the first plantlet as P,-0 to minimize confusion. In subsequent reiteration of this
asexual propagation, each round of new plantlets will be named with their associated clone number in
subscript along with an additional number after a hyphen (Fig. 2). This number will then be transferred to the
new independent clone upon detachment of the plantlet from its progenitor clone (Fig. 2). We hope these new
terms and naming system can be considered for acceptance by the duckweed community through this
Opinion piece and we very much welcome critical and constructive inputs and comments by duckweed
researchers over the next several months until early October, when we will tally up the suggestions and
comments. While our proposed labeling system presented here could in principle resolve the naming issue for
duckweed individuals, we recognize that this system will become rather clumsy and unwieldy with
experiments that go beyond even a modest number of new clonal propagation events. A case in point is the
example shown in Figure 2 has only 3 rounds of new clone production from the initial CO, which do not take
into account that additional plantlets likely have developed already inside the clones but are not yet visible
externally. With this in mind, we would like to request community input with suggestions of alternate naming
systems to consider before we establish a recommended standard for all duckweed researchers to use.
Please send any comments and input to Eric Lam (ericlam@rutgers.edu). In the meantime, this Opinion piece
could hopefully start a serious discussion within our community on what should be the most convenient and
accurate way to designate the relationships between different duckweed individuals in a population. We believe
the change, whatever the community collectively decide at the end, would extricate the community from
traditional, but incorrect, terminology. This will not only integrate duckweed studies into mainstream plant
biology, but also enable our field taking a lead position in the future to catalyze conceptual changes in plant
biology and agriculture.

International Steering Committee on
Duckweed Research and Applications

@&

Cco
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Cc1

Co Po co Rank 0 (C0)
Rank 1 (C1)

S D Rank 2 (C2)

Co0 P,-2 P,-1 C1 Rank 3 (C3)
S © o Rank 4 (C4)
CO Pg-3 P;-1 C2 C1-1 Py -1 P,2 C1

CO Py4 P;-1C3 €241 Poy-1 P2 G2 C1-1 Pyy-2 Pyyy-1 G111 C1-2 Pyp1 Py-3 C1

Figure 2. Diagrammatic representation of growth pattern in duckweed, using the species Wolffia globosa as an
example to illustrate the proposed nomenclature. The branch ranks are indicated by different colors and the new
clones (C,) and branches/plantlets (P.) are numbered according to the description of the text. The diagram is
modified from L/ et al, 2023, using the new definition system to distinguish between plantlets and clones
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Storage conditions of
duckweeds In stock
collections

Klaus-J. Appenroth
Matthias Schleiden Institute — Plant Physiology, Friedrich Schiller University, Jena, Germany.
(Email: Klaus.Appenroth@uni-jena.de)

Everybody who cultivates duckweed (Lemnaceae) has to create conditions (choice of growth medium, lighting,
temperature and storage vessel) for growth of the plants in a way that they remain vital but do not need to be
sub-cultured too often. In different places with various groups, different methods were developed and
deployed. We hope that this exchange of experience will be informative and helpful to duckweed researchers,
especially for newcomers to the field. | would like to draw your attention to the unconventional methods,
especially to the information given by Tsipi Shoham, Israel and Leone Ermes Romano, Italy.

Appenroth, Klaus-J. Matthias Schleiden Institute — Plant Physiology. Friedrich Schiller \
University, Jena, Germany. Klaus.appenroth@uni-jena.de.

- liquid medium, N or Steinberg y

-volume: 75 mlin 100 ml Erlenmeyer flasks or 120 mlin 200 ml Erlenmeyer flasks @
- temperature: constant 17°C '

- light: 30 pmol m? s™, white fluorescence tubes, continuous light C,

- subculturing each 4 months

Bog, Manuela. Institute of Botany and Landscape Ecology, University of Greifswald, Greifswald, Germany.
Email: Bog, manuela.bog@unigreifswald.de

- "Office culture’, i.e. office room conditions between 20°C and 28°C

- 100 ml-Erlenmeyer flasks or 40 ml-“liquor glasses”

- Nmedium, 75 mlor 40 ml

- Light intensity between 10 and 30 pmol m? s™

- Lemna trisulca at ca. 5 ymol m? s in 180 ml N-medium in 250 ml-Erlenmeyer flasks
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Borisjuk, Nikolai. Email: nborisjuk@yahoo.com

Stock collections in Huai'an, School of Life Sciences, Huaiyin Normal University, China (photo left) and Institute
of Cell Biology and Genetic Engineering (ICBGE) National Academy of Science of Ukraine Kyiv, Ukraine (photo
right)

- SH medium with agar
- Petridishes
- <20°C

Hou, Hongwai. Institute of Hydrobiology, Chinese Academy of Sciences,

Wuhan, China Email: houhw@ihb.ac.cn. ¢/o Jingjing Yang, yangjj@ihb.ac.cn

- Petridishes with a diameter of 9 cm and a depth of approximately 10-15 mm
- solid B5 medium

- temperature 25°C,

- lightintensity is 60-85 umol m™2 s™, photoperiod 16 h day/8 h night

Jansen, Marcel AK. School of Biological, Earth and Environmental Sciences,
University College Cork, Ireland. Email: m.jansen@ucc.ie

- Magenta containers, 100 ml half-strength Hutner medium
- 20°C
- 40 ymol m?s™ continuous light

Korman, Ido. CTO of Eshkol Innovation Ltd., Israel. Email: ido@metabolic-insights.com

- Vessels: Petri dishes

- Medium: SH medium with agar (solid medium)
- Temperature: Cold

- Light intensity: Dark
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Laird, Robert A. Univ. Lethbridge, Dept Biol Sci, Lethbridge, Canada. Email: robert.laird@uleth.ca

- 125 mL Erlenmeyer flasks, filled with 36 mL of Schenk and
Hildebrandt growth medium (cat. no. S6765, Sigma-Aldrich, St. Louis,
MO, USA), made at quarter-strength (0.8 g/L) to grow the stock
cultures

- We also add sucrose (6.667 g/L), yeast extract (0.067 g/L), and
tryptone (0.333 g/L) to the growth medium

- Once enough plants have grown in the culture, the flasks are placed
in a small fridge with a tinted glass door, which has a temperature of
8 C, and a very low PAR, measured at 1.2 ymol/m?/s. They are stored
there for approximately 6 months, before they are removed from the
fridge, and placed in fresh growth medium

Lam, Eric. Department of Plant Biology, Rutgers the State University of New Jersey, New Brunswick NJ, USA.
Email: ericl89@hotmail.com.

Mass cultivation of duckweed stocks in the RDSC (Rutgers Duckweed Stock Cooperative - Home)
Solid media used in the RDSC (photo left)

A. % X SH, pH6.5, solidified with 0.8% (or 1.2%) agar;

B. 15X SH +0.1% sucrose, pH6.5, solidified with 0.8% (or 1.2%) agar;
C. 1 X SH +0.5% sucrose, pH6.5, solidified with 0.8% (or 1.6%) agar;
D.
E.

N medium, pH5.5, solidified with 0.9% agar;

N medium + 0.1% sucrose, pH5.5, solidified with 1.2% agar.
Cefotaxime at 100ug/ml is included in these media for bacterium-containing duckweed strains.
Higher osmosis generated by 1.2-1.6% agar (compared with normal 0.8% agar) is often able to extend
the storage duration of many strains, particularly from the Wolffiella genus.
Liguid media used in the RDSC (photo right)

A. N medium, pH5.5;

B. 1 X SH, pH6.5.
Cefotaxime at 100ug/ml is included in these media for bacterium-containing duckweed strains.
Liquid culture is beneficial to extend the storage duration of many strains, particularly from the
Landoltia genus.
By using the strategy above, over 1000 duckweed strains in our collection can be successfully maintained with
minimal loss of strains.
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Ma, Yubin. Ocean University of China, Qingdao, China. Email: mayubin@ouc.edu.cn.

- 5.cm plastic petri dish with SH medium, supplemented with 0.5% (w/v) sucrose, and solidified with 5
g/L agar

- After incubated in a light incubator (25 °C under a 16 h photoperiod of approximately 100 pmol/m?/s
white light) for a period of time, the duckweed were transferred to a 4°C refrigerator for long-term
preservation, with the medium replaced every 3-4 months.

Morello, Laura. Institute of Agricultural Biology and Biotechnology, National Research Council, Milan, Italy.
Email: laura.morello@ibba.cnr.it.

- All cultures in agarized medium (0.8% micro agar) in petri dishes 6 cm S
diameter or small jars N

- Occasionally in liquid medium when recovering after sterilization or
suffering (e.g Spirodela spp)

- Sometimes Cefotaxime is added when recurrent bacterial outgrowth

- Usually 0,1-0,2% sucrose in all media, removed before sterilization, in | %
case of contamination

- Lemna T=16°-18°C; white light 50 -70 pmol m* s™. Photoperiod 16h |
light/8h night. Medium SH except for L. aequinoctialis/aoukikusa: HO |
+0.1-0,2% sucrose )

light/8h night. HO+0.1% sucrose. Sometimes in liquid medium when in
bad shape. .

- Wolffia and Wolffiella: T= Room Temperature (22-23°C), daylight with [
natural photoperiod— medium HO+0.1-0,2% sucrose. Except for W
rotunda. SH+0.1% sucrose and W. microscopica, better in E medium + 0.1% sucrose
or

- Growth chamber, 24°C, white light 80 -100 pmol m-2 s-1, HO medium 0.1-0,2% sucrose

Mortimer, Jenny. School of Agriculture, Food, and Wine, & Waite Research Institute, University of Adelaide,
Australia. Email: jenny.mortimer@adelaide.edu.au

- 6 well plates (see photo). Fronds are placed on half strength Schenk & Hildebrandt agar. Plates are sealed
with parafilm.

- Plates are stored in plastic boxes at 18C, under very low light (~10-20 pmolm?s™).
- All clones are identified by DNA barcoding upon collection.

- Most of our collection is now axenic (or close to). We use a succession of bleaching steps to achieve this, and
we test this by growing fronds on plates containing sucrose

- Using this approach, we tend to subculture only once every 3-4 months. Longer is possible.

- For subculturing, to avoid contamination or loss, we have multiple copies of each strain, and only subculture
one copy at a time.

vol 13 (3), page 101 of 142


mailto:jenny.mortimer@adelaide.edu.au%7C
mailto:laura.morello@ibba.cnr.it
mailto:mayubin@ouc.edu.cn

DUCKWEED FORUM

Olah, Viktor. Institute of Biology and Ecology University of Debrecen,
Debrecen, Hungary. Email: olahviktor@unideb.hu

-liquid (non-solidified), autoclaved Steinberg medium, according to the |
Environment Canada (2007) recipe

-volume: 50 mlin 100 ml Erlenmeyer flasks

-temperature: constant 22°C

-light: ~55 pmol m? s, white fluorescent tubes, 14/10 h photoperiod

- try to keep subculturing the stocks in every 4 weeks, but sometimes the interval
gets extended to 6-8 weeks.

Petersen, Finn. Faculty of Agricultural Sciences and Landscape Architecture,
University of Applied Sciences, Osnabrueck, Germany.
Email: finn.petersen@hs-osnabrueck.de

- modified N-medium (Petersen et al., 2021)
- Volume: ca. 2000 Liter

- Temperature: ca. 23 <C

- Lightintensity: ca. 105 pmol m? s

Romano, Leone Ermes. Dept. of Agricultural Sciences,
University of Naples Federico 1, Italy. Email: leoneermes.romano@unina.it

- Liguid N medium

- Volume: 25 ml glass flasks, 7.5 ml medium

- Temperature: constant 15 +0.5°C (kept in a fridge)

- Light Intensity: 30.72 +5.50 pmol/m?/s, 16 h light (LEDs)/ 8 h darkness

Schubert, Ingo. IPK Gatersleben, Germany. Email: schubert@ipk-gatersleben.de

- Petridishes
- Agar medium

Shoham, Tsipi. GreenOnyx, Israel. Email: tsipi@greenonyx.biz

- Vessels: Small Petri dishes

- Medium: SH medium with agar (solid medium)
- Temperature: 18°C

- Light intensity: Dark

Zhao, Hai. Chengdu Institute of Biology, Chinese Academy of Sciences, Chengdu, China. Email:
zhaohai@cib.ac.cn; ¢/o Tao He. Email: hetao@cib.ac.cn

- The vessels (petri dishes) have a diameter of 6 cm.
- Solid MS medium is used for preservation, while Hoagland solution is used for propagation.
- Light period: 16 hours, temperature: 25°C

- Light intensity: Adjustable based on requirements. Higher LUX may be used for faster growth, while
lower LUX may be used for slower growth.

- Dark period: 8 hours, temperature: 21°C
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Marcel AK Jansen, University College Cork, Cork, Ireland

(Email: m.jansen@ucc.ie)

Some 25 delegates gathered on April 30, 2025, for a workshop entitled “Lemnaceae:
roots, nutrient uptake and the circular economy”. The location was Mt Lucas, County
Offaly, in the midlands of Ireland. This location is highly significant as it is the site
where large scale Lemnaceae cultivation in Ireland was pioneered. Originally, this site
was a wetland covered by a thick layer of peat, at places in excess of 6 meters.
However, as a result of industrial scale peat harvesting peat has been removed, and
the original poorly drained glacial till has now re-emerged. Industrial scale peat
harvesting was pioneered by the Irish Turf Development Board, later renamed Bord na Mona. However, in
recent years, increased awareness of the ecological and environmental importance of peatlands (e.g.
biodiversity and carbon sequestration) has led to a cessation of industrial peat harvesting and triggered
attempts to restore or rehabilitate these peat-forming wetlands. A critical step in the restoration or
rehabilitation of peatlands is the rewetting of the former wetland, by blocking drainage ditches. This also offers
new opportunities for other forms of paludiculture, especially on sites where peat formation cannot be re-
established. One such form of sustainable paludiculture was established by Bord lascaigh Mhara (The Irish
State agency with responsibility for developing the Irish seafood industry) at Mt Lucas. This is an Integrated
Multitropic Aquaculture (IMTA) farm, where the culture of fish is linked to duckweed cultivation (Stejskal et al.,
2022). In short, wastewater from the cultivation of some 30 tonnes of rainbow trout is channeled through a
hectare of duckweed channels. While fish foul the water, duckweed cultivation serves to cleanse it. The system
has operated very successfully for 3 years and is now being expanded by a consortium of Irish universities and
stakeholders led by the Technological University of the Shannon (TUS) to act as a circular bioeconomy
demonstrator, with increased focus on digitalization of all inputs, outputs and environmental data, a biorefinery
with a focus on duckweed protein, and a programme to develop an innovative protein value chain. Duckweed
cultivation, led by University College Cork (UCC), is a central component of this circular economy approach.

The aim of the workshop was to explore in detail the links between roots, nutrient uptake, remediation and the
circular economy. Thus, the workshop emphasised how research efforts in basic duckweed biology and in
applications are closely aligned and stimulate each other. To explore the mutually these beneficial links, a
small group of duckweed researchers came together in an informal setting for a discussion intensive
workshop. The first session focussed on root evolution and function and included a report of detailed genetic
studies by Alex Ware from Nottingham University (UK), focussing on the intriguing question “what is the
function of the roots of Lemna, Landoltia and Spirodela species”. Dale Godfrey (Nottingham University, UK)
focussed on the potential role of roots in Li-uptake, while Thimo Groffen from Antwerp University (Belgium)
reported on accumulation of PFAS by Lemna minor, demonstrating fine-tuned interactions between PFAS
structure, uptake kinetics and accumulation. A second session focussed on duckweed growth systems. Neil
Coughlan from University College Cork reported on the development of stacked duckweed cultivation systems,
while Ivan Loaiza Alamo (UCC) reported on innovative growth technology whereby Lemna minoris suspended
on a mesh kept moist by a mist of fine droplets. A subsequent discussion session focussed on the question;
“What are the knowledge gaps in our understanding of root function, nutrient uptake and remediation by
Lemnaceae?’, and resulted in numerous excellent points, ranging from lack of knowledge about the
physiological role of roots of Lemnaceae (nutrient uptake, duckweed matt stability, interaction with the
microbiome), uptake of organic molecules, translocation of nutrients within the plant, as well as the
quantitative role of the duckweed microbiome in controlling nutrient uptake.

vol 13 (3), page 103 of 142


mailto:m.jansen@ucc.ie

D U C KW E E D I O I l U M International Steering Committee on
Duckweed Research and Applications

After lunch, the focus was on nutrient uptake and water remediation. Cian Redmond (University College Cork)
presented the case of nutrient remediation of soiled water, the run-off from the yards of dairy farms and
parlours, and discussed issues of ammonia toxicity. Alexandra Katsara (University College Cork) followed up
on this by reporting how duckweed can be successfully used to clean up and valorise fish processing
wastewater. Leah Bannon, University College Cork, presented a fascinating overview of the microbial safety of
wastewater grown duckweed, including interactive effects between pathogens and the native duckweed
microbiome. Muhammad Irfan (Debrecen University, Hungary) detailed how imaging technology can be
successfully used to monitor both duckweed growth and photosynthetic health. The final talk was by Jack
Prendeville (Teagasc, Ireland) who reported on the development of innovative, sustainable protein extraction
from duckweed biomass. The academic programme was concluded by a second round-table discussion
focussing on the question; “What are the main knowledge gaps that researchers need to address to facilitate
commercial duckweed applications?” Once more, numerous excellent points were raised, ranging from
unknown pests and diseases which are likely to become important at large scale farms, unknown risks of
pathogens and pollutants adhering to plants, to complex regulatory rules concerning use of waste-grown
duckweed as an animal feed-stock.

Figure 1: clockwise starting top left; paddlewheels to control water flow from fish tanks to duckweed canals, and back;
duckweed canals with fish-ponds visible in the distance; duckweed canals shortly after construction; freshly harvested
Lemna minor clone 5500.

The meeting was completed by a visit to the IMTA farm, giving delegates a feeling for the large size of the plot,
and for some of the practical issues of a duckweed farm such as managing the local swans and the need to
periodically dredge 1.6 km of duckweed canals.
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The informal workshop was an excellent opportunity to discuss the continuum that ranges from basic
duckweed science to commercial applications. A follow-up meeting in will take place in Flanders. If interested,
please see https://thecharmofduckweed.org/about-EDN.

Figure 2: left to right; delegates enjoying the sun at Mt Lucas visitor centre; delegates inspecting the rainbow trout in one of
the fishponds.

Reference

Stejskal, V., Paolacci, S., Toner, D. and Jansen, M.A K., 2022. A novel multitrophic concept for the cultivation of
fish and duckweed: A technical note. Journal of Cleaner Production, 366, p.132881.
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Klaus-J. Appenroth
Matthias Schleiden Institute — Plant Physiology, Friedrich Schiller University, Jena, Germany

(Email: klaus.appenroth@uni-jena.de)

History of our community newsletter “Duckweed Forum” is closely connected with the establishment of the
International Steering Committee on Duckweed Research and Applications (ISCDRA). Following a very humble
beginning of the first International Conference on Duckweed Research and Applications (ICDRA) in 2011 held
in Chengdu, China, the second conference held at the Rutgers University, State University of New Jersey, USA
was of historical significance concerning the Duckweed Forum. More details about this conference are
available in the conference report with the title “Duckweed in bloom: the 2" International Conference on
Duckweed Research and Applications heralds the return of a plant model for plant biology” (Lam et al., 2014).
Looking back at this title as we progress towards the 8" ICDRA to be held in Naples, Italy in 2026, this title is
appropriate for the progress we made as a community in the last decade or more making it possible for the
return of duckweeds as model plants (Acosta et al., 2021). During this 2" ICDRA, the conference organizer Eric
Lam suggested to create an “International Steering Committee on Duckweed Research and Applications” in
order to systematically grow as a community of researchers and application specialists and suggested the
following members to steer the first ISCDRA:

Chair: Klaus-J. Appenroth, Friedrich Schiller University, Jena, Germany
Tamra Fakhoorian, International Lemna Association, KY, USA
Eduardo Mercovich, Mama Grande, Rosario, Argentina
Masaaki Morikawa, Hokkaido University, Sapporo, Japan
Zhao Hai, Chengdu Institute of Biology, Chinese Academy of Sciences, China

| was more than surprised by his suggestion being the Chair of the ISCDRA, but | accepted with pleasure.
Tamra Fakhoorian and Eduardo Mercovich represented the applied field, and we all felt that this is a good
combination of scientific researchers and application specialists which laid fer the foundation to have at least
one member representing each of the fields in all future ISCDRA till date.

Moreover, the conference was dedicated to the late Elias Landolt (1926 — 2013), the father of duckweed
research (Urbanska et al., 2013). This was not the only reason why | think this was a milestone conference in
the history of our community growth and development. Eric Lam also suggested that the ISCDRA should
assist to organise each alternate year an international conference (ICDRA). And: The Rutgers conference
decided to extend the numbering system for duckweed clones, created by the late Elias Landolt, as a general
system — using the four-digit system to label characterised clones (ISCDRA, 2020). This is important because
it is commonly known that there are significant interspecific differences between duckweed clones.
Consequently, experimental results can be reproduced only when the same clone is available, and this is a
critical part for good practice in science. Currently, we have evolved to the system of numbering by the
directors of individual stock collections based on common criteria in order to deal with the ever-growing
interest in setting up several clones and clonal collections across the globe (ISCDRA 2022, 2024).

The second ISCDRA came up with the idea to disseminate the functioning of the ISCDRA and the current
development by duckweed researchers through a community newsletter. We all agreed and the first issue was
published in October of 2013. Two years later, the title “Duckweed Forum” was proposed and accepted as the
official name of the community newsletter. If | remember correctly, the idea came from Eric Lam after a long
discussion. The first newsletter issue with the name of Duckweed Forum is DF11, published in Oct. 2015. In
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addition, Eduardo Mercovich connected us with an artist in Argentina, Ms. Romina C. Romano, to create a logo
to go along with a more professional design for the cover of our newsletter, which first appeared in DF13 (DF 4:
238-271, Apr,, 2016) and continued until now. While the first edition of our community newsletter was modest,
both in style and content, it was nevertheless a beginning. Now at this 50" issue of the Duckweed Forum, we
are proud of the style and the content of this newsletter. It is now distributed online to close to 1,000 members
of the duckweed community including researchers and application specialists worldwide. We update the list of
recipients of the Duckweed Forum with all those who show their intent in receiving it by communicating to one
of the members of the ISCDRA and, regularly with the participants of each ICDRA and the corresponding
authors of new duckweed-related publications every quarter, as far as possible.

For all the duckweed conferences, ICDRA were announced in advance and reported thereafter both in the
Duckweed Forum and in journals:

- 1*'ICDRA at CAS, Chengdu, China in 2011 (Zhao et al., 2012)

- 2" |CDRA at Rutgers University, USA in 2013 (Lam et al., 2014)

- 3“ICDRA at the Kyoto University, Japan in 2015 (Appenroth et al., 2015)

- 4" |CDRA at the Central University of Kerala, India in 2017 (Sree and Khurana, 2017)
- 5" |CDRA at Weizmann Institute of Science, Israel in 2019 (Edelman et al., 2021)

- 6" ICDRA at Institutes of Plant Genetics and Crop Plant Research (IPK), Germany in 2022 (Olah et al.,
2023)
- 7" ICDRA at Bangkok, Thailand in 2024 (Appenroth et al., 2025)

| am sure the DF readers will agree that the newsletter is approaching more and more to a professional level —
although none of the ISCDRA members has been a professional journalist. Everything is done on a voluntary
basis by the elected members of ISCDRA. From number 13 onward the newsletter got a real professional
design. Looking back, | am quite impressed that this was already done almost 10 years ago — and 37 issues of
the newsletter earlier. Time flies.

Over time, several categories were developed like “Students experiments”, “Student spotlights”, “Science meets
Art” or “Database” etc.. Contributions like “Useful methods 3: Media for in vitro-cultivation of duckweed”
(Duckweed Form 3: 180 — 186 (2015)) are meanwhile cited even in several scientific publications.

The committee decided some time ago to select in each issue of the DF from the compiled database one
"Highlight paper” of academic research and one of practical applications — although it is not always easy to
distinguish between both categories. More recently, from the suggestion by the then-Chair of the ISCDRA, Eric
Lam, the authors of these selected Highlight papers are now invited to present a Commentary on their
publication in the next issue of the DF to help inform the broader audience on their impactful research as well
as to extend their ideas beyond the published work.

| am looking forward to seeing how the Duckweed Forum will look like and the state of duckweed community
development when we publish the DF issue number 100. Let’s wish good success together — and contribute to
growth of the Duckweed Forum.
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Interview with John W. Cross, Ph.D., Urbana IL, USA
Interviewer: Klaus-J. Appenroth, Friedrich Schiller University, Plant Physiology, Jena, Germany

Klaus Appenroth. Dear John, what brought you to the idea to produce a home page about duckweed and when
was it, that the home page was accessible? | assume there was some time between the idea and the
realization.

John Cross. In 1995, it was common for Scientists at NSF,
where | worked then, to develop home pages for
educational purposes. In keeping with that charitable
ideal of promoting science education, | decided to create
an educational website devoted to the Lemnaceae.
Previously, | had used Lemna gibba and Lemna minor to
study the mechanisms of action of plant growth
regulators, and | had learned of their potential uses in
phytoremediation and aquaculture by reading the work of
Prof. Dudley D. Culley at LSU. Prof. Elias Landolt at the
Swiss Federal Institute of Technology was kind enough to
donate two of his books on the Lemnaceae. Dr. Janet
Slovin, USDA-ARS provided the original stocks of L. gibba,
and students at the University of San Francisco collected
wild clones of L. minorfor me. | sterilized them myself.

Klaus Appenroth. What was your main intention? And: Did
your intention change over time? Finally, it covered a
broad range of topics, from systematics to ecology and physiology and gave information about the
International Lemna Association and the International Steering Committee on Duckweed Research and
Applications.

John Cross As | wrote above, my intention was educational, as a matter of public concern or charity to further
applications of duckweeds in the basic and applied sciences. The site did present links and info regarding
duckweed-related meetings.

Klaus Appenroth. | remember that it started at one University but was moved later to another place. Could you
explain this a little bit?

John Cross: | began writing and posting The Charms of Duckweed while | was a Program Director at NSF. |
posted each page nearly as soon as it was written to my homepage on Erols.com, my Internet service provider.
Erols is no longer in business. When | moved to the Universities Space Research Association (USRA.org), it
was hosted there. That move gave me greater visibility, because at that time (1999) Yahoo refused to index
commercially hosted websites, like mine. A Program Director in the NSF Educational Directorate suggested |
move The Charms of Duckweed to the Missouri Botanical Garden (MOBOT.org) as a permanent Web host.
Mobot agreed, and it was hosted there from 1999 to 2020. | discontinued updates in 2020 after | had a stroke,
which interfered with my accuracy while typing rapidly.

Klaus Appenroth: Did you have regular co-workers or did you manage everything yourself?
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John Cross. | researched and wrote all the copy and code myself, much of it directly in HTML Markup
Language. Several of the illustrations were copied from other scientists and used with their permission,
particularly Profs. Elias Landolt, Wayne Armstrong, and Dr. Ludmilla V. Tsatsenko.

Klaus Appenroth: You cooperated with several scientists, e.g. from Russia. Do you remember some contacts
with special pleasure?

John Cross: Yes, Dr. Ludmilla Tsatsenko, then at Kuban State University, provided some excellent color
illustrations. With the aid of artificial intelligence, | translated her Russian Language captions into English.

Klaus Appenroth. Was there feedback over the time that you enjoyed especially?

John Cross: | used a tracker to count how many views | got from each country. The results were highly
gratifying. | also incorporated a form for questions and, through it, got many questions and comments from
students.

Klaus Appenroth. How long had you been able to keep the home page updated?

John Cross: | stopped the updates completely in 2020, but had slowed before then because Mobot's Internet
security kept getting more and more difficult to handle when | uploaded revisions. | wrote and maintained the
website for over 25 years in total.

Klaus Appenroth. Perhaps it was during the 2" International Conference on Duckweed Research and
Applications at the Rutgers University in NJ that you offered that someone else should take over the
responsibility to keep the home page running. Could you comment on this? What would be your dream for the
future of the home page?

John Cross. See above. The recent website, thecharmofduckweed.org, is unrelated to The Charms of
Duckweed, which is my copyrighted work.

A highly abbreviated version of my copyrighted work is still available with this URL,
http://duckweed-facts.tripod.com, but some of the photos don't load properly.

Creating The Charms of Duckweed, An Educational Website
John W, Cross, PhuD. » Alexandria, VA, USA

The Charms of Duckweed
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Dr. William 5. Hillman (1929- 1981)

Senior Plant Physiologist, Brookhaen National Laboratory, {E962-1981)
Assisrant Professor, Yale University,

Ph.D. Yale University

Left: View on the home page “The charms of Hillman pioneered basic research an photoperiodic control of Rowering in Lemna, "plaving a critical role in
Duckweed" the study of photomorphogenesis” Later, he began collaborating with Bud Culley at L3U on applications of

duekweeds.

Right: Contact with William S. Hillman (1929 - 1981).
Hillman was one of the most famous duckweed researchers of this time. His publication had a high impact in the field: W.S.
Hillman (1978) Uses of duckweed. American Scientist 66: 442-451.
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Duckweeds via Qfarming'™:

Pioneering fully electric, climate-
positive food systems

Tsipi Shoham PhD
GreenOnyx CEO and Co-founder (Email: tsipi@greenonyx.biz)

Food systems are among the largest contributors to climate change, responsible for nearly one-third of global
greenhouse gas emissions. Traditional agriculture relies on fossil fuels, extensive land use, and long-distance
logistics—driving deforestation, water scarcity, and massive food waste. To
sustainably feed a growing global population, we need a radical new paradigm -
FAO (2024).

At GreenOnyx, we have pioneered QFarming™, a breakthrough cultivation
platform inspired by nature’s most efficient plants. By harnessing the unique
power of duckweeds, QFarming™ enables fully electric food production at both
local and global scales, designed to operate fossil-free when connected to clean
energy grids.

The result is the world’s smallest, most nutrient-dense, and versatile fresh
vegetables. Delivered through an electric agriculture platform, these fresh
vegetables (termed Wanna greens) combine duckweeds’ natural efficiencies
such as fast growth, low light requirements, rapid nutrient absorption, and no
need for arable land with QFarming™'s engineered advantages of minimal space, water, fertilizer, and energy
use, producing a highly productive and wholesome biomass.

|

Tackling Food Waste and
Resource Inefficiency: One-third
of all food produced globally is
lost or wasted, contributing to 8-
10% of global GHG emissions,

according to the UNFCCC (2024). B () i
¥ y
1 |

challenge head-on by growing
duckweeds that have a 100% °
harvest index, meaning the entire
plant is  consumed. The
technological platform  further
reduces post-harvest losses and
transport spoilage through hyper- |
local, end-to-end production and ' :
stable vyields. The unmatched q
shelf life of its fresh produce, ap Al
combined with the fact that QFarming™ Platform: A highly compact and resource-efficient cultivation system
consumers eat the whole plant designed for the ultra-efficient growth of fresh, nutrient-dense duckweed. The
without stems, cores, or peels left platform minimizes energy, water, and fertilizer use, and operates within a sealed,
behind, and that crops are sterile environment to ensure resilient, robust, and high-yield production. Fully
harvested clean and ready-to-eat, modular and controlled, it enables scalable, year-round farming with exceptional
eliminates kitchen waste at the Ppurity and consistency

consumer level.
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In addition, QFarming™ supports continuous cultivation in closed, controlled environments, making it ideal for
urban and distributed agriculture (CEA). By using 90% less water and fertilizers and requiring no pesticides or
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synthetic inputs, QFarming™ ensures food that is pure, safe, and climate-positive, supporting regenerative and
circular practices.

A Fossil-Free Agricultural Revolution for the Future: QFarming™ represents a fully controlled, modular platform
powered entirely by electricity, decoupled from climate variability and designed to operate completely fossil-
free when connected to renewable energy grids. Together with its local operation, this shortens supply chains,
reduces transport-related emissions, and brings fresh food closer to consumers, securing fossil-free
agricultural solutions for the future.

This innovation unlocks the future of food. It provides fresh, wholesome vegetables, packed with bioactive
nutrients for daily health, alongside the scalable production of essential food ingredients such as complete
proteins, carbohydrates, fibers, and other crucial bio-molecules.

We envision QFarming™ and duckweed as the foundation of a climate-positive, waste-free, fully electric global
food system—unlocking a future where agriculture is scalable, resilient, and independent of geography and
fossil fuels.
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Introduction

Use of duckweed for human nutrition is a promising perspective (Acosta et al., 2024; Appenroth et al., 2017,
2018). One of the critical environmental condition to cultivate duckweed is the nutrient medium, i.e. the
availability of fertilizers. As strict hygienic requirements have to be fulfilled, use of cow dung or similar organic
fertilisers from domesticated animals (Chakrabarti et al. 2018) is not acceptable. Using low molecular
carbohydrates like glucose or sucrose is problematic in a similar way. In order to avoid heavy microbiological
contaminations, cultivation under sterile conditions is then necessary. This necessitates use of artificial,
mineral nutrient media. A large number of nutrient media, tested for the cultivation of duckweed in the lab, is
available (Appenroth et al. 2015). However, during upscaling, the price of the chemicals is a critical
consideration. Petersen (2022) composed a nutrient medium by replacing some of the required components
by cheaper agrochemicals. But this points to another problem: not all laboratories have the capacity to
compose bespoke nutrient media by using the individual fertilizer components. Very famous is e.g. the so-
called Murashige & Skoog medium, provided e.g. by the company Duchefa, Biochemie, The Netherlands. The
nutrient medium is premixed and has just to be dissolved in water. In a similar way, easy to handle, is a nutrient
medium from the company Aquaponic Design Srl, Bologna, Italy consisting of two packages of mixed salts,
which has to be used to prepare two stock solutions without using a balance. The final growth medium,
Aqualeaf, is prepared by diluting the two stock solutions.

We calculated the approximate costs of different nutrient media for 100 L:

- Murashige & Skoog (Chemicals from Duchefa, Netherlands and Carl Roth, Germany; Murashige
and Skoog, 1962): 104 €

- N medium (Chemicals from Carl Roth; Appenroth et al., 1996): 6 €

- Aqualeaf (AL) (Aquaponic Design, Italy): 6.40 €

In the following, we tested the nutrient medium Aqua Leaf (AL) for the growth of three duckweed species that
are accepted as novel food in the European Union: Lemna minor, Lemna gibba and Wolffia globosa (EFSA,
2021, 2022).

Material and Methods
Lemna minor 9441 (Germany) and Wolffia globosa 9498 (Uttar Pradesh, India).

Lemna gibba KJAQ70 (Tenerife, Spain) was collected by one of the authors (FM) and integrated into the Jena
stock collection after sterilization by KJA. These three species were selected for the test as they are accepted
within the European Union as novel food for human nutrition (EFSA, 2021, 2022) and were taken from the
stock collection of the University of Jena — Plant Physiology, Germany.

Plants were cultivated under standard conditions (1IS020079, 2005), i.e. 25°C and 100 pmol m? s continuous
white light. Growth rates of the three clones were compared using three nutrient media: N medium (Appenroth
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et al, 1996), Aqua Leaf (AL) and a modified Aqua Leaf medium (AL+). These media have the following

composition:

Table 1: Composition of nutrient media (data in mM). The concentrations that are different in AL and AL+ are

labelled with bold letters.

Component N medium (mM) Aqualeaf (AL) AL+

K 8.15 5.5 7.7

Ca 1 2 2

Mg 1 0.55 0.55
Fe 0.025 0.022 0.022
Mn 0.013 0.0005 0.0005
B 0.007 0.012 0.012
Na 0.185 - -

Zn 0 0.025 0.025
Cu 0 0.002 0.002
Mo 0.08 0.0025 0.0025
N-nitrate 10 9.2 9.2
N-ammonium 0 0.96 0.96
S-sulphate 1 0.38 1.48
P-phospate 0.15 0.54 0.54

Cl 0.026 - -
EDTA 0.025 0.022 0.022

It is obvious that the composition of the commercial nutrient medium AL is similar to that of the N medium for
the main macronutrients. In AL+ some K,S0O, has been added.

Plants were inoculated in 100 ml nutrient media in glass beakers. Growth rates were calculated on the basis of
frond number after cultivation for 7 days. All experiments were run with five parallel samples. Relative growth
rates (RGR), and relative yield were calculated as defined by Ziegler et al (2015). Significance was tested using

one-way ANOVA.

Results and Discussion

Growth rates for all three species were given for the three growth media.

Table 2: Relative yield of three clones on different nutrient media: N, AL and AL+. This term has been defined by
Ziegler et al. (2015) as the amount of duckweed biomass produced by one unit (e.g. T g) starting material after

7 d cultivation.

Clone/ Nutrient medium

Le. minor9441

Wo. globosa 9498

Le. gibba KJAQ70

N 20.4+9.4 46.519.9 29.9+1.5
AL 18.4+2.6 46.4+20.6 28.524.3
AL+ 19.3+5.4 43.7+12.4 29.745.2

In Figure 1 the relative growth rates are presented.
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Growth rates and relative yields on N medium for Le minor 9441 and Wo. globosa 9498 are in good agreement
with previously published results (Sree et al., 2025; Ziegler et al,, 2015). The clone Le. gibba KJAO70 was not
yet investigated before. No significant differences between the growth parameters on the three nutrient media
were uncovered for any of the three species. The modified Aqual.eaf medium, AL+ does not have advantages
compared to the original medium.
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Figure 1: Relative growth rates of Lemna minor 9441, Wolffia globosa 9498, and Lemna gibba KJAQ70 in the following
growth media: N (Appenroth et al., 1996), AL (Aquaponic Design, Italy) and AL+ (modified in the present project).

As a conseguence, the easy to handle, and cheap, nutrient medium AL is recommended for use in growth-
dependent duckweed cultivation. Whether this nutrient medium can also be used for long-term stock
cultivation requires further investigations.
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Student spotlight: Young
MIiNds poised to help shape
the future of duckweed
genetic engineering

An interview with iIGEM Brno

Interviewer: Tsipi Shoham, PhD (GreenOnyx CEO and Co-founder)

| am excited to introduce a remarkable group of young
students who have chosen to dedicate their passion,
talent, and future to the field of duckweed genetic
engineering. In this interview, the team from iGEM Brno,
Masaryk University, Brno, Czech Republic, share their
motivations, their vision for the future, and what excites
them most about working with the world's smallest
flowering plant.

Dr. Shoham: What inspired you to focus your scientific
work on duckweed and genetic engineering?
iGEM Brno: We identifled the unique potential of
duckweed—the fastest-growing plant on Earth—to
address a range of environmental challenges.

It all started at the iGEM Hackathon in the spring of
2024, we came up with the idea to create ammonia-
resistant duckweed that could grow on manure,
converting ammonium into protein-rich biomass directly
on the farm. This biomass could then be used as a
protein-rich feedstock for livestock on a daily basis.
Such a solution would save farmers money while also
reducing nitrogen and CO, emissions at the same time.
We fell in love with this idea and spent considerable
time developing the scientific concept.

The iGEM Brno team members: from Faculty of Sciences,
Masaryk University, Czech Republic: Matus Gries, Miroslav
Rosputinsky, Matej Zamecnik, Barbora Gavendova, Michal
Simaédk, Jonas Pospichal, Tereza Slancikova, Ondréj
Svanda, lubomir Gallo, Klarka Péchouckovd, Hanka

Slamova, David Kopecky, Maté Bryja, Michaela
Prokopova, Anna Podmanicka, Marko Mecava, Zdenka
Vilhanova, Peter Schmidt. From Brno University of
Technology: Martin Pavella, Andrej Zabka, Pravoslav Zilka

Later, we realized that the bottleneck to making this solution techno-economically feasible wasn't duckweed’s
ability to incorporate ammonium, but rather its biomass yield, which needs to be even higher than it is today to

justify a shift from the current status quo in agriculture.

So, we shifted our focus to cloning genes that have

been proven to significantly increase biomass production in plants. Eventually, with a lot of insights/knowledge
from Dr. Ordéfiez, we came to another realization: duckweed is almost “unprogrammable.” Inserting genes into
it could take half a year of work with highly unpredictable results.. We embraced this challenge with
excitement, seeing it not as a roadblock but as an opportunity to innovate and make an impact in this

emerging field.
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Dr. Shoham: As a group of young scientists, what excites you most about the potential of duckweed?
iGEM Brno: It's about duckweed's speed and versatility. The faster you can produce something nowadays, the
better. But what does “better” really mean? For us, as techno-optimists, it means finding a way to be more
profitable while truly sustainable - either by producing something people need or by degrading something
harmful. And duckweed is perfectly suited to do both - once it becomes programmable.

Dr. Shoham: What unique perspectives or skills do you think your generation brings to this field?

iGEM Brno: The belief that nothing is impossible and a strong desire to build a better and long-term sustainable
future is a type of mindset that will make a real difference. As such, we are highly motivated and often are not
concern with the amount of work and the bottlenecks that may lie ahead, which is actually perfect for
attempting bold, even “crazy,” projects that more experienced and perhaps more “pessimistic”, scientists might
ever decide to pursue.

Dr. Shoham: Can you share a key moment or experience that shaped your decision to work in duckweed
research?

iGEM Brno: The first decisive, initially disheartening, but ultimately encouraging, moment was a call with Prof.
Andrew D. Hanson. Although he is not directly involved in duckweed research, he has decades of experience in
plant biotechnology. He “destroyed” our initial concept, but more importantly, he encouraged us to think broadly
and realistically about what could actually be achieved with plant synthetic biology and duckweed. He taught
us the importance of always doing the math and evaluating techno-economic feasibility through Fermi
calculations for every potential technological solution we considered. So, we ran the numbers and examined
the broader potential of duckweed. That became the decisive turning point, when we realized we could truly
see ourselves building careers centred around duckweed.

Dr. Shoham: Where do you hope to see your research—and the field of duckweed genetic engineering—in 5 to
10 years?

iGEM Brno: That's a long time. Considering the fact that duckweed has very real application potential, we'd like
more plant molecular biologists to take notice and finally leave Arabidopsis in the past, replacing it with the
superior plant of the future. We'd like to see successful transformation of all five duckweed genera, each
leveraging its unique strengths for a specific purpose. Once that is established, duckweeds could finally
become the living bioreactors for recombinant proteins they were always meant to be, which would bring new
and exciting challenges, like engineering secretion into the medium and achieving human-like glycosylation for
therapeutics.

Dr. Shoham: What advice would you give to other young scientists considering entering this field?
iGEM Brno: Be prepared to be amazed by all the incredible things duckweed can do - like sustaining transient
expression for over 20 days. But also brace yourself for the challenges that remain unresolved (genome
annotations are still poor). Most importantly, never stop thinking about how your research could be useful and
how it can push duckweed applications forward. Oh, and once you start working with duckweed, it'll be
everywhere - on your clothes, in your sink, and on your hands. “Get rid of it fast... before it grows even faster!

Dr. Shoham: If you had unlimited resources, what would be your dream innovation in duckweed science?

iGEM Brno: Creating a duckweed digital twin! We would run extremely detailed omics analysis to simulate
duckweed metabolism in silico, predict the outcome of genetic modifications, and introduce new pathways
with a high degree of confidence in the result. And what is possibly closest to our hearts is unlocking
chloroplast transformation in duckweed. Imagine that the fastest-growing plant with thousands of gene copies
being expressed in each cell - now that would be a real game-changer!
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Water lentil (duckweed) protein purification by chemical (HCI) and
electrochemical (Electrodialysis with bipolar membranes) acidification:
Composition, structure and functional properties vs commercial protein
isolates

Muller, T; Bazinet, L. Food Chemistry (2025) 489: 144901.

Water lentils (duckweeds) are a potential source of sustainable protein, though their use in food formulation
remains underexplored. This study aims to investigate the functional properties of water lentil protein
concentrates (WLPCs) and their by-products, which were obtained through solubilization followed by chemical
(HCI) and electrochemical (electrodialysis with bipolar membranes) purification in comparison to the initial
water lentil powder (IP), egg white, soy, and whey protein commercial isolates. Both purification methods
increased RubisCO content from 40 % in the IP to 80-85 % in the purified products, while structural analysis
showed a shift from intermolecular to intramolecular beta-sheets and alpha-helices, enhancing functionality.
Regardless of the purification process, WLPCs and their by-products exhibited complementary functional
properties, often matching or exceeding those of the IP and commercial protein isolates. These findings
highlight that purified water lentil proteins are suitable for food formulation, but further investigations are
necessary to evaluate their organoleptic properties.

Genome diversity and evolution of the duckweed section Alatae
comprising diploids, polyploids, and interspecific hybrids

Stepanenko, A; Braglia, L; Fuchs, J; Schubert, V; Hoang, PTN; Lee, Y; Chen, GM; Giani, S; Morello, L; Schubert, I.
Plant Journal (2025) 122: €70158.

The section Alatae of genus Lemna of the monocotyledonous aquatic duckweed family (Lemnaceae) consists
of rather diverse accessions with unknown phylogeny and unclear taxonomic assignment. In contrast to other
duckweeds, some Alatae accessions, in addition to mainly vegetative propagation, produce readily flowers and
viable seeds. We analyzed the genomic diversity and phylogenetic relationship of 52 Alatae accessions. For
this purpose, we applied multiple molecular and cytogenetic approaches, including plastid and nuclear
sequence polymorphisms, chromosome counting, genome size determination, and genomic in situ
hybridization in combination with geographic distribution. We uncovered ploidy variation, recurrent
hybridization, and backcrosses between species and their hybrids. The latter successfully spread over three
continents. The results elucidate the evolution of Alatae accessions and explain the difficult taxonomic
assignment of distinct accessions. Our study might be an example for analogous studies to resolve the
hitherto unclear relationships among accessions of the duckweed genera Wolffiellaand Wolffia.

Amending soil with duckweed enhances mineralization of plant nutrients
and induces shifts in composition of soil microbiome

Chungopast, S; Thongthung, H; Phonmakham, J; Thamchaipenet, A; Kaewtapee, C. Archives of Agronomy and
Soil Science (2025) 71: 1-17.

Duckweed, with its high levels of protein and nutrient contents, is a viable option for use as a soil amendment.
This research investigated using duckweed to enhance the properties of soil with low nitrogen content and to
observe any associated changes in the soil bacterial community. The 8 duckweed samples were identified as
either Lemna aequinoctialis or Landoltia punctata. Notably, Lemna aequinoctialis BKO1 exhibited rapid
multiplication (approximately six-fold within 7 d) when cultivated in Hoagland medium. Duckweed proved
effective in soil enhancement, leading to a 10.5% increase in organic matter after 30 d of soil incubation,
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triggering mineralization and release into the soil of ammonium (4.95 mg L"), nitrate (3.29 mg L"), and
available phosphorus (73.46 mg kg'). Furthermore, the soil amended with duckweed showcased the
dominance of 3 bacterial phyla: the Actinobacteriota (24.9%), Proteobacteria (20.9%), and Planctomycetota
(10%). Ammonium was positively correlated with Tumebacillus and nitrate was positively correlated with
Pullulanibacillus, while the organic matter and available phosphorus were positively correlated with Dyella.
These results demonstrated that duckweed has a potential not only to improve the soil quality in nitrogen-
deficient soil, such as the Hup Krapong soil series, but also to induce shifts in bacterial communities.

Examining the potential of duckweed and Azolla species towards
attaining bio-circularity in agricultural systems - a systematic literature
review

Munaro, AT; Ndlovu, J; Bunhu, T; Siziba, N. Sustainable Environment (2025) 11: 2505292.

To meet the population-driven food demand, intensified livestock production has led to excessive animal
manure accumulation exacerbating eutrophication in river systems. As waste management evolve towards
resource 'recovery, recycling, and reuse’, costly and techno-advanced nutrient management technologies like
ammonia stripping are often impractical in developing countries. Phytoremediation, particularly by rapidly
growing aquatic macrophytes with simple growth requirements, present a cheap and environmentally friendly
path towards bio-circularity and sustainability in resource-limited agricultural setups. This review uniquely
collates recent research and sheds more light on the role played by duckweed and Azolla spp. in sustainable
bio-circular agricultural systems. We particularly zoom-in on the triple utility role of phytoremediation, biomass
valorization and potential climate change resilience by duckweed and Azolla species. Following the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) framework, 32 peer-reviewed articles
(2014-2023) were selected and analysed from a pool of 310 articles. Under specific conditions, duckweed and
Azolla species can achieve high relative growth rates (RGRs) of up to 2.3 g/g/day, and potentially yield up to
105 tonnes/hectare/year of dry biomass. Additionally, these plants can accumulate 58% crude protein and
47.2% carbohydrates through efficiently (similar to 100%) remediating specific nitrogen (N) forms and
phosphorus (P). Interestingly, Azolla pinnata can sequester CO, at rates between 150% and 164% of its dry
weight in cow manure and urine. By combining bioremediation, biomass valorization and climate mitigation,
this review provides practical insights, and a distillation of research gaps, towards sustainable animal manure
management, especially in resource-limited agricultural setups such as those of Zimbabwe.

Influence of alternate wetting and drying and duckweed on zooplankton
abundance in rice paddy ecosystem

Ahmed, Z; Liu, WX; Xu, JZ; Li, YW; Majeed, Z. Journal of Environmental Management (2025) 383: 125433.

The escalating global demand for rice has transformed the traditional rice cultivation systems to alternate
wetting and drying (AWD) irrigation as control irrigation (CI), particularly in dwindling water resources. Recently,
the rice-duckweed system has shown positive outcomes in paddy habitats, but there is a gap in the literature
regarding duckweed's impact on zooplankton with alternate AWD dry-wet cycles. Therefore, a field experiment
was conducted to quantify the impact of flooding irrigation (FI) and control irrigation (AWD) with (FI + D, CI + D)
and without (FI, Cl) duckweed mats on zooplankton abundance at the early tillering (ET) and flowering (FL)
stages, making a sequence before and after midseason drainage (MD) and successive AWD dry rewet cycles,
respectively. For both the ET and FL stages, Cl + D significantly dominated other treatments in taxonomic
richness and individuals/L. Post MD, a significant reduction in taxonomic richness was observed under Fl
compared to Fl + D. At FL, the zooplankton individual/L were significantly reduced in the FI habitat, but there
was no significant difference between Fl + D and Cl + D. Fl resulted in low diversity after MD, indicating a
disrupted habitat for zooplankton. PCA analysis showed that dissolved oxygen (mg/L) and pH at ET, and
temperature (degrees C) at FL remained significant influential factors to governed zooplankton habitat. AWD
dry wet cycles control the outgrowth of duckweed and enrich the zooplankton habitat with decomposing
duckweed. Our analysis showed that Cl + D is a diversity-promoting and sustainable rice cultivation method,
with further suggestions for long-term studies at the species level under the rice-duckweed system.

Effects of carbonised rice hull and duckweed (Lemna minop) in rice
(Oryza sativa) seedling growth

Franguera, EN. Tropical Agriculture (2025) 102: 193-200.
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Carbonised rice hull (CRH) is an excellent soil fertiliser and conditioner because it includes magnesium.
Duckweed (Lemna minor), an aquatic plant, can grow in wastewater, ecologically clean the water by
accumulating nutrients, and provide a by-product that can substitute for or augment synthetic fertilisers. Field
experiments were conducted in May and November 2019 to evaluate the effects of CRH and a combination of
CRH and duckweeds on rice seedling growth. This study tested the hypothesis that the addition of duckweeds
and CRH as amendments or alternative fertiliser will improve rice seedling growth. Parameters measured such
as plant height, root length, leaf length, and nutrient composition of CRH and duckweeds. Three treatments
were used (control no application, CRH, and CRH combined between the treatment with combined duckweed
and CRH compared with application of CRH alone and no application. Longer roots, longer leaves and taller
rice seedlings were also obtained from the treatment of CRH combined with duckweeds. Results suggest that
incorporation of CRH in combination with duckweed in seedbed preparation could enhance the growth of rice
seedlings and could be an alternative source of nutrients for the growing rice seedlings since the said
alternative materials (duckweeds and CRH) contain necessary nutrients such as nitrogen, phosphorus,
potassium, and micronutrients such as zinc. Findings suggest that duckweed may be an environmentally and
agriculturally sound substitute for synthetic fertiliser. Using these materials may also lessen the cost of
production with better crop standing.

Bioorganic fertilizers from agricultural waste enhance rice growth under
saline soil conditions

Riddech, N; Theerakulpisut, P; Ma, YN; Sarin, P. Scientifc Report (2025) 15: 8979.

Agricultural waste (AW) presents significant environmental challenges if not effectively managed. Recycling
AW as bio-organic fertilizers (BIOs) offers a sustainable solution, improving soil health, reducing dependence
on chemical fertilizers, and stimulating crop growth. This study investigated the effectiveness of BIOs
generated from AW composted with plant growth-promoting rhizobacteria (PGPR), including Enterobacter sp.
R24, Bacillus tequilensis P8, and Pseudomonas azotoformans S81. BlOs produced from peanut shell, rice
straw, duckweed, and rice bran were applied to rice seedlings under normal and saline (85 mM NaCl)
conditions. The results revealed that PGPR-fermented BIOs utilized for only 15-30 days significantly improved
seed germination and root length. BIO-duckweed and BIO-peanut proved high in nitrogen, phosphate, and
potassium content, thereby increasing total biomass by 188% and 85%, respectively. In non-saline soil, BIO-
peanut shell outperformed chemical fertilizers, promoting root growth and chlorophyll content. Additionally,
BlO-rice straw gave a 58% reduction in proline levels under saline conditions, indicating stress reduction
capacity. BIOs treatments demonstrated significant improvements in both nutrient availability and microbial
diversity. Specifically, BIO-peanut shell and BIO-duckweed increased phosphate availability in soil by 143.26%,
13.80% over control soil and 7.23%, 30.69% over chemical treatment, respectively. The denaturing gradient gel
electrophoresis (DGGE) analysis further revealed a noticeable increase in microbial diversity in soils treated
with BIOs, which was absent in untreated soil. Indeed, BIO-rice straw promoted the development of five distinct
bacterial genera in saline condition, underscoring BIOs' ability to enhance the microbial community structure.
The study highlights the potential of BIOs from AW combined with PGPRs to enhance rice growth under
extreme salt stress. This sustainable alternative to chemical fertilizers enhances soil health by increasing
nutrient availability, microbial diversity, and promoting beneficial soil microbes, ultimately improving long-term
soil resilience and fertility.

Triple labeling of metabolites for metabolome analysis (TLEMMA): a
stable isotope labeling approach for metabolite identification and
network reconstruction

Dong, YH; Feldberg, L; Wang, Y; Heinig, U; Rogachey, I; Aharoni, A. Plant Journal (2025) 123: €70333.

Metabolite identification remains a significant challenge in mass spectrometry (MS)-based metabolomics
research. To address this issue, we combined a triple-labeled precursor-based isotope tracing approach
(TLEMMA) with high-resolution liquid chromatography-MS for metabolite identification and metabolic network
construction. As a demonstration, we fed duckweed (Spirodela polyrhiza) with four forms of phenylalanine
(Phe) including unlabeled Phe, Phe-5H2, Phe-8H2, and Phe-13C915N1. The distinctive isotopic pattern
obtained from MS spectra greatly facilitated data processing, enabling comprehensive extraction of all Phe-
derived metabolites. Importantly, the labeling pattern allowed efficient metabolite identification by significantly
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reducing the number of structural and positional isomers. Using this approach, 47 phenylalanine-derived
metabolites were putatively identified. To further evaluate the efficiency of metabolite identification in relation
to the number of differently labeled precursors used, we compared the number of filtered candidates based
solely on the labeling patterns obtained from unlabeled, single, dual, and triple isotope-labeled precursor
tracing experiments. On average, TLEMMA eliminates the number of false candidates by 99.1% compared with
unlabeled samples, 95% compared with single isotope-labeled samples, and 66.7% compared with dual
isotope-labeled samples. This significant reduction in the number of false positives, along with the ability to
identify previously unreported metabolites, demonstrates the power of TLEMMA in advancing the field of
metabolomics and metabolic network reconstruction.

Exploring electrodialysis with bipolar membranes for water lentil
(duckweed) protein purification: A first investigation into process and
membrane characterization with products comparison to chemical
acidification

Muller, T; Bazinet, L. Food Research International (2025) 212: 116526.

Water lentils are free-floating aquatic plants which could be an inexpensive source of protein due to their high
leaf protein content and very rapid reproduction. However, the extraction and purification of leaf proteins from
their matrix is a necessary step for human consumption, as undesired compounds can reduce their functional
or sensorial properties. Therefore, in this study, water lentil proteins were purified for the first time using
electrodialysis with bipolar membrane (EDBM), a technology that has been developed as an ecofriendly
alternative to chemical acidification. The EDBM of water lentils successfully produced a protein concentrate
that had a similar protein content (approximately 47.7 g/100 g) and protein extraction yield (around 39.4 %)
compared to chemical precipitation. Moreover, EDBM allowed the demineralization of the protein concentrate
by-product compared to chemical precipitation, reducing by 74 % its ash content (58.4 vs 15.2 g/100 g) and
doubled its protein content (20.5 vs 41.1 g/100 g). However, during the EDBM process, the system's resistance
tripled, and protein deposits were observed inside spacers and on bipolar membrane cation-exchange layer.
Hence, while EDBM shows great promise, further optimization is necessary to enhance process efficiency.

Bioenergy potential and biomass yield of floating macrophytes grown in
impacted environments

Buss, MV; Mignoni, DSB; Michelon, W; Schutz, ED; Luchessi, AD; Bley, C Jr; Menezes, JC; Nunes, E. International
Journal of Phytoremediation (2025) DOI10.1080/15226514.2025.2515574

Floating aquatic macrophytes, particularly duckweeds, are recognized for their phytoremediation capabilities
and potential as bioenergy feedstocks. This study investigates duckweed biomass collected from four distinct
environments, two natural freshwater ponds, a settling and a polishing pond. Wolffia brasiliensis from the
polishing and settling ponds exhibited the highest protein content (ca. 45%), while Wolffia brasiliensis and
Lemna minuta from the natural pond showed the highest carbohydrate content, both exceeding 35%. The
highest biogas production under swine manure co-digestion was observed for Wolffia brasiliensis from
polishing pond (403.5 + 8.1 Lubiegas Kg VSaq'), despite its lower volatile solids (VS) content (560.5 + 36.1 g kg™),
indicating high biodegradability. Wolffia brasiliensis from settling pond, with the highest VS content (736.4 +
2.5 g kg™"), also showed high biogas yield (400 + 9.5 Lwpiogas Kg VSa™). For natural pond, Wolffia brasiliensis
produced 450 + 6.7 Lubiogas Kg VSas' with a VS content of 635.0 + 44.8 g kg™; in contrast, Lemna minuta, despite
a high VS content (693.2 + 33 g kg™), yielded the lowest biogas (190.3 + 3.6 Lubiogas Kg VSad). The findings
demonstrate the potential of duckweed biomass, from different aquatic environment, for biogas production
including co-digestion based processes.

Naturalized bioreactor assisted fabrication of ferrous(ll) phosphate
nanodots decorated in carbon for "Fast-Charging"” lithium-ion batteries

Zeng, HZ; Liu, R; Wu, QH; Peng, YY; Yang, YL; Chen, JL; Li, JL; Niu, JZ; Liu, G; Zhu, FL; Ran, F. Advanced
Functional Metarials (2025) DOI10.1002/adfm.202503614.
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Biomanufacturing is an emerging technology that utilizes living organisms as production tools, with high
specificity and selectivity, enabling customized production. Plant cell is a typical "factory" of biomanufacturing.
Inspired by this, a novel bio-assisted strategy for preparing biomass-derived carbon@Fe2P composites has
been proposed. For synthesis, Lemna minor L. is chosen as chassis plant to absorb Fe®" at first, then Fe2P can
be generated in-situ in biomass during calcination. To reveal the transformation of Fe2P, the fate of Fe** that
absorbed by Lemna minor L. has been evolved. The carbon layers derived from the naturalized bioreactors
(Lemna minor L. cells) can effectively constrain and disperse the synthesized Fe2P within nanoscale. The
produced composite exhibits excellent charging-discharging capability that can achieve high specific capacity
(approximate to 340 mAh g') and long cycle life (2000 circles) at 1 A g”. These results demonstrate the green
synthesis of Fe2P and the potential of the composite as a high-capacity and fast-charging anode. This strategy
can also be used to prepare other transition metal phosphides (Co2P and Ni12P5). In addition, this strategy
combines the recovery and secondary utilization of metals in effluent, which is meaningful for
phytoremediation.

Polyploid-diploid coexistence in the greater duckweed Spirodela
polyrhiza
Mortier, F; van de Peer, Y; Bonte, D. Journal of Ecology (2025) DOI10.1111/1365-2745.70096

Polyploidy is widespread among plants and is often associated with stressful environments that can facilitate
their establishment. Successful new polyploids must overcome competitive disadvantages against their
progenitors or benefit from negative frequency-dependent growth. We tested the invasion of neotetraploid
duckweed strains (Spirodela polyrhiza) into populations of their diploid progenitors in control and salt stress
conditions in replicated microcosms. We also tested the reverse scenario: invasion of diploids in neotetraploid
populations, to examine the impact of the initial tetraploid proportion. Tetraploid proportions declined in all
tetraploid and diploid invasions, with different rates than predicted from only intrinsic growth rate differences.
Salt stress affected the decline in a strain-specific manner. We found evidence for negative frequency-
dependent growth that, nonetheless, was insufficient to overcome competitive disadvantages of
neopolyploids. Our findings demonstrate the crucial role of competition and frequency dependence on
neopolyploid establishment. Therefore, we caution against inferring neopolyploid success based solely on
intrinsic growth rates.

A review on the role of duckweed (Lemna spp.) in the rejuvenation of
aquatic bodies by pollutant remediation and recovery of valuable
resources

Goala, M; Bachheti, A; Arya, AK; Kumar, V. Environmental Monitoring and Assessment (2025) 197: 591.

Duckweed (Lemna species) is a group of fast-growing aquatic plants, widely recognized for its potential to
restore polluted water bodies and recover valuable resources. The present review focused on the ecological
importance of Lemna spp. in addressing ongoing environmental challenges. In order to obtain the relevant
data, a literature search was conducted using the online database (Scopus), covering the period from 2015 to
2024. It has been observed that Lemna spp. has capabilities in nutrient assimilation, sequestering nitrogen,
phosphorus, heavy metals, and emerging contaminants such as pharmaceuticals and pesticides. Also, the
plant's biomass, generated during remediation, is a valuable resource for bioenergy, animal feed, and
biofertilizer production, thereby contributing to the circular economy. However, several challenges remain
significant, such as variations in environmental conditions, logistical barriers, and biomass disposal concerns.
Integrating Lemna spp.-based systems into water management strategies aligns with global Sustainable
Development Goals (SDGs), particularly those related to clean water, sustainable urban development, and
climate change mitigation. Empirical studies from regions like India, China, and the USA indicated its socio-
economic and environmental benefits. Thus, the present review article focused on its role in pollutant
remediation, resource recovery, and potential for sustainable water resource management.

The effect of biodiversity on productivity changes over time in
duckweed communities

Couture, AA; Déziel, M; Brisson, J; Jewell, MD; Paquette, A. Oikos (2025) 2025: DOI10.1002/0ik.11092
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Several studies have shown that increased biodiversity can lead to increased productivity in plant
communities. This relationship can be explained by a selection effect caused by the dominance of one or a few
species that drive productivity, and by a complementarity effect resulting from the use of resources by the
different species. However, these effects are likely to change over time, which cannot be observed in short-
term experiments (relative to lifespan) that make up most of the literature on this topic. To study the change
over time of the diversity-productivity relationship (DPR) and its underlying mechanisms, we developed an
experimental system using small, fast-generating plants: duckweeds (Lemnaceae). In a growth chamber, we
grew four species in monocultures and polycultures with all possible combinations for 60 days (about six
generations of growth). At 20-day intervals, we measured the biomass of each species, as well as their
functional traits. Our results show a clear increase in the net effect of biodiversity on productivity over time,
mainly caused by an increase in the complementarity effect and the presence of one species in particular. We
also show that, in the presence of other species, the plants showed phenotypic plasticity; however, these
changes did not contribute to an enhancement of the complementarity effect. Our results reinforce the
importance of long-term DPR studies and underline the effectiveness of duckweeds as an experimental model.

Duckweeds produce strong oviposition avoidance and high larval
mortality in invasive Aedes mosquitoes

Binckley, CA; Gushka, AA; Le, KT. Journal of Basic and Applied Zoology (2025) 86: 16.

We examined how two invasive mosquito species, Asian tiger mosquitoes, Aedes albopictus, and Asian rock
pool mosquitoes, A. japonicus, responded to the presence of duckweeds when ovipositing and how these
plants affected Aedes larval survivorship found. Since duckweeds have been shown to increase egg-laying but
kill mosquito larvae in some species, they could be used as a natural form of biocontrol. A total of four
experiments were conducted in 2019 and 2022 that quantified the number of Aedes eggs laid and the percent
survival of their larvae in sites with and without the duckweeds Spirodela polyrhiza and Wolffia arrhiza.
Females of both species laid significantly fewer eggs in sites with duckweeds, and these plants significantly
increased larval mortality. In A. japonicus, larval survivorship was 0% with duckweeds. Unfortunately, our
results suggest that biological control of Aedes mosquitoes using duckweeds appears less promising given
the ability of females to detect and avoid these plants.

Biochemical composition, amino acid and fatty acid profile changes of
aquaculture feeds formulated from alternative ingredients: Long
duration, storage temperature effects and ancillary FTIR confirmation

Puri, P; Sharma, J; Chakrabarti, R; Kumar, G; Shrivastav, AK; Singh, R. Journal of Stored Product Research
(2025) 114:102731.

Extrusion and non-extrusion based aquafeeds 1 and 2 are prepared. Duckweed, Spirodela polyrhiza is used as
alternative feed ingredient for partial fishmeal-substitution in extruded-diet. Non-extruded fishmeal-diet is
treated as control. Feeds are stored at four temperature conditions low (LT1 = -20°C; LT2 = 4°C), ambient (AT3),
high temperature (HT4 = 45°C). Bimonthly assessment of nutritional profile at variable temperature conditions
for biochemical parameters moisture, ash, crude protein (CP), crude lipid (CL), carbohydrates (as nitrogen-free
extract = NFE), gross energy (GE), amino acid (AA) and fatty acid (FA) profile is performed during six-month
storage. Storage temperature, duration have significant effect (P < 0.05) on moisture, CP, CL, NFE and GE
content of diets with significant decrease (P < 0.05) along assessment duration (0 to 180 days) and across
storage temperatures (LT1<LT2<AT3<HT4) for CP, CL. Moisture content shows significant decrease (P < 0.05)
through LT to HT condition across assessment regime for diet 1, with significant interaction effects for both
diets. Significant difference in GE (P < 0.05) exists between LT and AT3, LT and HT4 for diet 1, between LT1 and
HT4 for diet 2; higher GE at LT storages. Rendered oxidative, hydrolytic, thermal losses of dietary proteins and
lipids is exhibited in AA, FA profiles. Significant loss from initial is noteworthy for total saturated,
monounsaturated and polyunsaturated FAs (n3, n6) in both diets. Markedly, there is an overall decrease in
essential, non-essential AAs. FTIR-spectra elucidates storage loss of proteins, lipids and moisture. These novel
outcomes assess percentage loss of nutrients in storage diets elucidating significant nutritional profile
changes. Storage at —20°C with utilization up to two-months is suggestible for best possible dietary gains to
fish and consumers. Cold-storage maintenance though may have its economic bearings specifically for small-
scale farmers with limited stockpile thus storage regulation must deliberate cost-benefit values when
amassing feed amounts for longer durations.
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Towards sustainable food security: Exploring the potential of duckweed
(Lemnaceae) in diversifying food systems

Ofoedu, CE; Bozkurt, H; Mortimer, JC. Trends in Food Science & Technology (2025) 161: 105073.

With the global population rising, concerns over food security, especially regarding protein, are increasing.
Sustainable alternative protein sources are being explored to address the increasing global protein demand
driven by population growth while also mitigating the environmental impacts of animal farming. Lemnaceae (a
family of species more commonly known as duckweed), a currently underutilised and cost-effective crop,
presents a promising solution for balancing protein consumption with environmental sustain ability. At present,
the broader consumption of duckweed faces significant limitations, including issues related to availability,
consumer awareness, and end-user applications. This review assesses the potential of duckweed as a
sustainable resource for diversifying the food system and ensuring food security. It evaluates different aspects
of duckweed, including cultivation/harvesting practice, nutritional value, protein quality and application. The
paper underscores duckweed's transformative potential in food systems, particularly through its diverse
applications. Additionally, it addresses the opportunities and challenges associated with integrating duckweed
and its derivatives into existing food systems. The multifaceted role of duckweed in various sectors, coupled
with its fast growth rate and nutrient-rich biomass, positions it as a promising raw material for novel protein
sources and high-value products. With a balanced amino acid profile for nutrient enrichment and
pharmacological potentials, including antioxidant and antimicrobial properties, duckweed holds great promise
as a novel ingredient for food reformulations and new product development. Nevertheless, successfully
navigating the hurdles of consumer acceptance and delineating the functional compatibility of duckweed and
its derivatives with other food ingredients are essential prerequisites for fully realising duckweed's potential
within the food system.

Exploring the applications of Lemna minor in animal feed: A review
assisted by artificial intelligence

Bethancourt-Dalmasi, H; Viuda-Martos, M; Lucas-Gonzélez, R; Borras, F; Fernandez-Lopez, Journal of Applied
Sciencs (2025) 15: 6732.

The work aims to apply cheap and widely accessible tools based on artificial intelligence to analyze, group, and
categorize a large amount of available research literature (from a massive bibliographic search) on the use of
Lemna minor for animal feed, not only comprehensively and objectively, but also in a more effective and less
time-consuming way. In addition, a comprehensive and critical summary was conducted to highlight recent
applications of L. minorin animal feed. The Scopus database was used for the original bibliographic search.
Then, a newly developed online and freely available tool called "Jupyter Notebook on Google Colab" was
applied to cluster the large volume of bibliographic data (1432 papers) obtained in the basic search, which
allowed their reduction until only 148 papers. These papers were reviewed in a traditional way obtaining
relevant information about L. minor production, nutritional value, composition, and its application as animal
feed. In this sense, the most successful applications were for fish and poultry feeding, reaching levels of
inclusion of 15-20% in fish and 5-15% in poultry. It is of great interest because of the expected increase in
prices of conventional sources of protein for animal feed.

Optimization of the extraction of duckweed protein and its application
as an antioxidant composite membrane in blueberry preservation

Xiao, MG; Leung, AYK; Zhu, ZH; Zhu, L; Xiao, KJ. International Journal of Biological Macromolecules (2025) 311:
143847.

In this paper, response surface methodology (RSM) was used to optimize the extraction process of proteins
from duckweed and the protein extraction rate was increased to 24.11 + 0.04 %. The duckweed protein extract
(DP) was mixed with sodium carboxymethyl cellulose (CMC) and glycerol to prepare DP/CMC antioxidant
membranes with different additions (0.5 % similar to 2.5 %), and 2.0 % DP/CMC antioxidant membranes were
used in blueberry preservation experiments. The results showed that the moisture permeability of DP/CMC
antioxidant membrane was significantly reduced, the thermal stability was significantly improved, and the
antioxidant property was significantly higher than that of CMC membrane (p < 0.05). The lowest oxygen
content in the 2.0 % DP/CMC membrane package compared to PE and CMC membranes may be due to the
synergistic effect of aerobic respiration of blueberries and oxidation of antioxidants in the membrane, under
which the loss of antioxidants in the blueberries was lowest and the quality of blueberries was effectively
maintained. In this study, for the first time, antioxidant membranes with significant freshness preservation
effects were prepared using duckweed protein extract (DP), demonstrating its great potential as an active
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packaging material for food preservation, and opening up a new development direction for the application of
DP.

Optimizing encapsulation strategies for enhanced antioxidant stability
of Wolffia globosa extracts: A comparative study of maltodextrin, gum
arabic, and whey protein concentrate

Sirichokworrakit, S; Aukkanit, N; Sangsuwon, C. Applied Food Research (2025) 5: 101030.

Wolffia globosa is an aquatic plant rich in antioxidants, particularly phenolic compounds. It is the first
systematic study comparing various encapsulants for W. globosa extract. This study encapsulated the extract
from W. globosa using three types of encapsulating agents, i.e., maltodextrin, gum arabic, and whey protein
concentrate, and their combinations. The encapsulated extract was then dried using the spray drying method.
The physicochemical properties of the resulting microencapsulated W. globosa extracts (MWE) were then
analyzed. The total phenolic content and encapsulation efficiency of MWE encapsulated using a combination
of maltodextrin and whey protein concentrate showed the best results (19.58 mg GAE/g extract and 75.70 %,
respectively) (p < 0.05). The MWE was light and yellowish green. The use of whey protein concentrate for
encapsulation led to low bulk densities (0.17 g/mL), and the MWE encapsulated with gum arabic and whey
protein concentrate (G + W) exhibited the lowest density (0.15 g/mL) and the highest moisture content (4.56
g/100 g) (p < 0.05). The use of encapsulating agents alone or in combination resulted in identical water
solubility indexes; however, the combination of encapsulating agents shortened the solubility time. The MWE
encapsulated with maltodextrin exhibited the smallest cumulative particle-size distribution (D50) of 8.32 um,
while G + W had the largest (12.95 um) (p < 0.05), mainly due to the D50 value in the whey protein concentrate
encapsulation. According to the findings, the combination of whey protein concentrate and maltodextrin can
help preserve W. globosa's active components while increasing its stability, solubility, and suitability for use in
functional food and nutraceutical formulations.

Nutritional composition and bioactive profiles of farmed and wild
watermeal (Wolffia globosa)

Seephua, N; Boonarsa, P; Li, H; Thammapat, P; Siriamornpun, S. Foods (2025) 14: 1832.

This study assessed the nutritional composition, bioactive compounds, phytosterol content, amino acids, and
fatty acid profiles of watermeal cultivated under farm conditions (WF1) and harvested from natural
environments (WF2 and WF3). WF1 exhibited the highest levels of protein (22.7%), dietary fiber (16.5%), total
phenolic content (3.9 mg GAE/g DW), and total flavonoid content (5.0 mg QE/g DW). Chlorophyll and beta-
glucan contents were comparable across all samples. WF1 also showed the highest total amino acid content,
while WF2 had the highest lysine and tryptophan levels. Although essential amino acid profiles were slightly
below WHO/FAO/UNU reference values, watermeal remains a promising complementary plant protein source.
Fatty acid analysis revealed a consistently high alpha-linolenic acid content (30%) across all samples,
highlighting its value as a natural source of omega-3 fatty acids. Minor differences in amino acid and fatty acid
profiles suggest an influence of environmental conditions. The most pronounced difference between the
farmed and naturally sourced samples was observed in phytosterol content, which was highest in the farmed
sample. Overall, despite variations in cultivation sources, watermeal consistently exhibits a rich nutritional
profile, reinforcing its potential as a sustainable, nutrient-rich biomaterial for functional food applications.

Lemnaceae as a resilient crop to improve food security under climate
extremes: global warming and post-catastrophic cooling scenarios

Femeena, PV; Brennan, RA. Agriculture and Food Security (2025) 14: 8.

Future impacts of rising temperatures and extreme weather events on agriculture are expected to be severe,
potentially resulting in a 25% reduction in global crop yields by 2050. As a risk multiplier, global warming also
exacerbates existing conflicts over natural resources. In the event of large-scale conflicts like nuclear war, food
production could suffer significantly, potentially declining by 90% in global average calorie production due to
the resulting cold and dark weather conditions. Lemnaceae (commonly known as 'duckweed') is a family of
prolific aquatic plants and a high-protein food source. It is capable of growing in extreme hot or cold
conditions, where conventional crops struggle. This study investigates the effects of both global warming and
post-nuclear war cooling on duckweed growing seasons and biomass production. A plant growth model was
coupled with climate data to predict annual duckweed yields across 20 locations worldwide, considering two
global warming scenarios: (1) an optimistic sustainable pathway with low greenhouse gas emissions and (2) a
fossil fuel-dominated pathway with medium to high greenhouse gas emissions. We also examined three post-
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nuclear war cases with different atmospheric carbon injections. In low-latitude equatorial regions, global
warming and the low-emission nuclear war case had minimal impact on duckweed yields (less than 6%
change from baseline), whereas higher latitudes experienced yield increases (up to 90%) with global warming.
The high-emission nuclear war cases showed a significant reduction in yields, but equatorial regions could still
produce 19-20 metric ton/ha of duckweed annually. The findings from this work substantiate the versatility of
duckweed to improve global food security under both global warming and post-catastrophic cooling scenarios.

Wolffia: A sustainable aquatic crop for future food systems and space
agriculture

Saranya, S; Lincy, LL; Thamanna, L; Dhayanithi, S; Chellapandi, P. Trends in Food Science and Technology
(2025) 161: 1050609.

Global food security and environmental sustainability require innovative crops capable of thriving under
resource-limited conditions while fulfilling nutritional demands. Wolffia species, the smallest and fastest
growing aquatic angiosperm, have emerged as promising next-generation crops for sustainable food systems
and space agriculture. This review critically examines the biological, nutritional, and biotechnological attributes
of Wolffia, emphasizing its rapid growth (doubling time of 1.0-2.1 days), high protein content (30-45 % dry
weight), and well-balanced essential amino acid profile, surpassing many conventional crops and microalgae
in terms of productivity and nutrient density. Wolffia demonstrates remarkable environmental adaptability,
thriving in nutrient rich wastewater while achieving nitrogen and phosphorus removal efficiencies of 82-98 %,
aligning with circular bioeconomy principles. Advances in systems biology and genomics have revealed its
streamlined genome, stress tolerance mechanisms, and potential for synthetic biology applications to enhance
the production of bioactive compounds and environmental resilience. Its compact morphology, rapid biomass
accumulation (4.5-10 g DW/m2/day), oxygen generation capacity, and efficient resource utilization further
support its suitability for bioregenerative life support systems in space farming. This review also highlights the
current challenges in large-scale cultivation, post-harvest processing, and biomass preservation while
proposing future directions for genetic improvement and process optimization. Overall, Wolffia is a nutrient-
rich, versatile, and ecologically sustainable aquatic crop with significant potential to transform both terrestrial
food systems and extra-terrestrial agriculture.

Comment DF: The presentation of a Wolffia species with roots (or “root vestiges”) and the emergence of
daughter fronds and turions from the surface of the mother frond are misleading and raise questions
concerning the qualification of these authors and the reviewers appointed by this journal. In general, reviews
should preferably be written by experts in the field.

Reclaiming Wolffia arrhiza as fish feed for the phytoremediation of
aquaculture effluent

Said, NSM; Zakaria, MZ; Samsuddin, NI; Barom, NAZ; Murugiah, NA; Abdullah, SRS. Journal of Environmental
Management (2025) 382: 125405.

The aquaculture industry through the fisheries sector holds an important key aspect of food security. Despite
its significance, it comes with environmental issues that cannot be avoided in most industrial activities,
especially issues regarding water-related pollution. This study explores a novel dual-purpose approach, in
which a floating species, Wolffia arrhiza, was applied for phyto-remediating aquaculture effluent and later
followed by the evaluation of its potential as alternative fish feed. Different concentrations of contaminant
loads were exposed to W, arrhiza plants for 7 days, and the best performance with removals of 15 % chemical
oxygen demand (COD), 80 % biological oxygen demand (BOD), 99 % ammoniacal nitrogen (AN) and 94 % total
suspended solids (TSS) were achieved in the treatment system using 0.7 g COD/g plant. The harvested plant
biomass enriched with nutrients demonstrating strong potential for resource recovery within a circular
economy framework, was then utilized in three separate fish feeding trials. Catfish were fed with 100 %
commercial pallets; 50 % mixture of commercial pallets and 50 % W. arrhiza; and 100 % W. arrhiza. Results
showed that W. arrhiza collected after phytoremediation treatment shows good potential as fish feed, but
modification is needed in its formulation to ensure sufficient nutrient supply for fishes. This study highlights
the dual potential of W arrhiza as phytoremediator for aquaculture effluent and later being used as fish feed,
contributing to both environmental protection and resource circularity in aquaculture.
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Carbon monoxide promotes flowering in Lemna gibba via a nitric oxide-
dependent oxidative stress pathway

Chauhan, S; Chatterjee, D; Peer, LA; Mir, BA; Babbar, SB. Planta (2025) 262: 47.

Carbon monoxide promotes flowering in Lemna gibba via a nitric oxide-dependent oxidative stress pathway
involving a CO -> NO -> ROS signalling cascade. This novel redox-regulated mechanism offers new insights
into floral transition, which is distinct from conventional photoperiod-dependent pathways. Carbon monoxide is
increasingly recognized as a signalling molecule in plant systems; however, its role in reproductive
development remains poorly understood. This study showed that carbon monoxide promotes flowering in L.
gibba through a novel pathway involving nitric oxide and reactive oxygen species. Flowering occurred
exclusively under long-day conditions, indicating dependency on photoperiodic cues. Inhibition of nitric oxide
production suppressed the flowering response induced by carbon monoxide, and microscopic analysis
confirmed elevated nitric oxide levels in treated plants. Carbon monoxide also alters cellular redox balance by
reducing the activity of key antioxidant enzymes and increasing oxidative stress markers. Notably, the use of
reactive oxygen species scavengers blocked the flowering response, confirming the necessity of oxidative
signalling. These findings identified a unique carbon monoxide-nitric oxide-reactive oxygen species pathway
that regulates flowering independently of the known photoperiodic mechanisms. This study highlights the role
of redox signalling in the control of reproductive timing in aquatic plants.

Modeling growth dynamics of Lemna minor. Process optimization
considering the influence of plant density and light intensity

von Salzen, J; Petersen, F; Ulbrich, A; Streif, S. Plants (2025) 14: 1722.

The production of duckweed (Lemnaceae) as a novel protein source could make a valuable contribution to
human nutrition. The greatly reduced habitus of duckweed enables simple cultivation with extremely low space
requirements, making this free-floating freshwater plant ideal for substrate-free and vertical cultivation in
controlled environment agriculture. Of particular importance in the design of a plant-producing Indoor Vertical
Farming process is the determination of light intensity, as artificial lighting is generally the most energy-
intensive feature of daylight-independent cultivation systems. In order to make the production process both
cost-effective and low emission in the future, it is, therefore, crucial to understand and mathematically describe
the primary metabolism, in particular the light utilization efficiency. To achieve this, a growth model was
developed that mathematically describes the combined effects of plant density and light intensity on the
growth rate of Lemna minor L. and physiologically explains the intraspecific competition of plants for light
through mutual shading. Furthermore, the growth model can be utilized to derive environmental and process
parameters, including optimum harvest quantities and efficiency-optimized light intensities to improve the
production process.

Model-based analysis of the circadian rhythm generation of
bioluminescence reporter activity in duckweed

Horikawa, Y; Watanabe, E; Ito, S; Oyama, T. Plant Biotechnology (205) 42: 173-177.

Bioluminescence monitoring techniques are widely used to study the gene expression dynamics in living
plants. Monitoring the bioluminescence from a luciferase gene under the control of a circadian promoter is
indispensable for examining plant circadian systems. The bioluminescence monitoring technique was
successfully applied to physiological studies of circadian rhythms in duckweed plants. It has been reported
that a luciferase gene under a constitutive promoter also exhibits a bioluminescent circadian rhythm in
duckweed. However, the mechanisms underlying rhythm generation remain unknown. In this study, we
performed a model-based analysis to evaluate the machinery that generates the bioluminescence rhythm. We
hypothesized the rhythmic factor of three aspects regarding the bioluminescence intensities of luciferase in
cells: luminescence efficiency, production rate, and degradation rate. Theoretically, if the latter two are involved
in rhythm generation, the difference in luciferase stability affects the amplitude and phase relations of the
bioluminescence rhythm. Luciferase stability is irrelevant to these rhythm properties if only the luminescence
efficiency is involved. First, we simulated the bioluminescence rhythms of two luciferases with different
stabilities associated with each of three rhythmic factors. Luciferase stability was set based on the reported
values for Emerald-luciferase and Emerald-luciferase-PEST. We then experimentally examined the
bioluminescence rhythms of reporters of these luciferases driven by the CAULIFLOWER MOSAIC VIRUS 35S
promoter in the duckweed Lemna japonica. Their circadian properties matched those obtained from the
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simulation of the luminescence efficiency. This supports the view that cells in duckweed show circadian
changes in physiological conditions associated with the luciferase enzyme reaction.

Herbivore-induced GABA signaling suppresses host plant growth to
stabilize leaf-tie shelters

Lee, G; Nam, BE; Choi, MS; Lim, H; Kim, SG; Joo, Y. Plant Stress (2025) 17: 100941.

Plants can perceive and respond to herbivore-derived signals not only by activating defenses, but also by
altering growth. Some herbivorous insects also manipulate plant traits to construct shelters for predator
avoidance. However, how plants respond physiologically to such manipulation remains poorly understood. We
investigated the shelter-building caterpillar Elophila turbata and its host plant Lemna minor. Using
metabolomics, transcriptomics, hormone profiling, and predation assays, we explored how insect-derived cues
influence host plant growth and structure. We show that caterpillar regurgitant and silk induce sustained
accumulation of gamma-aminobutyric acid (GABA) in host fronds, leading to significant growth suppression.
This response was independent of jasmonic acid signaling and associated with upregulation of genes involved
in stress responses, growth inhibition, and amino acid metabolism. Predation assays revealed that compact
shelters, formed through suppressed growth, reduced detection and attack by aquatic predators. Our findings
uncover a novel GABA dependent plant response to herbivore-derived cues that modulates host architecture
and enhances herbivore survival. This work expands our understanding of plant signaling in biotic interactions
and highlights growth suppression as a functional outcome of herbivore-induced manipulation.

Harnessing native bacterial consortium to boost duckweed biomass and
chromium removal from batik industry effluents

Nisa, DT; Sanjaya, WTA; Simarmata, R; Christita, M; Sipriyadi; Utami, D; Vidilaseris, K; Khairina, Y. Chemosphere
(2025) 381: 144480.

Batik industry is one of the largest contributors to chromium hexavalent (Cr(VI)) pollution due to the dying and
pigmenting process. Remediation agents such as duckweed and bacteria have been commonly used to treat
wastewater (WW)-containing Cr(VI). This study utilized native bacterial consortium from the batik WW
environment to enhance duckweed growth and Cr(VI) removal. Among the formulated consortia, consortium
G4 showed the highest growth promotion on duckweed in WW by 1.3 to 2-fold, while other consortia showed a
contrasting result. Additionally, duckweed chromium uptake in WW reached 74 % after 12 days when applied
with G4. Consortium G4 features two plant growth-promoting bacteria, Enterobacter mori TALD 1.2 and
Enterobacter cloacae TALA 5, along with two chromium-reducing bacteria, Lysinibacillus fusiformis TALA 1.1
and Bacillus thuringiensis TA1. Several combinations of the G4 members were also tested for chromium
reduction activity in an NB medium containing 100 mg L™ Cr(VI). The original G4 combination showed the
fastest Cr(VI) removal, achieving an 81.93 % Cr(VI) reduction within 48 h and a 99 % reduction within 105 h.
Interestingly, combining only the chromium-reducing bacteria TALA 1.1 and TA 1 significantly reduced
chromium reduction activity and bacterial growth, possibly due to carbon source competition. Thus, the
complete members of consortium G4 enhance cross-feeding, with each species playing a vital role in
improving interspecies interactions and aiding in chromium reduction. This study underscores the importance
of designing a specific and compatible consortium to collaborate with duckweed, offering insights into
environmental management practices for other contaminated sites.

Transcriptomic and metabolic analysis reveal potential mechanism of
starch accumulation in Spirodela polyrhiza under nutrient stress
Fang, X; Hong, Y; Fang, Y; Cheng, L; Li, ZF; Li, CM; Ban, XF. Plants (2025) 14: 1617.

Compared with traditional grain starch sources, duckweed Spirodela polyrhiza does not require soil to produce
starch, and the process is less affected by the external environment. Moreover, it produces high levels of
starch under certain conditions. This study investigated the patterns and mechanisms of starch accumulation
in S. polyrhiza ZH0196 under nutrient stress by determining the changes in starch content, photosynthesis,
and amylase activity at different stress induction times. Under nutrient stress, the culture solution was
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replaced with deionized water. The starch content increased from 1.95% to 41.71% (dry weight) after 2 days of
nutrient stress induction. Short-term nutrient-stress treatment had little effect on frond photosynthesis,
enhanced the activity of starch synthesis-related enzyme, and weakened the activity of degradation-related
enzymes. The transcriptome results further indicated that the key genes and metabolic patterns of starch
synthesis promoted starch accumulation in S. polyrhiza ZH0196 fronds by accelerating the response to CO,
fixation via the Calvin cycle, promoting straight-chain starch synthesis, and decreasing starch degradation
after short-term oligotrophic treatment. This study suggests that nutrient stress is a green and efficient
method of increasing the starch yield of duckweed, which represents an important insight for developing
duckweed starch resources.

Genomics: To be (or not to be) a duckweed
Mayer, KFX; Haberer, G. Current Biology (2025) 35: DOI10.1016/j.cub.2025.03.021

Duckweeds are among the smallest and fastest-growing flowering plants. In a new study that combines
experimental data with phylogenomic comparisons across the clade, the authors explore how changes in gene
content, epigenetic pathways, and their interplay shaped the body plan, aquatic lifestyle, and clonal growth
habit of this plant family.

Supplementation of carbon dioxide ameliorated the physicochemical
attributes of duckweed (Lemna trisulca)

Wang, XY; Zhao, XY; Kazmi, A; Xia, ML; Sun, ZL; Yang, JJ; Li, GJ; Li, XZ; Hou, HW. Bioresource Technology
Reports (2025) 31: 102195.

Duckweed has gained attention as a potential aquatic crop for starch and protein production. Compared to
most duckweed species, Lemna trisulca is distinguished by its submerged habitat. In context of rising CO,
levels, which pose significant environmental risks, duckweed presents potential as an effective carbon
sequestration agent. Despite its relevance, research on L. trisulca for carbon sequestration remains limited,
particularly when compared to microalgae. This study investigates the effects of varying carbon dioxide (CO»)
concentrations (400 ppm,10,000 ppm and 50,000 ppm) on the relative growth rate, biomass accumulation and
enzyme activity of L. frisulca. The results indicated that CO, supplementation significantly enhanced biomass
production, photosynthetic pigment concentration, activity of photosynthetic enzymes, and starch/protein
accumulation. Compared to ambient CO, concentration, under the 50,000 ppm CO, treatment, fresh weight,
starch content and protein levels increased by 11.6 times, 3.3 times and 1.6 times, respectively. Furthermore,
the carbon sequestration capacity in high concentration (HC) treatment group was 18.1 times higher than
control concentration (CC) treatment groups and 3.4 times of that in media concentration (MC). This is the first
study to explore the physiological response of L. trisulca to elevated CO, concentrations. The specie
demonstrated higher growth efficiency and carbon sequestration ability when exposed to high CO, conditions.
The findings provide critical insights into the potential application of L. trisulca in the process of carbon
sequestration, and lay a foundation for the utilization of L. trisulca in sustainable bioenergy production.

Adaptation of Lemna minor to stress induced by biodegradable and
conventional microplastics

Prochdzkova, P; Kalcikova, G; Gargosova, HZ; Kucerik, J. Environmental Processes (2025) 12: 41.

Microplastics, widespread contaminants of the environment, are raising growing ecological concerns. To
address this, efforts are being made to replace conventional plastics with biodegradable alternatives, designed
to break down more easily in the environment. However, the degradation of these alternatives relies on specific
conditions, such as temperature, pH, humidity, and the presence of microorganisms, which are not always met
in natural ecosystems. As a result, biodegradable plastics can fragment and generate microplastics. So far,
only a few studies have been conducted on the effect of biodegradable microplastics on freshwater plants and
have included only short-term exposure. Therefore, in this study, we investigated the long-term effects (for 12
weeks) of poly-3-hydroxybutyrate (P3HB) and polyethylene terephthalate (PET) particles < 63 pm in
concentration 100 mg/L on the growth, root length, photosynthetic pigment concentration, total antioxidant
capacity, electron transport system and concentration of carbohydrates and proteins in fronds of freshwater
plant Lemna minor. Most of the monitored parameters were not statistically significantly affected throughout
the experiment. However, both types of microplastics induced significant root elongation, which may be related
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to nutrient depletion, similarly to what has been observed in short-term experiments. The effect was more
pronounced with P3HB, and plant growth adaptation took longer than with PET. These results suggest that
biodegradable microplastics may pose more severe stress to aquatic plants than conventional plastics and
influence nutrient cycling and plant-microbe interactions. These findings highlight the need for long-term, plant-
based ecotoxicological assessments when evaluating the environmental safety of biodegradable plastic
materials.

Chronic low dose °°Sr contamination in Lemna minor. from
transcriptional dynamics of epigenetic regulators to population level
effects

Boldrini, L; Van Hees, M; Duarte, GT; Nauts, R; Wannijn, J; Reymen, Y; De Rouck, B; Loots, H; Schiavinato, M;
Selck, H; Horemans, N. Frontiers in Plant Science (2025) 16: 1605017.

The ecotoxicology model plant Lemna minor was exposed for 6 weeks to °°Sr, simulating the dose rates
present in the Chernobyl Exclusion Zone (CEZ), in order to understand the effects of chronic low dose ionising
radiation exposure. The data suggest that the plant may exhibit temporally variable acclimation responses that
can be interpreted as early-, mid-, and long-term phases. Morphological changes included increased area and
frond number, while molecular adjustments encompassed variations in pigment levels, glutathione
metabolism, and expression modulation of telomerase-related and DNA methylation machinery genes.
Physiological parameters and “Sr uptake remained relatively stable, yet fluctuations indicate a continuous
adjustment to the chronic stress, suggesting L. minor's potential for phytoremediation. The interplay between
transcriptional regulation of DNA methylation and the examined endpoints suggests a potential involvement of
epigenetic mechanisms in L. minor's acclimation to chronic low dose-rate *°Sr stress. This work provides
knowledge on L. minor's abiotic stress responses and contributes to our understanding of plant adaptation to
low-level ionising radiation (IR). The findings contribute to the development of adverse outcome pathways
(AOPs) for L. minorexposed to IR, improving environmental risk assessment approaches.

Age-specific physiological adjustments of Spirodela polyrhiza to sulfur
deficiency

Persic, V; Melnjak, A; Domjan, L; Zellnig, G; Antunovic Dunic, J. Plants (2025) 4: DOI10.3390/plants14131907

Spirodela polyrhiza is a suitable model organism for investigating plant developmental influences due to its
intracolonial variations in response to various environmental fluctuations, like nutrient deficiency. In this study,
transmission electron microscopy was used to examine age-dependent variation in chloroplast ultrastructure,
while pigment levels (chlorophyll and anthocyanins), starch accumulation, and metabolic activity
(photosynthetic and respiratory rates) were measured to determine metabolic responses to sulfur deficiency.
For a comprehensive insight into electron transport efficiency and the redox states of the photosynthetic
apparatus, rapid light curves, chlorophyll fluorescence (JIP test parameters), and modulated reflection at 820
nm were analyzed. Under S deficit, mother fronds relied on stored reserves to maintain functional PSIl but
accumulated reduced PQ pools, slowing electron flow beyond PSII. The first-generation daughter fronds,
despite having higher baseline photosynthetic capacity, exhibited the largest decline in photosynthetic
indicators (e.g., rETR fell about 50%), limitations in the water-splitting complex, and reduced PSI end-acceptor
capacity that resulted in donor- and acceptor-side bottlenecks of electron transport. The youngest
granddaughter fronds avoided these bottlenecks by absorbing less light per PSII, channeling electrons through
the alternative pathway to balance PQ pools and redox-stable PSI while diverting more carbon into starch and
anthocyanin production up to 5-fold for both. These coordinated and age-specific adjustments that provide
response flexibility may help maintain photosynthetic function of the colony and facilitate rapid recovery when
sulfur becomes available again.

Amphiphilic bioactives of freshwater aquatic plants Nelumbo nucifera
(Indian Lotus) and Lemna sp. with antioxidant, anti-Inflammatory and
antithrombotic activities: In vitro study

Seferli, M; Lefkaki, M; Manousakis, V; Ofrydopoulou, A; Shiels, K; Saha, SK; Krey, G; Kamidis, N; Stamatis, N;
Anastasiadou, C; Tsoupras, A. Pharmaceuticals (2025) 18: 835.
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Chronic diseases linked to inflammation, such as cardiovascular disease (CVD) and cancer, continue to pose
major public health challenges due to their high mortality rates. There is growing interest in natural bioactive
compounds, particularly those derived from plants, as potential therapeutic or preventive agents due to their
low toxicity profiles. This study aimed to explore two freshwater plants- Nelumbo nucifera (Indian lotus) and
Lemna sp.-as potential sources of bioactive compounds with antioxidant, anti-inflammatory, and
antithrombotic properties. While N. nucifera has established but incompletely characterized biofunctional
properties, Lemna sp. remains largely unexplored in this context. Amphiphilic extracts from both plant species
were analyzed for phenolic and lipid constituents, including unsaturated fatty acids, polar lipids, and
carotenoids. Antioxidant capacity was evaluated using DPPH, ABTS, and FRAP assays. Anti-inflammatory and
antithrombotic activities were assessed via platelet aggregation assays using PAF and ADP agonists.
Structural characterization was performed using Fourier transform infrared spectroscopy (FT-IR) and liquid
chromatography-mass spectroscopy (LC-MS) to support structure-activity relationship (SAR) analysis.
Extracts, particularly from Lemna sp., showed potent antiplatelet activity against PAF and ADP. LC-MS revealed
the presence of polar lipids rich in monounsaturated and omega-3 polyunsaturated fatty acids, with a favorable
omega-6/omega-3 ratio, especially in Lemna sp., correlating with strong anti-inflammatory potential. High
levels of total phenolics and carotenoids were observed, aligning with substantial antioxidant capacity in both
species. These findings suggest that N. nucifera and Lemna sp. are promising sources of bioactive
compounds with potential applications in functional foods, cosmetics, and pharmaceuticals targeting
inflammation- and thrombosis-related chronic diseases. Further studies are warranted to confirm their safety
and efficacy.

Synbiotic-driven modulation of the gut microbiota and metabolic
functions related to obesity: insights from a human gastrointestinal
model

Mok, K; Tomtong, P; Ogawa, T; Nagai, K; Torrungruang, P; Charoensiddhi, S; Nakayama, J; Wanikorn, B;
Nitisinprasert, S; Vongsangnak, W; Nakphaichit, M . BMC Microbiology (2025) 25: 250.

Synbiotic interventions have gained increasing attention for modulating gut microbiota and metabolic
functions in obesity-related disorders. This study evaluated the effects of Limosilactobacillus reuteri KUB-AC5
(10® CFU) and Wolffia globosa powder (6 g/day) using an in vitro continuous human gastrointestinal model.
Fecal samples from obese donors were used to simulate the ascending and descending colon, with microbial
viability, diversity, and metabolite production assessed over 14 days via culture-dependent and culture-
independent methods. Synbiotic supplementation increased anaerobic bacterial counts by 2.6 log CFU/mL in
the ascending colon and 2.2 log CFU/mL in the descending colon, with notable increases in lactic acid bacteria
and reductions in Enterobacteriaceae. Metagenomic analysis revealed an increasing trend in microbial
diversity and evenness after 7 days of treatment, though the changes were not statistically significant.
PERMANOVA analysis confirmed significant shift in microbial community composition between stabilization,
treatment, and washout periods (p < 0.05). Additionally, butyrate levels significantly increased (p < 0.05), while
p-cresol, a deleterious metabolite, significantly decreased (p < 0.05). Bile acid composition was modulated,
with increased tertiary bile acid 3-oxo-LCA and enhanced bile acid deconjugation, suggesting improved lipid
metabolism and potential weight management benefits. These findings highlight the potential of synbiotic
supplementation to enhance beneficial bacterial populations, improve microbial diversity, and support
metabolic health in obesity management.

Effects of light intensity and population density on duckweed systems
exposed to pesticides: Toxicity and phytoremediation

Cruz, FVD; Gauthier, A; Venne, P; Vaz, VP; Segura, P; Juneau, P. Environmental Pollution (2025) 382: 126635.

S-metolachlor and atrazine are among the most used and detected pesticides in surface freshwaters
worldwide. Our objective was to test the effects of light intensity (100, 200, and 400 pmol photons m? s™),
plant density (25 and 60 % coverage), herbicide concentration (20 and 200 mu g L™ for S-metolachlor or 15 and
150 pg L7 for atrazine), and their interactions on the growth, physiology, and phytoremediation capacity of
Spirodela polyrhiza (duckweed). We assessed these factors and their interactions on growth, pigments,
photosynthesis, antioxidant system, and the phytoremediation capacity of S polyrhiza cultivated in
greenhouse microcosms for 12 days. One or two tested factors interacted with herbicide concentration,
generally resulting in decreased photosynthetic capacity and a consequent reduction in the relative growth rate
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in plants exposed to higher atrazine concentrations and to both concentrations of S-metolachlor. This
indicates a greater survival of S. polyrhiza in response to atrazine than to S-metolachlor, despite S-metolachlor
removal reaching 76 % and atrazine 59 % at high density and in the environmentally relevant concentration.
Increases in pigments and non-photochemical quenching under pesticide exposure reflected physiological
adjustments that helped duckweeds cope with the stress. We showed that increasing light intensity from 100
to 400 pmol photons m? s does not improve phytoremediation. Starting with a higher density enhanced
phytoremediation in total percentage but reduced efficiency in pg of pesticide per gram of plant fresh weight in
the case of S-metolachlor. Our findings provide valuable insights for utilizing duckweeds in controlled or semi-
controlled systems for pesticide removal.

One-pot synthesis of biogenic nickel oxide nanoparticles for enhanced
water photoremediation

Girolmoni,; Bondi, R; Latterini, L; Costantino, F; Del Buono, D. Inorganic Chemistry Communications (2025) 180:
114893.

Nickel oxide nanomaterials present interesting catalytic and electronic properties, which strongly depend on
the preparation conditions. This work reports on the synthesis and characterization of biogenic nickel oxide
particles (NiOxBIQ), prepared by precipitation using Lemna minor (duckweed) as a capping agent. The
properties of the biogenic NiOxBIO have been compared to those nickel oxide particles obtained in water
through steric stabilization (NiOXCI). In particular, the samples have been morphologically and optically
characterized. The size distribution of the two samples, determined by SEM and DLS measurements, indicate
that NiOxBIO presents about 40 % smaller average diameter (27 nm) compared to NiOxCl (50 nm), likely due to
the templating effects of duckweed extracts; furthermore, a corona of residual extract layer is present on the
surface of NiOxBIO with an average thickness of 1.5 nm. XRD measurements, Raman measurement and
diffuse reflectance spectra demonstrate that the use of bio-based capping agent does not alter crystalline
domains, and the electronic properties of the colloids. Comparative photocatalytic performance tests reveal
that NiOxBIO is able to photodegrade Rhodamine B dye in water more efficiently (up to 75 %, in 120 min) under
UV-visible irradiadiation, using ledsources, than NiOxCl sample (about 60 % in 120 min). More importantly, the
photocatalytic activity of NiOxBIO is not reduced with increasing irradiation time, as observed for the NiOxCl
sample. These findings indicate that biogenic corona is able to protect the photoactive sites of the Ni oxide
colloids. Thus, the enhanced photocatalytic activity of NiOxBIO highlights the potential of biogenic synthesis as
an eco-friendly and sustainable approach for producing nanostructured materials for environmental
remediation to treat polluted water.

Pilot-scale duckweed-CO, wastewater bioremediation system: a
synergistic approach for nutrient removal, carbon capture, and biomass
production

Guo, L; Zhao, YG; Xiao, Y; Tian, XP; Bao, S; Wang, XH; He, KZ; Jin, YL; Fang, Y; Zhao, H. Bioresource Technology
(2025) 434: 132785.

This study presents a pilot-scale duckweed-based wastewater treatment system enhanced with CO,
fertilization to improve nutrient removal, CO, capture, and biomass productivity. Three strains of Landoltia
punctata were cultivated continuously for five months. In spring, CO, supplementation significantly increased
the biomass yield and starch and protein productivity (by more than 12.2, 2.4 and 3.5 g/m2/d, respectively),
representing increases of 189-259 %, 1,108-2,330 % and 143-166 %, respectively, compared with those of the
control group. The removal rates of total nitrogen (TN) and total phosphorus (TP) increased by 28-71 % and
120-148 %, respectively, whereas CO, capture improved by 196-264 %. Enhanced nutrient recovery was also
observed, with N recovery increasing from 0.20-0.25 to 0.54-0.61 g/m2/d and P from approximately 0.05 to
0.11 g/m2/d. Enzyme activity and transcriptome analyses of strain 0202, which presented the highest starch
content, revealed that CO, fertilization upregulated key starch biosynthesis genes (ADP-glucose
pyrophosphorylase (AGPase), Granule-bound starch synthase (GBSS), and Soluble Starch Synthase (SSS)),
contributing to increased starch accumulation. It also promoted glutamine synthetase expression, increasing
nitrogen assimilation and shifting nitrogen removal from microbial nitrification to duckweed uptake. As a
result, microbial nitrification decreased significantly, and the proportion of NH,~N removed via plant
assimilation increased to over 69 %. These findings demonstrate that coupling CO, fertilization with duckweed
cultivation is an effective and scalable approach for wastewater treatment, carbon fixation, and renewable
bioresource production.
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Bioremediation of petroleum contaminated water using oil spill
dispersant and Lemna minor in laboratory-scale constructed wetland

Fitrisyah, MR; Fauzi, AM; Yani, M. Wetland Ecology and Management (2025) 33: 51.

Petroleum contamination due to industrial activities is a significant environmental problem, especially when it
pollutes water resources. This study aims to evaluate the effectiveness of using oil spill dispersant (OSD),
constructed wetlands, and phytoremediation using Lemna minor in improving the quality of petroleum-
contaminated water. The experiment was conducted using a group randomized design with a combination
treatment of petroleum-based commercial OSD (Non-Bio-OSD) and environmentally friendly palm oil-based
0OSD (Bio-OSD) in a laboratory-scale constructed wetland system. The results showed that Bio-OSD
significantly reduced COD and BODS5 levels to meet water quality standards. The highest COD reduction
efficiency of 39.78% was achieved when Bio-OSD with a dispersant to oil ratio of 0.1:1 treatment was
implemented, with a BOD5 reduction efficiency of 27.60%. GC-MS analysis showed the degradation of long-
chain hydrocarbons such as n-hexadecane and nonadecane. The highest COD reduction efficiency by Non-Bio-
0SD was 27.17% with DOR 0.25:1, showing that Bio-OSD performed better. The weight of L. minor biomass
decreased slightly during the process, indicating that OSD is toxic to the plant. Regardless of the successful
construction of wetlands in reducing COD and BODY5, it is recommended that the growth conditions of the
aquatic plant be improved for a sustainable phytoremediation process. Future research should consider field-
scale applications and long-term ecotoxicological studies to assess the broader environmental impact of Bio-
OSD and Non-Bio-OSD treatments.

Double-layer nanopesticide for duckweed management: Employing
natural o-Terthienyl to disrupt the leaf epidermal to enhance the efficacy
of prometryn

Hou, RQ; Fu, GF; Ma, SY; Tang, SQ; Guo, F; Wang, YQ; Huang, SQ; Cheng, DM; Zhang, ZX; Zhao, C. Chemical
Engineering Journal (2025) 515: 163805.

The plant-based pesticide alpha-Terthienyl (alpha-T) is an excellent photosensitizer, which photo-activates and
produces large amounts of singlet oxygen to destroy cellular features. Here, we prepared pH-responsive
nanopesticides (alpha-T/PMT NPs) using polysaccharide nanocarriers hierarchically loaded with alpha-T and
chemical pesticides (prometryn, PMT), and proposed a strategy to enhance the herbicidal activity of PMT by
disrupting duckweed (Lemna minor L.) leaf tissues through alpha-T photoactivation. When alpha-T damaged
the leaves, the nanoparticles (NPs) responded by releasing PMT in to the acidic wounding fluid, which
accelerated the active ingredient in the interior of the duckweed, thus achieving the chemical pesticide
reduction and efficiency. At 0.4 times the recommended field dose, alpha-T/PMT NPs showed significantly
higher herbicidal activity against duckweed than the PMT suspension, with control efficiencies of 67.16 and
39.03 %, respectively, after 7 days of treatment. Additionally, alpha-T/PMT NPs exhibited excellent
photostability, foliar wettability and washing resistance. Furthermore, alpha-T/PMT NPs induced a more severe
leaf oxidative stress response, which was mainly characterized by increased H,0, and O, levels, enhanced
superoxide dismutase (SOD) activity, and elevated malondialdehyde (MDA) content. Fluorescent labeling
results indicated that alpha-T/PMT NPs were easier to access in the leaf pulp after destroying the leaf surface.
Moreover, alpha-T/PMT NPs aggregated toward the duckweed roots in water. In summary, alpha-T/PMT NPs
effectively inhibited duckweed growth while minimizing the number of chemical herbicides, a strategy that is
important for the development of green and sustainable agriculture.

Anaerobic digestion of duckweed used to remediate water
contaminated with zinc and ammonium

Zhang, Y; Zhan, XM; Hatzikioseyian, A; Lens, PNL. Applied Sciences (2025) 15: 6212.

The development of an integrated system using duckweed for the phytoremediation of zinc and ammonium
from contaminated water, followed by converting the harvested biomass into biomethane via anaerobic
digestion (AD). This study presents an integrated approach for the remediation of zinc- and ammonium-
contaminated water using duckweed, followed by the valorization of the harvested biomass through anaerobic
digestion for biogas production. Duckweed was cultured with various initial concentrations of zinc (Zn, 0 mg/L,
2.5mg/L, and 5 mg/L) and ammonium (NH4*-N, 0 mg/L, 20 mg/L, and 40 mg/L). Subsequently, duckweed was
subjected to chemical pretreatment with sulfuric acid and the obtained residual solid and liquid fractions were
evaluated as substrates for methane production. The liquid fraction consistently yielded higher methane
production compared to the solid fraction. However, when duckweed was grown in zinc- and ammonium-rich
conditions (2.5 or 5.0 mg/L Zn and 20 mg/L NH,"-N), methane production from the liquid hydrolysate was
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significantly reduced (120.90 + 12.03 mL/g COD and 129.82 + 10.65 mL/g COD, respectively) compared to the
control duckweed (201.67 + 5.72 mlL/g COD). The lowest methane yields were observed for duckweed grown
solely in zinc (111.32 + 5.72 and 99.88 + 10.49 mL/g COD for 2.5 and 5.0 mg/L Zn, respectively), attributed to
the inhibitory effect of high dissolved zinc concentrations in the liquid fraction. The applicability of this
integrated system is particularly relevant for the agricultural and industrial sectors, where wastewater streams
are often co-contaminated with nutrients and trace metals. By demonstrating that acid-pretreated, zinc-rich
duckweed biomass can be used for biogas production-provided that process conditions are optimized to
mitigate metal inhibition and acidification-this study provides actionable strategies for developing circular,
sustainable wastewater treatment systems. The approach not only maximizes pollutant removal and resource
recovery, but also addresses environmental safety concerns associated with residual metals in the digestate.

Data mining to evaluate the effect of Eichhornia crassipes and Lemna
minor in the phytoremediation of wastewater in the Canton of Milagro

Castro, DWM,; Arias, OOF; Cobos, JDV, Sanchez, DP; Pimenteira, C. Water (2025) 17: 1551.

The constant increase in industrialization and urbanization has led to the regular discharge of wastewater into
the environment in excessive amounts, which has caused significant impacts on both human and wildlife
ecosystems. The sustainable management and treatment of wastewater, whether of industrial or domestic
origin, represents a crucial challenge in this century. In this study, phytoremediation was employed as a
wastewater treatment strategy using two species of aquatic macrophytes: water hyacinth (Eichhornia
crassipes) and duckweed (Lemna minor). The study was conducted over seven consecutive evaluation
periods, with five-day intervals between each. The objective was to apply the multivariate HJ-Biplot
methodology to evaluate the effects of phytoremediation of two species of aquatic microphytes on the
physicochemical characteristics of wastewater from Milagro canton, Ecuador. Additionally, a microbiological
analysis was conducted to determine the effectiveness of the floating macrophytes. The analysis was based
on the measurement of various physicochemical parameters, such as pH, electrical conductivity (EC),
dissolved oxygen (DO), oxidation-reduction potential (ORP), salinity, total dissolved solids (TDSs), biochemical
oxygen demand (BOD), chemical oxygen demand (COD), hardness, and temperature. The results showed that
the highest efficiency in pollutant removal was achieved with duckweed (Lemna minor) in five out of nine
measured parameters, suggesting that this species was the most effective compared to the control sample
and Eichhornia crassipes. The capacity of these macrophytes for wastewater treatment was confirmed by this
study. To ensure effective water purification, timely extraction of aquatic macrophytes from water bodies is
recommended. If this collection is not properly carried out, the nutrients absorbed and stored in the plant
tissues may be released back into the aquatic environment due to plant decomposition.

An environmental-friendly approach for phytoremediation of zinc ion by
Lemnaceae species: process behavior and characterization studies

Tai, JW; Pang, YL; Lim, S; Chong, WC. International Journal of Phytoremediation (2025)
DOI10.1080/15226514.2025.2504512.

Phytoremediation is a promising approach grounded in green and sustainable development principles for
decontaminating water and soil. Among the studied duckweed species (Spirodela polyrhiza, Wolffia arrhiza,
and Lemna minor), S. polyrhiza exhibited the highest zinc removal efficiency of 88.50% by day 7, followed by L.
minor and W. arrhiza with removal efficiency of 78.69 and 38.59%, respectively. This study investigated the
effects of environmental factors, including initial zinc ion concentration (50, 100, 150, 200, and 250 mg/L),
solution pH (pH 5, 6, 7, and 8), and macrophytes mass (5, 10, 15, 20, and 25 g) on the phytoremediation of the
zinc ion from synthetic wastewater by S. polyrhiza. The process effectively treated 500 mL of synthetic
wastewater containing 100 ppm zinc ion and the process could be enhanced to achieve the removal efficiency
of 90% by adjusting the solution pH to slightly acidic (pH 5) and increasing the mass of duckweed to its
saturation point (20 g). Excessive zinc intake by duckweed led to chlorophyll reduction, negatively impacting
the duckweed growth rate. Scanning electron microscopy (SEM) analysis revealed that the duckweed fronds'
surface became uneven after the treatment, with the irregular small particles attached due to cellular damage.
The energy dispersive X-ray (EDX) analysis confirmed the successful uptake and accumulation of zinc in the
duckweed cells from the synthetic wastewater. In conclusion, duckweed-based phytoremediation
demonstrates significant potential for removing zinc ion from wastewater, at low and moderate
concentrations.
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The oxidative effect of duckweed pond DOM and its mechanism in the
photodegradation of neonicotinoid insecticides

Wan, YS; Liu, H; Li, LQ. Photochemical and Photobiologial Sciences (2025) 24: 939-953.

Neonicotinoid pesticides (NNIs) are widely used worldwide and commonly detected in natural aquatic systems
and in engineered systems, including urban or agriculture ponds. We investigated the photoreactivity of DOM
and the photodegradation of NNIs in duckweed ponds (DWP) water under simulated sunlight. The molecular
composition of DOM in DWP water typically contained more than 65% bulk compositional measurements of
lignin-like, terrestrially derived molecules, revealed by Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). These compounds serve as critical candidates for the oxidizing SDOM* in the DWP
water. The steady-state concentrations of triplet-excited state DOM (*(DOM¥), singlet oxygen ('0,) and hydroxyl
radical (OH) were measured 6.00 x 10™ M, 5.42 x 10™ M, and 8.33 x 107° M, respectively, under 5 mg/L [DOC].
Enhanced removal rates of thiamethoxam (TMX) and dinotefuran (DIN) in the irradiated DWP water relative to
the purity water demonstrated the importance of indirect photolysis pathways involving photochemically
produced *DOM*and '0O,. The findings demonstrated that in DWP water, the photolysis rate constants (k) of
TMX and DIN increased to 0.3573 h™ and 0.3237 h’, respectively. Degradation of imidacloprid was not
significantly promoted through the photochemical production of *DOM* and '0,. Results from this study
underscore the role of DOM as photosensitizer in limiting the persistence of NNIs in duckweed ponds through
photochemical reactions.

Comment DF: DOM means “Dissolved Organic Matter”

A review on uses of Lemna minor, a beneficial plant for sustainable
water treatments, in relation to bioeconomy aspects

Vulpe, CB; Toplicean, IM; Agachi, BV; Datcu, AD. Water (2025) 17: 1400.

This review seeks to highlight the issue of utilizing a widely distributed aquatic species within the broader
context of the transition from a linear to a circular economy and the growing emphasis on environmental
sustainability. To promote a cleaner aquatic environment and ensure compliance with current regulations, the
use of bioindicators and plant bioaccumulators presents a viable alternative. Lemna minor, a small aquatic
species, serves as a noteworthy example that warrants greater consideration. A review of specialized literature
was conducted to provide a comprehensive overview of these issues, drawing from the most relevant sources.
This paper offers a broad discussion on bioeconomy and water management, along with an in-depth
examination of L. minor, its characteristics, and its practical applications. The biological characteristics,
ecological significance, and useful applications of L. minorin wastewater treatment, bioenergy, and bioproduct
production are summarized in this research. The analysis also identifies research gaps for further investigation
and looks at how this plant fits into new frameworks for the circular economy.

Optimization, simultaneous saccharification and fermentation of Lemna
minor using amylolytic cocktail produce from copra meal

Vyas, M; Bhandari, K; Sharma, J. Indian Journal of Chemical Technology (2025) 32: 343-354.

Ethanol is a renewable liquid fuel derived from the fermentation of sugars or starches in biomass. Amylase is
commonly used enzyme to saccharify the raw plant biomass. Optimization of saccharification and
fermentation of duckweed (Lemna minor) plays a crucial role in harnessing maximum fermentable sugars
through enzymatic hydrolysis of this plant biomass. This research mainly entailed the collection and
preparation of raw materials, maintenance of microorganisms, and optimization of physical and chemical
variables for the production of amylolytic cocktail and ethanol. OFAT determined the significant components
that influenced the vyield of enzymatic activity and ethanol. RSM with CCD was used to determine the
influences between factors to obtain the highest yields of enzymes and ethanol. ANOVA was done to examine
the significance of factor interactions while response surface plots showed how different factors affected
enzyme reaction. Aspergillus niger MTCC-12987, Saccharomyces cereviceae MTCC-171, and Candida
shehatae MTCC-12913 were used for amylolytic cocktail and ethanol production, respectively. Minitab 22
software was employed and response surface regression with Central composite design was used to exmined
an optimized process for maximum yield of enzyme activity and ethanol production. The highest enzyme
activity value predicted by the software is 1063.871 U/mL, which was closer to the experimental value of 1072.4
U/mL. Again the maximum ethanol production predicted by software is 11.83% was closer to the experimental
value of 12.1%. Thus, the conformation experiment's performance under optimal conditions fitted the model's
predictions fairly closely. For the purpose of to evaluate the combined effects of all independent variables in a
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fermentation process that may have developed from their interaction with one another, the RSM methodology
has been employed as an alternative tool for statistical analysis.

Nickel tolerance and phytoremediation potential of the aquatic plant
Lemna minuta and the cyanobacterium Trichormus variabilis in
monoculture and consortium

Carioti, V; Savio, S; Fabriani, M; Ellwood, NTW; Gemin, L; Congestri, R; lannelli, MA; Ceschin, S. Aquatic Botany
(2025) 200: 103888.

One of the main threats to aquatic conservation is heavy metal pollution, with nickel (Ni) among the most
significant contaminants. The Ni tolerance and remediation potential of Lemna minuta (vascular plant) and
Trichormus variabilis (cyanobacterium) in contaminated water were investigated. The phytotoxic effects of
nickel sulfate (NiSO4x 7H,0; 6.47 mg/L) on these two species, were assessed after 7-and 14-days exposure by
measuring morphological changes, growth (fresh weight) and key physiological parameters (chlorophyll,
malondialdehyde, protein content and catalase activity). The ability of L. minuta and T. variabilis to remove Ni
was compared in both monoculture (single species) and consortium (mixed species) by measuring the
reduction in Ni concentration in the culture medium. Nickel exposure induced phytotoxic effects in both
species, as shown by decreases in fresh weight, chlorophyll and protein content, and increases in
malondialdehyde content and catalase activity. These effects were more pronounced in monocultures,
particularly in 7. variabilis, compared to consortia. Lemna minuta exhibited good Ni tolerance and remediation
capacity, removing 75 % and 86 % of the metal from the solution after 7 and 14 days, respectively. Trichormus
variabilis removed 36 % and 27 % of the Ni after the same exposure time. Consortia exhibited high Ni removal,
reaching 80 % and 90 % after 7 and 14 days, but this was not statistically different to L. minuta monocultures.
These results demonstrate the potential of L. minuta in the remediation of Ni-contaminated waters and
suggest that consortia might enhance the tolerance and viability of both species under Ni-stress.

Blue and far-red light modify the adaptation of Lemna minor L. to
cadmium stress based on glutathione, phytochelatin, chemical element
and free amino acid levels

Torok, Al; Cadar, O; Kalapos, B; Pal, M; Szalai, G; Mednyanszky, Z; Gierczik, K; Székely, A; Simon-Sarkadi, L;
Kocsy, G. Plant Stress17: 100937.

Light quality has been shown to modulate plant responses to abiotic stresses. Here we studied whether
alterations in the light spectrum affect the adaptation of Lemna minor L. to cadmium (Cd) by determining
changes in plant growth, Cd uptake, phytochelatins, glutathione, chemical elements and free amino acids
levels upon application of the heavy metal. The plants were cultivated in white light (W) or in white light
supplemented with blue (B) or far-red (Fr) light and treated with Cd. The Cd-uptake and the phytochelatin
accumulation enabling Cd-chelation was much greater in W light compared to B and Fr light. B light and Cd
induced the greatest accumulation of Na, K and certain free amino acids such as Gly and Ala which may form
complexes with Cd. Fr light and Cd in turn resulted in the greatest cysteine and glutathione levels, which may
contribute to the proper function of the redox-sensitive proteins. In summary, the greatest Cd-extraction
capacity of L. minor can be reached in W light. In contrast, B and Fr light are appropriate for the reduction of
Cd-uptake. In addition, B light improves the Cd tolerance through accumulation of Cd-complexing amino acids
and Fr light may have such effect through its influence on the thiol-dependent redox environment of tissues.

Impact of synthetic and herbal dyes on photosynthesis and ROS
scavenging enzyme activities in Spirodela polyrhiza
Soni, Vineet; Bhatt, Upma; Tailor, Pooja; Strasser, Reto J. Scientific Reports (2025) 15: 24775.

Synthetic colors (SCs) are widely used in various industries, yet their discharge into aquatic ecosystems poses
a significant environmental threat. This study investigates the impact of SCs and herbal colors (HCs), used
during the 'festival of colors- Holi in India' on the physiological and photosynthetic performance of Spirodela
polyrhiza, an aquatic macrophyte known for its bioindicator potential. The effects were assessed through
chlorophyll a fluorescence transient analysis (O-J-I-P), biochemical assays, and energy flux parameters. The
results indicate that exposure to SCs severely disrupted PSII functionality, as evidenced by a drastic decline in
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the quantum yield of primary photochemistry (phiPo), electron transport efficiency (phiEo), and performance
index (Plcs). At 2.5g/L SC, a 94.18% reduction in trapped energy flux (TRo/CSm) and a 96.1% decline in electron
transport rate (ETo/CSm) were observed, along with a significant decrease in chlorophyll content. Furthermore,
SCs markedly reduced the plastoquinone pool size, leading to impaired photosynthetic electron transport.
Antioxidant enzyme activities, including superoxide dismutase (SOD) and catalase (CAT), were significantly
elevated in SC-treated fronds, indicating oxidative stress. Conversely, no major alterations were observed in
plants grown on HCs, which maintained stable photosynthetic parameters and even exhibited enhanced Plcs
and phiEo, likely due to nutrient enrichment from organic flower-derived pigments. The findings establish S.
polyrhiza as an effective bioindicator for monitoring SC pollution in aquatic environments. This study
underscores the urgent need to replace synthetic dyes with eco-friendly alternatives, as HCs not only mitigate
environmental risks but also enhance growth and productivity of aquatic plants. The research provides novel
insights into the differential physiological responses of aquatic plants to SCs and HCs, emphasizing the
importance of promoting sustainable, non-toxic coloring agents to safeguard aquatic ecosystems.

Growth response of Lemna minor exposed to Cd using PlantCV Image-
Based Analysis and Photosynthetic Pigments

Alhassan, AB; Aljahdali, MO. Bulletin of Environmental Contamination and Toxicology (2025) 115: 6.

The increase in environmental contaminants such as heavy metals in aquatic ecosystems has been on the
increase due to an increase in anthropogenic activities. In this study, the effect of varying concentrations
(0.8g/L, 5.7g/L, 9.5g/L, 13.1g/L, 24.6g/L, 37.9g/L) of cadmium on Lemna minor was evaluated using an
automated image-based analysis PlantCV v.3.8.0 through processing pipeline developed in the Python
programing language (v.3.7.3). Chlorophyll was determined using a UV-VIS Spectrophotometer at wavelengths
of 664, 647 and 664nm. There was significant variation (p<0.05) in the concentration course inhibitory effect of
Cd, with the highest inhibition for frond area, convex hull, perimeter and solidity at Cd concentration of 37.9g/L.
This study demonstrates the applicability of the developed PlantCV measurement pipeline as an efficient and
reproducible approach for assessing plant responses, thereby supporting enhanced monitoring and
management of aquatic ecosystem health.

The toxicity effects of metformin and the bioremediation of metformin
in aquatic plant duckweed

Han, B; Jiang, YM; Wang, WQ; Guo, YH; Yang, YW, He, YM; Di, QQ; Qu, ZY; Xing, Y; Yang, L. Plants (2025) 14:
1761.

The release of metformin (MF) into the environment poses significant challenges, yet its effects on higher
plants remain largely unexplored. In this study, we investigated the impact of MF exposure on duckweed
(Lemna turionifera 5511) across varying concentrations ranging from 0 to 0.16 mg/mL. Our findings revealed
that leaves exhibited chlorosis, accompanied by a reduction in biomass, particularly evident at concentrations
of 0.1, 0.13, and 0.16 mg/mL MF. Chlorophyll fluorescence analysis showed that MF exposure reduced
photosynthetic performance, indicated by decreased Fv/Fm and Y (ll), and increased Y (ND) and NPQ,
suggesting impaired photosystem efficiency and altered energy dissipation. Additionally, genes involved in
photosynthesis exhibited significantly reduced transcript abundance. Moreover, MF was found to alter the
transcript levels of GH3 and SAUR genes, which are associated with auxin signaling, and increase the
expression of SnRK?2, a key component of the abscisic acid signaling pathway. These findings shed light on the
toxicological effects of MF on higher plants, providing valuable evidence regarding the toxicity of this
pharmaceutical contaminant. Subsequently, we investigated the absorption of MF by duckweed (0.128 mg/g
FW in 7 days) at a concentration of 0.13 mg/mL, observing a gradual decrease in MF concentration to zero
over a period of 10 days. Notably, the optimal adsorption time was determined to be ten days. Hence,
duckweed emerges as a promising candidate for the concurrent bioremediation of MF-contaminated water
and the production of high-quality biomass.

The effect of low molecular weight organic acids on the growth,
antioxidant capacity, and lead enrichment of duckweed (Landoltia
punctata) under Pb stress

Geng, HY; Huang, L; Tan, AJ; Liu, JK; Yang, GL. Journal of Environmental and Chemical Engineering (2025) 13:
116563.
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Lead (Pb) is one of the most harmful, toxic pollutants to the ecological environment and humans. Duckweed, a
fast-growing aquatic plant, is excellent for remediation of Pb pollution. Low molecular weight organic acids
(LMWOAs) are more efficient, environmentally friendly and biodegradable than inorganic chelating agents, but
the effects of LMWOAS on the tolerance and Pb enrichment of duckweed are still unclear and which LMWOAs
has the best enhancing effect remains to be further studied. In this study, we screened out the optimal Pb-
enriched duckweed (Landoltia punctata 0027) from 60 duckweed samples. We then investigated the effects of
LMWOAs, including citric acid (CA), malic acid (MA), tartaric acid (TA), and oxalic acid (OA), on the Pb
enrichment abilities of this duckweed. The results showed that the addition of CA significantly increased the
biomass, the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), reduced
malondialdehyde (MDA) content and mitigated oxidative damage of duckweed compared to control group
(CK). The enhancement effects of the four LMWOAs on duckweed Pb enrichment were CA>MA> TA>0A. The
effect of different concentrations of CA was further investigated, and it suggested that the Pb enrichment and
BCF of duckweed were highest at 500 uM. These results indicate that CA and 500 uM are considered the best
LMWOAs and CA treatment concentration for Pb-contaminated water remediation with duckweed. The study
may provide a new idea for the remediation of Pb-polluted water by duckweed combined with LMWOAs.

Developments in toxicity testing with duckweeds
Ziegler, P Journal of Xenobiotics (2025) 15: 48.

Duckweeds are a family of small floating macrophytes (the Lemnaceae) that inhabit quiet freshwaters
worldwide. They have long been employed to determine toxicity to higher plants in the aquatic environment,
and standardized national and international protocols have been developed for this purpose using two
representative species. While these protocols, which assess the growth of the leaf-like fronds of the tested
duckweed, are indeed suitable and still frequently used for detecting the toxicity of water-borne substances to
aquatic higher plant life, they are cumbersome and lengthy, determine endpoints rather than depict toxicity
timelines, and provide no information as to the mechanisms involved in the indicated toxicity. Progress has
been made in downscaling, shortening and improving the standardized assay procedures, and the use of
alternative duckweed species, protocols and endpoints for detecting toxicity has been explored. Biomarkers of
toxic effect have long been determined concomitantly with testing for toxicity itself, and their potential for the
assessment of toxicity has recently been greatly expanded by transcriptomic, proteomic and metabolomic
techniques complemented by FITR spectroscopy, transformation and genotoxicity and timescale toxicity
testing. Improved modern biomarker analysis can help to both better understand the mechanisms underlying
toxicity and facilitate the identification of unknown toxins.

Genetic and morphological variation among populations of duckweed
species in Thailand

Senayai, A; Harnvanichvech, Y; Vajrodaya, S; Oyama, T; Kraichak, E. Plants (2025) 14: 2030.

Duckweeds have emerged as frontier plants in research, food, and bioenergy applications. Consistency in
genetic and morphological traits within species is therefore crucial for their effective use. Thailand hosts
diverse duckweed populations with representatives from four of the five genera and at least four species
recorded. However, the extent of genetic and morphological variation within these species in Thailand remains
unclear. Here, we investigated the genetic and morphological variation in four duckweed species - Landoltia
punctata, Lemna aequinoctialis, Spirodela polyrhiza, and Wolffia globosa - collected from 26 sites across
Thailand. Using the multilocus sequence typing approach based on three chloroplast genes (rbcl, atpF-atpH,
and psbK-psbl), we show that genetic variation in duckweed is distinct at both inter-species and intra-species
levels. Among these four species, Lemna aequinoctialis exhibits the highest genetic variation, forming four
distinct phylogenetic clusters. This is followed by Spirodela polyrhiza, Wolffia globosa, and Landoltia punctata.
In addition, we observe that morphological variation, particularly frond aspect ratio, varies significantly among
clusters but remains consistent within each cluster of each species. These findings suggest that duckweed
populations in Thailand exhibit substantial genetic variation at the intraspecific level, which is closely
associated with frond morphological variation.
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Lemna turionifera (Lemnaceae) in the cryolithozone of Yakutia (North-
East Asia) prefers hot summer and shifts North due to climate warming

Bobrov, AA; lvanova, MO; Vinogradova, YS; Konotop, NK; Mochalova, OA; Chemeris, EV. Inland Water Biology
(2025) DOI10.1134/S1995082924600832

Using bioclimatic variables an analysis of the distribution of Lemna turionifera (Lemnaceae) in the
cryolithozone of Yakutia (North-East Asia) was conducted. This territory is characterized by a sharply
continental climate and widespread permafrost, which are stress factors for species that are located on the
northeastern border of their range. The Maxent analysis indicated that temperature seasonality (bio4) and
maximum temperature of warmest month (bio5) predominantly influence the current distribution of L.
turionifera. We suppose that bio5 has more biological sense in determining the distribution of the duckweed in
Yakutia compared to bio4. Under the current trend of climate change according to the moderate climate
change model (SSP245 scenario), the frequency of occurrence and abundance of L. turionifera in Yakutia will
continue to increase in areas with most continental conditions (with hot summer and the highest range
between summer and winter temperatures), first of all, in Central Yakutia, Yana and Qimyakon plateaus, middle
Kolyma valley. Having a very high dispersal rate, especially mediated by migratory waterfowl, this species will
continue to shift north along large river valleys, as the climate warms and suitable habitats appear, and will
increase its abundance there. In areas where summer temperatures have not yet reached the optimal values
for duckweed growth, human impact has a positive effect, leading to an increase in water mineralization and
nutrient content and making L. turionifera growth possible, which is especially noticeable in recently colonized
northern localities.

An ecological, phenotypic, and genomic survey of duckweeds with their
associated aquatic environments in the United Kingdom

Smith, KE; Cowan, L; Flis, P; Moore, C; Heatley, M; Robles-Zazueta, CA; Lee, A, Yant, L. AOB Plants (2025) 17:
plaf018.

The duckweeds feature global distributions and diverse applications in phytoremediation and nutrition, as well
as use in fundamental studies of development. Existing collections have minimal environmental data linked to
natural habitats. Thus, there is a lack of understanding of natural variation in the context of native habitats.
Here, a novel collection of 124 duckweed accessions from 115 sites across the United Kingdom was
characterized by genome sequencing and ionomics. In common nutrient-replete experimental conditions, all
accessions hyperaccumulated P, K, Mg and Ca. Local but not large-scale associations were revealed between
elemental composition of duckweed in common, replete conditions and native water profiles. Lemna minor
was the most prevalent species in the UK, with a closely related hybrid L. japonica frequently found in waters
with higher micronutrient concentrations. Invasive L. minuta was common in the southern and midland
regions, but restricted in Scotland. Lemna accessions accumulated heavy metal contaminants typically
together with macronutrients, suggesting phytoremediation potential, but some limitations as food.
Furthermore, monitoring the ecological interactions between native, hybrid and invasive Lemna species should
be ongoing in the interest of biodiversity. Duckweed species from a large UK collection were characterized
using genotyping, phenotyping, and elemental analysis of both aquatic environments and duckweed plants.
The native Lemna minor was the most widespread species. Invasive Lemna minuta and hybrid Lemna
Jjaponica were also common, though absent in Northern Scotland. Lemna japonica was found in environments
with higher levels of several elements than Lemna minor, while Lemna minuta thrived in magnesium-rich
environments, suggesting enhanced elemental adaptability in these invasive and hybrid species. Additionally,
use of common nutrient environments revealed differences in Lemna species accumulation of macronutrients.
Some individuals of each species showed exceptional ability to accumulate or exclude certain elements,
highlighting potential applications for food production or water remediation.
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The Duckweed Forum (DF) is an electronic publication that is dedicated to serve the Duckweed
Research and Applications community by disseminating pertinent information related to community
standards, current and future events, as well as other commentaries that could benefit this field. As
such, involvement of the community is essential and the DF can provide a convenient platform for
members in the field to exchange ideas and observations. While we would invite everyone to
contribute, we do have to establish clear guidelines for interested contributors to follow in order to
standardize the workflow for their review and publication by the Duckweed Steering Committee
members.

Contributions to DF must be written in English, although they may be submitted by authors from any
country. Authors who are not native English speakers may appreciate assistance with grammar,
vocabulary, and style when submitting papers to the DF.

DF is currently arranged in sections, which may be chosen by a prospective author(s) to contribute
to: Main text, Opinion paper, Discussion corner, Useful methods, Student experiments, Student
spotlight, Science meets art, and Cover photo(s). 3,000 words are suggested as the upper limit for
each contribution, but can be extended on request to the Steering Committee if the reason for the
waiver request is warranted.

In addition to invitees by a Duckweed Steering Committee member, if you are considering submitting
a contribution to DF but are unsure about the fit of your idea, please feel free to contact one of the
members in the Duckweed Steering Committee in order to obtain feedback as to the
appropriateness of the subject for DF. Please include a few sentences describing the overall topic
that you are interested to present on, and why you think it is of interest to the general duckweed
community. If you have the abstract or draft text prepared, please include it. The Duckweed Steering
Committee will discuss the material in one of its meetings and the decision to formally invite
submission will be given shortly afterwards.

All listed authors must concur in the submission and the final version must be seen and approved by
all authors of the contribution. As a public forum, we do not carry out any Copyright application. If
you need to copyright your material, please do so beforehand.

Formatting requirements:

e A commonly used word processing program, such as Word, is highly recommended.
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e Formatting requirements: 8.5-by-11-inch (or 22 cm-by-28 cm) paper size (standard US letter).

e Single-spaced text throughout.

e One-inch (or 2.5 cm) left and right, as well as top and bottom margins.

e 11-point Times New Roman font.

e Number all pages, including those with figures on the bottom and center of each page.
Title:

e Should be intelligible to DF readers who are not specialists in the field and should convey
your essential points clearly.

e Should be short (no more than 150 characters including spaces) and informative.

e Should avoid acronyms or abbreviations aside from the most common biochemical
abbreviations (e.g., ATP). Other acronyms or abbreviations should either:

o be introduced in their full form (e.g., Visualization of Polarized Membrane Type 1
Matrix Metalloproteinase (MT1-MMP) Activity in Live Cells by Fluorescence
Resonance Energy Transfer (FRET) Imaging); or

o be clarified by use as a modifier of the appropriate noun (e.g., FOX1 transcription
factor, ACC dopamine receptor).

Authors:

All authors are responsible for the content of the manuscript.

Provide the complete names and head-shots of all authors.

Identify which author will receive correspondence regarding the contribution.

Provide the corresponding author’'s name and current e-mail address.

Image resolution and submission:

It is extremely important that figures be prepared with the proper resolution for publication in order
to avoid inaccurate presentation of the data. The minimum acceptable resolution for all figures is
300 dpi. Excessive file compression can distort images, so files should be carefully checked after
compression. Note that figures that contain both line art (such as graphs) and RGB/grayscale areas
(such as photographs) are best prepared as EPS (vector) files with embedded TIFF images for the
RGB/grayscale portions. The resolution of those embedded TIFF images should be at least 300 dpi.
Original images should be submitted as a separate file to the text file. It would be helpful to insert
the intended into the Word file as well, if desired, to indicate the location for it. The legend to the
image/figure should be added at the end of the text file and labeled as "Legend to Figures".
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Links for Further Reading

http://www.ruduckweed.org/ Rutgers Duckweed Stock Cooperative, New Brunswick, New Jersey
State University. Prof. Dr. Eric Lam

http://plants.ifas.ufl.edu/ University of Florida's Center for Aquatic & Invasive Plants.

Community Resources - Updated Table for
Duckweed Collections in the Community

For information related to the location, collection size and contact email for duckweed collections in
our community, please access the website of the RDSC (Rutgers Duckweed Stock Cooperative)
under the heading "List of Worldwide Duckweed Collections". This Table will be updated as new
entries for duckweed collections are being supplied to members of the International Steering
Committee for Duckweed Research and Applications (ISCDRA). We request our readers to provide
us with the new or updated data about their stock collection in order to update the existing list.

Note to the Reader

Know of someone who would like to receive their own copy of this newsletter? Would you like to
offer ideas for future articles or have comments about this newsletter? Need to be added or
removed from our contact list?

Please let us know via email to the Chair of ISCDRA, Dr. K. Sowjanya Sree: kssree9@bhu.ac.in
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	Figure 1. Comparison of a plantlet of Wolffia to an Arabidopsis plant, highlighting the equivalence of branches between these two plant types with distinct morphologies. A) Top view of a W. australiana plantlet (Main plantlet), as seen under a dissecting microscope; a branch is protruding to the right (1st order branch). B) After peeling off the deck, three young leaves (the biggest one has developed into a branch) are aligned sequentially, as indicated by three arrowheads (Those could be designated as P1, P2, P3, as diagrammed in Figure 2). C) An Arabidopsis plant with multiple first order branches and some second order branches.
	Panels A, B are modified from Li et al., 2023; Panel C is modified from https://www.cas.cn/kxcb/kpwz/201207/t20120709_3611164.shtml.
	Figure 2. Diagrammatic representation of growth pattern in duckweed, using the species Wolffia globosa as an example to illustrate the proposed nomenclature. The branch ranks are indicated by different colors and the new clones (Cn) and branches/plantlets (Pn) are numbered according to the description of the text. The diagram is modified from Li et al., 2023, using the new definition system to distinguish between plantlets and clones
	
	The iGEM Brno team members: from Faculty of Sciences, Masaryk University, Czech Republic: Matúš Grieš, Miroslav Rosputinský, Matej Zámečník, Barbora Gavendová, Michal Šimčák, Jonáš Pospíchal, Tereza Slančíková, Ondrěj Švanda, Ľubomír Gallo, Klárka Pěchoučková, Hanka Slámová, David Kopecký, Matěj Bryja, Michaela Prokopová, Anna Podmanická, Marko Mećava, Zdenka Vilhanová, Peter Schmidt. From Brno University of Technology: Martin Pavella, Andrej Žabka, Pravoslav Žilka
	QFarmingTM Platform: A highly compact and resource-efficient cultivation system designed for the ultra-efficient growth of fresh, nutrient-dense duckweed. The platform minimizes energy, water, and fertilizer use, and operates within a sealed, sterile environment to ensure resilient, robust, and high-yield production. Fully modular and controlled, it enables scalable, year-round farming with exceptional purity and consistency
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	Letter from the Editor:
	July 30th, 2025
	Dear Duckweed Community,
	We have good news!!!
	It is our pleasure to present this 50th issue of our community newsletter, DUCKWEED FORUM. I, on behalf of the ISCDRA, congratulate each one of us on this golden milestone. I also take this opportunity to thank each and everyone who actively participated in building and shaping the Duckweed Forum. In this issue, you will find an interesting note on the journey of our newsletter presented by one of the members, Klaus Appenroth. We look forward to your active involvement also in the future.
	In this issue, the commentary article by Evan Ernst and Robert Martienssen, based on the highlight from the previous issue, depicts the genomic basis for some of the duckweed characters like clonal propagation and triploid hybridization. This article is accompanied by the cover photo. An opinion piece by Shunong Bai and Eric Lam puts forward changes in the notation of the duckweed individuals produced clonally, for the community to present their views on these proposed ideas. It is recommended to write your views to the author, Eric Lam, so as to steer a discussion on this proposal for nomenclature modification.
	Cultivation of duckweeds is key to research and applications, whether it is in the laboratory or in large scale. In this issue, a compilation of the cultivation conditions in several duckweed stock collections across the globe is presented for exchange of ideas for both starter and established stock collections. Another article focuses on the cultivation of duckweeds for nutritional purposes. And, one of the members, Tsipi Shoham introduces a sustainable food system for cultivation of duckweeds. The workshop report detailed by Marcel Jansen, also a member of the ISCDRA, focuses on duckweeds for remediation and their role in circular economy. Interestingly, the workshop was organized at a place in Ireland where large scale cultivation of duckweed was started in the country. This shows a growing interest in optimizing and standardizing duckweed growth for survival as well as for biomass production, translating towards its applications for circular economy.
	This issue’s student spotlight is not just focused on one individual but a group of young enthusiastic students named ‘iGEM Brno’ from Faculty of Science, Masaryk University, Czech Republic, wanting to work on duckweed genetic engineering. The team interviewed by Tsipi Shoham is presented here. Also, an interview with John Cross and history of his webpage ‘The Charms of Duckweed’ is presented by Klaus Appenroth in this 50th issue. If someone could carry forward this educational effort with all due permissions, it will be a great service to the scientific community. And, finally I would like to draw your attention to our visit to the venue of the next duckweed meeting, the 8th ICDRA in Naples, Italy which will take place from 28 September to 2 October, 2026. All those intending to attend this conference are requested to go through the details provided in this issue and register their interest in order to get notified of the conference updates on a timely basis.
	The increasing number and quality of publications in the diverse fields of duckweeds as compiled in the database section by Klaus Appenroth provide the key metrics to gauge the growth and development of our duckweed community. Looking forward to your active participation in the DUCKWEED FORUM as we go ahead towards the diamond milestone.
	
	Best regards,
	
	Sincerely,
	K. Sowjanya Sree
	Chair, ISCDRA
	

	Commentary: Use it or lose it:
	stripped-down duckweed genomes account for reduced morphology, vegetative growth and reproductive habit
	Evan Ernst1, Robert A. Martienssen1
	1Howard Hughes Medical Institute, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA
	(Email: eernst@cshl.edu; martiens@cshl.edu)
	An organism’s genome composition, at the fine scale of gene content and at the broad scale of karyotype (chromosome number and structure), accounts for much of its anatomical, physiological, and evolutionary differentiation. At the gene level, mutations and copy number variations, including absence, can have vast functional consequences coinciding with the divergence of species and larger evolutionary groupings. For example, the ancestor of all monocots in contrast to eudicots, lost the genetic pathway necessary for xylogenesis, and consequently wood formation (Roodt et al., 2019). Sometimes the effects of these variations can be pronounced even when they involve a single gene, such as a transcription factor (TF) that can turn on, off, or modulate the activity of entire pathways. For instance, the loss of the homolog of a GRAS-domain TF known as LATERAL SUPPRESSOR (AtLAS) in legumes may have enabled the emergence of nodulation and root nodule symbiosis (Liu et al., 2024). Detection of these events relies on complete and accurate genome assembly, which the maturity of long-read sequencing technologies and orthogonal optical and chromatin approaches has nearly solved, and high-quality protein coding gene annotation, which remains challenging in the absence of manual curation.
	In our recently published study with our collaborators in the Michael, Lam, and Schubert labs (Ernst et al., 2025), we combined diverse sequencing datasets with flow cytometry and genome in-situ hybridization (GISH) to get a more comprehensive view of the types of genomic and epigenomic variations described above that characterize the Lemnaceae. We generated chromosome-resolved de novo genome assemblies and annotations for W. australiana (8370), L. gibba (7742a), L. minor (7210, 9252), L. turionifera (9434), and L. japonica (7182, 8627, 9421). Our study also integrated high quality chromosome-resolved assemblies and analyses of S. polyrhiza (7498, 9509) (Wang et al., 2014; Hoang et al., 2018) and S. intermedia (8410) (Hoang et al., 2020). In total, we analyzed 11 clones of 7 species in the Spirodela, Wolffia, and Lemna genera.
	Our study was not designed at the outset to obtain a full account of variation among all Lemnaceae genomes, but to add data points from the Lemna genus to incrementally expand our knowledge of the family. Notably, Landoltia and Wolffiella species are not represented. Nonetheless, the inclusion of early-diverging Spirodela species allowed us to identify genes missing in all three genera that were likely absent from the common ancestor of all duckweeds before they diverged 56 million years ago. Our phylogenomic approach began with the popular OrthoFinder2 pipeline to estimate evolutionary relationships between the complete proteomes of the included Lemnaceae and a diverse collection of monocot, dicot, and basal angiosperm species. We included Ceratophyllum demersum and Zostera marina, two very distantly related plants that share a submerged aquatic lifestyle, facultative sexual reproduction, and dormant bud formation. By considering gene family copy number differences (especially gene losses) among different groupings of species, and incorporating functional annotations of orthogroups drawn from Arabidopsis and rice gene membership as well as projections from the eggNOG database, we were able to pinpoint specific genes that are likely responsible for physiological traits such as reduced stature and root anatomy, simplified vasculature, suppression of stomatal closure and stomatal adaxialization, and calcium oxalate metabolism. In some cases, we observed identical losses in Lemnaceae species and C. demersum, indicating convergent gene loss between freshwater aquatic species that diverged over 150 mya, which provided higher confidence for the significance of those losses. While there were too many detected gene losses and copy number increases to analyze and discuss in a single publication, we encourage the community to explore the grouped comparison tables, and the complete, functionally annotated orthology assignment tables available at lemna.org. Researchers interested in mutant studies or trait engineering can use these tables along with the relevant genome and proteome sequences as a starting point to assist in identifying and targeting genes and pathways of interest.
	Lemna japonica became a focal point of our study after a draft assembly of the readily transformable clone 8627, originally labeled L. minor, produced two distinct, complete sets of chromosomes (subgenomes) indicating a potential hybrid. The identities of the parent species were independently confirmed to be L. minor and L. turionifera by tubulin polymorphism fingerprinting (Braglia, Lauria, et al., 2021), comparison with de novo assemblies of L. turionifera and L. minor diploids, and by a GISH experiment in the Schubert lab (Ernst et al., 2025: Fig. 2D). Flow cytometry, genomic read coverage levels, and GISH (Ernst et al., 2025: Figs. S2A, 2B and 2D) revealed that this hybrid was a triploid, with two heterozygous L. minor chromosome sets and a single set from L. turionifera (MMT karyotype). We were surprised to find an example of a reciprocal triploid (MTT) configuration in 7182, and the dihaploid hybrid 9421 (MT). While triploids are not exceedingly rare in nature, they tend to account for only a small proportion of individuals in wild populations of most plants. These and other observations (Braglia et al., 2024; Schmid et al., 2024; Braglia, Breviario, et al., 2021) prompted a full survey of the parentage and ploidy of all clones identified as L. minor in the Landolt collection, which concluded that triploidy is prominent in wild populations of at least L. minor and its hybrids (Michael et al., 2025). Phylogenomic analysis in our study produced candidate explanations for the abundance of triploids and their viability: loss of the Argonaute genes AGO9 and AGO6, which participate in RNAi in the germline, support an elevated rate of unreduced female gamete production and the loss of the triploid block, respectively. It appears that these reproductive AGOs were lost ancestrally, which should favor the formation of polyploids, including allotriploids, in wild populations of all Lemnaceae, but the generality of high rates of unreduced gamete production has yet to be established. At least for the Spirodela genus, ploidies higher than 2x could not be confirmed in a recent study (Hoang et al., 2022). One explanation could be that, despite the genetic predisposition for frequent diploid gametogenesis, higher ploidies of this genus compete poorly with their diploid progenitors, as was demonstrated with synthetic autotetraploids of S. polyrhiza (Mortier et al., 2025). On the other hand, autotriploid L. minor and allotriploid L. japonica hybrids exhibit higher growth rates under specific environmental conditions (Michael et al., 2025). These AGO losses could also explain the similarly high proportions of triploids, along with tetraploids, which have now been observed in the Alatae section, in which L. aequinoctialis and L. perpusilla participate in ongoing hybridization (Stepanenko et al., 2025). However, the abundance of Alatae tetraploids in the collections raises the question of why we fail to observe them in the L. minor hybrid complex. Triploids are often considered to be “bridge” cytotypes facilitating tetraploid or hexaploid formation by backcrossing to diploid parents or selfing in obligate sexual reproducers, but clonally reproducing plants don’t require a high proportion of viable meiocytes to survive, and consequently triploids could be expected to be better represented in wild populations. One obvious explanation is that L. japonica allotriploids, and potentially L. minor autotriploids, could be infertile. A genetic cause of hypothetical infertility in the triploids has yet to be found, but ongoing efforts by multiple groups to characterize the highly fertile Alatae could shed light on this question, and more generally, on how sexual reproduction is initiated and completed in the Lemnaceae in the absence of SUPPRESSOR OF CONSTANS 1 (SOC1) and other flowering genes.
	Zooming out, large differences in karyotype between species or individuals can act as a reproductive barrier, causing irregular chromosome pairing and imbalanced segregation during meiosis which lead to aneuploidy (irregular chromosome number) in the gametes and the fertilized embryo, often with drastic fitness penalties. At the sequence level, discrepancies in synteny (collinearity along the homologous chromosomes) of breeding partners can block meiotic recombination, fixing mutations that can reproductively isolate offspring from the rest of the population, ultimately resulting in speciation. Some examples of these karyotypic variations are rearrangements such as whole-chromosome deletions, duplications, fissions, fusions, and inter- and intra-chromosomal translocations, as well as intrachromosomal inversions, deletions and duplications. These events can arise during replication or meiosis, and can be mediated by ectopic or illegitimate recombination between copies of repetitive sequence elements such as ribosomal DNA (rDNA) and transposable elements (TE).
	From this first look at chromosome organization in the Lemna genus with sequence-level data, we found that, while a chromosome number of 21 was conserved within this complex among L. minor, L. turionifera, and L. gibba, a non-reciprocal translocation of the short arm of chromosome 17, extending the short arm of chromosome 20 distinguishes the L. turionifera karyotype. This event could have triggered the speciation of L. turionifera. While rDNA repeat arrays remain the most challenging sequence context for assembly, we were able to localize highly-conserved, and hence likely active, arrays in most genomes. From our work, rDNA arrays were found on chromosome 20 of the diploid L. minors, and on chromosome 17 of the L. turionifera subgenomes of the hybrids, suggesting that recombining rDNA could have mediated the translocation.
	Genomic DNA sequence and organization alone, however, do not explain all biological variation. In living cells, genomic DNA is bound to histone proteins, forming a complex called chromatin. Transcription of genomic DNA is promoted or repressed by enzymes that write or erase chemical modifications on specific histone residues. Plants, in particular, have evolved a pathway called RNA-directed DNA methylation (RdDM) that interoperates with histone modifying enzymes, marking genomic regions by adding a methyl group to cytosine residues. DNA methylation influences many important processes, such as transcriptionally repressing TEs across cell division, time and tissue dependent regulation of developmental genes, and environmental response. Taken together, an organism’s chromatin state and DNA modifications comprise its epigenome. RdDM depends on the action of another, deeply conserved, pathway with numerous regulatory and cellular defense roles known as RNA interference (RNAi), which cleaves single- or double-stranded RNA templates into small RNA molecules, predominantly 20 to 24 nucleotides long, that are then used to recognize cognate transcripts and cleave them or repress their translation. These and other epigenetic processes broadly control gene expression by modulating the accessibility of genomic DNA to the transcription machinery.
	On top of a large reduction in Argonaute family proteins and other RNAi genes, we found that all analyzed duckweeds lack several widely conserved components of the RdDM pathway, consistent with very low levels of cytosine methylation in the CHH context. Recently published work from the Mari-Ordonez lab indicates that histone marks typically associated with an intact RdDM process are mostly absent from TEs in somatic tissues of S. polyrhiza, and restricted to just a few intact elements (Dombey et al., 2025). However, the unvarying retention of CLSY3 and 4 proteins, DRM1 and 2, and RNA polymerase V, points to conservation of RdDM in the reproductive context. Supporting this hypothesis, some remaining RdDM pathway components were found to be upregulated in stamens, pistils, and seed in bulk RNA-seq of dissected floral tissues of an L. aequinoctialis hybrid (Cristian Mateo-Elizalde, unpublished).
	Epigenetic processes are also critical for the maintenance of genome integrity by ensuring proper chromosome segregation during cell division. In some instances, epigenetic states are heritable, as is the case with centromeres, which are the attachment points of mitotic and meiotic spindles. In most plants, centromeres are defined by the binding locations of the centromeric histone CENH3, rather than the underlying genomic DNA sequences. Because heterochromatin-inducing TEs and euchromatic genes were so interspersed across Lemna chromosomes, and no clear large tracts of centromeric satellite repeats could be discerned, we could not confidently infer centromere positions from the genome sequences alone. This prompted us to raise antibodies against native Lemnaceae CENH3 peptides in collaboration with the Birchler lab, to map centromeres with chromatin immunoprecipitation sequencing (ChIP-seq) for the first time in Lemnaceae. Despite genomic evidence that could have supported poly- or holocentric architectures, we found only strong evidence for monocentrism (one centromere per chromosome). Interestingly, only L. minor had a strong association between CENH3 and centromeric satellites. Instead, L. turionifera centromeres were found to form over intact centrophilic Ty3 and Ty1 TEs, associated with centromeres in diverse angiosperms and gymnosperms, along with ATHILA TEs. Despite the differences in underlying genomic sequence, centromere positions are well conserved between the two species. A recent publication on species of the Rosa genus, which have evolved through frequent polyploidization and hybridization, has described a curious bimodal system of chromosome inheritance in pentaploid dogroses in which the subgenomic chromosome sets containing ATHILA TE-based centromeres are biparentally inherited, while the other subgenome with satellite-based centromeres is inherited exclusively through the female germline (Herklotz et al., 2025). Though there is no known evidence for fertility in imbalanced L. turionifera hybrids, these observations suggest that the possibility should not yet be ruled out.
	Aside from releasing the triploid block, another consequence of the absence of AGO6 is the loss of de novo transcriptional silencing of transgenes – a convenient trait for research and biotechnological applications because it removes this common obstacle of persistent stable expression. While we await the arrival of a model duckweed that is diploid, fertile, and stably transformable, the genomic resources in this study continue to support the use of the L. japonica 8627 transgenic system to conduct gene knockout and rescue experiments. Reverse genetics studies in this hybrid complex would be well positioned to investigate the underpinnings of turion formation, anthocyanin hyperaccumulation, and calcium oxalate metabolism and storage in the Lemnaceae.
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	Recently, we had the chance to visit a beautiful palace which is also the venue of the 8th International Conference on Duckweed Research and Applications (8th ICDRA), the University of Naples Federico II, Portici, Naples in Italy. We were welcomed by the organizers of the 8th ICDRA, Prof. Giovanna Aronne and Dr. Leone Ermes Romano from this University and Dr. Laura Morello from the Institute of Agricultural Biology and Biotechnology, CNR, Milan, Italy. They first gave us a tour of the extravagant venue which consisted of the grand entrance of the palace with some of the finest frescoes, the Royal botanical garden with the Vesuvius in the backdrop (well-known from the archaeological cities of Herculaneum and Pompeii), the meeting halls and the impressive outdoor facilities which will surely enhance the scientific discussions during the coffee and lunch breaks of the conference. The support provided by the host University is commendable. Together, we discussed on various topics connected with the preparation for the conference next year, like research themes, poster presentations, funding opportunities, student presentation awards, outdoor activities and so on. The 8th ICDRA organizers are making it possible for the duckweed community to interact actively during the meeting next year and we are sure that the participants of the conference will equally enjoy it and make use of the opportunity for scientific discussions and collaborations together with the beauty of Portici, Ercolano and Naples. We herewith echo the message of the organizers, requesting the participants to kindly fill-in the intent form on the conference website (https://www.8thicdra.info/) in order to receive first-hand information about the meeting. Please contact the organizers for any specific queries or information, at 8icdra@gmail.com
	Photo taken in front of the façade of the palace, the University of Naples Federico II in Portici, Naples in Italy. From left to right: Klaus-J. Appenroth, K. Sowjanya Sree, Giovanna Aronne, Laura Morello and Leone Ermes Romano


	Opinion: Duckweed nomenclature
	Introduction of a new system to describe asexually produced plantlets and their relationship to other individuals in a colony
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	Duckweeds are plants of the Lemnaceae family, normally floating on the surface of lentic water. Although some species of these plants have been systematically investigated by plant scientists since the middle of the twentieth century (Landolt 1986; Acosta et al. 2021), these plants were generally marginalized in the community of plant biology until the first decade of the 21st century when the 1st ICDRA 2011 was successfully held in Chengdu, China. Since then, the duckweed community has grown steadily around the world, not only in basic research including genome sequencing, but also commercial development activity. According to reports delivered in the 7th ICDRA 2024, while the publication number increased rapidly during the past decade, some duckweed companies have demonstrated to be among the rank of high tech industry in terms of revenue per employee (Lam 2024; Shoham 2024). It even has been proposed that domestication of duckweeds might help to initiate the second agricultural revolution (Bai, 2025).
	Concomitant with the prosperous future of duckweed investigation, some nomenclature issues emerged which ought to be addressed and resolved by this growing community. As a prominent example, because of the small size and simple structure, some terms used for morphological description were adopted for convenience by earlier studies, with little concern for comparison with functionally equivalent structures in other plant species. For example, leaves mixed with other structures in some species were often called fronds, which is actually equivalent to a small plant in function (Landolt, 1986); and branches generated from the growth tips of the small plant, were called daughter fronds or granddaughter fronds, while the original small plant was called the mother frond, even though there is no sexual process such as meiosis taking place. It is not a critical issue if the studies of duckweeds were confined to a small community, as people involved in the studies know what the terms refer to. However, if duckweeds do become model plants and play a key role in the second agricultural revolution, it is inevitable for people to compare the structures of duckweed with other more well described plant models. Under this circumstance, precision and consistency of nomenclature become important virtues. Particularly, from a genomic perspective, even though the detached branches could be considered as asexual reproduction, the terms of mother and daughter definitely could introduce confusion between asexual proliferation of branches and the generation of true progenies through sexual reproduction.
	In anticipation of accelerated development of genetic and genomic research with duckweeds in the near future, here we propose to revise some fundamental terms to be considered for adoption by the community.
	Firstly, we suggest the use of “plantlet” to represent the branching in duckweed plants instead of using “frond” (Figure 1). The reason is that the duckweed plant is functionally and structurally equivalent to other plants such as Arabidopsis, tobacco, wheat and rice except for their smaller size. Take Wolffia, the smallest plant in the world, as an extreme minimalization example, it has a growth tip, has leaves, has branches, can flower with stamen and stigma, although it has no root or stem, nor vascular bundles (Michael et al., 2021; Li et al., 2023). If we call the plantlets of Wolffia fronds, all the detailed structures would be blurred, and there would be no common terminology reference to be used in comparing the equivalent structures between Wolffia and other plants.
	Secondly, we suggest using “plantlet” to represent the new individual before its physical separation from an independent duckweed clone where it is generated, and a new “clone” after it has subsequently detached. Based on the observation of the morphogenetic process in Wolffia, before the plantlet detached from its clonal progenitor that it was generated, it could already have fully developed to its typical structure, just like the branch on Arabidopsis or rice from a bud to a branch. Only difference is that the plantlet in Wolffia will generally detach from the clone that it was generated from, while the branch in Arabidopsis or rice will not. An obvious exception among duckweed species in which the plantlets/branches often do not detach is Lemna trisulca, which results in a complex colony that is reminiscent of “Christmas tree lights”. The detachment of the plantlets from the clone that generated it in Wolffia is similar to abscission of a leaf from the plant by which it was generated. Thus, until its full separation from the progenitor clone, the plantlet(s) remain connected to the clone both physiologically and biochemically and thus is not an independent new clone per se. The detachment of a plantlet/branch represent its final step to produce a new clonal individual, much like the buds, or adventitious buds, that are produced and detached from leaves in Bryophyllum (kalanchoe) and Opuntia (prickly pear cactus) giving rise to a new plant. The relationship between the branches/plantlets and the plant is somatic clonal relationship, not mother and daughter that are products through sexual reproduction. Using the terms of “mother-daughter” to represent the clonal relationship will introduce conceptual confusion not only for basic research, but also in applications.
	Thirdly, if the nature of clonal proliferation of the detached branches in duckweeds is taken into account, we need to introduce a proper nomenclature system for identification purpose, as such clonal proliferation is not as common for most plants and therefore no clear precedent for the purpose yet exists. Instead of the mother-daughter terms, here we introduce the notation of C0, C1, C2, ….. etc. to identify individual clones in a population starting with the first single clone (C0) of the experimental system (Figure 2). In addition, newly formed plantlets from the growth tips within individual clones are designated as P1, P2,… etc. to distinguish the plantlets produced through clonal growth (Figure 2). The rationale of using C and P to label the clones and plantlets proliferated through clonal growth derives from the well-accepted genetic terminology: F0, F1, F2... etc. to describe successive generations and their relationships. In such genetic terms, F here refers to Filial, noting the relation of a child to a parent. Similarly, the designation of T0, T1, T2… has been used to describe the successive generations from an initial transformation event to produce a new genetic variety through introduction of novel DNA elements into a recipient genome. Here for duckweeds, C0 refers to the initial clone used in a particular experimental setup. C1, C2…etc. refer to the detached duckweed clones that derived from the first order branches of the initial clone. To distinguish between plantlet cohorts that are produced by the various clones during their life history, we propose to utilize subscripts that will correspond to the label of the clone from which the plantlets derived. As an example, plantlets derived from C0 will have the labels of P0-1, P0-2,….etc. (Fig. 2). When detached, the corresponding new clones will have the labels of C1, C2, … etc. in this second rank, equivalent to the second order branches in other plants such as Arabidopsis and rice (Fig. 2). In this regard, we will not name the first plantlet as Pn-0 to minimize confusion. In subsequent reiteration of this asexual propagation, each round of new plantlets will be named with their associated clone number in subscript along with an additional number after a hyphen (Fig. 2). This number will then be transferred to the new independent clone upon detachment of the plantlet from its progenitor clone (Fig. 2). We hope these new terms and naming system can be considered for acceptance by the duckweed community through this Opinion piece and we very much welcome critical and constructive inputs and comments by duckweed researchers over the next several months until early October, when we will tally up the suggestions and comments. While our proposed labeling system presented here could in principle resolve the naming issue for duckweed individuals, we recognize that this system will become rather clumsy and unwieldy with experiments that go beyond even a modest number of new clonal propagation events. A case in point is the example shown in Figure 2 has only 3 rounds of new clone production from the initial C0, which do not take into account that additional plantlets likely have developed already inside the clones but are not yet visible externally. With this in mind, we would like to request community input with suggestions of alternate naming systems to consider before we establish a recommended standard for all duckweed researchers to use. Please send any comments and input to Eric Lam (eric.lam@rutgers.edu). In the meantime, this Opinion piece could hopefully start a serious discussion within our community on what should be the most convenient and accurate way to designate the relationships between different duckweed individuals in a population. We believe the change, whatever the community collectively decide at the end, would extricate the community from traditional, but incorrect, terminology. This will not only integrate duckweed studies into mainstream plant biology, but also enable our field taking a lead position in the future to catalyze conceptual changes in plant biology and agriculture.
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	Storage conditions of duckweeds in stock collections
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	(Email: Klaus.Appenroth@uni-jena.de)
	Everybody who cultivates duckweed (Lemnaceae) has to create conditions (choice of growth medium, lighting, temperature and storage vessel) for growth of the plants in a way that they remain vital but do not need to be sub-cultured too often. In different places with various groups, different methods were developed and deployed. We hope that this exchange of experience will be informative and helpful to duckweed researchers, especially for newcomers to the field. I would like to draw your attention to the unconventional methods, especially to the information given by Tsipi Shoham, Israel and Leone Ermes Romano, Italy.
	Appenroth, Klaus-J. Matthias Schleiden Institute – Plant Physiology. Friedrich Schiller University, Jena, Germany. Klaus.appenroth@uni-jena.de.
	- liquid medium, N or Steinberg
	- volume: 75 ml in 100 ml Erlenmeyer flasks or 120 ml in 200 ml Erlenmeyer flasks
	- temperature: constant 17oC
	- light: 30 µmol m-2 s-1, white fluorescence tubes, continuous light
	- subculturing each 4 months
	Bog, Manuela. Institute of Botany and Landscape Ecology, University of Greifswald, Greifswald, Germany. Email: Bog, manuela.bog@unigreifswald.de
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	Stock collections in Huai'an, School of Life Sciences, Huaiyin Normal University, China (photo left) and Institute of Cell Biology and Genetic Engineering (ICBGE) National Academy of Science of Ukraine Kyiv, Ukraine (photo right)
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	Mass cultivation of duckweed stocks in the RDSC (Rutgers Duckweed Stock Cooperative - Home)
	Solid media used in the RDSC (photo left)
	A. ½ X SH, pH6.5, solidified with 0.8% (or 1.2%) agar;
	B. ½ X SH + 0.1% sucrose, pH6.5, solidified with 0.8% (or 1.2%) agar;
	C. ½ X SH + 0.5% sucrose, pH6.5, solidified with 0.8% (or 1.6%) agar;
	D. N medium, pH5.5, solidified with 0.9% agar;
	E. N medium + 0.1% sucrose, pH5.5, solidified with 1.2% agar.
	Cefotaxime at 100ug/ml is included in these media for bacterium-containing duckweed strains.
	Higher osmosis generated by 1.2-1.6% agar (compared with normal 0.8% agar) is often able to extend the storage duration of many strains, particularly from the Wolffiella genus.
	Liquid media used in the RDSC (photo right)
	A. N medium, pH5.5;
	B. ½ X SH, pH6.5.
	Cefotaxime at 100ug/ml is included in these media for bacterium-containing duckweed strains.
	Liquid culture is beneficial to extend the storage duration of many strains, particularly from the Landoltia genus.
	By using the strategy above, over 1000 duckweed strains in our collection can be successfully maintained with minimal loss of strains.
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	- 6 well plates (see photo). Fronds are placed on half strength Schenk & Hildebrandt agar. Plates are sealed with parafilm.
	- Plates are stored in plastic boxes at 18C, under very low light (~10-20 µmol m-2 s-1).
	- All clones are identified by DNA barcoding upon collection.
	- Most of our collection is now axenic (or close to). We use a succession of bleaching steps to achieve this, and we test this by growing fronds on plates containing sucrose
	- Using this approach, we tend to subculture only once every 3-4 months. Longer is possible.
	- For subculturing, to avoid contamination or loss, we have multiple copies of each strain, and only subculture one copy at a time.
	
	Olah, Viktor. Institute of Biology and Ecology University of Debrecen, Debrecen, Hungary. Email: olahviktor@unideb.hu
	-liquid (non-solidified), autoclaved Steinberg medium, according to the Environment Canada (2007) recipe
	-volume: 50 ml in 100 ml Erlenmeyer flasks
	-temperature: constant 22oC
	-light: ~55 µmol m-2 s-1, white fluorescent tubes, 14/10 h photoperiod
	-I try to keep subculturing the stocks in every 4 weeks, but sometimes the interval gets extended to 6-8 weeks.
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	Workshop Summary: From peat cutting to duckweed cultivation
	Marcel AK Jansen, University College Cork, Cork, Ireland
	(Email: m.jansen@ucc.ie)
	Some 25 delegates gathered on April 30, 2025, for a workshop entitled “Lemnaceae: roots, nutrient uptake and the circular economy”. The location was Mt Lucas, County Offaly, in the midlands of Ireland. This location is highly significant as it is the site where large scale Lemnaceae cultivation in Ireland was pioneered. Originally, this site was a wetland covered by a thick layer of peat, at places in excess of 6 meters. However, as a result of industrial scale peat harvesting peat has been removed, and the original poorly drained glacial till has now re-emerged. Industrial scale peat harvesting was pioneered by the Irish Turf Development Board, later renamed Bord na Móna. However, in recent years, increased awareness of the ecological and environmental importance of peatlands (e.g. biodiversity and carbon sequestration) has led to a cessation of industrial peat harvesting and triggered attempts to restore or rehabilitate these peat-forming wetlands. A critical step in the restoration or rehabilitation of peatlands is the rewetting of the former wetland, by blocking drainage ditches. This also offers new opportunities for other forms of paludiculture, especially on sites where peat formation cannot be re-established. One such form of sustainable paludiculture was established by Bord Iascaigh Mhara (The Irish State agency with responsibility for developing the Irish seafood industry) at Mt Lucas. This is an Integrated Multitropic Aquaculture (IMTA) farm, where the culture of fish is linked to duckweed cultivation (Stejskal et al., 2022). In short, wastewater from the cultivation of some 30 tonnes of rainbow trout is channeled through a hectare of duckweed channels. While fish foul the water, duckweed cultivation serves to cleanse it. The system has operated very successfully for 3 years and is now being expanded by a consortium of Irish universities and stakeholders led by the Technological University of the Shannon (TUS) to act as a circular bioeconomy demonstrator, with increased focus on digitalization of all inputs, outputs and environmental data, a biorefinery with a focus on duckweed protein, and a programme to develop an innovative protein value chain. Duckweed cultivation, led by University College Cork (UCC), is a central component of this circular economy approach.
	The aim of the workshop was to explore in detail the links between roots, nutrient uptake, remediation and the circular economy. Thus, the workshop emphasised how research efforts in basic duckweed biology and in applications are closely aligned and stimulate each other. To explore the mutually these beneficial links, a small group of duckweed researchers came together in an informal setting for a discussion intensive workshop. The first session focussed on root evolution and function and included a report of detailed genetic studies by Alex Ware from Nottingham University (UK), focussing on the intriguing question “what is the function of the roots of Lemna, Landoltia and Spirodela species”. Dale Godfrey (Nottingham University, UK) focussed on the potential role of roots in Li-uptake, while Thimo Groffen from Antwerp University (Belgium) reported on accumulation of PFAS by Lemna minor, demonstrating fine-tuned interactions between PFAS structure, uptake kinetics and accumulation. A second session focussed on duckweed growth systems. Neil Coughlan from University College Cork reported on the development of stacked duckweed cultivation systems, while Ivan Loaiza Alamo (UCC) reported on innovative growth technology whereby Lemna minor is suspended on a mesh kept moist by a mist of fine droplets. A subsequent discussion session focussed on the question; “What are the knowledge gaps in our understanding of root function, nutrient uptake and remediation by Lemnaceae?”, and resulted in numerous excellent points, ranging from lack of knowledge about the physiological role of roots of Lemnaceae (nutrient uptake, duckweed matt stability, interaction with the microbiome), uptake of organic molecules, translocation of nutrients within the plant, as well as the quantitative role of the duckweed microbiome in controlling nutrient uptake.
	After lunch, the focus was on nutrient uptake and water remediation. Cian Redmond (University College Cork) presented the case of nutrient remediation of soiled water, the run-off from the yards of dairy farms and parlours, and discussed issues of ammonia toxicity. Alexandra Katsara (University College Cork) followed up on this by reporting how duckweed can be successfully used to clean up and valorise fish processing wastewater. Leah Bannon, University College Cork, presented a fascinating overview of the microbial safety of wastewater grown duckweed, including interactive effects between pathogens and the native duckweed microbiome. Muhammad Irfan (Debrecen University, Hungary) detailed how imaging technology can be successfully used to monitor both duckweed growth and photosynthetic health. The final talk was by Jack Prendeville (Teagasc, Ireland) who reported on the development of innovative, sustainable protein extraction from duckweed biomass. The academic programme was concluded by a second round-table discussion focussing on the question; “What are the main knowledge gaps that researchers need to address to facilitate commercial duckweed applications?” Once more, numerous excellent points were raised, ranging from unknown pests and diseases which are likely to become important at large scale farms, unknown risks of pathogens and pollutants adhering to plants, to complex regulatory rules concerning use of waste-grown duckweed as an animal feed-stock.
	
	Figure 1: clockwise starting top left; paddlewheels to control water flow from fish tanks to duckweed canals, and back; duckweed canals with fish-ponds visible in the distance; duckweed canals shortly after construction; freshly harvested Lemna minor clone 5500.
	The meeting was completed by a visit to the IMTA farm, giving delegates a feeling for the large size of the plot, and for some of the practical issues of a duckweed farm such as managing the local swans and the need to periodically dredge 1.6 km of duckweed canals.
	The informal workshop was an excellent opportunity to discuss the continuum that ranges from basic duckweed science to commercial applications. A follow-up meeting in will take place in Flanders. If interested, please see https://thecharmofduckweed.org/about-EDN.
	
	Figure 2: left to right; delegates enjoying the sun at Mt Lucas visitor centre; delegates inspecting the rainbow trout in one of the fishponds.
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	Golden Jubilee edition of our newsletter DUCKWEED FORUM
	Klaus-J. Appenroth
	Matthias Schleiden Institute – Plant Physiology, Friedrich Schiller University, Jena, Germany
	(Email: klaus.appenroth@uni-jena.de)
	History of our community newsletter “Duckweed Forum” is closely connected with the establishment of the International Steering Committee on Duckweed Research and Applications (ISCDRA). Following a very humble beginning of the first International Conference on Duckweed Research and Applications (ICDRA) in 2011 held in Chengdu, China, the second conference held at the Rutgers University, State University of New Jersey, USA was of historical significance concerning the Duckweed Forum. More details about this conference are available in the conference report with the title “Duckweed in bloom: the 2nd International Conference on Duckweed Research and Applications heralds the return of a plant model for plant biology” (Lam et al., 2014). Looking back at this title as we progress towards the 8th ICDRA to be held in Naples, Italy in 2026, this title is appropriate for the progress we made as a community in the last decade or more making it possible for the return of duckweeds as model plants (Acosta et al., 2021). During this 2nd ICDRA, the conference organizer Eric Lam suggested to create an “International Steering Committee on Duckweed Research and Applications” in order to systematically grow as a community of researchers and application specialists and suggested the following members to steer the first ISCDRA:
	Chair: Klaus-J. Appenroth, Friedrich Schiller University, Jena, Germany
	Tamra Fakhoorian, International Lemna Association, KY, USA
	Eduardo Mercovich, Mama Grande, Rosario, Argentina
	Masaaki Morikawa, Hokkaido University, Sapporo, Japan
	Zhao Hai, Chengdu Institute of Biology, Chinese Academy of Sciences, China
	I was more than surprised by his suggestion being the Chair of the ISCDRA, but I accepted with pleasure. Tamra Fakhoorian and Eduardo Mercovich represented the applied field, and we all felt that this is a good combination of scientific researchers and application specialists which laid for the foundation to have at least one member representing each of the fields in all future ISCDRA till date.
	Moreover, the conference was dedicated to the late Elias Landolt (1926 – 2013), the father of duckweed research (Urbanska et al., 2013). This was not the only reason why I think this was a milestone conference in the history of our community growth and development. Eric Lam also suggested that the ISCDRA should assist to organise each alternate year an international conference (ICDRA). And: The Rutgers conference decided to extend the numbering system for duckweed clones, created by the late Elias Landolt, as a general system – using the four-digit system to label characterised clones (ISCDRA, 2020). This is important because it is commonly known that there are significant interspecific differences between duckweed clones. Consequently, experimental results can be reproduced only when the same clone is available, and this is a critical part for good practice in science. Currently, we have evolved to the system of numbering by the directors of individual stock collections based on common criteria in order to deal with the ever-growing interest in setting up several clones and clonal collections across the globe (ISCDRA 2022, 2024).
	The second ISCDRA came up with the idea to disseminate the functioning of the ISCDRA and the current development by duckweed researchers through a community newsletter. We all agreed and the first issue was published in October of 2013. Two years later, the title “Duckweed Forum” was proposed and accepted as the official name of the community newsletter. If I remember correctly, the idea came from Eric Lam after a long discussion. The first newsletter issue with the name of Duckweed Forum is DF11, published in Oct. 2015. In addition, Eduardo Mercovich connected us with an artist in Argentina, Ms. Romina C. Romano, to create a logo to go along with a more professional design for the cover of our newsletter, which first appeared in DF13 (DF 4: 238-271, Apr., 2016) and continued until now. While the first edition of our community newsletter was modest, both in style and content, it was nevertheless a beginning. Now at this 50th issue of the Duckweed Forum, we are proud of the style and the content of this newsletter. It is now distributed online to close to 1,000 members of the duckweed community including researchers and application specialists worldwide. We update the list of recipients of the Duckweed Forum with all those who show their intent in receiving it by communicating to one of the members of the ISCDRA and, regularly with the participants of each ICDRA and the corresponding authors of new duckweed-related publications every quarter, as far as possible.
	For all the duckweed conferences, ICDRA were announced in advance and reported thereafter both in the Duckweed Forum and in journals:
	I am sure the DF readers will agree that the newsletter is approaching more and more to a professional level – although none of the ISCDRA members has been a professional journalist. Everything is done on a voluntary basis by the elected members of ISCDRA. From number 13 onward the newsletter got a real professional design. Looking back, I am quite impressed that this was already done almost 10 years ago – and 37 issues of the newsletter earlier. Time flies.
	Over time, several categories were developed like “Students experiments”, “Student spotlights”, “Science meets Art” or “Database” etc… Contributions like “Useful methods 3: Media for in vitro-cultivation of duckweed” (Duckweed Form 3: 180 – 186 (2015)) are meanwhile cited even in several scientific publications.
	The committee decided some time ago to select in each issue of the DF from the compiled database one “Highlight paper” of academic research and one of practical applications – although it is not always easy to distinguish between both categories. More recently, from the suggestion by the then-Chair of the ISCDRA, Eric Lam, the authors of these selected Highlight papers are now invited to present a Commentary on their publication in the next issue of the DF to help inform the broader audience on their impactful research as well as to extend their ideas beyond the published work.
	I am looking forward to seeing how the Duckweed Forum will look like and the state of duckweed community development when we publish the DF issue number 100. Let´s wish good success together – and contribute to growth of the Duckweed Forum.
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	“The Charms of Duckweed” – History of a famous homepage
	Interview with John W. Cross, Ph.D., Urbana IL, USA
	Interviewer: Klaus-J. Appenroth, Friedrich Schiller University, Plant Physiology, Jena, Germany
	Klaus Appenroth: Dear John, what brought you to the idea to produce a home page about duckweed and when was it, that the home page was accessible? I assume there was some time between the idea and the realization.
	John Cross: In 1995, it was common for Scientists at NSF, where I worked then, to develop home pages for educational purposes. In keeping with that charitable ideal of promoting science education, I decided to create an educational website devoted to the Lemnaceae. Previously, I had used Lemna gibba and Lemna minor to study the mechanisms of action of plant growth regulators, and I had learned of their potential uses in phytoremediation and aquaculture by reading the work of Prof. Dudley D. Culley at LSU. Prof. Elias Landolt at the Swiss Federal Institute of Technology was kind enough to donate two of his books on the Lemnaceae. Dr. Janet Slovin, USDA-ARS provided the original stocks of L. gibba, and students at the University of San Francisco collected wild clones of L. minor for me. I sterilized them myself.
	Klaus Appenroth: What was your main intention? And: Did your intention change over time? Finally, it covered a broad range of topics, from systematics to ecology and physiology and gave information about the International Lemna Association and the International Steering Committee on Duckweed Research and Applications.
	John Cross As I wrote above, my intention was educational, as a matter of public concern or charity to further applications of duckweeds in the basic and applied sciences. The site did present links and info regarding duckweed-related meetings.
	Klaus Appenroth: I remember that it started at one University but was moved later to another place. Could you explain this a little bit?
	John Cross: I began writing and posting The Charms of Duckweed while I was a Program Director at NSF. I posted each page nearly as soon as it was written to my homepage on Erols.com, my Internet service provider. Erols is no longer in business. When I moved to the Universities Space Research Association (USRA.org), it was hosted there. That move gave me greater visibility, because at that time (1999) Yahoo refused to index commercially hosted websites, like mine. A Program Director in the NSF Educational Directorate suggested I move The Charms of Duckweed to the Missouri Botanical Garden (MOBOT.org) as a permanent Web host. Mobot agreed, and it was hosted there from 1999 to 2020. I discontinued updates in 2020 after I had a stroke, which interfered with my accuracy while typing rapidly.
	Klaus Appenroth: Did you have regular co-workers or did you manage everything yourself?
	John Cross: I researched and wrote all the copy and code myself, much of it directly in HTML Markup Language. Several of the illustrations were copied from other scientists and used with their permission, particularly Profs. Elias Landolt, Wayne Armstrong, and Dr. Ludmilla V. Tsatsenko.
	Klaus Appenroth: You cooperated with several scientists, e.g. from Russia. Do you remember some contacts with special pleasure?
	John Cross: Yes, Dr. Ludmilla Tsatsenko, then at Kuban State University, provided some excellent color illustrations. With the aid of artificial intelligence, I translated her Russian Language captions into English.
	Klaus Appenroth: Was there feedback over the time that you enjoyed especially?
	John Cross: I used a tracker to count how many views I got from each country. The results were highly gratifying. I also incorporated a form for questions and, through it, got many questions and comments from students.
	Klaus Appenroth: How long had you been able to keep the home page updated?
	John Cross: I stopped the updates completely in 2020, but had slowed before then because Mobot’s Internet security kept getting more and more difficult to handle when I uploaded revisions. I wrote and maintained the website for over 25 years in total.
	Klaus Appenroth: Perhaps it was during the 2nd International Conference on Duckweed Research and Applications at the Rutgers University in NJ that you offered that someone else should take over the responsibility to keep the home page running. Could you comment on this? What would be your dream for the future of the home page?
	John Cross: See above. The recent website, thecharmofduckweed.org, is unrelated to The Charms of Duckweed, which is my copyrighted work.
	A highly abbreviated version of my copyrighted work is still available with this URL, http://duckweed-facts.tripod.com, but some of the photos don’t load properly.
	Left: View on the home page “The charms of Duckweed”
	Right: Contact with William S. Hillman (1929 – 1981). Hillman was one of the most famous duckweed researchers of this time. His publication had a high impact in the field: W.S. Hillman (1978) Uses of duckweed. American Scientist 66: 442-451.

	Duckweeds via QfarmingTM:
	Pioneering fully electric, climate-positive food systems
	Tsipi Shoham PhD
	GreenOnyx CEO and Co-founder (Email: tsipi@greenonyx.biz)
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	Cultivation of duckweed for human nutrition
	Marianini, Furio1, Orellana, Mauricio Torrico1, Appenroth, Klaus-Juergen2*
	1Elpis Greefarm Espana, Barcelona, Pineda De Mar 08397, Spain. Email: lemna.tenerife@gmail.com
	2 University of Jena, Matthias Schleiden Institute – Plant Physiology, Dornburger Str. 159, 07743 Jena, Germany. Email: klaus.appenroth@uni-jena.de
	*Corresponding author
	Introduction
	Use of duckweed for human nutrition is a promising perspective (Acosta et al., 2024; Appenroth et al., 2017, 2018). One of the critical environmental condition to cultivate duckweed is the nutrient medium, i.e. the availability of fertilizers. As strict hygienic requirements have to be fulfilled, use of cow dung or similar organic fertilisers from domesticated animals (Chakrabarti et al. 2018) is not acceptable. Using low molecular carbohydrates like glucose or sucrose is problematic in a similar way. In order to avoid heavy microbiological contaminations, cultivation under sterile conditions is then necessary. This necessitates use of artificial, mineral nutrient media. A large number of nutrient media, tested for the cultivation of duckweed in the lab, is available (Appenroth et al. 2015). However, during upscaling, the price of the chemicals is a critical consideration. Petersen (2022) composed a nutrient medium by replacing some of the required components by cheaper agrochemicals. But this points to another problem: not all laboratories have the capacity to compose bespoke nutrient media by using the individual fertilizer components. Very famous is e.g. the so-called Murashige & Skoog medium, provided e.g. by the company Duchefa, Biochemie, The Netherlands. The nutrient medium is premixed and has just to be dissolved in water. In a similar way, easy to handle, is a nutrient medium from the company Aquaponic Design Srl, Bologna, Italy consisting of two packages of mixed salts, which has to be used to prepare two stock solutions without using a balance. The final growth medium, Aqualeaf, is prepared by diluting the two stock solutions.
	We calculated the approximate costs of different nutrient media for 100 L:
	In the following, we tested the nutrient medium Aqua Leaf (AL) for the growth of three duckweed species that are accepted as novel food in the European Union: Lemna minor, Lemna gibba and Wolffia globosa (EFSA, 2021, 2022).
	Material and Methods
	Lemna minor 9441 (Germany) and Wolffia globosa 9498 (Uttar Pradesh, India).
	Lemna gibba KJA070 (Tenerife, Spain) was collected by one of the authors (FM) and integrated into the Jena stock collection after sterilization by KJA. These three species were selected for the test as they are accepted within the European Union as novel food for human nutrition (EFSA, 2021, 2022) and were taken from the stock collection of the University of Jena – Plant Physiology, Germany.
	Plants were cultivated under standard conditions (ISO20079, 2005), i.e. 25oC and 100 µmol m-2 s-1 continuous white light. Growth rates of the three clones were compared using three nutrient media: N medium (Appenroth et al., 1996), Aqua Leaf (AL) and a modified Aqua Leaf medium (AL+). These media have the following composition:
	Table 1: Composition of nutrient media (data in mM). The concentrations that are different in AL and AL+ are labelled with bold letters.
	Component
	N medium (mM)
	AquaLeaf (AL)
	AL+
	K
	8.15
	5.5
	7.7
	Ca
	1
	2
	2
	Mg
	1
	0.55
	0.55
	Fe
	0.025
	0.022
	0.022
	Mn
	0.013
	0.0005
	0.0005
	B
	0.001
	0.012
	0.012
	Na
	0.185
	-
	-
	Zn
	0
	0.025
	0.025
	Cu
	0
	0.002
	0.002
	Mo
	0.08
	0.0025
	0.0025
	N-nitrate
	10
	9.2
	9.2
	N-ammonium
	0
	0.96
	0.96
	S-sulphate
	1
	0.38
	1.48
	P-phospate
	0.15
	0.54
	0.54
	Cl
	0.026
	-
	-
	EDTA
	0.025
	0.022
	0.022
	It is obvious that the composition of the commercial nutrient medium AL is similar to that of the N medium for the main macronutrients. In AL+ some K2SO4 has been added.
	Plants were inoculated in 100 ml nutrient media in glass beakers. Growth rates were calculated on the basis of frond number after cultivation for 7 days. All experiments were run with five parallel samples. Relative growth rates (RGR), and relative yield were calculated as defined by Ziegler et al (2015). Significance was tested using one-way ANOVA.
	Results and Discussion
	Growth rates for all three species were given for the three growth media.
	Table 2: Relative yield of three clones on different nutrient media: N, AL and AL+. This term has been defined by Ziegler et al. (2015) as the amount of duckweed biomass produced by one unit (e.g. 1 g) starting material after 7 d cultivation.
	Clone/ Nutrient medium
	Le. minor 9441
	Wo. globosa 9498
	Le. gibba KJA070
	N
	20.4±9.4
	46.5±9.9
	29.9±1.5
	AL
	18.4±2.6
	46.4±20.6
	28.5±4.3
	AL+
	19.3±5.4
	43.7±12.4
	29.7±5.2
	In Figure 1 the relative growth rates are presented.
	Growth rates and relative yields on N medium for Le minor 9441 and Wo. globosa 9498 are in good agreement with previously published results (Sree et al., 2025; Ziegler et al., 2015). The clone Le. gibba KJA070 was not yet investigated before. No significant differences between the growth parameters on the three nutrient media were uncovered for any of the three species. The modified AquaLeaf medium, AL+ does not have advantages compared to the original medium.
	Figure 1: Relative growth rates of Lemna minor 9441, Wolffia globosa 9498, and Lemna gibba KJA070 in the following growth media: N (Appenroth et al., 1996), AL (Aquaponic Design, Italy) and AL+ (modified in the present project).
	As a consequence, the easy to handle, and cheap, nutrient medium AL is recommended for use in growth-dependent duckweed cultivation. Whether this nutrient medium can also be used for long-term stock cultivation requires further investigations.
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	Student spotlight: Young minds poised to help shape the future of duckweed genetic engineering
	An interview with iGEM Brno
	Interviewer: Tsipi Shoham, PhD (GreenOnyx CEO and Co-founder)
	I am excited to introduce a remarkable group of young students who have chosen to dedicate their passion, talent, and future to the field of duckweed genetic engineering. In this interview, the team from iGEM Brno, Masaryk University, Brno, Czech Republic, share their motivations, their vision for the future, and what excites them most about working with the world’s smallest flowering plant.
	Dr. Shoham: What inspired you to focus your scientific work on duckweed and genetic engineering? iGEM Brno: We identified the unique potential of duckweed—the fastest-growing plant on Earth—to address a range of environmental challenges.
	It all started at the iGEM Hackathon in the spring of 2024, we came up with the idea to create ammonia-resistant duckweed that could grow on manure, converting ammonium into protein-rich biomass directly on the farm. This biomass could then be used as a protein-rich feedstock for livestock on a daily basis. Such a solution would save farmers money while also reducing nitrogen and CO₂ emissions at the same time. We fell in love with this idea and spent considerable time developing the scientific concept.
	Later, we realized that the bottleneck to making this solution techno-economically feasible wasn’t duckweed’s ability to incorporate ammonium, but rather its biomass yield, which needs to be even higher than it is today to justify a shift from the current status quo in agriculture. So, we shifted our focus to cloning genes that have been proven to significantly increase biomass production in plants. Eventually, with a lot of insights/knowledge from Dr. Ordóñez, we came to another realization: duckweed is almost “unprogrammable.” Inserting genes into it could take half a year of work with highly unpredictable results… We embraced this challenge with excitement, seeing it not as a roadblock but as an opportunity to innovate and make an impact in this emerging field.
	Dr. Shoham: As a group of young scientists, what excites you most about the potential of duckweed? iGEM Brno: It's about duckweed’s speed and versatility. The faster you can produce something nowadays, the better. But what does “better” really mean? For us, as techno-optimists, it means finding a way to be more profitable while truly sustainable - either by producing something people need or by degrading something harmful. And duckweed is perfectly suited to do both - once it becomes programmable.
	Dr. Shoham: Where do you hope to see your research—and the field of duckweed genetic engineering—in 5 to 10 years?
	iGEM Brno: That’s a long time. Considering the fact that duckweed has very real application potential, we’d like more plant molecular biologists to take notice and finally leave Arabidopsis in the past, replacing it with the superior plant of the future. We’d like to see successful transformation of all five duckweed genera, each leveraging its unique strengths for a specific purpose. Once that is established, duckweeds could finally become the living bioreactors for recombinant proteins they were always meant to be, which would bring new and exciting challenges, like engineering secretion into the medium and achieving human-like glycosylation for therapeutics.
	Dr. Shoham: What advice would you give to other young scientists considering entering this field? iGEM Brno: Be prepared to be amazed by all the incredible things duckweed can do - like sustaining transient expression for over 20 days. But also brace yourself for the challenges that remain unresolved (genome annotations are still poor). Most importantly, never stop thinking about how your research could be useful and how it can push duckweed applications forward. Oh, and once you start working with duckweed, it’ll be everywhere - on your clothes, in your sink, and on your hands. “Get rid of it fast… before it grows even faster!
	iGEM Brno: Creating a duckweed digital twin! We would run extremely detailed omics analysis to simulate duckweed metabolism in silico, predict the outcome of genetic modifications, and introduce new pathways with a high degree of confidence in the result. And what is possibly closest to our hearts is unlocking chloroplast transformation in duckweed. Imagine that the fastest-growing plant with thousands of gene copies being expressed in each cell - now that would be a real game-changer!


	From the Database
	Highlights
	Water lentil (duckweed) protein purification by chemical (HCl) and electrochemical (Electrodialysis with bipolar membranes) acidification: Composition, structure and functional properties vs commercial protein isolates
	Muller, T; Bazinet, L. Food Chemistry (2025) 489: 144901.
	Water lentils (duckweeds) are a potential source of sustainable protein, though their use in food formulation remains underexplored. This study aims to investigate the functional properties of water lentil protein concentrates (WLPCs) and their by-products, which were obtained through solubilization followed by chemical (HCl) and electrochemical (electrodialysis with bipolar membranes) purification in comparison to the initial water lentil powder (IP), egg white, soy, and whey protein commercial isolates. Both purification methods increased RubisCO content from 40 % in the IP to 80-85 % in the purified products, while structural analysis showed a shift from intermolecular to intramolecular beta-sheets and alpha-helices, enhancing functionality. Regardless of the purification process, WLPCs and their by-products exhibited complementary functional properties, often matching or exceeding those of the IP and commercial protein isolates. These findings highlight that purified water lentil proteins are suitable for food formulation, but further investigations are necessary to evaluate their organoleptic properties.

	Genome diversity and evolution of the duckweed section Alatae comprising diploids, polyploids, and interspecific hybrids
	Stepanenko, A; Braglia, L; Fuchs, J; Schubert, V; Hoang, PTN; Lee, Y; Chen, GM; Giani, S; Morello, L; Schubert, I. Plant Journal (2025) 122: e70158.
	The section Alatae of genus Lemna of the monocotyledonous aquatic duckweed family (Lemnaceae) consists of rather diverse accessions with unknown phylogeny and unclear taxonomic assignment. In contrast to other duckweeds, some Alatae accessions, in addition to mainly vegetative propagation, produce readily flowers and viable seeds. We analyzed the genomic diversity and phylogenetic relationship of 52 Alatae accessions. For this purpose, we applied multiple molecular and cytogenetic approaches, including plastid and nuclear sequence polymorphisms, chromosome counting, genome size determination, and genomic in situ hybridization in combination with geographic distribution. We uncovered ploidy variation, recurrent hybridization, and backcrosses between species and their hybrids. The latter successfully spread over three continents. The results elucidate the evolution of Alatae accessions and explain the difficult taxonomic assignment of distinct accessions. Our study might be an example for analogous studies to resolve the hitherto unclear relationships among accessions of the duckweed genera Wolffiella and Wolffia.


	Aquaculture/ Agriculture
	Amending soil with duckweed enhances mineralization of plant nutrients and induces shifts in composition of soil microbiome
	Chungopast, S; Thongthung, H; Phonmakham, J; Thamchaipenet, A; Kaewtapee, C. Archives of Agronomy and Soil Science (2025) 71: 1-17.
	Duckweed, with its high levels of protein and nutrient contents, is a viable option for use as a soil amendment. This research investigated using duckweed to enhance the properties of soil with low nitrogen content and to observe any associated changes in the soil bacterial community. The 8 duckweed samples were identified as either Lemna aequinoctialis or Landoltia punctata. Notably, Lemna aequinoctialis BK01 exhibited rapid multiplication (approximately six-fold within 7 d) when cultivated in Hoagland medium. Duckweed proved effective in soil enhancement, leading to a 10.5% increase in organic matter after 30 d of soil incubation, triggering mineralization and release into the soil of ammonium (4.95 mg L-1), nitrate (3.29 mg L-1), and available phosphorus (73.46 mg kg-1). Furthermore, the soil amended with duckweed showcased the dominance of 3 bacterial phyla: the Actinobacteriota (24.9%), Proteobacteria (20.9%), and Planctomycetota (10%). Ammonium was positively correlated with Tumebacillus and nitrate was positively correlated with Pullulanibacillus, while the organic matter and available phosphorus were positively correlated with Dyella. These results demonstrated that duckweed has a potential not only to improve the soil quality in nitrogen-deficient soil, such as the Hup Krapong soil series, but also to induce shifts in bacterial communities.

	Examining the potential of duckweed and Azolla species towards attaining bio-circularity in agricultural systems - a systematic literature review
	Munaro, AT; Ndlovu, J; Bunhu, T; Siziba, N. Sustainable Environment (2025) 11: 2505292.
	To meet the population-driven food demand, intensified livestock production has led to excessive animal manure accumulation exacerbating eutrophication in river systems. As waste management evolve towards resource 'recovery, recycling, and reuse', costly and techno-advanced nutrient management technologies like ammonia stripping are often impractical in developing countries. Phytoremediation, particularly by rapidly growing aquatic macrophytes with simple growth requirements, present a cheap and environmentally friendly path towards bio-circularity and sustainability in resource-limited agricultural setups. This review uniquely collates recent research and sheds more light on the role played by duckweed and Azolla spp. in sustainable bio-circular agricultural systems. We particularly zoom-in on the triple utility role of phytoremediation, biomass valorization and potential climate change resilience by duckweed and Azolla species. Following the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) framework, 32 peer-reviewed articles (2014-2023) were selected and analysed from a pool of 310 articles. Under specific conditions, duckweed and Azolla species can achieve high relative growth rates (RGRs) of up to 2.3 g/g/day, and potentially yield up to 105 tonnes/hectare/year of dry biomass. Additionally, these plants can accumulate 58% crude protein and 47.2% carbohydrates through efficiently (similar to 100%) remediating specific nitrogen (N) forms and phosphorus (P). Interestingly, Azolla pinnata can sequester CO2 at rates between 150% and 164% of its dry weight in cow manure and urine. By combining bioremediation, biomass valorization and climate mitigation, this review provides practical insights, and a distillation of research gaps, towards sustainable animal manure management, especially in resource-limited agricultural setups such as those of Zimbabwe.

	Influence of alternate wetting and drying and duckweed on zooplankton abundance in rice paddy ecosystem
	Ahmed, Z; Liu, WX; Xu, JZ; Li, YW; Majeed, Z. Journal of Environmental Management (2025) 383: 125433.
	The escalating global demand for rice has transformed the traditional rice cultivation systems to alternate wetting and drying (AWD) irrigation as control irrigation (CI), particularly in dwindling water resources. Recently, the rice-duckweed system has shown positive outcomes in paddy habitats, but there is a gap in the literature regarding duckweed's impact on zooplankton with alternate AWD dry-wet cycles. Therefore, a field experiment was conducted to quantify the impact of flooding irrigation (FI) and control irrigation (AWD) with (FI + D, CI + D) and without (FI, CI) duckweed mats on zooplankton abundance at the early tillering (ET) and flowering (FL) stages, making a sequence before and after midseason drainage (MD) and successive AWD dry rewet cycles, respectively. For both the ET and FL stages, CI + D significantly dominated other treatments in taxonomic richness and individuals/L. Post MD, a significant reduction in taxonomic richness was observed under FI compared to FI + D. At FL, the zooplankton individual/L were significantly reduced in the FI habitat, but there was no significant difference between FI + D and CI + D. FI resulted in low diversity after MD, indicating a disrupted habitat for zooplankton. PCA analysis showed that dissolved oxygen (mg/L) and pH at ET, and temperature (degrees C) at FL remained significant influential factors to governed zooplankton habitat. AWD dry wet cycles control the outgrowth of duckweed and enrich the zooplankton habitat with decomposing duckweed. Our analysis showed that CI + D is a diversity-promoting and sustainable rice cultivation method, with further suggestions for long-term studies at the species level under the rice-duckweed system.

	Effects of carbonised rice hull and duckweed (Lemna minor) in rice (Oryza sativa) seedling growth
	Franquera, EN. Tropical Agriculture (2025) 102: 193-200.
	Carbonised rice hull (CRH) is an excellent soil fertiliser and conditioner because it includes magnesium. Duckweed (Lemna minor), an aquatic plant, can grow in wastewater, ecologically clean the water by accumulating nutrients, and provide a by-product that can substitute for or augment synthetic fertilisers. Field experiments were conducted in May and November 2019 to evaluate the effects of CRH and a combination of CRH and duckweeds on rice seedling growth. This study tested the hypothesis that the addition of duckweeds and CRH as amendments or alternative fertiliser will improve rice seedling growth. Parameters measured such as plant height, root length, leaf length, and nutrient composition of CRH and duckweeds. Three treatments were used (control no application, CRH, and CRH combined between the treatment with combined duckweed and CRH compared with application of CRH alone and no application. Longer roots, longer leaves and taller rice seedlings were also obtained from the treatment of CRH combined with duckweeds. Results suggest that incorporation of CRH in combination with duckweed in seedbed preparation could enhance the growth of rice seedlings and could be an alternative source of nutrients for the growing rice seedlings since the said alternative materials (duckweeds and CRH) contain necessary nutrients such as nitrogen, phosphorus, potassium, and micronutrients such as zinc. Findings suggest that duckweed may be an environmentally and agriculturally sound substitute for synthetic fertiliser. Using these materials may also lessen the cost of production with better crop standing.

	Bioorganic fertilizers from agricultural waste enhance rice growth under saline soil conditions
	Riddech, N; Theerakulpisut, P; Ma, YN; Sarin, P. Scientifc Report (2025) 15: 8979.
	Agricultural waste (AW) presents significant environmental challenges if not effectively managed. Recycling AW as bio-organic fertilizers (BIOs) offers a sustainable solution, improving soil health, reducing dependence on chemical fertilizers, and stimulating crop growth. This study investigated the effectiveness of BIOs generated from AW composted with plant growth-promoting rhizobacteria (PGPR), including Enterobacter sp. R24, Bacillus tequilensis P8, and Pseudomonas azotoformans S81. BIOs produced from peanut shell, rice straw, duckweed, and rice bran were applied to rice seedlings under normal and saline (85 mM NaCl) conditions. The results revealed that PGPR-fermented BIOs utilized for only 15-30 days significantly improved seed germination and root length. BIO-duckweed and BIO-peanut proved high in nitrogen, phosphate, and potassium content, thereby increasing total biomass by 188% and 85%, respectively. In non-saline soil, BIO-peanut shell outperformed chemical fertilizers, promoting root growth and chlorophyll content. Additionally, BIO-rice straw gave a 58% reduction in proline levels under saline conditions, indicating stress reduction capacity. BIOs treatments demonstrated significant improvements in both nutrient availability and microbial diversity. Specifically, BIO-peanut shell and BIO-duckweed increased phosphate availability in soil by 143.26%, 13.80% over control soil and 7.23%, 30.69% over chemical treatment, respectively. The denaturing gradient gel electrophoresis (DGGE) analysis further revealed a noticeable increase in microbial diversity in soils treated with BIOs, which was absent in untreated soil. Indeed, BIO-rice straw promoted the development of five distinct bacterial genera in saline condition, underscoring BIOs' ability to enhance the microbial community structure. The study highlights the potential of BIOs from AW combined with PGPRs to enhance rice growth under extreme salt stress. This sustainable alternative to chemical fertilizers enhances soil health by increasing nutrient availability, microbial diversity, and promoting beneficial soil microbes, ultimately improving long-term soil resilience and fertility.


	Biochemistry
	Triple labeling of metabolites for metabolome analysis (TLEMMA): a stable isotope labeling approach for metabolite identification and network reconstruction
	Dong, YH; Feldberg, L; Wang, Y; Heinig, U; Rogachev, I; Aharoni, A. Plant Journal (2025) 123: e70333.
	Metabolite identification remains a significant challenge in mass spectrometry (MS)-based metabolomics research. To address this issue, we combined a triple-labeled precursor-based isotope tracing approach (TLEMMA) with high-resolution liquid chromatography-MS for metabolite identification and metabolic network construction. As a demonstration, we fed duckweed (Spirodela polyrhiza) with four forms of phenylalanine (Phe) including unlabeled Phe, Phe-5H2, Phe-8H2, and Phe-13C915N1. The distinctive isotopic pattern obtained from MS spectra greatly facilitated data processing, enabling comprehensive extraction of all Phe-derived metabolites. Importantly, the labeling pattern allowed efficient metabolite identification by significantly reducing the number of structural and positional isomers. Using this approach, 47 phenylalanine-derived metabolites were putatively identified. To further evaluate the efficiency of metabolite identification in relation to the number of differently labeled precursors used, we compared the number of filtered candidates based solely on the labeling patterns obtained from unlabeled, single, dual, and triple isotope-labeled precursor tracing experiments. On average, TLEMMA eliminates the number of false candidates by 99.1% compared with unlabeled samples, 95% compared with single isotope-labeled samples, and 66.7% compared with dual isotope-labeled samples. This significant reduction in the number of false positives, along with the ability to identify previously unreported metabolites, demonstrates the power of TLEMMA in advancing the field of metabolomics and metabolic network reconstruction.


	Biotechnology
	Exploring electrodialysis with bipolar membranes for water lentil (duckweed) protein purification: A first investigation into process and membrane characterization with products comparison to chemical acidification
	Muller, T; Bazinet, L. Food Research International (2025) 212: 116526.
	Water lentils are free-floating aquatic plants which could be an inexpensive source of protein due to their high leaf protein content and very rapid reproduction. However, the extraction and purification of leaf proteins from their matrix is a necessary step for human consumption, as undesired compounds can reduce their functional or sensorial properties. Therefore, in this study, water lentil proteins were purified for the first time using electrodialysis with bipolar membrane (EDBM), a technology that has been developed as an ecofriendly alternative to chemical acidification. The EDBM of water lentils successfully produced a protein concentrate that had a similar protein content (approximately 47.7 g/100 g) and protein extraction yield (around 39.4 %) compared to chemical precipitation. Moreover, EDBM allowed the demineralization of the protein concentrate by-product compared to chemical precipitation, reducing by 74 % its ash content (58.4 vs 15.2 g/100 g) and doubled its protein content (20.5 vs 41.1 g/100 g). However, during the EDBM process, the system's resistance tripled, and protein deposits were observed inside spacers and on bipolar membrane cation-exchange layer. Hence, while EDBM shows great promise, further optimization is necessary to enhance process efficiency.

	Bioenergy potential and biomass yield of floating macrophytes grown in impacted environments
	Buss, MV; Mignoni, DSB; Michelon, W; Schutz, ED; Luchessi, AD; Bley, C Jr; Menezes, JC; Nunes, E. International Journal of Phytoremediation (2025) DOI10.1080/15226514.2025.2515574
	Floating aquatic macrophytes, particularly duckweeds, are recognized for their phytoremediation capabilities and potential as bioenergy feedstocks. This study investigates duckweed biomass collected from four distinct environments, two natural freshwater ponds, a settling and a polishing pond. Wolffia brasiliensis from the polishing and settling ponds exhibited the highest protein content (ca. 45%), while Wolffia brasiliensis and Lemna minuta from the natural pond showed the highest carbohydrate content, both exceeding 35%. The highest biogas production under swine manure co-digestion was observed for Wolffia brasiliensis from polishing pond (403.5 ± 8.1 LNbiogas kg VSad-1), despite its lower volatile solids (VS) content (560.5 ± 36.1 g kg-1), indicating high biodegradability. Wolffia brasiliensis from settling pond, with the highest VS content (736.4 ± 2.5 g kg-1), also showed high biogas yield (400 ± 9.5 LNbiogas kg VSad-1). For natural pond, Wolffia brasiliensis produced 450 ± 6.7 LNbiogas kg VSad-1 with a VS content of 635.0 ± 44.8 g kg-1; in contrast, Lemna minuta, despite a high VS content (693.2 ± 33 g kg-1), yielded the lowest biogas (190.3 ± 3.6 LNbiogas kg VSad-1). The findings demonstrate the potential of duckweed biomass, from different aquatic environment, for biogas production including co-digestion based processes.

	Naturalized bioreactor assisted fabrication of ferrous(II) phosphate nanodots decorated in carbon for "Fast-Charging" lithium-ion batteries
	Zeng, HZ; Liu, R; Wu, QH; Peng, YY; Yang, YL; Chen, JL; Li, JL; Niu, JZ; Liu, G; Zhu, FL; Ran, F. Advanced Functional Metarials (2025) DOI10.1002/adfm.202503614.
	Biomanufacturing is an emerging technology that utilizes living organisms as production tools, with high specificity and selectivity, enabling customized production. Plant cell is a typical "factory" of biomanufacturing. Inspired by this, a novel bio-assisted strategy for preparing biomass-derived carbon@Fe2P composites has been proposed. For synthesis, Lemna minor L. is chosen as chassis plant to absorb Fe3+ at first, then Fe2P can be generated in-situ in biomass during calcination. To reveal the transformation of Fe2P, the fate of Fe3+ that absorbed by Lemna minor L. has been evolved. The carbon layers derived from the naturalized bioreactors (Lemna minor L. cells) can effectively constrain and disperse the synthesized Fe2P within nanoscale. The produced composite exhibits excellent charging-discharging capability that can achieve high specific capacity (approximate to 340 mAh g-1) and long cycle life (2000 circles) at 1 A g-1. These results demonstrate the green synthesis of Fe2P and the potential of the composite as a high-capacity and fast-charging anode. This strategy can also be used to prepare other transition metal phosphides (Co2P and Ni12P5). In addition, this strategy combines the recovery and secondary utilization of metals in effluent, which is meaningful for phytoremediation.


	Ecology
	Polyploid-diploid coexistence in the greater duckweed Spirodela polyrhiza
	Mortier, F; van de Peer, Y; Bonte, D. Journal of Ecology (2025) DOI10.1111/1365-2745.70096
	Polyploidy is widespread among plants and is often associated with stressful environments that can facilitate their establishment. Successful new polyploids must overcome competitive disadvantages against their progenitors or benefit from negative frequency-dependent growth. We tested the invasion of neotetraploid duckweed strains (Spirodela polyrhiza) into populations of their diploid progenitors in control and salt stress conditions in replicated microcosms. We also tested the reverse scenario: invasion of diploids in neotetraploid populations, to examine the impact of the initial tetraploid proportion. Tetraploid proportions declined in all tetraploid and diploid invasions, with different rates than predicted from only intrinsic growth rate differences. Salt stress affected the decline in a strain-specific manner. We found evidence for negative frequency-dependent growth that, nonetheless, was insufficient to overcome competitive disadvantages of neopolyploids. Our findings demonstrate the crucial role of competition and frequency dependence on neopolyploid establishment. Therefore, we caution against inferring neopolyploid success based solely on intrinsic growth rates.

	A review on the role of duckweed (Lemna spp.) in the rejuvenation of aquatic bodies by pollutant remediation and recovery of valuable resources
	Goala, M; Bachheti, A; Arya, AK; Kumar, V. Environmental Monitoring and Assessment (2025) 197: 591.
	Duckweed (Lemna species) is a group of fast-growing aquatic plants, widely recognized for its potential to restore polluted water bodies and recover valuable resources. The present review focused on the ecological importance of Lemna spp. in addressing ongoing environmental challenges. In order to obtain the relevant data, a literature search was conducted using the online database (Scopus), covering the period from 2015 to 2024. It has been observed that Lemna spp. has capabilities in nutrient assimilation, sequestering nitrogen, phosphorus, heavy metals, and emerging contaminants such as pharmaceuticals and pesticides. Also, the plant's biomass, generated during remediation, is a valuable resource for bioenergy, animal feed, and biofertilizer production, thereby contributing to the circular economy. However, several challenges remain significant, such as variations in environmental conditions, logistical barriers, and biomass disposal concerns. Integrating Lemna spp.-based systems into water management strategies aligns with global Sustainable Development Goals (SDGs), particularly those related to clean water, sustainable urban development, and climate change mitigation. Empirical studies from regions like India, China, and the USA indicated its socio-economic and environmental benefits. Thus, the present review article focused on its role in pollutant remediation, resource recovery, and potential for sustainable water resource management.

	The effect of biodiversity on productivity changes over time in duckweed communities
	Couture, AA; Déziel, M; Brisson, J; Jewell, MD; Paquette, A. Oikos (2025) 2025: DOI10.1002/oik.11092
	Several studies have shown that increased biodiversity can lead to increased productivity in plant communities. This relationship can be explained by a selection effect caused by the dominance of one or a few species that drive productivity, and by a complementarity effect resulting from the use of resources by the different species. However, these effects are likely to change over time, which cannot be observed in short-term experiments (relative to lifespan) that make up most of the literature on this topic. To study the change over time of the diversity-productivity relationship (DPR) and its underlying mechanisms, we developed an experimental system using small, fast-generating plants: duckweeds (Lemnaceae). In a growth chamber, we grew four species in monocultures and polycultures with all possible combinations for 60 days (about six generations of growth). At 20-day intervals, we measured the biomass of each species, as well as their functional traits. Our results show a clear increase in the net effect of biodiversity on productivity over time, mainly caused by an increase in the complementarity effect and the presence of one species in particular. We also show that, in the presence of other species, the plants showed phenotypic plasticity; however, these changes did not contribute to an enhancement of the complementarity effect. Our results reinforce the importance of long-term DPR studies and underline the effectiveness of duckweeds as an experimental model.

	Duckweeds produce strong oviposition avoidance and high larval mortality in invasive Aedes mosquitoes
	Binckley, CA; Gushka, AA; Le, KT. Journal of Basic and Applied Zoology (2025) 86: 16.
	We examined how two invasive mosquito species, Asian tiger mosquitoes, Aedes albopictus, and Asian rock pool mosquitoes, A. japonicus, responded to the presence of duckweeds when ovipositing and how these plants affected Aedes larval survivorship found. Since duckweeds have been shown to increase egg-laying but kill mosquito larvae in some species, they could be used as a natural form of biocontrol. A total of four experiments were conducted in 2019 and 2022 that quantified the number of Aedes eggs laid and the percent survival of their larvae in sites with and without the duckweeds Spirodela polyrhiza and Wolffia arrhiza. Females of both species laid significantly fewer eggs in sites with duckweeds, and these plants significantly increased larval mortality. In A. japonicus, larval survivorship was 0% with duckweeds. Unfortunately, our results suggest that biological control of Aedes mosquitoes using duckweeds appears less promising given the ability of females to detect and avoid these plants.


	Feed & Food
	Biochemical composition, amino acid and fatty acid profile changes of aquaculture feeds formulated from alternative ingredients: Long duration, storage temperature effects and ancillary FTIR confirmation
	Puri, P; Sharma, J; Chakrabarti, R; Kumar, G; Shrivastav, AK; Singh, R. Journal of Stored Product Research (2025) 114: 102731.
	Extrusion and non-extrusion based aquafeeds 1 and 2 are prepared. Duckweed, Spirodela polyrhiza is used as alternative feed ingredient for partial fishmeal-substitution in extruded-diet. Non-extruded fishmeal-diet is treated as control. Feeds are stored at four temperature conditions low (LT1 = -20oC; LT2 = 4oC), ambient (AT3), high temperature (HT4 = 45oC). Bimonthly assessment of nutritional profile at variable temperature conditions for biochemical parameters moisture, ash, crude protein (CP), crude lipid (CL), carbohydrates (as nitrogen-free extract = NFE), gross energy (GE), amino acid (AA) and fatty acid (FA) profile is performed during six-month storage. Storage temperature, duration have significant effect (P < 0.05) on moisture, CP, CL, NFE and GE content of diets with significant decrease (P < 0.05) along assessment duration (0 to 180 days) and across storage temperatures (LT1<LT2<AT3<HT4) for CP, CL. Moisture content shows significant decrease (P < 0.05) through LT to HT condition across assessment regime for diet 1, with significant interaction effects for both diets. Significant difference in GE (P < 0.05) exists between LT and AT3, LT and HT4 for diet 1, between LT1 and HT4 for diet 2; higher GE at LT storages. Rendered oxidative, hydrolytic, thermal losses of dietary proteins and lipids is exhibited in AA, FA profiles. Significant loss from initial is noteworthy for total saturated, monounsaturated and polyunsaturated FAs (n3, n6) in both diets. Markedly, there is an overall decrease in essential, non-essential AAs. FTIR-spectra elucidates storage loss of proteins, lipids and moisture. These novel outcomes assess percentage loss of nutrients in storage diets elucidating significant nutritional profile changes. Storage at −20°C with utilization up to two-months is suggestible for best possible dietary gains to fish and consumers. Cold-storage maintenance though may have its economic bearings specifically for small-scale farmers with limited stockpile thus storage regulation must deliberate cost-benefit values when amassing feed amounts for longer durations.

	Towards sustainable food security: Exploring the potential of duckweed (Lemnaceae) in diversifying food systems
	Ofoedu, CE; Bozkurt, H; Mortimer, JC. Trends in Food Science & Technology (2025) 161: 105073.
	With the global population rising, concerns over food security, especially regarding protein, are increasing. Sustainable alternative protein sources are being explored to address the increasing global protein demand driven by population growth while also mitigating the environmental impacts of animal farming. Lemnaceae (a family of species more commonly known as duckweed), a currently underutilised and cost-effective crop, presents a promising solution for balancing protein consumption with environmental sustain ability. At present, the broader consumption of duckweed faces significant limitations, including issues related to availability, consumer awareness, and end-user applications. This review assesses the potential of duckweed as a sustainable resource for diversifying the food system and ensuring food security. It evaluates different aspects of duckweed, including cultivation/harvesting practice, nutritional value, protein quality and application. The paper underscores duckweed's transformative potential in food systems, particularly through its diverse applications. Additionally, it addresses the opportunities and challenges associated with integrating duckweed and its derivatives into existing food systems. The multifaceted role of duckweed in various sectors, coupled with its fast growth rate and nutrient-rich biomass, positions it as a promising raw material for novel protein sources and high-value products. With a balanced amino acid profile for nutrient enrichment and pharmacological potentials, including antioxidant and antimicrobial properties, duckweed holds great promise as a novel ingredient for food reformulations and new product development. Nevertheless, successfully navigating the hurdles of consumer acceptance and delineating the functional compatibility of duckweed and its derivatives with other food ingredients are essential prerequisites for fully realising duckweed's potential within the food system.

	Exploring the applications of Lemna minor in animal feed: A review assisted by artificial intelligence
	Bethancourt-Dalmasí, H; Viuda-Martos, M; Lucas-González, R; Borrás, F; Fernández-López, Journal of Applied Sciencs (2025) 15: 6732.
	The work aims to apply cheap and widely accessible tools based on artificial intelligence to analyze, group, and categorize a large amount of available research literature (from a massive bibliographic search) on the use of Lemna minor for animal feed, not only comprehensively and objectively, but also in a more effective and less time-consuming way. In addition, a comprehensive and critical summary was conducted to highlight recent applications of L. minor in animal feed. The Scopus database was used for the original bibliographic search. Then, a newly developed online and freely available tool called "Jupyter Notebook on Google Colab" was applied to cluster the large volume of bibliographic data (1432 papers) obtained in the basic search, which allowed their reduction until only 148 papers. These papers were reviewed in a traditional way obtaining relevant information about L. minor production, nutritional value, composition, and its application as animal feed. In this sense, the most successful applications were for fish and poultry feeding, reaching levels of inclusion of 15-20% in fish and 5-15% in poultry. It is of great interest because of the expected increase in prices of conventional sources of protein for animal feed.

	Optimization of the extraction of duckweed protein and its application as an antioxidant composite membrane in blueberry preservation
	Xiao, MG; Leung, AYK; Zhu, ZH; Zhu, L; Xiao, KJ. International Journal of Biological Macromolecules (2025) 311: 143847.
	In this paper, response surface methodology (RSM) was used to optimize the extraction process of proteins from duckweed and the protein extraction rate was increased to 24.11 ± 0.04 %. The duckweed protein extract (DP) was mixed with sodium carboxymethyl cellulose (CMC) and glycerol to prepare DP/CMC antioxidant membranes with different additions (0.5 % similar to 2.5 %), and 2.0 % DP/CMC antioxidant membranes were used in blueberry preservation experiments. The results showed that the moisture permeability of DP/CMC antioxidant membrane was significantly reduced, the thermal stability was significantly improved, and the antioxidant property was significantly higher than that of CMC membrane (p < 0.05). The lowest oxygen content in the 2.0 % DP/CMC membrane package compared to PE and CMC membranes may be due to the synergistic effect of aerobic respiration of blueberries and oxidation of antioxidants in the membrane, under which the loss of antioxidants in the blueberries was lowest and the quality of blueberries was effectively maintained. In this study, for the first time, antioxidant membranes with significant freshness preservation effects were prepared using duckweed protein extract (DP), demonstrating its great potential as an active packaging material for food preservation, and opening up a new development direction for the application of DP.

	Optimizing encapsulation strategies for enhanced antioxidant stability of Wolffia globosa extracts: A comparative study of maltodextrin, gum arabic, and whey protein concentrate
	Sirichokworrakit, S; Aukkanit, N; Sangsuwon, C. Applied Food Research (2025) 5: 101030.
	Wolffia globosa is an aquatic plant rich in antioxidants, particularly phenolic compounds. It is the first systematic study comparing various encapsulants for W. globosa extract. This study encapsulated the extract from W. globosa using three types of encapsulating agents, i.e., maltodextrin, gum arabic, and whey protein concentrate, and their combinations. The encapsulated extract was then dried using the spray drying method. The physicochemical properties of the resulting microencapsulated W. globosa extracts (MWE) were then analyzed. The total phenolic content and encapsulation efficiency of MWE encapsulated using a combination of maltodextrin and whey protein concentrate showed the best results (19.58 mg GAE/g extract and 75.70 %, respectively) (p < 0.05). The MWE was light and yellowish green. The use of whey protein concentrate for encapsulation led to low bulk densities (0.17 g/mL), and the MWE encapsulated with gum arabic and whey protein concentrate (G + W) exhibited the lowest density (0.15 g/mL) and the highest moisture content (4.56 g/100 g) (p < 0.05). The use of encapsulating agents alone or in combination resulted in identical water solubility indexes; however, the combination of encapsulating agents shortened the solubility time. The MWE encapsulated with maltodextrin exhibited the smallest cumulative particle-size distribution (D50) of 8.32 µm, while G + W had the largest (12.95 µm) (p < 0.05), mainly due to the D50 value in the whey protein concentrate encapsulation. According to the findings, the combination of whey protein concentrate and maltodextrin can help preserve W. globosa's active components while increasing its stability, solubility, and suitability for use in functional food and nutraceutical formulations.

	Nutritional composition and bioactive profiles of farmed and wild watermeal (Wolffia globosa)
	Seephua, N; Boonarsa, P; Li, H; Thammapat, P; Siriamornpun, S. Foods (2025) 14: 1832.
	This study assessed the nutritional composition, bioactive compounds, phytosterol content, amino acids, and fatty acid profiles of watermeal cultivated under farm conditions (WF1) and harvested from natural environments (WF2 and WF3). WF1 exhibited the highest levels of protein (22.7%), dietary fiber (16.5%), total phenolic content (3.9 mg GAE/g DW), and total flavonoid content (5.0 mg QE/g DW). Chlorophyll and beta-glucan contents were comparable across all samples. WF1 also showed the highest total amino acid content, while WF2 had the highest lysine and tryptophan levels. Although essential amino acid profiles were slightly below WHO/FAO/UNU reference values, watermeal remains a promising complementary plant protein source. Fatty acid analysis revealed a consistently high alpha-linolenic acid content (30%) across all samples, highlighting its value as a natural source of omega-3 fatty acids. Minor differences in amino acid and fatty acid profiles suggest an influence of environmental conditions. The most pronounced difference between the farmed and naturally sourced samples was observed in phytosterol content, which was highest in the farmed sample. Overall, despite variations in cultivation sources, watermeal consistently exhibits a rich nutritional profile, reinforcing its potential as a sustainable, nutrient-rich biomaterial for functional food applications.

	Lemnaceae as a resilient crop to improve food security under climate extremes: global warming and post-catastrophic cooling scenarios
	Femeena, PV; Brennan, RA. Agriculture and Food Security (2025) 14: 8.
	Future impacts of rising temperatures and extreme weather events on agriculture are expected to be severe, potentially resulting in a 25% reduction in global crop yields by 2050. As a risk multiplier, global warming also exacerbates existing conflicts over natural resources. In the event of large-scale conflicts like nuclear war, food production could suffer significantly, potentially declining by 90% in global average calorie production due to the resulting cold and dark weather conditions. Lemnaceae (commonly known as 'duckweed') is a family of prolific aquatic plants and a high-protein food source. It is capable of growing in extreme hot or cold conditions, where conventional crops struggle. This study investigates the effects of both global warming and post-nuclear war cooling on duckweed growing seasons and biomass production. A plant growth model was coupled with climate data to predict annual duckweed yields across 20 locations worldwide, considering two global warming scenarios: (1) an optimistic sustainable pathway with low greenhouse gas emissions and (2) a fossil fuel-dominated pathway with medium to high greenhouse gas emissions. We also examined three post-nuclear war cases with different atmospheric carbon injections. In low-latitude equatorial regions, global warming and the low-emission nuclear war case had minimal impact on duckweed yields (less than 6% change from baseline), whereas higher latitudes experienced yield increases (up to 90%) with global warming. The high-emission nuclear war cases showed a significant reduction in yields, but equatorial regions could still produce 19-20 metric ton/ha of duckweed annually. The findings from this work substantiate the versatility of duckweed to improve global food security under both global warming and post-catastrophic cooling scenarios.

	Wolffia: A sustainable aquatic crop for future food systems and space agriculture
	Saranya, S; Lincy, LL; Thamanna, L; Dhayanithi, S; Chellapandi, P. Trends in Food Science and Technology (2025) 161: 105069.
	Global food security and environmental sustainability require innovative crops capable of thriving under resource-limited conditions while fulfilling nutritional demands. Wolffia species, the smallest and fastest growing aquatic angiosperm, have emerged as promising next-generation crops for sustainable food systems and space agriculture. This review critically examines the biological, nutritional, and biotechnological attributes of Wolffia, emphasizing its rapid growth (doubling time of 1.0-2.1 days), high protein content (30-45 % dry weight), and well-balanced essential amino acid profile, surpassing many conventional crops and microalgae in terms of productivity and nutrient density. Wolffia demonstrates remarkable environmental adaptability, thriving in nutrient rich wastewater while achieving nitrogen and phosphorus removal efficiencies of 82-98 %, aligning with circular bioeconomy principles. Advances in systems biology and genomics have revealed its streamlined genome, stress tolerance mechanisms, and potential for synthetic biology applications to enhance the production of bioactive compounds and environmental resilience. Its compact morphology, rapid biomass accumulation (4.5-10 g DW/m2/day), oxygen generation capacity, and efficient resource utilization further support its suitability for bioregenerative life support systems in space farming. This review also highlights the current challenges in large-scale cultivation, post-harvest processing, and biomass preservation while proposing future directions for genetic improvement and process optimization. Overall, Wolffia is a nutrient-rich, versatile, and ecologically sustainable aquatic crop with significant potential to transform both terrestrial food systems and extra-terrestrial agriculture.
	Comment DF: The presentation of a Wolffia species with roots (or “root vestiges”) and the emergence of daughter fronds and turions from the surface of the mother frond are misleading and raise questions concerning the qualification of these authors and the reviewers appointed by this journal. In general, reviews should preferably be written by experts in the field.

	Reclaiming Wolffia arrhiza as fish feed for the phytoremediation of aquaculture effluent
	Said, NSM; Zakaria, MZ; Samsuddin, NI; Barom, NAZ; Murugiah, NA; Abdullah, SRS. Journal of Environmental Management (2025) 382: 125405.
	The aquaculture industry through the fisheries sector holds an important key aspect of food security. Despite its significance, it comes with environmental issues that cannot be avoided in most industrial activities, especially issues regarding water-related pollution. This study explores a novel dual-purpose approach, in which a floating species, Wolffia arrhiza, was applied for phyto-remediating aquaculture effluent and later followed by the evaluation of its potential as alternative fish feed. Different concentrations of contaminant loads were exposed to W. arrhiza plants for 7 days, and the best performance with removals of 15 % chemical oxygen demand (COD), 80 % biological oxygen demand (BOD), 99 % ammoniacal nitrogen (AN) and 94 % total suspended solids (TSS) were achieved in the treatment system using 0.1 g COD/g plant. The harvested plant biomass enriched with nutrients demonstrating strong potential for resource recovery within a circular economy framework, was then utilized in three separate fish feeding trials. Catfish were fed with 100 % commercial pallets; 50 % mixture of commercial pallets and 50 % W. arrhiza; and 100 % W. arrhiza. Results showed that W. arrhiza collected after phytoremediation treatment shows good potential as fish feed, but modification is needed in its formulation to ensure sufficient nutrient supply for fishes. This study highlights the dual potential of W. arrhiza as phytoremediator for aquaculture effluent and later being used as fish feed, contributing to both environmental protection and resource circularity in aquaculture.


	Growth & Development
	Carbon monoxide promotes flowering in Lemna gibba via a nitric oxide-dependent oxidative stress pathway
	Chauhan, S; Chatterjee, D; Peer, LA; Mir, BA; Babbar, SB. Planta (2025) 262: 47.
	Carbon monoxide promotes flowering in Lemna gibba via a nitric oxide-dependent oxidative stress pathway involving a CO -> NO -> ROS signalling cascade. This novel redox-regulated mechanism offers new insights into floral transition, which is distinct from conventional photoperiod-dependent pathways. Carbon monoxide is increasingly recognized as a signalling molecule in plant systems; however, its role in reproductive development remains poorly understood. This study showed that carbon monoxide promotes flowering in L. gibba through a novel pathway involving nitric oxide and reactive oxygen species. Flowering occurred exclusively under long-day conditions, indicating dependency on photoperiodic cues. Inhibition of nitric oxide production suppressed the flowering response induced by carbon monoxide, and microscopic analysis confirmed elevated nitric oxide levels in treated plants. Carbon monoxide also alters cellular redox balance by reducing the activity of key antioxidant enzymes and increasing oxidative stress markers. Notably, the use of reactive oxygen species scavengers blocked the flowering response, confirming the necessity of oxidative signalling. These findings identified a unique carbon monoxide-nitric oxide-reactive oxygen species pathway that regulates flowering independently of the known photoperiodic mechanisms. This study highlights the role of redox signalling in the control of reproductive timing in aquatic plants.

	Modeling growth dynamics of Lemna minor: Process optimization considering the influence of plant density and light intensity
	von Salzen, J; Petersen, F; Ulbrich, A; Streif, S. Plants (2025) 14: 1722.
	The production of duckweed (Lemnaceae) as a novel protein source could make a valuable contribution to human nutrition. The greatly reduced habitus of duckweed enables simple cultivation with extremely low space requirements, making this free-floating freshwater plant ideal for substrate-free and vertical cultivation in controlled environment agriculture. Of particular importance in the design of a plant-producing Indoor Vertical Farming process is the determination of light intensity, as artificial lighting is generally the most energy-intensive feature of daylight-independent cultivation systems. In order to make the production process both cost-effective and low emission in the future, it is, therefore, crucial to understand and mathematically describe the primary metabolism, in particular the light utilization efficiency. To achieve this, a growth model was developed that mathematically describes the combined effects of plant density and light intensity on the growth rate of Lemna minor L. and physiologically explains the intraspecific competition of plants for light through mutual shading. Furthermore, the growth model can be utilized to derive environmental and process parameters, including optimum harvest quantities and efficiency-optimized light intensities to improve the production process.

	Model-based analysis of the circadian rhythm generation of bioluminescence reporter activity in duckweed
	Horikawa, Y; Watanabe, E; Ito, S; Oyama, T. Plant Biotechnology (205) 42: 173-177.
	Bioluminescence monitoring techniques are widely used to study the gene expression dynamics in living plants. Monitoring the bioluminescence from a luciferase gene under the control of a circadian promoter is indispensable for examining plant circadian systems. The bioluminescence monitoring technique was successfully applied to physiological studies of circadian rhythms in duckweed plants. It has been reported that a luciferase gene under a constitutive promoter also exhibits a bioluminescent circadian rhythm in duckweed. However, the mechanisms underlying rhythm generation remain unknown. In this study, we performed a model-based analysis to evaluate the machinery that generates the bioluminescence rhythm. We hypothesized the rhythmic factor of three aspects regarding the bioluminescence intensities of luciferase in cells: luminescence efficiency, production rate, and degradation rate. Theoretically, if the latter two are involved in rhythm generation, the difference in luciferase stability affects the amplitude and phase relations of the bioluminescence rhythm. Luciferase stability is irrelevant to these rhythm properties if only the luminescence efficiency is involved. First, we simulated the bioluminescence rhythms of two luciferases with different stabilities associated with each of three rhythmic factors. Luciferase stability was set based on the reported values for Emerald-luciferase and Emerald-luciferase-PEST. We then experimentally examined the bioluminescence rhythms of reporters of these luciferases driven by the CAULIFLOWER MOSAIC VIRUS 35S promoter in the duckweed Lemna japonica. Their circadian properties matched those obtained from the simulation of the luminescence efficiency. This supports the view that cells in duckweed show circadian changes in physiological conditions associated with the luciferase enzyme reaction.


	Interaction with other organisms
	Herbivore-induced GABA signaling suppresses host plant growth to stabilize leaf-tie shelters
	Lee, G; Nam, BE; Choi, MS; Lim, H; Kim, SG; Joo, Y. Plant Stress (2025) 17: 100941.
	Plants can perceive and respond to herbivore-derived signals not only by activating defenses, but also by altering growth. Some herbivorous insects also manipulate plant traits to construct shelters for predator avoidance. However, how plants respond physiologically to such manipulation remains poorly understood. We investigated the shelter-building caterpillar Elophila turbata and its host plant Lemna minor. Using metabolomics, transcriptomics, hormone profiling, and predation assays, we explored how insect-derived cues influence host plant growth and structure. We show that caterpillar regurgitant and silk induce sustained accumulation of gamma-aminobutyric acid (GABA) in host fronds, leading to significant growth suppression. This response was independent of jasmonic acid signaling and associated with upregulation of genes involved in stress responses, growth inhibition, and amino acid metabolism. Predation assays revealed that compact shelters, formed through suppressed growth, reduced detection and attack by aquatic predators. Our findings uncover a novel GABA dependent plant response to herbivore-derived cues that modulates host architecture and enhances herbivore survival. This work expands our understanding of plant signaling in biotic interactions and highlights growth suppression as a functional outcome of herbivore-induced manipulation.

	Harnessing native bacterial consortium to boost duckweed biomass and chromium removal from batik industry effluents
	Nisa, DT; Sanjaya, WTA; Simarmata, R; Christita, M; Sipriyadi; Utami, D; Vidilaseris, K; Khairina, Y. Chemosphere (2025) 381: 144480.
	Batik industry is one of the largest contributors to chromium hexavalent (Cr(VI)) pollution due to the dying and pigmenting process. Remediation agents such as duckweed and bacteria have been commonly used to treat wastewater (WW)-containing Cr(VI). This study utilized native bacterial consortium from the batik WW environment to enhance duckweed growth and Cr(VI) removal. Among the formulated consortia, consortium G4 showed the highest growth promotion on duckweed in WW by 1.3 to 2-fold, while other consortia showed a contrasting result. Additionally, duckweed chromium uptake in WW reached 74 % after 12 days when applied with G4. Consortium G4 features two plant growth-promoting bacteria, Enterobacter mori TALD 1.2 and Enterobacter cloacae TALA 5, along with two chromium-reducing bacteria, Lysinibacillus fusiformis TALA 1.1 and Bacillus thuringiensis TA1. Several combinations of the G4 members were also tested for chromium reduction activity in an NB medium containing 100 mg L-1 Cr(VI). The original G4 combination showed the fastest Cr(VI) removal, achieving an 81.93 % Cr(VI) reduction within 48 h and a 99 % reduction within 105 h. Interestingly, combining only the chromium-reducing bacteria TALA 1.1 and TA 1 significantly reduced chromium reduction activity and bacterial growth, possibly due to carbon source competition. Thus, the complete members of consortium G4 enhance cross-feeding, with each species playing a vital role in improving interspecies interactions and aiding in chromium reduction. This study underscores the importance of designing a specific and compatible consortium to collaborate with duckweed, offering insights into environmental management practices for other contaminated sites.


	Molecular Biology and Genomics
	Transcriptomic and metabolic analysis reveal potential mechanism of starch accumulation in Spirodela polyrhiza under nutrient stress
	Fang, X; Hong, Y; Fang, Y; Cheng, L; Li, ZF; Li, CM; Ban, XF. Plants (2025) 14: 1617.
	Compared with traditional grain starch sources, duckweed Spirodela polyrhiza does not require soil to produce starch, and the process is less affected by the external environment. Moreover, it produces high levels of starch under certain conditions. This study investigated the patterns and mechanisms of starch accumulation in S. polyrhiza ZH0196 under nutrient stress by determining the changes in starch content, photosynthesis, and amylase activity at different stress induction times. Under nutrient stress, the culture solution was replaced with deionized water. The starch content increased from 1.95% to 41.71% (dry weight) after 2 days of nutrient stress induction. Short-term nutrient-stress treatment had little effect on frond photosynthesis, enhanced the activity of starch synthesis-related enzyme, and weakened the activity of degradation-related enzymes. The transcriptome results further indicated that the key genes and metabolic patterns of starch synthesis promoted starch accumulation in S. polyrhiza ZH0196 fronds by accelerating the response to CO2 fixation via the Calvin cycle, promoting straight-chain starch synthesis, and decreasing starch degradation after short-term oligotrophic treatment. This study suggests that nutrient stress is a green and efficient method of increasing the starch yield of duckweed, which represents an important insight for developing duckweed starch resources.

	Genomics: To be (or not to be) a duckweed
	Mayer, KFX; Haberer, G. Current Biology (2025) 35: DOI10.1016/j.cub.2025.03.021
	Duckweeds are among the smallest and fastest-growing flowering plants. In a new study that combines experimental data with phylogenomic comparisons across the clade, the authors explore how changes in gene content, epigenetic pathways, and their interplay shaped the body plan, aquatic lifestyle, and clonal growth habit of this plant family.


	Physiology & Stress
	Supplementation of carbon dioxide ameliorated the physicochemical attributes of duckweed (Lemna trisulca)
	Wang, XY; Zhao, XY; Kazmi, A; Xia, ML; Sun, ZL; Yang, JJ; Li, GJ; Li, XZ; Hou, HW. Bioresource Technology Reports (2025) 31: 102195.
	Duckweed has gained attention as a potential aquatic crop for starch and protein production. Compared to most duckweed species, Lemna trisulca is distinguished by its submerged habitat. In context of rising CO2 levels, which pose significant environmental risks, duckweed presents potential as an effective carbon sequestration agent. Despite its relevance, research on L. trisulca for carbon sequestration remains limited, particularly when compared to microalgae. This study investigates the effects of varying carbon dioxide (CO2) concentrations (400 ppm,10,000 ppm and 50,000 ppm) on the relative growth rate, biomass accumulation and enzyme activity of L. trisulca. The results indicated that CO2 supplementation significantly enhanced biomass production, photosynthetic pigment concentration, activity of photosynthetic enzymes, and starch/protein accumulation. Compared to ambient CO2 concentration, under the 50,000 ppm CO2 treatment, fresh weight, starch content and protein levels increased by 11.6 times, 3.3 times and 1.6 times, respectively. Furthermore, the carbon sequestration capacity in high concentration (HC) treatment group was 18.1 times higher than control concentration (CC) treatment groups and 3.4 times of that in media concentration (MC). This is the first study to explore the physiological response of L. trisulca to elevated CO2 concentrations. The specie demonstrated higher growth efficiency and carbon sequestration ability when exposed to high CO2 conditions. The findings provide critical insights into the potential application of L. trisulca in the process of carbon sequestration, and lay a foundation for the utilization of L. trisulca in sustainable bioenergy production.

	Adaptation of Lemna minor to stress induced by biodegradable and conventional microplastics
	Procházková, P; Kalcíková, G; Gargosová, HZ; Kucerík, J. Environmental Processes (2025) 12: 41.
	Microplastics, widespread contaminants of the environment, are raising growing ecological concerns. To address this, efforts are being made to replace conventional plastics with biodegradable alternatives, designed to break down more easily in the environment. However, the degradation of these alternatives relies on specific conditions, such as temperature, pH, humidity, and the presence of microorganisms, which are not always met in natural ecosystems. As a result, biodegradable plastics can fragment and generate microplastics. So far, only a few studies have been conducted on the effect of biodegradable microplastics on freshwater plants and have included only short-term exposure. Therefore, in this study, we investigated the long-term effects (for 12 weeks) of poly-3-hydroxybutyrate (P3HB) and polyethylene terephthalate (PET) particles < 63 µm in concentration 100 mg/L on the growth, root length, photosynthetic pigment concentration, total antioxidant capacity, electron transport system and concentration of carbohydrates and proteins in fronds of freshwater plant Lemna minor. Most of the monitored parameters were not statistically significantly affected throughout the experiment. However, both types of microplastics induced significant root elongation, which may be related to nutrient depletion, similarly to what has been observed in short-term experiments. The effect was more pronounced with P3HB, and plant growth adaptation took longer than with PET. These results suggest that biodegradable microplastics may pose more severe stress to aquatic plants than conventional plastics and influence nutrient cycling and plant-microbe interactions. These findings highlight the need for long-term, plant-based ecotoxicological assessments when evaluating the environmental safety of biodegradable plastic materials.

	Chronic low dose 90Sr contamination in Lemna minor: from transcriptional dynamics of epigenetic regulators to population level effects
	Boldrini, L; Van Hees, M; Duarte, GT; Nauts, R; Wannijn, J; Reymen, Y; De Rouck, B; Loots, H; Schiavinato, M; Selck, H; Horemans, N. Frontiers in Plant Science (2025) 16: 1605017.
	The ecotoxicology model plant Lemna minor was exposed for 6 weeks to 90Sr, simulating the dose rates present in the Chernobyl Exclusion Zone (CEZ), in order to understand the effects of chronic low dose ionising radiation exposure. The data suggest that the plant may exhibit temporally variable acclimation responses that can be interpreted as early-, mid-, and long-term phases. Morphological changes included increased area and frond number, while molecular adjustments encompassed variations in pigment levels, glutathione metabolism, and expression modulation of telomerase-related and DNA methylation machinery genes. Physiological parameters and 90Sr uptake remained relatively stable, yet fluctuations indicate a continuous adjustment to the chronic stress, suggesting L. minor's potential for phytoremediation. The interplay between transcriptional regulation of DNA methylation and the examined endpoints suggests a potential involvement of epigenetic mechanisms in L. minor's acclimation to chronic low dose-rate 90Sr stress. This work provides knowledge on L. minor's abiotic stress responses and contributes to our understanding of plant adaptation to low-level ionising radiation (IR). The findings contribute to the development of adverse outcome pathways (AOPs) for L. minor exposed to IR, improving environmental risk assessment approaches.

	Age-specific physiological adjustments of Spirodela polyrhiza to sulfur deficiency
	Persic, V; Melnjak, A; Domjan, L; Zellnig, G; Antunovic Dunic, J. Plants (2025) 4: DOI10.3390/plants14131907
	Spirodela polyrhiza is a suitable model organism for investigating plant developmental influences due to its intracolonial variations in response to various environmental fluctuations, like nutrient deficiency. In this study, transmission electron microscopy was used to examine age-dependent variation in chloroplast ultrastructure, while pigment levels (chlorophyll and anthocyanins), starch accumulation, and metabolic activity (photosynthetic and respiratory rates) were measured to determine metabolic responses to sulfur deficiency. For a comprehensive insight into electron transport efficiency and the redox states of the photosynthetic apparatus, rapid light curves, chlorophyll fluorescence (JIP test parameters), and modulated reflection at 820 nm were analyzed. Under S deficit, mother fronds relied on stored reserves to maintain functional PSII but accumulated reduced PQ pools, slowing electron flow beyond PSII. The first-generation daughter fronds, despite having higher baseline photosynthetic capacity, exhibited the largest decline in photosynthetic indicators (e.g., rETR fell about 50%), limitations in the water-splitting complex, and reduced PSI end-acceptor capacity that resulted in donor- and acceptor-side bottlenecks of electron transport. The youngest granddaughter fronds avoided these bottlenecks by absorbing less light per PSII, channeling electrons through the alternative pathway to balance PQ pools and redox-stable PSI while diverting more carbon into starch and anthocyanin production up to 5-fold for both. These coordinated and age-specific adjustments that provide response flexibility may help maintain photosynthetic function of the colony and facilitate rapid recovery when sulfur becomes available again.


	Phytomedicine
	Amphiphilic bioactives of freshwater aquatic plants Nelumbo nucifera (Indian Lotus) and Lemna sp. with antioxidant, anti-Inflammatory and antithrombotic activities: In vitro study
	Seferli, M; Lefkaki, M; Manousakis, V; Ofrydopoulou, A; Shiels, K; Saha, SK; Krey, G; Kamidis, N; Stamatis, N; Anastasiadou, C; Tsoupras, A. Pharmaceuticals (2025) 18: 835.
	Chronic diseases linked to inflammation, such as cardiovascular disease (CVD) and cancer, continue to pose major public health challenges due to their high mortality rates. There is growing interest in natural bioactive compounds, particularly those derived from plants, as potential therapeutic or preventive agents due to their low toxicity profiles. This study aimed to explore two freshwater plants-Nelumbo nucifera (Indian lotus) and Lemna sp.-as potential sources of bioactive compounds with antioxidant, anti-inflammatory, and antithrombotic properties. While N. nucifera has established but incompletely characterized biofunctional properties, Lemna sp. remains largely unexplored in this context. Amphiphilic extracts from both plant species were analyzed for phenolic and lipid constituents, including unsaturated fatty acids, polar lipids, and carotenoids. Antioxidant capacity was evaluated using DPPH, ABTS, and FRAP assays. Anti-inflammatory and antithrombotic activities were assessed via platelet aggregation assays using PAF and ADP agonists. Structural characterization was performed using Fourier transform infrared spectroscopy (FT-IR) and liquid chromatography-mass spectroscopy (LC-MS) to support structure-activity relationship (SAR) analysis. Extracts, particularly from Lemna sp., showed potent antiplatelet activity against PAF and ADP. LC-MS revealed the presence of polar lipids rich in monounsaturated and omega-3 polyunsaturated fatty acids, with a favorable omega-6/omega-3 ratio, especially in Lemna sp., correlating with strong anti-inflammatory potential. High levels of total phenolics and carotenoids were observed, aligning with substantial antioxidant capacity in both species. These findings suggest that N. nucifera and Lemna sp. are promising sources of bioactive compounds with potential applications in functional foods, cosmetics, and pharmaceuticals targeting inflammation- and thrombosis-related chronic diseases. Further studies are warranted to confirm their safety and efficacy.

	Synbiotic-driven modulation of the gut microbiota and metabolic functions related to obesity: insights from a human gastrointestinal model
	Mok, K; Tomtong, P; Ogawa, T; Nagai, K; Torrungruang, P; Charoensiddhi, S; Nakayama, J; Wanikorn, B; Nitisinprasert, S; Vongsangnak, W; Nakphaichit, M . BMC Microbiology (2025) 25: 250.
	Synbiotic interventions have gained increasing attention for modulating gut microbiota and metabolic functions in obesity-related disorders. This study evaluated the effects of Limosilactobacillus reuteri KUB-AC5 (108 CFU) and Wolffia globosa powder (6 g/day) using an in vitro continuous human gastrointestinal model. Fecal samples from obese donors were used to simulate the ascending and descending colon, with microbial viability, diversity, and metabolite production assessed over 14 days via culture-dependent and culture-independent methods. Synbiotic supplementation increased anaerobic bacterial counts by 2.6 log CFU/mL in the ascending colon and 2.2 log CFU/mL in the descending colon, with notable increases in lactic acid bacteria and reductions in Enterobacteriaceae. Metagenomic analysis revealed an increasing trend in microbial diversity and evenness after 7 days of treatment, though the changes were not statistically significant. PERMANOVA analysis confirmed significant shift in microbial community composition between stabilization, treatment, and washout periods (p < 0.05). Additionally, butyrate levels significantly increased (p < 0.05), while p-cresol, a deleterious metabolite, significantly decreased (p < 0.05). Bile acid composition was modulated, with increased tertiary bile acid 3-oxo-LCA and enhanced bile acid deconjugation, suggesting improved lipid metabolism and potential weight management benefits. These findings highlight the potential of synbiotic supplementation to enhance beneficial bacterial populations, improve microbial diversity, and support metabolic health in obesity management.


	Phytoremediation
	Effects of light intensity and population density on duckweed systems exposed to pesticides: Toxicity and phytoremediation
	Cruz, FVD; Gauthier, A; Venne, P; Vaz, VP; Segura, P; Juneau, P. Environmental Pollution (2025) 382: 126635.
	S-metolachlor and atrazine are among the most used and detected pesticides in surface freshwaters worldwide. Our objective was to test the effects of light intensity (100, 200, and 400 µmol photons m-2 s-1), plant density (25 and 60 % coverage), herbicide concentration (20 and 200 mu g L-1 for S-metolachlor or 15 and 150 µg L-1 for atrazine), and their interactions on the growth, physiology, and phytoremediation capacity of Spirodela polyrhiza (duckweed). We assessed these factors and their interactions on growth, pigments, photosynthesis, antioxidant system, and the phytoremediation capacity of S. polyrhiza cultivated in greenhouse microcosms for 12 days. One or two tested factors interacted with herbicide concentration, generally resulting in decreased photosynthetic capacity and a consequent reduction in the relative growth rate in plants exposed to higher atrazine concentrations and to both concentrations of S-metolachlor. This indicates a greater survival of S. polyrhiza in response to atrazine than to S-metolachlor, despite S-metolachlor removal reaching 76 % and atrazine 59 % at high density and in the environmentally relevant concentration. Increases in pigments and non-photochemical quenching under pesticide exposure reflected physiological adjustments that helped duckweeds cope with the stress. We showed that increasing light intensity from 100 to 400 µmol photons m-2 s-1 does not improve phytoremediation. Starting with a higher density enhanced phytoremediation in total percentage but reduced efficiency in µg of pesticide per gram of plant fresh weight in the case of S-metolachlor. Our findings provide valuable insights for utilizing duckweeds in controlled or semi-controlled systems for pesticide removal.

	One-pot synthesis of biogenic nickel oxide nanoparticles for enhanced water photoremediation
	Girolmoni,; Bondi, R; Latterini, L; Costantino, F; Del Buono, D. Inorganic Chemistry Communications (2025) 180: 114893.
	Nickel oxide nanomaterials present interesting catalytic and electronic properties, which strongly depend on the preparation conditions. This work reports on the synthesis and characterization of biogenic nickel oxide particles (NiOxBIO), prepared by precipitation using Lemna minor (duckweed) as a capping agent. The properties of the biogenic NiOxBIO have been compared to those nickel oxide particles obtained in water through steric stabilization (NiOxCl). In particular, the samples have been morphologically and optically characterized. The size distribution of the two samples, determined by SEM and DLS measurements, indicate that NiOxBIO presents about 40 % smaller average diameter (27 nm) compared to NiOxCl (50 nm), likely due to the templating effects of duckweed extracts; furthermore, a corona of residual extract layer is present on the surface of NiOxBIO with an average thickness of 1.5 nm. XRD measurements, Raman measurement and diffuse reflectance spectra demonstrate that the use of bio-based capping agent does not alter crystalline domains, and the electronic properties of the colloids. Comparative photocatalytic performance tests reveal that NiOxBIO is able to photodegrade Rhodamine B dye in water more efficiently (up to 75 %, in 120 min) under UV-visible irradiadiation, using ledsources, than NiOxCl sample (about 60 % in 120 min). More importantly, the photocatalytic activity of NiOxBIO is not reduced with increasing irradiation time, as observed for the NiOxCl sample. These findings indicate that biogenic corona is able to protect the photoactive sites of the Ni oxide colloids. Thus, the enhanced photocatalytic activity of NiOxBIO highlights the potential of biogenic synthesis as an eco-friendly and sustainable approach for producing nanostructured materials for environmental remediation to treat polluted water.

	Pilot-scale duckweed-CO2 wastewater bioremediation system: a synergistic approach for nutrient removal, carbon capture, and biomass production
	Guo, L; Zhao, YG; Xiao, Y; Tian, XP; Bao, S; Wang, XH; He, KZ; Jin, YL; Fang, Y; Zhao, H. Bioresource Technology (2025) 434: 132785.
	This study presents a pilot-scale duckweed-based wastewater treatment system enhanced with CO2 fertilization to improve nutrient removal, CO2 capture, and biomass productivity. Three strains of Landoltia punctata were cultivated continuously for five months. In spring, CO2 supplementation significantly increased the biomass yield and starch and protein productivity (by more than 12.2, 2.4 and 3.5 g/m2/d, respectively), representing increases of 189-259 %, 1,108-2,330 % and 143-166 %, respectively, compared with those of the control group. The removal rates of total nitrogen (TN) and total phosphorus (TP) increased by 28-71 % and 120-148 %, respectively, whereas CO2 capture improved by 196-264 %. Enhanced nutrient recovery was also observed, with N recovery increasing from 0.20-0.25 to 0.54-0.61 g/m2/d and P from approximately 0.05 to 0.11 g/m2/d. Enzyme activity and transcriptome analyses of strain 0202, which presented the highest starch content, revealed that CO2 fertilization upregulated key starch biosynthesis genes (ADP-glucose pyrophosphorylase (AGPase), Granule-bound starch synthase (GBSS), and Soluble Starch Synthase (SSS)), contributing to increased starch accumulation. It also promoted glutamine synthetase expression, increasing nitrogen assimilation and shifting nitrogen removal from microbial nitrification to duckweed uptake. As a result, microbial nitrification decreased significantly, and the proportion of NH4+-N removed via plant assimilation increased to over 69 %. These findings demonstrate that coupling CO2 fertilization with duckweed cultivation is an effective and scalable approach for wastewater treatment, carbon fixation, and renewable bioresource production.

	Bioremediation of petroleum contaminated water using oil spill dispersant and Lemna minor in laboratory-scale constructed wetland
	Fitrisyah, MR; Fauzi, AM; Yani, M. Wetland Ecology and Management (2025) 33: 51.
	Petroleum contamination due to industrial activities is a significant environmental problem, especially when it pollutes water resources. This study aims to evaluate the effectiveness of using oil spill dispersant (OSD), constructed wetlands, and phytoremediation using Lemna minor in improving the quality of petroleum-contaminated water. The experiment was conducted using a group randomized design with a combination treatment of petroleum-based commercial OSD (Non-Bio-OSD) and environmentally friendly palm oil-based OSD (Bio-OSD) in a laboratory-scale constructed wetland system. The results showed that Bio-OSD significantly reduced COD and BOD5 levels to meet water quality standards. The highest COD reduction efficiency of 39.78% was achieved when Bio-OSD with a dispersant to oil ratio of 0.1:1 treatment was implemented, with a BOD5 reduction efficiency of 27.60%. GC-MS analysis showed the degradation of long-chain hydrocarbons such as n-hexadecane and nonadecane. The highest COD reduction efficiency by Non-Bio-OSD was 27.17% with DOR 0.25:1, showing that Bio-OSD performed better. The weight of L. minor biomass decreased slightly during the process, indicating that OSD is toxic to the plant. Regardless of the successful construction of wetlands in reducing COD and BOD5, it is recommended that the growth conditions of the aquatic plant be improved for a sustainable phytoremediation process. Future research should consider field-scale applications and long-term ecotoxicological studies to assess the broader environmental impact of Bio-OSD and Non-Bio-OSD treatments.

	Double-layer nanopesticide for duckweed management: Employing natural α-Terthienyl to disrupt the leaf epidermal to enhance the efficacy of prometryn
	Hou, RQ; Fu, GF; Ma, SY; Tang, SQ; Guo, F; Wang, YQ; Huang, SQ; Cheng, DM; Zhang, ZX; Zhao, C. Chemical Engineering Journal (2025) 515: 163805.
	The plant-based pesticide alpha-Terthienyl (alpha-T) is an excellent photosensitizer, which photo-activates and produces large amounts of singlet oxygen to destroy cellular features. Here, we prepared pH-responsive nanopesticides (alpha-T/PMT NPs) using polysaccharide nanocarriers hierarchically loaded with alpha-T and chemical pesticides (prometryn, PMT), and proposed a strategy to enhance the herbicidal activity of PMT by disrupting duckweed (Lemna minor L.) leaf tissues through alpha-T photoactivation. When alpha-T damaged the leaves, the nanoparticles (NPs) responded by releasing PMT in to the acidic wounding fluid, which accelerated the active ingredient in the interior of the duckweed, thus achieving the chemical pesticide reduction and efficiency. At 0.4 times the recommended field dose, alpha-T/PMT NPs showed significantly higher herbicidal activity against duckweed than the PMT suspension, with control efficiencies of 67.16 and 39.03 %, respectively, after 7 days of treatment. Additionally, alpha-T/PMT NPs exhibited excellent photostability, foliar wettability and washing resistance. Furthermore, alpha-T/PMT NPs induced a more severe leaf oxidative stress response, which was mainly characterized by increased H2O2 and O2- levels, enhanced superoxide dismutase (SOD) activity, and elevated malondialdehyde (MDA) content. Fluorescent labeling results indicated that alpha-T/PMT NPs were easier to access in the leaf pulp after destroying the leaf surface. Moreover, alpha-T/PMT NPs aggregated toward the duckweed roots in water. In summary, alpha-T/PMT NPs effectively inhibited duckweed growth while minimizing the number of chemical herbicides, a strategy that is important for the development of green and sustainable agriculture.

	Anaerobic digestion of duckweed used to remediate water contaminated with zinc and ammonium
	Zhang, Y; Zhan, XM; Hatzikioseyian, A; Lens, PNL. Applied Sciences (2025) 15: 6212.
	The development of an integrated system using duckweed for the phytoremediation of zinc and ammonium from contaminated water, followed by converting the harvested biomass into biomethane via anaerobic digestion (AD). This study presents an integrated approach for the remediation of zinc- and ammonium-contaminated water using duckweed, followed by the valorization of the harvested biomass through anaerobic digestion for biogas production. Duckweed was cultured with various initial concentrations of zinc (Zn, 0 mg/L, 2.5 mg/L, and 5 mg/L) and ammonium (NH4+-N, 0 mg/L, 20 mg/L, and 40 mg/L). Subsequently, duckweed was subjected to chemical pretreatment with sulfuric acid and the obtained residual solid and liquid fractions were evaluated as substrates for methane production. The liquid fraction consistently yielded higher methane production compared to the solid fraction. However, when duckweed was grown in zinc- and ammonium-rich conditions (2.5 or 5.0 mg/L Zn and 20 mg/L NH4+-N), methane production from the liquid hydrolysate was significantly reduced (120.90 ± 12.03 mL/g COD and 129.82 ± 10.65 mL/g COD, respectively) compared to the control duckweed (201.67 ± 5.72 mL/g COD). The lowest methane yields were observed for duckweed grown solely in zinc (111.32 ± 5.72 and 99.88 ± 10.49 mL/g COD for 2.5 and 5.0 mg/L Zn, respectively), attributed to the inhibitory effect of high dissolved zinc concentrations in the liquid fraction. The applicability of this integrated system is particularly relevant for the agricultural and industrial sectors, where wastewater streams are often co-contaminated with nutrients and trace metals. By demonstrating that acid-pretreated, zinc-rich duckweed biomass can be used for biogas production-provided that process conditions are optimized to mitigate metal inhibition and acidification-this study provides actionable strategies for developing circular, sustainable wastewater treatment systems. The approach not only maximizes pollutant removal and resource recovery, but also addresses environmental safety concerns associated with residual metals in the digestate.

	Data mining to evaluate the effect of Eichhornia crassipes and Lemna minor in the phytoremediation of wastewater in the Canton of Milagro
	Castro, DWM; Arias, OOF; Cobos, JDV; Sánchez, DP; Pimenteira, C. Water (2025) 17: 1551.
	The constant increase in industrialization and urbanization has led to the regular discharge of wastewater into the environment in excessive amounts, which has caused significant impacts on both human and wildlife ecosystems. The sustainable management and treatment of wastewater, whether of industrial or domestic origin, represents a crucial challenge in this century. In this study, phytoremediation was employed as a wastewater treatment strategy using two species of aquatic macrophytes: water hyacinth (Eichhornia crassipes) and duckweed (Lemna minor). The study was conducted over seven consecutive evaluation periods, with five-day intervals between each. The objective was to apply the multivariate HJ-Biplot methodology to evaluate the effects of phytoremediation of two species of aquatic microphytes on the physicochemical characteristics of wastewater from Milagro canton, Ecuador. Additionally, a microbiological analysis was conducted to determine the effectiveness of the floating macrophytes. The analysis was based on the measurement of various physicochemical parameters, such as pH, electrical conductivity (EC), dissolved oxygen (DO), oxidation-reduction potential (ORP), salinity, total dissolved solids (TDSs), biochemical oxygen demand (BOD), chemical oxygen demand (COD), hardness, and temperature. The results showed that the highest efficiency in pollutant removal was achieved with duckweed (Lemna minor) in five out of nine measured parameters, suggesting that this species was the most effective compared to the control sample and Eichhornia crassipes. The capacity of these macrophytes for wastewater treatment was confirmed by this study. To ensure effective water purification, timely extraction of aquatic macrophytes from water bodies is recommended. If this collection is not properly carried out, the nutrients absorbed and stored in the plant tissues may be released back into the aquatic environment due to plant decomposition.

	An environmental-friendly approach for phytoremediation of zinc ion by Lemnaceae species: process behavior and characterization studies
	Tai, JW; Pang, YL; Lim, S; Chong, WC. International Journal of Phytoremediation (2025) DOI10.1080/15226514.2025.2504512.
	Phytoremediation is a promising approach grounded in green and sustainable development principles for decontaminating water and soil. Among the studied duckweed species (Spirodela polyrhiza, Wolffia arrhiza, and Lemna minor), S. polyrhiza exhibited the highest zinc removal efficiency of 88.50% by day 7, followed by L. minor and W. arrhiza with removal efficiency of 78.69 and 38.59%, respectively. This study investigated the effects of environmental factors, including initial zinc ion concentration (50, 100, 150, 200, and 250 mg/L), solution pH (pH 5, 6, 7, and 8), and macrophytes mass (5, 10, 15, 20, and 25 g) on the phytoremediation of the zinc ion from synthetic wastewater by S. polyrhiza. The process effectively treated 500 mL of synthetic wastewater containing 100 ppm zinc ion and the process could be enhanced to achieve the removal efficiency of 90% by adjusting the solution pH to slightly acidic (pH 5) and increasing the mass of duckweed to its saturation point (20 g). Excessive zinc intake by duckweed led to chlorophyll reduction, negatively impacting the duckweed growth rate. Scanning electron microscopy (SEM) analysis revealed that the duckweed fronds' surface became uneven after the treatment, with the irregular small particles attached due to cellular damage. The energy dispersive X-ray (EDX) analysis confirmed the successful uptake and accumulation of zinc in the duckweed cells from the synthetic wastewater. In conclusion, duckweed-based phytoremediation demonstrates significant potential for removing zinc ion from wastewater, at low and moderate concentrations.

	The oxidative effect of duckweed pond DOM and its mechanism in the photodegradation of neonicotinoid insecticides
	Wan, YS; Liu, H; Li, LQ. Photochemical and Photobiologial Sciences (2025) 24: 939-953.
	Neonicotinoid pesticides (NNIs) are widely used worldwide and commonly detected in natural aquatic systems and in engineered systems, including urban or agriculture ponds. We investigated the photoreactivity of DOM and the photodegradation of NNIs in duckweed ponds (DWP) water under simulated sunlight. The molecular composition of DOM in DWP water typically contained more than 65% bulk compositional measurements of lignin-like, terrestrially derived molecules, revealed by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). These compounds serve as critical candidates for the oxidizing 3DOM* in the DWP water. The steady-state concentrations of triplet-excited state DOM (3DOM*), singlet oxygen (1O2) and hydroxyl radical (OH) were measured 6.00 x 10-14 M, 5.42 x 10-13 M, and 8.33 x 10-15 M, respectively, under 5 mg/L [DOC]. Enhanced removal rates of thiamethoxam (TMX) and dinotefuran (DIN) in the irradiated DWP water relative to the purity water demonstrated the importance of indirect photolysis pathways involving photochemically produced 3DOM*and 1O2. The findings demonstrated that in DWP water, the photolysis rate constants (k) of TMX and DIN increased to 0.3573 h-1 and 0.3237 h-1, respectively. Degradation of imidacloprid was not significantly promoted through the photochemical production of 3DOM* and 1O2. Results from this study underscore the role of DOM as photosensitizer in limiting the persistence of NNIs in duckweed ponds through photochemical reactions.
	Comment DF: DOM means “Dissolved Organic Matter”

	A review on uses of Lemna minor, a beneficial plant for sustainable water treatments, in relation to bioeconomy aspects
	Vulpe, CB; Toplicean, IM; Agachi, BV; Datcu, AD. Water (2025) 17: 1400.
	This review seeks to highlight the issue of utilizing a widely distributed aquatic species within the broader context of the transition from a linear to a circular economy and the growing emphasis on environmental sustainability. To promote a cleaner aquatic environment and ensure compliance with current regulations, the use of bioindicators and plant bioaccumulators presents a viable alternative. Lemna minor, a small aquatic species, serves as a noteworthy example that warrants greater consideration. A review of specialized literature was conducted to provide a comprehensive overview of these issues, drawing from the most relevant sources. This paper offers a broad discussion on bioeconomy and water management, along with an in-depth examination of L. minor, its characteristics, and its practical applications. The biological characteristics, ecological significance, and useful applications of L. minor in wastewater treatment, bioenergy, and bioproduct production are summarized in this research. The analysis also identifies research gaps for further investigation and looks at how this plant fits into new frameworks for the circular economy.

	Optimization, simultaneous saccharification and fermentation of Lemna minor using amylolytic cocktail produce from copra meal
	Vyas, M; Bhandari, K; Sharma, J. Indian Journal of Chemical Technology (2025) 32: 343-354.
	Ethanol is a renewable liquid fuel derived from the fermentation of sugars or starches in biomass. Amylase is commonly used enzyme to saccharify the raw plant biomass. Optimization of saccharification and fermentation of duckweed (Lemna minor) plays a crucial role in harnessing maximum fermentable sugars through enzymatic hydrolysis of this plant biomass. This research mainly entailed the collection and preparation of raw materials, maintenance of microorganisms, and optimization of physical and chemical variables for the production of amylolytic cocktail and ethanol. OFAT determined the significant components that influenced the yield of enzymatic activity and ethanol. RSM with CCD was used to determine the influences between factors to obtain the highest yields of enzymes and ethanol. ANOVA was done to examine the significance of factor interactions while response surface plots showed how different factors affected enzyme reaction. Aspergillus niger MTCC-12987, Saccharomyces cereviceae MTCC-171, and Candida shehatae MTCC-12913 were used for amylolytic cocktail and ethanol production, respectively. Minitab 22 software was employed and response surface regression with Central composite design was used to exmined an optimized process for maximum yield of enzyme activity and ethanol production. The highest enzyme activity value predicted by the software is 1063.81 U/mL, which was closer to the experimental value of 1072.4 U/mL. Again the maximum ethanol production predicted by software is 11.83% was closer to the experimental value of 12.1%. Thus, the conformation experiment's performance under optimal conditions fitted the model's predictions fairly closely. For the purpose of to evaluate the combined effects of all independent variables in a fermentation process that may have developed from their interaction with one another, the RSM methodology has been employed as an alternative tool for statistical analysis.

	Nickel tolerance and phytoremediation potential of the aquatic plant Lemna minuta and the cyanobacterium Trichormus variabilis in monoculture and consortium
	Carioti, V; Savio, S; Fabriani, M; Ellwood, NTW; Gemin, L; Congestri, R; Iannelli, MA; Ceschin, S. Aquatic Botany (2025) 200: 103888.
	One of the main threats to aquatic conservation is heavy metal pollution, with nickel (Ni) among the most significant contaminants. The Ni tolerance and remediation potential of Lemna minuta (vascular plant) and Trichormus variabilis (cyanobacterium) in contaminated water were investigated. The phytotoxic effects of nickel sulfate (NiSO4 x 7H2O; 6.47 mg/L) on these two species, were assessed after 7-and 14-days exposure by measuring morphological changes, growth (fresh weight) and key physiological parameters (chlorophyll, malondialdehyde, protein content and catalase activity). The ability of L. minuta and T. variabilis to remove Ni was compared in both monoculture (single species) and consortium (mixed species) by measuring the reduction in Ni concentration in the culture medium. Nickel exposure induced phytotoxic effects in both species, as shown by decreases in fresh weight, chlorophyll and protein content, and increases in malondialdehyde content and catalase activity. These effects were more pronounced in monocultures, particularly in T. variabilis, compared to consortia. Lemna minuta exhibited good Ni tolerance and remediation capacity, removing 75 % and 86 % of the metal from the solution after 7 and 14 days, respectively. Trichormus variabilis removed 36 % and 27 % of the Ni after the same exposure time. Consortia exhibited high Ni removal, reaching 80 % and 90 % after 7 and 14 days, but this was not statistically different to L. minuta monocultures. These results demonstrate the potential of L. minuta in the remediation of Ni-contaminated waters and suggest that consortia might enhance the tolerance and viability of both species under Ni-stress.


	Phytotoxicity
	Blue and far-red light modify the adaptation of Lemna minor L. to cadmium stress based on glutathione, phytochelatin, chemical element and free amino acid levels
	Török, AI; Cadar, O; Kalapos, B; Pál, M; Szalai, G; Mednyánszky, Z; Gierczik, K; Székely, A; Simon-Sarkadi, L; Kocsy, G. Plant Stress17: 100937.
	Light quality has been shown to modulate plant responses to abiotic stresses. Here we studied whether alterations in the light spectrum affect the adaptation of Lemna minor L. to cadmium (Cd) by determining changes in plant growth, Cd uptake, phytochelatins, glutathione, chemical elements and free amino acids levels upon application of the heavy metal. The plants were cultivated in white light (W) or in white light supplemented with blue (B) or far-red (Fr) light and treated with Cd. The Cd-uptake and the phytochelatin accumulation enabling Cd-chelation was much greater in W light compared to B and Fr light. B light and Cd induced the greatest accumulation of Na, K and certain free amino acids such as Gly and Ala which may form complexes with Cd. Fr light and Cd in turn resulted in the greatest cysteine and glutathione levels, which may contribute to the proper function of the redox-sensitive proteins. In summary, the greatest Cd-extraction capacity of L. minor can be reached in W light. In contrast, B and Fr light are appropriate for the reduction of Cd-uptake. In addition, B light improves the Cd tolerance through accumulation of Cd-complexing amino acids and Fr light may have such effect through its influence on the thiol-dependent redox environment of tissues.

	Impact of synthetic and herbal dyes on photosynthesis and ROS scavenging enzyme activities in Spirodela polyrhiza
	Soni, Vineet; Bhatt, Upma; Tailor, Pooja; Strasser, Reto J. Scientific Reports (2025) 15: 24775.
	Synthetic colors (SCs) are widely used in various industries, yet their discharge into aquatic ecosystems poses a significant environmental threat. This study investigates the impact of SCs and herbal colors (HCs), used during the 'festival of colors- Holi in India' on the physiological and photosynthetic performance of Spirodela polyrhiza, an aquatic macrophyte known for its bioindicator potential. The effects were assessed through chlorophyll a fluorescence transient analysis (O-J-I-P), biochemical assays, and energy flux parameters. The results indicate that exposure to SCs severely disrupted PSII functionality, as evidenced by a drastic decline in the quantum yield of primary photochemistry (phiPo), electron transport efficiency (phiEo), and performance index (PIcs). At 2.5g/L SC, a 94.18% reduction in trapped energy flux (TR₀/CSm) and a 96.1% decline in electron transport rate (ET₀/CSm) were observed, along with a significant decrease in chlorophyll content. Furthermore, SCs markedly reduced the plastoquinone pool size, leading to impaired photosynthetic electron transport. Antioxidant enzyme activities, including superoxide dismutase (SOD) and catalase (CAT), were significantly elevated in SC-treated fronds, indicating oxidative stress. Conversely, no major alterations were observed in plants grown on HCs, which maintained stable photosynthetic parameters and even exhibited enhanced PIcs and phiEo, likely due to nutrient enrichment from organic flower-derived pigments. The findings establish S. polyrhiza as an effective bioindicator for monitoring SC pollution in aquatic environments. This study underscores the urgent need to replace synthetic dyes with eco-friendly alternatives, as HCs not only mitigate environmental risks but also enhance growth and productivity of aquatic plants. The research provides novel insights into the differential physiological responses of aquatic plants to SCs and HCs, emphasizing the importance of promoting sustainable, non-toxic coloring agents to safeguard aquatic ecosystems.

	Growth response of Lemna minor exposed to Cd using PlantCV Image-Based Analysis and Photosynthetic Pigments
	Alhassan, AB; Aljahdali, MO. Bulletin of Environmental Contamination and Toxicology (2025) 115: 6.
	The increase in environmental contaminants such as heavy metals in aquatic ecosystems has been on the increase due to an increase in anthropogenic activities. In this study, the effect of varying concentrations (0.8g/L, 5.7g/L, 9.5g/L, 13.1g/L, 24.6g/L, 37.9g/L) of cadmium on Lemna minor was evaluated using an automated image-based analysis PlantCV v.3.8.0 through processing pipeline developed in the Python programing language (v.3.7.3). Chlorophyll was determined using a UV-VIS Spectrophotometer at wavelengths of 664, 647 and 664nm. There was significant variation (p<0.05) in the concentration course inhibitory effect of Cd, with the highest inhibition for frond area, convex hull, perimeter and solidity at Cd concentration of 37.9g/L. This study demonstrates the applicability of the developed PlantCV measurement pipeline as an efficient and reproducible approach for assessing plant responses, thereby supporting enhanced monitoring and management of aquatic ecosystem health.

	The toxicity effects of metformin and the bioremediation of metformin in aquatic plant duckweed
	Han, B; Jiang, YM; Wang, WQ; Guo, YH; Yang, YW; He, YM; Di, QQ; Qu, ZY; Xing, Y; Yang, L. Plants (2025) 14: 1761.
	The release of metformin (MF) into the environment poses significant challenges, yet its effects on higher plants remain largely unexplored. In this study, we investigated the impact of MF exposure on duckweed (Lemna turionifera 5511) across varying concentrations ranging from 0 to 0.16 mg/mL. Our findings revealed that leaves exhibited chlorosis, accompanied by a reduction in biomass, particularly evident at concentrations of 0.1, 0.13, and 0.16 mg/mL MF. Chlorophyll fluorescence analysis showed that MF exposure reduced photosynthetic performance, indicated by decreased Fv/Fm and Y (II), and increased Y (ND) and NPQ, suggesting impaired photosystem efficiency and altered energy dissipation. Additionally, genes involved in photosynthesis exhibited significantly reduced transcript abundance. Moreover, MF was found to alter the transcript levels of GH3 and SAUR genes, which are associated with auxin signaling, and increase the expression of SnRK2, a key component of the abscisic acid signaling pathway. These findings shed light on the toxicological effects of MF on higher plants, providing valuable evidence regarding the toxicity of this pharmaceutical contaminant. Subsequently, we investigated the absorption of MF by duckweed (0.128 mg/g FW in 7 days) at a concentration of 0.13 mg/mL, observing a gradual decrease in MF concentration to zero over a period of 10 days. Notably, the optimal adsorption time was determined to be ten days. Hence, duckweed emerges as a promising candidate for the concurrent bioremediation of MF-contaminated water and the production of high-quality biomass.

	The effect of low molecular weight organic acids on the growth, antioxidant capacity, and lead enrichment of duckweed (Landoltia punctata) under Pb stress
	Geng, HY; Huang, L; Tan, AJ; Liu, JK; Yang, GL. Journal of Environmental and Chemical Engineering (2025) 13: 116563.
	Lead (Pb) is one of the most harmful, toxic pollutants to the ecological environment and humans. Duckweed, a fast-growing aquatic plant, is excellent for remediation of Pb pollution. Low molecular weight organic acids (LMWOAs) are more efficient, environmentally friendly and biodegradable than inorganic chelating agents, but the effects of LMWOAs on the tolerance and Pb enrichment of duckweed are still unclear and which LMWOAs has the best enhancing effect remains to be further studied. In this study, we screened out the optimal Pb-enriched duckweed (Landoltia punctata 0021) from 60 duckweed samples. We then investigated the effects of LMWOAs, including citric acid (CA), malic acid (MA), tartaric acid (TA), and oxalic acid (OA), on the Pb enrichment abilities of this duckweed. The results showed that the addition of CA significantly increased the biomass, the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), reduced malondialdehyde (MDA) content and mitigated oxidative damage of duckweed compared to control group (CK). The enhancement effects of the four LMWOAs on duckweed Pb enrichment were CA>MA> TA>OA. The effect of different concentrations of CA was further investigated, and it suggested that the Pb enrichment and BCF of duckweed were highest at 500 µM. These results indicate that CA and 500 µM are considered the best LMWOAs and CA treatment concentration for Pb-contaminated water remediation with duckweed. The study may provide a new idea for the remediation of Pb-polluted water by duckweed combined with LMWOAs.

	Developments in toxicity testing with duckweeds
	Ziegler, P. Journal of Xenobiotics (2025) 15: 48.
	Duckweeds are a family of small floating macrophytes (the Lemnaceae) that inhabit quiet freshwaters worldwide. They have long been employed to determine toxicity to higher plants in the aquatic environment, and standardized national and international protocols have been developed for this purpose using two representative species. While these protocols, which assess the growth of the leaf-like fronds of the tested duckweed, are indeed suitable and still frequently used for detecting the toxicity of water-borne substances to aquatic higher plant life, they are cumbersome and lengthy, determine endpoints rather than depict toxicity timelines, and provide no information as to the mechanisms involved in the indicated toxicity. Progress has been made in downscaling, shortening and improving the standardized assay procedures, and the use of alternative duckweed species, protocols and endpoints for detecting toxicity has been explored. Biomarkers of toxic effect have long been determined concomitantly with testing for toxicity itself, and their potential for the assessment of toxicity has recently been greatly expanded by transcriptomic, proteomic and metabolomic techniques complemented by FITR spectroscopy, transformation and genotoxicity and timescale toxicity testing. Improved modern biomarker analysis can help to both better understand the mechanisms underlying toxicity and facilitate the identification of unknown toxins.


	Taxonomy & Geobotany
	Genetic and morphological variation among populations of duckweed species in Thailand
	Senayai, A; Harnvanichvech, Y; Vajrodaya, S; Oyama, T; Kraichak, E. Plants (2025) 14: 2030.
	Duckweeds have emerged as frontier plants in research, food, and bioenergy applications. Consistency in genetic and morphological traits within species is therefore crucial for their effective use. Thailand hosts diverse duckweed populations with representatives from four of the five genera and at least four species recorded. However, the extent of genetic and morphological variation within these species in Thailand remains unclear. Here, we investigated the genetic and morphological variation in four duckweed species - Landoltia punctata, Lemna aequinoctialis, Spirodela polyrhiza, and Wolffia globosa - collected from 26 sites across Thailand. Using the multilocus sequence typing approach based on three chloroplast genes (rbcL, atpF-atpH, and psbK-psbI), we show that genetic variation in duckweed is distinct at both inter-species and intra-species levels. Among these four species, Lemna aequinoctialis exhibits the highest genetic variation, forming four distinct phylogenetic clusters. This is followed by Spirodela polyrhiza, Wolffia globosa, and Landoltia punctata. In addition, we observe that morphological variation, particularly frond aspect ratio, varies significantly among clusters but remains consistent within each cluster of each species. These findings suggest that duckweed populations in Thailand exhibit substantial genetic variation at the intraspecific level, which is closely associated with frond morphological variation.

	Lemna turionifera (Lemnaceae) in the cryolithozone of Yakutia (North-East Asia) prefers hot summer and shifts North due to climate warming
	Bobrov, AA; Ivanova, MO; Vinogradova, YS; Konotop, NK; Mochalova, OA; Chemeris, EV. Inland Water Biology (2025) DOI10.1134/S1995082924600832
	Using bioclimatic variables an analysis of the distribution of Lemna turionifera (Lemnaceae) in the cryolithozone of Yakutia (North-East Asia) was conducted. This territory is characterized by a sharply continental climate and widespread permafrost, which are stress factors for species that are located on the northeastern border of their range. The Maxent analysis indicated that temperature seasonality (bio4) and maximum temperature of warmest month (bio5) predominantly influence the current distribution of L. turionifera. We suppose that bio5 has more biological sense in determining the distribution of the duckweed in Yakutia compared to bio4. Under the current trend of climate change according to the moderate climate change model (SSP245 scenario), the frequency of occurrence and abundance of L. turionifera in Yakutia will continue to increase in areas with most continental conditions (with hot summer and the highest range between summer and winter temperatures), first of all, in Central Yakutia, Yana and Oimyakon plateaus, middle Kolyma valley. Having a very high dispersal rate, especially mediated by migratory waterfowl, this species will continue to shift north along large river valleys, as the climate warms and suitable habitats appear, and will increase its abundance there. In areas where summer temperatures have not yet reached the optimal values for duckweed growth, human impact has a positive effect, leading to an increase in water mineralization and nutrient content and making L. turionifera growth possible, which is especially noticeable in recently colonized northern localities.

	An ecological, phenotypic, and genomic survey of duckweeds with their associated aquatic environments in the United Kingdom
	Smith, KE; Cowan, L; Flis, P; Moore, C; Heatley, M; Robles-Zazueta, CA; Lee, A; Yant, L. AOB Plants (2025) 17: plaf018.
	The duckweeds feature global distributions and diverse applications in phytoremediation and nutrition, as well as use in fundamental studies of development. Existing collections have minimal environmental data linked to natural habitats. Thus, there is a lack of understanding of natural variation in the context of native habitats. Here, a novel collection of 124 duckweed accessions from 115 sites across the United Kingdom was characterized by genome sequencing and ionomics. In common nutrient-replete experimental conditions, all accessions hyperaccumulated P, K, Mg and Ca. Local but not large-scale associations were revealed between elemental composition of duckweed in common, replete conditions and native water profiles. Lemna minor was the most prevalent species in the UK, with a closely related hybrid L. japonica frequently found in waters with higher micronutrient concentrations. Invasive L. minuta was common in the southern and midland regions, but restricted in Scotland. Lemna accessions accumulated heavy metal contaminants typically together with macronutrients, suggesting phytoremediation potential, but some limitations as food. Furthermore, monitoring the ecological interactions between native, hybrid and invasive Lemna species should be ongoing in the interest of biodiversity. Duckweed species from a large UK collection were characterized using genotyping, phenotyping, and elemental analysis of both aquatic environments and duckweed plants. The native Lemna minor was the most widespread species. Invasive Lemna minuta and hybrid Lemna japonica were also common, though absent in Northern Scotland. Lemna japonica was found in environments with higher levels of several elements than Lemna minor, while Lemna minuta thrived in magnesium-rich environments, suggesting enhanced elemental adaptability in these invasive and hybrid species. Additionally, use of common nutrient environments revealed differences in Lemna species accumulation of macronutrients. Some individuals of each species showed exceptional ability to accumulate or exclude certain elements, highlighting potential applications for food production or water remediation.
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	Copyright and co-author consent
	All listed authors must concur in the submission and the final version must be seen and approved by all authors of the contribution. As a public forum, we do not carry out any Copyright application. If you need to copyright your material, please do so beforehand.
	Formatting requirements:
	A commonly used word processing program, such as Word, is highly recommended.
	Formatting requirements: 8.5-by-11-inch (or 22 cm-by-28 cm) paper size (standard US letter).
	Single-spaced text throughout.
	One-inch (or 2.5 cm) left and right, as well as top and bottom margins.
	11-point Times New Roman font.
	Number all pages, including those with figures on the bottom and center of each page.

	Title:
	Should be intelligible to DF readers who are not specialists in the field and should convey your essential points clearly.
	Should be short (no more than 150 characters including spaces) and informative.
	Should avoid acronyms or abbreviations aside from the most common biochemical abbreviations (e.g., ATP). Other acronyms or abbreviations should either:
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	Links for Further Reading
	http://www.ruduckweed.org/ Rutgers Duckweed Stock Cooperative, New Brunswick, New Jersey State University. Prof. Dr. Eric Lam
	http://plants.ifas.ufl.edu/ University of Florida’s Center for Aquatic & Invasive Plants.
	Community Resources - Updated Table for Duckweed Collections in the Community
	For information related to the location, collection size and contact email for duckweed collections in our community, please access the website of the RDSC (Rutgers Duckweed Stock Cooperative) under the heading "List of Worldwide Duckweed Collections". This Table will be updated as new entries for duckweed collections are being supplied to members of the International Steering Committee for Duckweed Research and Applications (ISCDRA). We request our readers to provide us with the new or updated data about their stock collection in order to update the existing list.

	Note to the Reader
	Know of someone who would like to receive their own copy of this newsletter? Would you like to offer ideas for future articles or have comments about this newsletter? Need to be added or removed from our contact list?
	Please let us know via email to the Chair of ISCDRA, Dr. K. Sowjanya Sree: kssree9@bhu.ac.in



