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DUCKWEED FORUM ISCDRA
| etter from the Editor:

Dear Duckweed Community,
All good wishes for the New Year, 2025!

Like many of you, | am still full of experiences, both at scientific and personal level, from our recent
international meeting (7th ICDRA) that was successfully organized by the Chairs: Prof. Arinthip
Thamchaipenet, Dr. Metha Meetam and their entire team in Bangkok,
Thailand. A big congratulations and thanks to them. This conference
surpassed all previous ones in the number of attendees as well as in the
diversity of scientific talks presented. Basic and applied fields of
duckweed research were discussed. The gathering was an
amalgamation of budding young researchers and experienced scientists
from across the globe which led to healthy discussions during the talks
and thereafter. The Cruise over Chao Phraya river contributed
additionally in facilitating such discussions apart from the great tropical
food. The highlight was the tasting of several dishes containing Wolffia
both at the conference and also at the FLO duckweed farm. It was
amazing to try the variety of duckweed products ranging from the fresh _ £

greens to their addition to salad, soup, sandwich, cake, ice cream, freeze- ke with Wolffia served at 7" ICDRA
dried ice cream and so on. This practical demonstration has taken the

application of duckweed in the field of human nutrition to the next level. | wish all the success for a global
spread of the duckweed food market.

January 30", 2025

The RDSC has kindly taken the initiative to project the 7" ICDRA conference program and the book of abstracts
on their website (7th_icdra_2024-abstract_book-final_-full.pdf). | encourage our readers who were unable to
attend the conference, to browse through it in order to gather the up-to-date information on the advances in
our field. Also do take a note of the
impressive  time-lapse video of
growth and flowering of Wolffia
australiana prepared by High School
students under the direction of
Shunong Bai, Peking University,
China, which is also available on the
RDSC website (Rutgers Duckweed
Stock Cooperative — Home).

Another highlight was that during
this conference, the International
Steering Committee on Duckweed
Research and Applications
conferred the Lifetime Achievement
Award to Prof. Dr. Eric Lam, Rutgers
University, New Jersey, USA, for his
long-term significant contributions
to the field of Duckweed Research
and Applications and for serving as
the member and Chair (three terms)

bid |
Prof. Eric Lam conferr
of the International  Steering ICDRA, Thailand - 2024. From left to right: Klaus-J. Appenroth, Eric Lam, K.

Committee on Duckweed Research SoWjanya sree

and Applications. In the past, the

Lifetime Achievement Award was presented to Prof. Satish C. Maheshwari, University of Delhi, India (2017); Dr.
Klaus-J. Appenroth, Friedrich Schiller University, Jena, Germany (2017) and Prof. Marvin Edelman, Weizmann
Institute of Science, Rehovot, Israel (2019).
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DUCKWEED FORUM ISCORA

The student presentations, oral and poster, were beaming with enthusiasm and passion with which they
worked towards. A best oral presentation Award was presented to Ms. Kari Lagan from The Pennsylvania State
University, USA, for her talk entitled “Leveraging acidification pretreatment of dairy digestate to increase
duckweed protein yields while decreasing ammonia volatilization and water use” sponsored by MDPI - Plants.
Further, five poster presentation awards, sponsored by Sustainable Planet, were presented to Ewout Crombez,
Ghent University, Belgium (P 45); Sara Nouere, University of Mainz, Germany (P 57); Riku Takei, Hokkaido
University, Japan (P 77); Sunisa Srisopa, Khon Kaen University, Thailand (P 91) and Hathaipat Thongthung,
Kasetsart University, Thailand (P 106).

6ge’ﬁher with sponsors, Jury and organizeré of the conference.

Student prize Avvrdee

The 6" ISCDRA was constituted during this meeting,
with the newly elected members: Eric Lam, Rutgers
University, USA; Marcel Jansen, University College
Cork, Ireland; Klaus-J. Appenroth, Friedrich Schiller |
University Jena, Germany; Asaph Aharoni, Weizmann |
Institute of Science, Israel and K. Sowjanya Sree,
Banaras Hindu University, India. As none of us
represented the applied field, Tsipi Shoham,
Greenonyx, lIsrael was nominated to be on board
which she kindly accepted. The newly formed
committee elected myself to serve as the Chair, for
which | am humbled.

The conference was inaugurated with the plenary talk
delivered by Dr. Klaus-J. Appenroth where he pointed
out several open questions in the field of duckweed
research and development. A report of the same is
presented by Klaus in this issue of Duckweed Forum.
This issue also presents a commentary on
polyploidy-induced  metabolome  changes in
duckweed, one of the highlights from the previous -
issue, by Quinten Bafort and Yves Van de Peer from
Ghent University, Belgium. With a heavy heart, we pay
homage to a passionate duckweed researcher, Dr. - ) -l
Autar K. Mattoo, USDA, USA, an irreplaceable loss to _ The 6 ISCRR Team
the scientific community as well to me personally. el ;
Thanks are due to our long-term ISCDRA member, 6" ISCDRA Team. Cartoon courtesy: Eric Lam, Rutgers
Klaus for his efforts in mining and preparing the University, USA
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database. Further, the ISCDRA requests the duckweed stock collection Directors/Managers to send or update
data of their collection in the next two months. And, during the 7" ICDRA, live voting was held for electing the
venue for the next ICDRA amongst Austria, Italy and Belgium, a tough decision to choose from. Italy won the
poll and as you go further through this issue, you will find that the organizers of the 8th ICDRA to be held in
Naples, Italy, are enthusiastically preparing for our meeting in 2026 and welcome all of us. | wish several of us
will be there and more and more new members will be joining us in less than two years.

On this note of new year greetings and with all the excitement carried on from the recently concluded 7'
ICDRA held in Thailand, | wish to encourage our members to actively participate in taking the standards of
duckweed research and applications to greater heights and to help ISCDRA in advocating healthy collaborative
research and development in this field of Science.

Best regards,
Sincerely,

K. Sowjanya Sree
Chair, ISCDRA
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Duckweed for a Better

—uture: views presented at
the 7" ICDRA

Klaus-J. Appenroth

Matthias Schleiden Institute — Plant Physiology,
University of Jena, Germany.

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

The 7" ICDRA was held in Bangkok, Thailand from
12" to 15" of November, 2024. My introductory
plenary talk focused on the fields of duckweed for
which more research and development are
required. Remembering reading about the
congress of mathematicians in 1900 in Paris,
France, where David Hilbert announced his list of
23 famous mathematical problems which
mathematicians should pay more attention to (D. Hilbert, 1902), nine “famous” problems in duckweed research
were presented in this talk where more attention is required to enable “Duckweed for a better future”.

1. Large scale, industrial production of biomass

Large scale production of duckweed biomass (aquaculture) is the preconditions for any industrial application.
The requirements depend on the intended use of the biomass. Thus, outdoor and indoor duckweed cultivation
systems under unsterile or sterile conditions are required and should be developed. In this path, duckweed will
encounter biotic and abiotic stress, which we have to learn to deal with — as in traditional agriculture. Giving a
few examples of successful steps in this direction, “Sustainable Planet” cultivates duckweed outdoor in
Mozambique (Kaufmann, 2024), “FLO" near Bangkok (https://www.flowolffia.com/about-us) uses green
houses for duckweed farming, at the University College Cork, Ireland and at the University of Applied Sciences,
Osnabruck, Germany duckweed cultivation is carried out in re-circulating indoor vertical farms
(https://ww.advancedgreenfarm.com/home-th), and GreenOnyx, Israel (www.greenonyx.ag/) produces
duckweed under sterile conditions in indoor closed containers. Future has to show which method is most
effective for which application.

2. Large scale, industrial production of protein OR starch

Use of duckweed biomass for feed and food requires high protein content whereas for production of bio-
energy a high content of starch is useful. High protein content is obtained after cultivation under optimal
growth conditions (light, temperature, nutrient medium) (Akylz and Ersus, 2024), whereas high starch content
is obtained under certain stress conditions (Appenroth et al., 2021) and under high CO, concentrations (Guo et
al., 2023). Thus, producers have to decide which application is intended. To approach this goal and in order to
tap the biodiversity, large number of duckweed clones should be tested.

3. Taxonomy of duckweeds

Reliable identification of duckweed species and clones (of the same species) is an absolute requirement.
Otherwise, result reproducibility, which is necessary for a good scientific practice, will be questionable.
Barcoding of plastid DNA is still the routine method although this includes only maternal inherited DNA. With
this method, one problem still remains: Wolffia brasiliensis clearly clusters together with Wolffiella. A
taxonomic detail which was uncovered using Tubulin-Based Polymorphism (TBP) as a marker was that
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interspecific hybrids were found in several Lemna species (Morello et al., 2024). In the near future, also species
of Wolffiella and Wolffia should be investigated using this method. As a general rule, several molecular
methods are required to identify duckweed clones reliably (Braglia et al.,, 2024).

4. Further genome sequencing

The number of duckweed species for which genomes are sequenced, is increasing step by step. At present,
species of all five genera are sequenced (Buendia-Avila and Mari-Orddfiez, 2024). What is required are the
genome data of all 35 species (and the hybrids) and, because of the intraspecific diversity of physiological
properties, also of several clones of the same species. This was shown by Wang et al. (2024) analysing 131
clones of Spirodela polyrhiza. These data are indispensable e.g. for proteomic and metabolomic
investigations.

5. Genetic transformation

Besides taping the natural diversity, also genetic transformations are required to employ the full capacity of
these plants for research and applications. Several reports were published in recent years (and references
therein): for Landoltia punctata and Lemna minor (Wei et al., 2024), Le. minor (Tan et al., 2022), Le. japonica
(Liang et al., 2023) and Wolffia arrhiza (Shvedova et al., 2023). For using the Agrobacterium system on a large
scale, the transformation efficiency must be improved. CRISPR/Cas9 based transformation was reported only
in Lemna aequinoctialis (Liu et al., 2019).

6. Single cell transcriptomics - for duckweed development

A thorough report was presented by Denyer et al. (2024) using Wolffia australiana and investigating changes in
dependence on the daily cycle. He also reported these results during this conference. Single cell
transcriptomics has a huge potential to investigate developmental processes in duckweed, e.g. turion
formation, which might be challenging at the same time.

7. Interaction with microorganisms

The interaction of duckweed with microorganisms, especially bacteria, is known for a long time (Dash et al,,
2021). Perhaps the most important application is in connection with wastewater remediation (see next point)
and acceleration of growth (Boonmak et al., 2024; Kubota et al., 2024). Very recently, the production of vitamin
B+, by duckweed associated bacteria was reported for a large number of species (Acosta et al., 2024) which
has potential for human nutrition. In order to accelerate progress in this important field, the mechanism of
interaction between duckweed and bacteria needs to be investigated in greater detail.

8. Wastewater phytoremediation

The group of M. Jansen at the University College Cork, Ireland is not only testing the cleaning of wastewater
from very different sources, but are also going towards upscaling from laboratory experiments to pilot plants
(Jansen, 2023). The testing of suitable clones under the given climatic conditions is very important as only fast
growing clones promise effective remediation. Another problem to be solved is that the resulting large amount
of biomass must be used carefully considering the influence of the specific wastewater contaminations on the
possible applications of duckweed.

9. Duckweeds for human nutrition

Use of duckweed for human nutrition is promising at a commercial scale because of its higher prices
compared to animal feed. However, the requirements for cultivation conditions are also high. Under optimal
cultivation conditions, clones with the highest protein contents have to be selected. Moreover, in all clones
considered for this purpose, the concentration of possible anti-nutritives must be measured. The group of Dr.
K. Sowjanya Sree at Banaras Hindu University, India together with our group is focused on this aspect.
Presently, it seems that species of Wolffia are better fitting than those of other genera, at least for using the
fresh plants for direct human consumption. Thereafter, problems associated with post-harvesting processes
during industrialisation and commercialisation need to be efficiently dealt with. Some of these issues were
addressed very recently by Takdcs et al. (2025).
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The duckweed stock collections are required for long term maintenance of duckweed clones isolated from
nature and to make them accessible for various research and developmental purposes (Sree and Appenroth,
2020). Based on the duckweed community discussions led by the International Steering Committee on
Duckweed Research and Applications (ISCDRA), an “individual” registration system for duckweed clones was
introduced (ISCDRA, 2020).

The currently expanding as well as new clone collections should register their newly collected and maintained
clones following an individualized registration system (private system) having the following format: two or
three letter initials e.g., of the Principal Investigator or manager of the collection, followed by three or four digits
(ISCDRA, 2022). Prior to their first usage, we recommend the research group to alert the Rutgers Duckweed
Stock Cooperative (RDSC; Email Prof. Eric Lam: ericl89@hotmail.com) of their intented nomenclature in order
to avoid the use of the same abbreviations by two or more groups. The RDSC will strive to maintain an up-to-
date database of clone number systems being used by our community members on its website under the
section, Announcing list of worldwide duckweed collections (http://www.ruduckweed.org/).

In a previous “Duckweed Forum” (ISCDRA, 2022) the details of the existing duckweed stock collections were
presented.

We, herewith, request the Directors of the existing stock collections to update the required data and in case of
a new stock collection to kindly provide us with the following data by 31% March, 2025 for inclusion in the
updated list of duckweed stock collections which will be published in the next issue of Duckweed Forum, April
2025 and also on the RDSC website.

Data required: Director of the stock collection with email address, Affiliation, Clone ID in private system,
Number of available clones with Landolt ID system, Number of available clones with private ID system
(ISCDRA, 2022).

We request all Directors/Managers of stock collections to determine the species identity with utmost accuracy
using morphological criteria and molecular markers.
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guantitative and gualitative
changes in the metabolome
of Spirodela polyrhiza

Quinten Bafort'2*
(contact: qubaf@psb.vib-ugent.be)

Yves Van de Peer'24

(contact: yvpee@psh.vib-ugent.be)

'Department of Plant Biotechnology and Bioinformatics, Ghent
University, Ghent 9000, Belgium

2VIB Center for Plant Systems Biology, VIB, 9052 Ghent, Belgium
*Department of Biology, Ghent University, 9000 Ghent, Belgium
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Studies, Nanjing Agricultural University Biochemistry, Nanjing 210095,
China

°Centre for Microbial Ecology and Genomics, Department of Biochemistry, Genetics and Microbiology, University of Pretoria, Pretoria 0028,
South Africa

Although ploidy variation in duckweeds has been known for a long time (Blackburn 1933, but especially
Urbanska-Worytkiewicz, K., 1975, 1980), limited attention has been given to its potential implications. Recent
chromosome counts and flow cytometry data support intraspecific ploidy variations (Hoang et al. 2019, Hoang
et al. 2022). Furthermore, triploid hybrids seem to be common in the Lemna genus, e.g. in Lemna x japonica,
Lemna x mediterranea (Braglia et al. 2021a, Braglia et al. 2021b, Braglia et al. 2024), and the Lemna
aequinoctialis complex, and molecular analyses of duckweed genomes suggest that duckweeds have a
genetic predisposition for genome duplication and allopolyploidization (Ernst et al. 2023). Therefore, it is timely

to consider the consequences of this macromutation.

It is well known that polyploidy can create novelty (Levin 1983, Soltis et al. 2014, Van de Peer et al. 2017, Doyle
and Coate 2019), and although many novel features are the result of changes in the aftermath of the
duplication event, such as gene duplicate loss or neofunctionalization (Ohno 1970), polyploidization also
brings immediate changes that can either produce opportunities facilitating polyploid establishment or create
challenges for the plant to overcome (Bomblies 2020). In our recent work (Wu et al. 2024), we investigate
those immediate effects of whole genome duplication at the metabolome level. The metabolome level is
particularly interesting in this context as it is at the basic level of the omics-cascade and as such metabolomic
changes might be more informative of the immediate consequences on the plant than changes in the
transcriptome or proteome. Furthermore, the metabolomic level is interesting from an historical perspective as
chemotaxonomy was a key instrument in earlier polyploidy studies (Mears 1980, Bohm 1987) and as such
contributed to the idea that genome duplication could be a key mechanism in generating novel phenotypes
(Levin 1983).

For our study, we selected four clones of the greater duckweed Spirodela polyrhiza, each assigned to a

different population genetic cluster of the species (Xu et al. 2019, Wang et al. 2024). Next, we made synthetic
autotetraploids using colchicine treatment (Wu et al. 2023) and quantified the metabolome of the diploids and
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corresponding tetraploids using liquid-chromatography mass spectrometry with electrospray ionization in
positive and negative mode and gas chromatography mass-spectrometry.

Initially, we looked for quantitative and qualitative effects using the traditional per biomass normalization.
Multivariate comparison of the obtained metabolomes revealed a strong phylogenetic signal. In particular, the
metabolomes of the autotetraploids appeared similar to those of the corresponding diploids, while more
distantly related populations were characterized by larger differences in the metabolome than more closely
related populations.

Although the metabolomes of diploids and corresponding tetraploids showed many similarities, there were
also significant differences. Most of the changes were quantitative, i.e., differences in metabolite abundance
per dry weight in tetraploids and diploids, which can be expected given the increase in gene dosage.
Nevertheless, we also observed qualitative changes, with several metabolites being present in the tetraploids
and absent in the diploids, and vice versa. These could be explained by regulatory elements being sensitive to
dosage change or epigenetic modifications resulting from genome duplication.

Both quantitative and qualitative changes in the metabolome can have far reaching consequences. Primary
metabolites and hormones are required for growth, development, as well as regulation of these processes. On
the other hand, secondary or specialized metabolites perform a myriad of functions in biotic and abiotic
interactions, including symbiotic bacteria and fungi, defense against herbivores and pathogens, wound repair,
structural support, salt, drought, desiccation, and UV protection. A recent study by Anneberg and colleagues
(2023), suggests how these metabolomic changes may impact the biology of duckweeds. They show that
whole genome duplication increases the associated microbial diversity and argue that an altered metabolome
might lay at the basis of this altered biotic interactions.

Per biomass normalization is relevant, but as one of the main effects of polyploidy is an increase in cell size
(Clo and Kolar 2021), and gene dosage increase happens at the cellular level, we tried to normalize dosage
change per cell as well. To obtain the fold change per cell, we estimated the number of cells per unit of dry
mass using flow cytometrical data corrected for endopolyploidy and dividing cells. The distribution of dosage
responses was broad but had a peak somewhere between full dosage compensation (no change) and full
dosage effects (dosage duplication). The same distributions of the dry weight normalized data had its peak
around full dosage compensation, indicating that cellular dosage effects are compensated at the organismal
level.

For now, our research was restricted to neoautopolyploids, but it will be interesting to expand this research to
natural, established polyploids and allopolyploids (polyploid hybrids) such as Lemna x mediterranea and
Lemna x japonica. Allopolyploids are particularly interesting because the production of novel enzyme forms
combining parental protein subunits could result in more extensive qualitative changes (Roose and Gottlieb
1976, Soltis et al. 2014).
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Homage to a passionate
duckweed researcher-
Autar Krishen Mattoo

(19 December, 1943 - 29 December, 2024)

Autar Mattoo and | first met in 1979 when
he arrived at my lab with a prestigious ﬂ
German DAAD fellowship for research at
the Weizmann Institute of Science,
Rehovot, Israel. Autar spent 2 years at
Weizmann researching protein turnover
during photosynthesis, while
simultaneously moonlighting at Israel’s
Agricultural Research Service (the Volcani
Institute) and at the Agricultural Faculty of
the Hebrew University of Jerusalem
studying polyamines and ethylene activity
during fruit ripening. It was an exciting 2
years for Autar and those who interacted
with him. Twelve publications resulted
from his burst of scientific energy during
that period.

Our joint studies over the ensuing years  Autarand | roomed together, talked science and enjoyed the meeting
centered on synthesis and degradation of immensely at 4" International Duckweed Conference, Kerala, India-2017
proteins making up the molecular

machinery of photosynthesis. We sought a plant that could be easily manipulated in the lab so that live,
physiologically relevant studies could be conducted. Duckweeds fit the bill perfectly; a group of minute
angiosperms that float on fresh water, the smallest of which can fit through the eye of a needle. Rapid
multiplication, clonal propagation, phototrophic and heterotrophic axenic growth in liquid or on agar; Autar
made expert use of these properties to identify, characterize, define the life history and examine the action of
core proteins of the photosynthetic reaction center. In these studies, his lab at the Beltsville Agricultural
Research Center, Maryland, USA and mine in Israel operated as a single unit with extended mutual working
visits. At the same time, he pursued his primary research into ethylene and polyamine biology in crop plants.

Autar was internationally recognized in the scientific community as an authority in both research areas. He
served as Convener of several Gordon conferences and in 2020 was included in Stanford's list of the top 2% of
worldwide scientists. At Beltsville Autar achieved rare Supergrade status, equivalent to Institute Professor in
the academic university setting.

Autar and | were close friends and enjoyed visiting each other at our respective homes and in hanging out
together whenever possible. He had a sensitive and spiritual side. This deepened over the years of our
friendship. Autar once told me that I (unknowingly) influenced him in this regard. We often discussed the
satisfaction in being culturally involved and spiritually attuned. Autar compared the Kashmiri Hindu diaspora to
the Jewish diaspora. He took a keen interest and derived succor from the return of the Jewish people to their
ancestral homeland in Israel.

| salute and already miss my dear friend and colleague.

Marvin Edelman, weizmann Institute of Science, Rehovot, Israel (Email: marvin.edelman@weizmann.ac.il)
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A few pictorial recollections

.__‘l_ r ‘-"'--"-i bl _.‘ <5 " L".-' ¢ L y
The D1 protein we were studying was then known as Gathering of the Edelman/Mattoo Duckweed Tribe at Beltsville
the 32 kDa protein, just like the number of Autar's lab USA. From Left to Right: Frank Calahan, Marvin Edelman, Autar
door at USDA Beltsville - 1983 Mattoo, Victor Gaba, Jonathan Marder, Bruce Greenberg - 1988

At the International Society for Plant Molecular Biology, 2™ Autar Mattoo holding court at the 5" International
International Symposium, Jerusalem. From Left to Right: Duckweed Conference Rehovot, Israel - 2019
Autar Mattoo, Charles Arntzen, Marvin Edelman - 1989

Autar Mattoo: A friend and a true well wisher

The passing of Dr. Autar Mattoo, after a remarkable
association of over four decades, has come as a deep
shock. His loss is not only personal, as he was a close
friend, but also a profound loss to the scientific
community and to humanity at large. Dr. Mattoo's
brilliance, dedication, and kindness were evident in all
aspects of his life.

Autar began his academic journey in India, followed by
further training in Israel with Prof. Marvin Edelmann.
He then joined the Plant Hormone Lab at USDA
Beltsville, where | had the privilege of working on a
joint project between him and Marvin, studying the 32
kDa protein of PSIl. It was an invaluable learning _ it L
experience, witnessing Autar's work ethic — his long Sudhir Sopory with Mqudelman and Autar Mattoo at
hours in the lab and his attentive guidance of his USDA, Beltsville, Maryland - 1989
students.

=y .
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In the late 1980s, USDA initiated the Plant Molecular Biology Lab, and Autar was asked to lead the new group.
We all followed him to help establish this lab, where his work
on photosynthesis, hormone and polyamine roles in tomato
fruit ripening, and other areas continued to receive his
unwavering attention. Later, his research took him to the
Vegetable Research Lab and subsequently into the field of
sustainable agriculture, where he remained steadfast in his
commitment to both fundamental research and
translational work aimed at improving agricultural systems.
Beyond his professional achievements, Autar was a deeply
social person. Every Thursday, he would take his lab team
out for a meal, making it a weekly tradition he fondly called
"Happy Hour." He also remained closely connected with the | =
Kashmiri Pandit community, particularly those who had = d
been displaced from Srinagar during the 1990 genocide, and =
he was always deeply concerned about injustices happening
worldwide.

Even after | returned to India, | continued to seek Autar's advice and guidance in my own research. His
expertise was in high demand, and he was frequently invited to speak at plant biology conferences across
India. He also served as a member of the Overseas Expert Advisory Committee to the Department of
Biotechnology, Government of India.

Whenever he visited India, he would always make it a point to visit my home. Beyond science, we shared a
passion for spirituality and Hindu philosophy, often discussing these topics during our time together.

With his passing, | have lost not just a friend but a true well-wisher. The moments we shared will forever
remain etched in my memory. | pray that his soul rests in Shivdham, the abode of Lord Shiva.

s

]

o iy Y & | A
Sudhir and Autar - our time together

Sudhir Sopory, ICGEB, New Delhi, India (Email: sopory@hotmail.com)

During our first meeting at the 2™ ICDRA held at Rutgers, USA, Dr.
Autar Mattoo made it a point to come personally discuss with me
the results presented from my work during the conference and
encouraged me to do better in Science. Thereafter, we met several
times at international duckweed meetings and also in India. His love
for his hometown, Kashmir was evident from the discussions. He
also contributed an article for the Duckweed Forum with a cover
photo depicting the duckweed floating on Dal lake in Srinagar,
Kashmir. Dr. Mattoo was conferred with the rank of Meritorious
Senior Professional by the President of the USA for his quality and
efficiency in public service. He shared that he was extremely happy
about this recognition. Autar Mattoo will be remembered as a great
scientist and as a kind human being, caring about people across the
regions.

K. Sowjanya Sree, Banaras Hindu University, India (Email: kssree9@bhu.ac.in)

| met Autar for the first time during the 2™ ICDRA at the Rutgers University in the US. We enjoyed the
conference and had some good wine together during the welcome party. In the context of devotion to Lord
Shiva, | showed him the holy thread on my wrist and holding a glass of wine, mentioned that also Shiva
enjoyed drinks like soma. He agreed and showed me his Yajnopavita (sacred thread around the chest) and
mentioned that he is a devotee of Lord Shiva. At this moment, our friendship between a Hindu and a Christian
started. We met later several times during duckweed conferences and the last time during a video seminar on
24" of September 2024 to honour the 85" birthday of our common friend Marvin Edelman from Weizman
Institute in Rehovot, Israel.

Klaus-J. Appenroth, Friedrich Schiller University Jena, Germany (Email: klaus.appenroth@uni-jena.de).
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Welcome to the 8" ICDRA
N 2026 at Naples, Italy

Dear Duckweed Community,

On behalf of the Organizing Committee of the “8" ICDRA - International Conference on Duckweed Research
and Applications’, | would like to thank all the participants who voted for the University of Naples Federico I,
ltaly in collaboration with the Institute of Agricultural Biology and Biotechnology of the National Research
Council, to be the next host and venue for this prestigious Conference, 8" ICDRA. | would like to warmly
welcome you all to Naples in the period (tentative) of September-October 2026. Get ready to immerse yourself
in the realms of science and beauty of Naples.

The Conference will be hosted at the Department of Agriculture of our University, which is located in the
marvelous Royal Palace of Portici (just 15 minutes’ drive from the city center of Naples). Here, research and
education in the field of agriculture have been promoted for more than 150 years, making us one of the oldest
Departments of Agriculture in the world. This historical heritage has driven researchers from our department to
always be at the forefront of research. We are currently working to provide you with a pleasant stay and an
immersive scientific program, as has always been at ICDRA. The city of Naples and the surrounding area have
much to offer, both in terms of cultural heritage and natural beauty. It will be the perfect opportunity for you to
share your time with other members of the Duckweed Community and enjoy visiting one of the most beautiful
[talian regions.

| look forward to welcoming you in Naples, Italy.
Leone Ermes Romano
Contact information:

If you are planning to attend and have questions about the Conference or if you are a company that would like
to sponsor the event, please contact us by email: Leone Ermes Romano (leoneermes.romano@unina.it); Laura
Morello (laura.morello@ibba.cnr.it).

Organizing committee

Leone Ermes Romano Laura Morello GiovannaAronne Luca Braglia
Post-Doctoral Senior Researcher Full Professor of Researcher
Researcher Applied Botany

Institute of Institute of

University of University of

Agricultural Biology Agricultural Biology
Naples and Biotechnology Haptes and Biotechnology
Federico Il (IBBA-CNR) Federico ll (IBBA-CNR)
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Student spotlight: Sigin
Guan

Institute of Tropical Bioscience and Biotechnology, Chinese Academy
of Tropical Agricultural Sciences, Hainan, China
(Email: BryanGuan20000@163.com)

| am a graduate student who focuses on animal nutrition research. My
passion for animal nutrition began with my deep interest in the life
sciences. | was attracted to the complexity and challenge of animal
nutrition, which not only concerns the health of individual animals but
also directly affects the balance of the entire ecosystem. | realized that by
optimizing the nutritional intake of animals, we could improve their quality
of life while also contributing to the sustainable development of human
society.

Sigin Guan, presenting in a group meeting.
Following the completion of my theoretical studies at Huazhong
Agricultural University located in Wuhan, | arrived at the Chinese Academy
of Tropical Agricultural Sciences (CATAS) in Hainan to undertake research projects. Additionally, | had the pleasure of
meeting my esteemed teacher, Professor Jiaming Zhang. In Professor Zhang's lab, | saw duckweed for the first time
and was shocked by its fast reproduction rate. As | gained a deeper understanding of duckweed, | started to ponder
its potential relationship with animal nutrition.
Duckweed protein can be used by animals efficiently, and the amino acid composition is similar to that of soybean,
making duckweed a feed protein source that can replace soybean. Different from the traditional study of duckweed
proteins, | chose to focus on anthocyanins in duckweed, which are important antioxidants in food and feed. First, |
explored the best scheme of extraction and purification of duckweed anthocyanins. Then | study the effects of
duckweed anthocyanidins on antioxidant capacity in mice.
| chose Spirodela polyrhiza, which is mass-produced in the laboratory, as the raw material. Ultrasound-assisted
extraction was used to obtain the crude product, which was then purified using macroporous resin (Solarbio, Bejing).
The final product is added proportionally to the mice feed. My findings are as follows: The actual anthocyanin
extraction rate of duckweed was 389 mg /100g when the solid-liquid ratio was 1g:39 mL, pH was 4.57, ethanol
concentration was 58%, extraction time was 10 min and extraction temperature was 50 °C. After purification by AB-8
macroporous resin, the purity of anthocyanins was 61.8%. The diet with the anthocyanin of duckweed could
significantly increase the T-AOC (Total Antioxidant Capacity), reduce the content of MDA (Malondialdehyde) in the
kidney, and enhance the activities of GSH-Px (Glutathione Peroxidase) and SOD (Superoxide Dismutase) in the heart,
liver and kidney of mice. Our results show that duckweed anthocyanins have high extraction value and it can
significantly improve the antioxidant capacity of animals.
All in all, duckweed has a bright future in animal feed whether it is used as a protein source or raw material for
anthocyanin extraction. | believe that science is connected, and cross-field research can lead to more incredible
discoveries. If given the opportunity, | would like to further mine the nutritional and health care value of duckweed in
animal feed.

Spirodela porh/za in MS (Murashige and Skoog) Feeding mice with antooyanins supplemnd feed.
medium.
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Deadline extended for
submission of papers to
speclal Issue on duckweeds

Viktor Olah (olahviktor@unideb.hu), Klaus-J. Appenroth (Email: klaus.appenroth@uni-jena.de), K. Sowjanya
Sree (Email: kssree9@bhu.ac.in): Guest Editors of duckweed special issue in the journal Plants

Dear Duckweed Researchers,

As a continuation of the fruitful 7" International Conference on Duckweed Research and Applications in
Bangkok, Thailand, we are glad to inform you that the deadline for submission of manuscripts to the duckweed
special issue in the journal Plants, entitled "Duckweed: Research Meets Applications - 2nd Edition’, has been
extended till 30" of June, 2025. For further information you may contact the guest editors of this special issue
or may browse the related webpage as detailed below.

We look forward to your submissions in the special issue!

Link  for the special issue  "Duckweed: Research  Meets  Applications-2nd  Edition":
https://www.mdpi.com/journal/plants/special_issues/YM4X6P629M

From left to right: Klaus-J. Appenroth (Germany), K. Sowjanya Sree (India), Viktor Olah (Hungary)
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Uncovering the causal relationships in plant-microbe ecosystems: A time
series analysis of the duckweed cultivation system for biomass
production and wastewater treatment

Ishizawa, H; Tashiro, Y; Okada, T; Inoue, D; Ike, M; Futamata, H. The Science of the Total Environment (2024)
957:177717.

The complex interplay among plants, microbes, and the environment strongly affects productivity of
vegetation ecosystems; however, determining causal relationships among various factors in these systems
remains challenging. To address this issue, this study aimed to evaluate the potential of a data analytical
framework called empirical dynamic modeling, which identifies causal links and directions solely from time
series data. By cultivating duckweed (Lemna japonica, 5512), a promising aquatic plant for biomass
production and wastewater treatment, we obtained a 63-day time series data of plant productivity, microbial
community structure, wastewater treatment performance, and environmental factors. We confirmed that
empirical dynamic modeling can identify the correct causal directions among temperature, light intensity and
plant growth, solely from time series data. Extending the analysis to microbial community data suggested that
the bacterial family Comamonadaceae positively affects host duckweed growth and nitrogen removal.
Additionally, the predicted abundance of bacterial genes relevant to xenobiotics biodegradation was shown to
have a positive effect on organic pollutant removal, supporting the significant role of bacterial metabolism in
phytoremediation performance. These results demonstrate the effectiveness of empirical dynamic modeling in
uncovering causal relationships within vegetation ecosystems, which are difficult to examine comprehensively
through conventional experiment-based approaches.

Potential use of Wolffia globosa powder supplementation on in vitro
rumen fermentation characteristics, nutrient degradability, microbial
population, and methane mitigation

Muslykhah, U; Suriyapha, C; Phupaboon, S; Pongsub, S; Matra, M; Dagaew, G; Sommai, S; Wanapat, M. Scientific
Report (2024) 14: 28611.

This study examined the potential of duckweed powder (DWP) on in vitro fermentation characteristics, nutrient
degradability, microbial change, and methane (CH.) production using in vitro study technique. This
investigation used a 2 x 6 factorial arrangement in a completely randomized design (CRD) by different
roughage-to-concentrate (R: C) ratios of 60:40 and 40:60 combined with DWP supplementation levels at 0, 2, 4,
6, 8, and 10% of the total dry matter (DM) substrate, respectively. There was an interaction effect by R: C ratios
combined with DWP supplementations that changed gas production rate, pH value (4 h; h), volatile fatty acid
(VFA) (8 h), in vitro dry matter degradability (IVDMD) at 12 h, and concentration of ammonium nitrogen (NHz-N)
(p < 0.05). Furthermore, the R: C ratio (40:60) significantly decreased CH,4 production (4 and 8 h), pH (8 h), and
Ruminococcus albus (8 h) (p < 0.05), while it significantly increased total VFA (8 h), and nutrient degradability
(p < 0.05). DWP 4% significantly increased to the highest of gas production, improved nutrient degradability
(IVDMD at 24 h and in vitro organic matter degradability; IVOMD at 12 h), whereas significantly decreased
Methanobacteriales (8 h) and CH, production. DWP 4% has potential as a ruminant feed additive for reducing
Methanobacteriales and CH4 emission and enhancing rumen fermentation.

Optimisation of dairy soiled water as a novel duckweed growth medium
Redmond, C; Coughlan, NE; Purcell, A; Jansen, MAK. Plants (2025) 14: 110.
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As a result of intensive agriculture, large quantities of liquid wastewaters are produced. Dairy soiled water
(DSW) is produced in large volumes during the milking process of cattle. It comprises essential plant nutrients
such as nitrogen, phosphorus, and potassium. The physicochemical properties of DSWs are highly variable as
per individual farmer practices and seasonality. Currently, DSWs are disposed of primarily through land
spreading, which frequently results in environmental pollution through land run-off. As a result of the large
volumes produced coupled with the high variability, there are few alternative uses for DSWs, with presently little
consideration of possible on-farm valorisation. Through a series of factorial experiments, the suitability of DSW
as a novel duckweed (Lemna minor L.) cultivation medium is assessed. Different concentrations and pH
values are assessed to determine the optimal conditions to support duckweed cultivation. Under the principles
of circular economy, duckweed-based valorisation of DSWs can lead to the production of valuable, high-protein
plant biomass that could be incorporated into animal feed to support livestock nutritional requirements. This
study identifies the management of DSW's pH as a key growth parameter in the successful cultivation of
duckweed to underpin a circular economy approach for valorisation and improved environmental outcomes.

Evolution in response to management increases invasiveness among
experimental populations of duckweed (Lemna minor)

Zallek, TA; Turcotte, MM. Evolutionary Applications (2024) 17: €70060.

Numerous management methods are deployed to try to mitigate the destructive impact of weedy and invasive
populations. Yet, such management practices may cause these populations to inadvertently evolve in ways
that have consequence on their invasiveness. To test this idea, we conducted a two-step field mesocosm
experiment; we evolved genetically diverse populations of the duckweed Lemna minor to targeted removal
management and then tested the impact of that evolution in replicated invasions into experimental resident
communities. We found that evolution in response to management increased invasiveness compared to
populations evolved without management. This evolution in response to management had little effect on the
impact of the invader on the resident species. These results illustrate the potential eco-evolutionary
conseqguences of management practices. Mitigating evolution to physical removal, in addition to pesticides,
may be important to the long-term success of integrated pest management.

The responses of weed communities to field nutrients and their
ecological benefits in rice fields: A review

Jiang, M; Guo, KF; Chen, Z; Wang, JQ; Huang, LF; Shen, XP. Crop Science (2024) 64: 2945-2960.

While traditionally perceived as yield-reducing elements in rice (Oryza sativa L.) cultivation, weed communities
in paddy fields play a crucial role in the ecosystem. These communities, when selectively retained, can
significantly enhance ecosystem services. This review examines the impact of various weed communities on
rice in different paddy fields, their response to field nutrients, and the ecological benefits they offer. These
benefits include nitrogen retention, promotion of microbial diversity, and reduction of diseases, pests, and
weed proliferation. Examples of such benefits are seen in weeds like Lemna minor L. and Azolla imbricata
(Roxb.) Nakai, which help in nitrogen fixation and act as biocontrol agents against harmful pests. However,
current research in this area faces challenges, including the lack of intelligent and precise weed control
technologies, comprehensive green control strategies, and expertise in weed management. Our findings
suggest a strategic approach to weed control in paddy fields, emphasizing the importance of preserving weed
species that have minimal impact on rice yields but offer significant ecological advantages. These practices
can lead to grass-mediated weed control and enhanced nutrient absorption, thereby reducing fertilizer loss.
Ultimately, this approach could reduce the reliance on chemical fertilizers and herbicides in paddy fields, laying
the groundwork for greener rice cultivation and sustainable agricultural practices. Weeds do not affect rice
yield when the density is low and the time spent living in paddy fields is short. Weed can reduce the nitrogen
loss in rice field. Weeds in paddy field could increase biodiversity in rice farming and maintain the ecological
balance of paddy field.

Migration of microplastics in the rice-duckweed system under different
irrigation modes

Hong, C; Wang, ZC; Tian, MH; Wang, YX; Liu, JJ; Qiang, XM; Masharifov, U; Chen, KX. Agriculture (2024) 14:
1460.
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Microplastic (MP) pollution in agriculture is garnering growing concern due to its potential detrimental impact
on soil properties and crop growth, particularly affecting staple food crops such as rice. Irrigation plays a
crucial role in the migration of MPs. However, limited research has focused on how different irrigation modes
affect the migration of MPs in paddy fields. To simulate real-world conditions, in this experiment, two different
irrigation modes were set: shallow-frequent irrigation (FWI, 10) and controlled irrigation (Cl, IT). The experiment
also included treatments with and without duckweed (DO and D1, respectively), as well as treatments with and
without MPs (MO and M1). This resulted in a total of eight treatments: I0MODO, I0OMOD1, I1TM0DO, 1TMOQDT,
IOM1DO0, IOM1D1, ITM1D0, and ITM1D1. Our findings indicated that compared to Cl, FWI significantly increased
the MP concentration in the leakage but reduced the numbers of MPs in the first soil layer and adhered by
duckweed. Notably, dry-wet cycles under Cl induced soil cracking, and the MP concentrations in cracked areas
were significantly higher than those of crack-free soil. Moreover, compared with the MP-free treatment, MP
treatments significantly influenced rice root growth, such as enhancing the average root diameter by 13.4%,
root volume by 46.9%, root surface area by 30.8%, and biomass aboveground by 26.1%, respectively. The
abundance of some microorganisms was also significantly influenced by the relative mobility (RM) of MPs.
Furthermore, the root length was positively correlated with Planctomycetota. Meanwhile, Actinobacteriota was
negatively correlated with the root surface area, root volume, and branch number, and Bacteroidota was
negatively correlated with the number of root tips. However, further research is needed to elucidate how MPs
influence microorganisms and, in turn, affect rice root growth.

Interactive effects of solvent extraction and drying methods on LC-ESI-
QTOF-MS/MS-based characterization of bioactive phenolics and
antioxidant activities in duckweed ( Wolffia globosa)

Yaday, NK; Patel, AB; Baidya, S; Biswas, P. European Food Research & Technology (2025) DOI10.1007/s00217-
024-04647-0.

The combination of drying methods and solvent media used profoundly impact quantitative and qualitative
recovery, as well as the concentration of specific spectra of bioactive compounds. The study evaluated
individual and interactive impacts of drying methods and solvent media on bioactive compounds and
bioactivities from Wolffia globosa (Wolffia), namely phenolics, flavonoids, carotenoids, tannins, vis-a-vis
antioxidant activities with an aim to determine the best combination for the target bioactive spectra. The
bioactive compounds from oven dried (OD), sun dried (SD) and freeze dried (FD) Wolffia were extracted using
three solvent media viz. 100% ethanol, 50% aqueous ethanol, and water. The results indicated that
combination of FD and 100% ethanol yielded the highest quantity of total phenolic content (TPC; 830.40 mg
GAE/qg), total flavonoid content (TFC; 91.02 mg QE/qg), total tannin content (TTC; 18.44 mg TAE/g), total
carotenoid content (TCC; 2.34 mg/qg), chlorophyll-a (Chl-a; 17.95 mg/g), and exhibited the highest DPPH:;
(74.01%), ABTS+; (79.66%) and FRAP (1545.87 uM FeS0./g) antioxidant activities. The highest chlorophyll-b
(Chl-b; 5.75 mg/g) was found in FD samples extracted with water. Significant individual as well as interactive
impacts of drying methods and solvent media were evident for extraction yield, total phenolic compounds and
total tannin content and antioxidant activities namely DPPH & FRAP. However, only individual impacts but no
interactive effects were evident with respect to TFC, TCC, and ABTS+; antioxidant activity. This study
demonstrated that FD combined with 100% ethanol extraction effectively preserved majority of unstable
bioactive compounds and antioxidant activities. Metabolite profiling of extracts from differently dried samples
for 100% ethanol identified 67 unique compounds, including 12 phenolic acids, 20 flavonoids, and 35 other
polyphenols, with 44, 30, and 35 unique compounds in FD, SD, and OD, respectively. This study demonstrated
that FD combined with 100% ethanol extraction was highly effective in preserving unstable bioactive
compounds and antioxidant activities.

Chemical study of the macrophyte duckweed (Lemna minor L.)

Rodriguez, JHV; Gavin-Moyano, C; Aveiga, MDV; Mata, JDO; Carrasco, JDS; Vidal, LRL; Mata, BEG. Revista de la
Facultad de Agronomia de la Universidad del Zulia (2025) 42: e254202.

Duckweed (Lemna minor L.) has attracted considerable attention in the scientific field due to its nutritional
contribution and capacity to phytoremediate waters. Therefore, the objective of the study was to analyze the
chemical composition of the macrophyte (Lemna minor) from natural environments. Chemical compounds
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and Weende composition were determined from the plant, and the fresh weight gain was observed in different
types of water (deep well and bovine slurry), waters that were subjected to physical-chemical analysis. The
chemical analysis of the macrophyte resulted in the presence of 1.42 mg g" of total chlorophyll; 2.35 mg kg™ of
ascorbic acid; tannin content less than 2.50 mg kg™; 45.34 mg kg" of phenols; also the presence of alkaloids,
phenols and reducing sugars in the chemical screening. The Weende analysis indicates a composition of: 89 %
of dry matter, 30 % of crude protein, 4 % of gross energy, 3.2 % of ether extract, 15 % of ashes, 32 % of nitrogen-
free extract and 10 % of fiber. The fresh weight gains of Lemna minor obtained in water contaminated with
bovine slurry increased significantly 13 g d'm® and 5 g d'm=® in deep well water. The physical-chemical
properties of the water improve their quality 16 days after treatment with this aquatic plant with respect to the
initial analysis. This macrophyte exhibits remarkable phytoremediation properties to absorb, metabolize and
stabilize various pollutants effective in the purification of contaminated waters.

Modelling and optimizing secondary metabolites production in
Spirodela polyrhiza using machine learning

Tan, WH; Tong, CY; Chua, MX; Derek, CJC. Journal of Cleaner Production (2024) 478: 143986.

Spirodela polyrhiza as one of the potential feedstocks for industrial natural dye and pharmaceutical products,
efficient process to produce from it were scarce. Here, Artificial Neural Network (ANN) and Genetic Algorithm
(GA) were employed for modelling and optimization, respectively. Current study focus on establishing useable
models and anticipating the optimal concentration of nitrate (NO3"), phosphate (PO4*) and ammonium (NH, ")
to give highest relative growth rate (RGR) and produce maximum amount of anthocyanins, chlorophylls,
phenolic compounds and antioxidants. In short, 12 and 11 neurons in hidden layer were found to be most
suitable neuron numbers used for the modelling of growth and secondary metabolites respectively. All the
models exhibited a high degree of robustness and performance with a high r? value (higher than 0.75) and a
low mean squared error (lower than 0.05). GA also anticipated the best concentration of macronutrients to
achieve the maximum growth and metabolites production with significant low errors (below 7 %). The
employment of machine learning was useful for such applications.

Duckweed: exploring its farm-to-fork potential for food production and
biorefineries

Ujong, A; Naibaho, J; Ghalamara, S; Tiwari, BK; Hanon, S; Tiwari, U. Sustainable Food Technology (2024) 3: 54-
80.

Duckweed is a promising and sustainable aquatic plant offering an eco-friendly alternative for synthesizing
high-value bio-products and has potential across food industries, pharmaceuticals, and bioenergy production.
This review explores duckweed cultivation, harvesting, and biorefining of duckweed into value-added products,
with a focus on both traditional and innovative production methods. Advanced techniques, such as
superhydrophobic coatings, bioreactor systems, and process waste management, are discussed to enhance
biomass yield. Various impacts of abiotic factors that influences the cultivation practices are examined and
effective management strategies (harvesting frequency, storage conditions, and appropriate pretreatment
methods) are discussed. The biorefinery of duckweed biomass is extensively investigated for producing
organic acids, biofuels, biochar, biofertilizer, enzymes, vitamins, and proteins. Current and future applications of
duckweed in feed, wastewater treatment, pharmaceuticals, and functional foods are highlighted. Thus,
duckweed biorefinery presents a versatile platform to meet the growing demand for sustainable resources. It
also facilitates to capture the high value products with reduced environmental impacts by applying life cycle
assessment (LCA) and techno-economic analysis. However, further research is essential to develop scalable
and cost-effective solutions.

Duckweed protein: Extraction, modification, and potential application

Sulaiman, NS; Zaini, HM; Ishak, WRW; Matanjun, P; George, R; Mantihal, S; Ching, FF; Pindi, W. Food Chemistry
(2024) 463: 141544,

Discovering alternative protein sources that are both nutritious and environmentally friendly is essential to
meet the growing global population's needs. Duckweed offers promise due to its cosmopolitan distribution,
rapid growth, high protein content, and scalability from household tanks to large lagoons without requiring
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arable land that competes for the major crops. Rich in essential amino acids, particularly branched-chain
amino acids, duckweed supports human health. Extraction methods, such as ultrasound and enzymatic
techniques, enhance protein yield compared to traditional methods. However, low protein solubility remains a
challenge, addressed by protein modification technigues (physical, chemical, and biological) to broaden its
applications. Duckweed proteins hold potential as functional food ingredients due to their unique
physicochemical properties. This review also includes patents and regulations related to duckweed protein,
filling a gap in current literature. Overall, duckweed presents a sustainable protein source with a lower
environmental impact compared to conventional crops.

Duckweed (Lemna minor L.) as a natural-based solution completely
offsets the increase in ammonia volatilization induced by soil drying and
wetting cycles in irrigated paddies

Liu, W; Xu, J; Li, Y; Liu, X; Zhou, X; Peng, Y; Jia, Y; Gao, J; Jiang, Q; He, Y. The Science of the Total Environment
(2024) 957: 1777809.

One of the primary pathways of nitrogen loss in rice fields, ammonia (NH3) volatilization resulting in low
nitrogen use efficiency and contributes significantly to near-surface atmospheric pollution. Duckweed (Lemna
minorL.), acommon small floating plant in rice fields, often completely covers the water surface. However, the
extent to which this biotic cover affects ammonia flux remains unclear. A three-year field experiment was
conducted to investigate the effects of duckweed cover on NH; volatilization in rice fields under two different
irrigation management practices (Flooding irrigation vs. alternate wetting and drying irrigation). In the
duckweed-free paddies, alternate wetting and drying irrigation significantly increased the cumulative ammonia
emissions over the full observation period by 16.6%, 22.5% and 7.8% in 2020, 2021, and 2022, respectively,
compared to flooding irrigation. Compared to the duckweed-free paddies, the presence of duckweed
significantly mitigated cumulative NH; volatilization in rice fields, regardless of the irrigation regimes. Under
flooding irrigation, the reduction in NH; volatilization with duckweed cover reached 6.3%, 33.2% and 37.6% over
three consecutive years. The reduction was 23.3%, 48.2% and 41.8% under alternate wetting and drying
irrigation, demonstrating that duckweed achieved greater reductions in NHs volatilization under alternate
wetting and drying irrigation than flooding irrigation. An independent incubation experiment revealed that
physical coverage, ammonium ion absorption and surface water temperature reduction were primary factors
contributing to duckweed-induced NHj; emission mitigation, accounting for 50.9%, 28.4%, and 20.7%,
respectively. The present study indicates that duckweed might prove a promising nature-based solution for
mitigating the potential environmental risks of excessive reactive nitrogen outputs from rice paddies, and for
promoting the broader application of alternating wet and dry irrigation.

Effects of phytonutrient-based encapsulation of Wolffia globosa on gas
production, in vitro fermentation characteristics, and methane
mitigation using in vitro study techniques

Muslykhah, U; Phupaboon, S; Suriyapha, C; Sommai, S; Pongsub, S; Dagaew, G; Matra, M; Wanapat, M. Italian
Journal of Animal Science (2024) 23: 1869-1883.

Microencapsulation, the advanced and newest coating technology, enhances the efficacy and stability of
phytonutrients, particularly sensitive plant extracts, in animal feed. Phytonutrients have potential to mitigate
methane emissions (CH.) and ammonia nitrogen (NHz-N) concentrations during rumen fermentation but
require protection to maintain effectiveness. Therefore, this study evaluated the potential of duckweed powder
(DWP) and microencapsulated duckweed extract (NDWE) at different levels of supplementation in an in vitro
study using rumen fluid from Thai-crossbred dairy cows. Employing a 2 x 3 + 1 factorial design, the experiment
tested two forms of duckweed (DWP and mDWE) at supplementation levels of 2%, 4%, and 6% + control (0%)
of total dry matter substrate. Significant interactions were observed between the different forms and
supplementation levels 4% mDWE (p < 0.05) notably enhanced NH4-N, total VFA (volatile fatty acid), and B.
proteoclasticus, improved butyric acid (C-4), Mathanobacteriales, while decreased microbial population
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including R. albus, R. flavefaciens and M. elsdenii and B. fibrisolvens at. mDWE increased fraction gas b, |al+b,
and cumulative gas production, dry matter (12 hours; h) and organic matter (24 h) degradability, and propionic
acid (C-3), while decreased CH, production (12 and 24 h), acetate (C-2) at 24 h, R. albus, R. flavefaciens, and
Methanobacteriales (p < 0.05). Additionally, supplementation level significantly increased gas production
kinetics and C-3 (24 h), while decreased C-2, C-4, Methanobacteriales and CH, production (p < 0.05). This study
underscores the potential of microencapsulated duckweed extract 4% mDWE as an optimal ruminant feed
additive for decreasing methane production and enhancing rumen fermentation. Further in vivo studies are
recommended to validate these findings.

Wolffia globosa, a novel crop species for protein production in space
agriculture
Romano, LE; van Loon, JUWA; Vincent-Bonnieu, S; Aronne, G. Scientific Report (2024) 14: 27979.

Space agriculture, pivotal for sustainable extraterrestrial missions, requires plants that can adapt to altered
gravitational conditions. This study delves into the adaptive responses to altered gravity of Wolffia globosa, an
aquatic plant known for its rapid growth and high nutritional value. The research aimed to analyse the effect of
simulated microgravity and hypergravity on relative growth rate (RGR), morphological characteristics, protein
content, and the correlation between plant size and growth rate of Wolffia globosa. The study highlighted the
responses of the species to altered gravity, uncovering inherent variability among seven different clones of W
globosa. Results show a base variability among clones in terms of RGR, size and protein content. Furthermore,
some clones are affected by simulated microgravity, showing a decrease in RGR. Differently, under
hypergravity, clones showed RGR higher than in 1 g control, therefore revealing a novel plant response to
hypergravity. Morphological adaptations to gravity alterations were also evident. Among the studied clones,
significant morphological changes were observed, further underlining the peculiar adaptation to the
hypergravity environment. Differently, under simulated microgravity, morphology was generally stable across
clones. A key finding of the study was the significant negative correlation between RGR and the physical
dimensions of the plants: the fastest growth was associated with the smallest dimensions of the plants. This
correlation might have practical implications in selecting clones for space cultivation, that leads to compact
yet highly productive clones. The analysis of the protein content of all the clones revealed mostly no significant
changes under hypergravity. Otherwise, a general decrease in protein content was observed under simulated
microgravity. Overall, the study confirms the suitability of W. globosa for space agriculture and provides new
insights into the perspective of using W. globosa as an alternative crop species for protein production for
manned Space missions. Furthermore, it underscores the need for focusing on the clones and the selection of
the W. globosa plants that are best adapted to the environmental conditions of space; therefore, selecting
those with the best combination of biomass production (by means of growth rate, size), and protein content.

Chemical characterization, in vitro analysis of functional properties, and
volatile profiling of sixteen nutraceuticals marketed as "Superfood”

Végh, R; Sipiczki, G; Csdka, M; Mednyénszky, Z; Bujna, E; Takdcs, K. Applied Sciences (2024) 14: 11069.

In recent decades, there has been an increasing consumer demand for the so-called superfoods, accompanied
by a growing scientific interest. In our work, sixteen commercial nutraceuticals of different product categories,
including powders of cereal grasses, vegetables, fruits, microalgae, an aquatic plant, and herbs, were analysed
to compare their nutritional properties and volatile profile. Some samples, especially spirulina, chlorella, and
duckweed powders, were rich in protein; however, their amino acid composition was imbalanced. Spinach,
duckweed, and moringa powders exhibited very high ash contents, while sea buckthorn powder was a
relatively rich source of lipids. Acerola powder had the highest total phenolic content by far and showed
exceptional antioxidant and antibacterial properties in in vitro analyses as well. Aronia and rosehip powders
also had high antioxidant potential, while moringa powder exhibited remarkable antibacterial activity. The
headspace volatiles of the samples showed significant variations. Terpenes were the major volatiles in herbs,
especially in turmeric and ginger powders. High levels of acids were detected in fruit powders. Some
compounds were only characteristic of certain products, for example, dimethyl sulfide in beetroot powder,
trans-3-penten-2-one in aronia powder, hexadecane in spirulina powder, and turmerones in turmeric powder.
These volatiles can be considered botanical markers, which potentially help detect the adulteration of specific
nutraceuticals. Overall, this study presents the nutritional and aromatic diversity among various "superfood"
powders, highlights their potential application as ingredients in functional foods, and emphasizes the need for
regulatory standards to ensure product safety, quality, and consistency in the growing nutraceutical market.
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Nutritional quality, functional properties, and biological characterization
of watermeal (Wolffia globosa)

Boonarsa, P; Bunyatratchata, A; Chumroenphat, T; Thammapat, P; Chaikwang, T; Siripan, T; Li, H; Siriamornpun,
S. Horticulturae (2024) 10: 1171.

Watermeal (Wolffia globosa) has emerged as a promising candidate as an alternative protein source due to its
outstanding nutritional profile. This study evaluated the nutritional quality, functional properties, and biological
characteristics of W. globosa. The protein content was found to be high at 26.76 g/100 g of dry weight (DW).
Functional properties, including water and oil holding capacities, protein solubility, foaming, and emulsifying
abilities across different pH levels, were assessed to determine optimal conditions. Amino acid profiling
revealed that essential amino acids constitute 67% of the total amino acids. Polyunsaturated fatty acids
(PUFAs), particularly alpha-linolenic (18:3 n-3) and linoleic acids (18:2 n-6), were identified as the predominant
fatty acids. Additionally, watermeal was found to contain significant amounts of alpha-tocopherol (699 ug/g)
and gamma-oryzanol (100 pg/g), which contribute to its antioxidant capacity, as confirmed by DPPH and FRAP
assays. The prominent protein bands were observed at around 62-67 kDa, likely representing a structural,
metabolic protein (vicilin-like protein) of 38% of the total protein content. Overall, W globosa demonstrates
significant potential as a functional food ingredient, offering a rich nutrient profile and health-promoting
properties, making it a promising choice for future diets.

New insights into duckweed as an alternative source of food and feed:
Key components and potential technological solutions to increase their
digestibility and bioaccessibility

Takacs, K; Végh, R; Mednyanszky, Z; Haddad, J; Allaf, K; Du, M; Chen, K; Kan, J; Cai, T; Molnar, P; Barsony, P;
Maczé, A; Zalan, Z; Dalmadi, I. Applied Sciences (2025) 15: 884.

Duckweed is gaining attention in nutrition and food sciences due to its potential as a sustainable source of
protein, vitamins, minerals, and other bioactive compounds. However, there are several gaps in research
specifically focused on nutrition and the bioaccessibility of its components. While some studies have analysed
the variability in the nutritional composition of different duckweed species, there is a need for comprehensive
research on the variability in nutrient contents across species, growth conditions, harvesting times, and
geographic locations. There has been limited research on the digestibility, bioaccessibility (the proportion of
nutrients that are released from the food matrix during digestion), and bioavailability (the proportion that is
absorbed and utilised by the body) of nutrients in duckweed. Furthermore, more studies are needed to
understand how food processing (milling, fermentation, cooking, etc.), preparation methods, and digestive
physiology affect the nutritional value and bioavailability of the essential bioactive components in duckweed
and in food matrices supplemented with duckweed. This could help to optimise the use of duckweed in human
diets (e.g., hamburgers or pastas supplemented with duckweed) or animal feed. More research is needed on
how to effectively incorporate duckweed into diverse cuisines and dietary patterns. Studies focusing on recipe
development, consumer acceptance, palatability, and odour are critical. Addressing these gaps could provide
valuable insights into the nutritional potential of duckweed and support its promotion as a sustainable food
source, thereby contributing to food security and improved nutrition. In summary, this article covers the
general knowledge of duckweed, its important nutritional values, factors that may affect their biological value,
and risk factors for the human diet, while looking for technological solutions (covering traditional and novel
technologies) that can be used to increase the release of the useful, health-promoting components of
duckweed and, thus, their bioavailability. This article, identifying gaps in recent research, could serve as a
helpful basis for related research in the future. Duckweed species with good properties could be selected by
these research studies and then included in the human diet after they have been tested for food safety.

Influence of temperature and photoperiod on the growth and
development of Lemna trisulca and Lemna minor in controlled
conditions

Sender, J; Grzywna, A. Journal of Ecological Engineering (2025) 26: 56-72.

vol 13 (1), page 23 of 38



FORUM

The aim of the study was to analyze the growth and development of two species of duckweed: Lemna minor
and Lemna trisulca under different combinations of temperature (15-25°C) and photoperiod (12-24 h), while
controlling physicochemical parameters such as electrical conductivity, pH, and oxygen content. The plants
were placed in synthetic nitrogen medium, and their growth was monitored for 40 days. Statistical methods,
including analysis of variance (ANOVA) and principal component analysis (PCA), were used for data analysis.
The results showed that both species grow better at higher temperatures (25°C) and longer photoperiods (24
h). Lemna minor achieved higher surface coverage up to 58.4% and biomass over 1.44 g fresh weight under
optimal conditions (25°C and a 12 h photoperiod), indicating its high efficiency in utilizing favourable
conditions. Lemna trisulca, on the other hand, showed a more stable increase in biomass (1.03 g fresh weight)
and cover 45.8% under its extreme conditions (15°C and 12 h photoperiod). Regarding adaptation to changing
physicochemical conditions, Lemna minor responded better to favourable parameters, achieving higher growth
rates under optimal pH 6.05 and electrical conductivity 31.6 uS/cm, while Lemna trisulca showed stable
growth even in more variable conditions, with minimal decrease in growth under higher conductivity (583
uS/cm) and lower pH (6.96). The research findings reveal that Lemna minor is more competitive under optimal
conditions, which may result from its more efficient use of available resources. Its rapid growth makes it
particularly valuable in bioremediation, while Lemna trisulca may cope better with variable aquatic conditions.
The conclusions emphasize the adaptive differences between the two species, which is significant for
managing aquatic ecosystems. Lemna minor is suitable for stable environments, whereas Lemna trisulca
finds applications in more variable conditions, indicating their diverse potential uses in environmental
protection and bioremediation. These studies provide important data on the adaptive capabilities of duckweed,
which is essential for effective management of aquatic ecosystems.

Screening method and metabolic analysis of plant anti-aging
microorganisms via ammonia-induced senescence in the duckweed
Wolffia microscopica

Tan, DG; Fu, LL; Yu, Y; Sun, XP; Zhang, JM. Frontiers in Plant Science (2024) 15: 1480588.

Ammonium is the preferred N nutrition over nitrate for some plant species, but it is toxic to many other plant
species and induces senescence at high concentrations. The duckweed Wolffia microscopica (Griff.) Kurz is
the smallest and fast-growing angiosperm. It is highly sensitive to ammonium and has a short lifespan on
media containing 0.5 mM or higher ammonia. This feature makes it a potential model plant to screen for anti-
aging microorganisms. By co-culturing W. microscopica with endophytic microorganisms isolated from rubber
tree, we screened out an Aspergillus sclerotiorum strain ITBB2-31 that significantly increased the lifespan and
the biomass of W. microscopica. Interestingly, both filter-sterilized and autoclaved exudates of ITBB2-31
increased the lifespan of W microscopica cultures from 1 month to at least 7 months. Meanwhile, the
exudates also showed strong anti-aging effects on cassava and the rubber tree leaves and increased
chlorophyll contents by 50% - 350%. However, high contents of filter-sterilized exudates inhibited the growth of
W. microscopica while extending its lifespan, indicating that there were heat-sensitive growth-inhibiting agents
in the exudates as well. Comparative metabolome analysis of the filter-sterilized and autoclaved exudates
revealed multiple heat-stable anti-aging and heat-sensitive growth-inhibiting compounds. Our results suggest
that W. microscopica can be served as a rapid and efficient model plant to screen for plant anti-aging
microorganisms.

The developmental cycle of Spirodela polyrhiza turions: A model for
turion-based duckweed overwintering?

Ziegler, P. Plants (2024) 13: 2993.

Duckweeds are widely distributed small, simply constructed aquatic higher plants (the Lemnaceae) found on
quiet freshwater surfaces. Species inhabiting temperate climates may have to cope with long periods of
severe cold during the winter season. Several duckweeds form compact resting structures from the
assimilatory fronds of the growing season that can bridge inhospitable conditions in a quiescent state. Of
these, turions separate from the mother fronds and overwinter on the water body bottom in a dormant state.
They can surface, germinate, and sprout to resume active growth upon warming in the spring. The turions of
the largest duckweed, Spirodela polyrhiza, have been intensively examined as to ultrastructure, the factors
governing their formation and release from dormancy, and the signals driving their germination and sprouting
and the accompanying starch degradation. Comparative transcriptomics of assimilatory fronds and dormant
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turions are revealing the molecular features of this developmental cycle. The results illustrate an elegant
sequence of reactions that ensures aquatic survival of even severe winters by frost avoidance in a vegetative
mode. Since little is known about other duckweed resting fronds, the S. polyrhiza turion developmental cycle
cannot be considered to be representative of duckweed resting fronds in general but can serve as a reference
for corresponding investigations.

A demographic assessment of the Lansing Effect in duckweed (Lemna
turionifera Landolt)

Dutt, P; Laird, RA. Biology Letters (2024) 20: 20240271.

The Lansing Effect is the propensity for offspring of older parents to have shorter lifespans than offspring of
younger parents. A recent review identified two demographic patterns that can produce the Lansing Effect: (i) a
greater offspring mortality rate at all offspring ages in offspring of older versus younger parents (greater initial
mortality parameter); and (i) an offspring mortality rate that increases more rapidly with offspring age in
offspring of older versus younger parents (greater mortality rate parameter). Here, we report on a longitudinal
study designed to investigate these patterns, using the duckweed Lemna turionifera. We tracked asexually
produced offspring that detached from parents that were comparatively young versus old (first versus fifth
offspring, respectively). Offspring of older parents lived 15% shorter, on average, than offspring of younger
parents, providing evidence of the Lansing Effect. A model-selection approach revealed that the difference
between survival curves of first versus fifth offspring was mainly attributable to greater initial mortality in fifth
compared to first offspring, though alternative models also received some support. Our study provides a
demographic explanation for the Lansing Effect in L. turionifera in particular and provides a method for
assessing the survival patterns underpinning the Lansing Effect in general.

Effect of high carbon dioxide and medium nutrient content on the
growth and nutrient content of Wolffia arrhiza

Azhar, F; Othman, BA; Maskat, MY. Sains Malaysiana (2024) 53: 3395-3403.

Carbon dioxide (CO,) is one of the main substances that plants need for growth. Conditions of high
concentration of CO, and cultivation nutrient can increase crop growth and affect plant nutrients. Thus, this
study was carried out to determine the effect of high CO, and nutrient concentration potassium nitrate (KNOs),
magnesium sulphate heptahydrate (MgS0..7H,0), calcium nitrate tetrahydrate (Ca(NOj),.4H,0) and
monopotassium phosphate (KH,PQ,)) on the growth and nutrient content of Wolffia arrhiza. Wolffia arrhiza
was grown in normal CO, levels (500 ppm) and high CO, levels (800 ppm) with 5 different nutrient
concentrations of the cultivation media which were N-media (control), 3 times lower concentration (A), 3 times
higher concentration (B), 5 times higher concentration (C) and 7 times higher concentration (D) compared to
N-media. Results of the study showed high CO, conditions significantly (p<0.05) increased Wolffia arrhiza
growth where higher growth percentage was attained compared to samples not grown in high CO, conditions.
Comparison between different media compositions showed no significant difference in growth rate for
samples grown in either normal or high CO, conditions. There was an increase in carbohydrate content
(p<0.05) of Wolffia arrhiza with the increase of CO, but only in growth media with high nutrient content (61.4,
64.8 and 64.3% for media B, C, and D, respectively). No significant effect of CO, level and nutrient content on
protein content and DPPH value. Even though this study showed the positive effects of high levels of CO,,
more studies are needed to further understand the physiological changes of Wolffia arrhiza as affected by high
CO, to increase yield.

Pseudomonas oryzihabitans D1-104/3 and P. gessardii C31-106/3
differentially modulate the antioxidative response of duckweed (Lemna
minor L.) to salt stress

Poprzen, T; Reljin, DA; Uzelac, B; Milovancevic, M; Paunovic, D; Trifunovic-Momcilov, M; Markovic, M; Raspor, M;
Nikolic, I; Stankovic, S. Frontiers in Microbiology (2024) 15: 1481437.
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The common duckweed (L. minor) is a model organism for investigation of plant physiology, especially stress-
related responses. Its two physiological characteristics are of special interest: (1) salt-stressed duckweeds
may accumulate starch, a precursor for biofuel; (2) duckweeds are associated with various beneficial (plant-
growth promoting, PGP) bacterial strains. In this paper, we analyzed the role of two bacterial strains:
Pseudomonas oryzihabitans D1-104/3 and P gessardii C31-106/3 in regulation of duckweed's growth and
antioxidative responses to salt (10 and 100 mM NaCl) and hypothesized that they alleviate salt-induced
oxidative stress. Fresh and dry weight, frond number, photosynthetic pigments, malondialdehyde (MDA) and
hydrogen peroxide (H,0,), ascorbic acid (AsA), proline, total polyphenol (TPC) and starch content, as well as
antioxidant capacity and antioxidant enzymatic activity were measured after 14 days. Fluorescence
microscopy was used to visualize bacterial presence on duckweeds. Fluorescence microscope revealed that
Pseudomonas bacteria colonized all duckweed surfaces. The doubling time of duckweeds inoculated with P
gessardii C31-106/3 was significantly longer. Additionally, at 0 and 10 mM NaCl, this strain decreased
chlorosis in duckweeds. Moreover, P gessardii C31-106/3 increased dry-to-fresh-weight ratio, proline,
chlorophyll a, b and carotenoid content at 100 mM, as well as AsA content in plants in NaCl-free medium, while
R oryzihabitans D1-104/3 increased AsA at 100 mM NaCl. Both bacterial strains decreased lipid peroxidation,
while P gessardii C31-106/3 increased and P oryzihabitans D1-104/3 decreased H,0, content at 100 mM and
0 mM NaCl, respectively. Bacteria significantly increased TPC and antioxidant capacity at 100 mM NaCl|,
particularly P oryzihabitans D1-104/3. After 14 days, the SOD and POX activities were at the same level in all
samples. At 100 mM NaCl, CAT activity was increased in all plants. The results of this study show that two
Pseudomonas strains had markedly different effects on duckweed: while P oryzihabitans D1-104/3 supported
growth, R gessardii C31-106/3 prioritized salt stress tolerance in duckweeds.

Enhanced competitiveness of Spirodela polyrhiza in co-culture with
Salvinia natans under combined exposure to polystyrene nanoplastics
and polychlorinated biphenyls

Chen, G; Pan, T; Gao, D; Liao, H; Wang, J. The Science of the Total Environment (2024) 955: 176870.

Micro- and nanoplastics (MNPs) and polychlorinated biphenyls (PCBs) are prevalent in the environment and
pose potential threats to ecosystems. However, studies on the phytotoxicity of MNPs and PCBs on primary
producers are limited. This study investigated the effects of polystyrene nanoplastics (PS-NPs, 10mg/L) and
2,2',5,5-tetrachlorobiphenyl (PCB-52, 0.1mg/L), on the growth of Spirodela polyrhiza and Salvinia natans, and
their impact on plant competitive ability under co-culture conditions. Laser confocal microscopy images
revealed that PS-NPs accumulated on the leaf and root surfaces of both species. Combined exposure to PS-
NPs and PCB-52 significantly inhibited the average specific and relative growth rates (RGR) of both species,
reduced chlorophyll a and b levels, and slightly increased carotenoid content, disrupting the photosynthetic
system. PCB-52 exacerbated PS-NPs accumulation on plants, leading to increased hydrogen peroxide (H,0,)
and superoxide anion (O, 7) production in both roots and leaves. This affects the activity of superoxide
dismutase (SOD), peroxidase (POD), malondialdehyde (MDA), and the soluble protein content. The combined
treatment with PS-NPs and PCB-52 induced greater ecological stress in both species than the treatment with
PS-NPs alone. In addition, the combined treatment with PS-NPs and PCB-52 significantly improved the relative
yield and competition balance index of S. polyrhiza, indicating that PS-NPs+PCB-52 enhanced the competitive
ability of S. polyrhiza when co-cultured with S. natans. This study confirmed the effects of co-exposure to PS-
NPs and PCB-52 on aquatic plant growth and species competition, contributing to better insight into the
ecological impacts of MNPs and organic pollutants.

Transgenerational plasticity enhances the tolerance of duckweed
(Lemna minor) to stress from exudates of Microcystis aeruginosa

Li, GY; Zheng, TT, Wang, G; Gu, Q; Chang, XX; Qian, Y; Xu, X; Wang, Y; Li, B; Geng, YP. International Journal of
Molecular Sciences (2024) 25: 13027.

Transgenerational plasticity (TGP) refers to the influence of ancestral environmental signals on offspring's
traits across generations. While evidence of TGP in plants is growing, its role in plant adaptation over
successive generations remains unclear, particularly in floating plants facing fluctuating environments.
Duckweed (Lemna minor), a common ecological remediation material, often coexists with the harmful bloom-
forming cyanobacterium Microcystis aeruginosa, which releases a highly toxic exudate mixture (MaE) during
its growth. In this study, we investigate the TGP of duckweed and its adaptive role under stress from MaE
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during the bloom-forming process. We found that exposure to MaE induces significant phenotypic plasticity in
duckweed, manifested by alterations in morphological, physiological, and transcriptomic profiles. Specifically,
MaE exposure significantly affected duckweed, promoting growth at low concentrations but inhibiting it at high
concentrations, affecting traits like biomass, frond number, total frond area, and photosynthetic efficiency.
Additionally, the activities of antioxidant enzymes, together with the levels of proline, soluble sugars, and
proteins, are elevated with increasing MaE concentrations. These plastic changes are largely retained through
asexual reproductive cycles, persisting for several generations even under MaE-free conditions. We identified
619 genes that maintain a 'transcriptional memory', some of which correlate with the TGP-linked alterations in
morphological and physiological traits in response to MaE stress. Notably, progeny from MaE-exposed
lineages demonstrate enhanced fitness when re-exposed to MaE. These results enhance our comprehension
of the adaptive significance of TGP in plants and suggest feasible approaches for utilizing duckweed's TGP in
the bioremediation of detrimental algal blooms.

Biodegradation of microcystins by microbiota of duckweed Spirodela
polyrhiza

Toporowska, M; Zebracki, K; Mazur, A; Mazur-Marzec, H; Sulcius, S; Alzbutas, G; Lukashevich, V; Dziga, D;
Mieczan, T. Chemosphere (2024) 366: 143436.

Cyanobacteria-produced allelochemicals, including hepatotoxic microcystins (MCs), exert an inhibitory effect
on macrophyte growth. However, the role of macrophyte-associated bacteria and algae (macrophyte
microbiota) in mitigating these immediate negative effects of cyanotoxins remains poorly understood. In this
paper, we analyzed the biodegradation of microcystin-RR, MC-LR, and MC-LF by microbiota of the macrophyte
Spirodela polyrhiza. The biodegradation of two MC variants was observed and LC-MS/MS analysis allowed
identifying the degradation products of MC-RR (m/z 1011, 984, 969, 877, 862, 820, and 615) and MC-LR (m/z
968 and 953), including eight previously unreported products. No degradation products of MC-LF were
detected, suggesting its stability and resistance under experimental conditions. NGS-based profiling of
microbial consortia revealed no major differences in bacterial community composition across experimental
treatments. Taxa previously reported as capable of MC degradation have been found in S. polyrhiza
microbiota. Furthermore, the presence of genes encoding putative microcystinase homologues and the
formation of new linear intermediates suggest a biochemical pathway that is similar, but not identical to
previously reported. The ability of aquatic plant microbiota to biodegrade MCs holds environmental
significance, and further studies in this field are required.

Callus induction from the fronds of Greater Duckweed (Spirodela
polyrhiza (L.) Schleid) and assessment of its antimicrobial efficacy

Sil, SK; Gupta, S. Applied Biological Research (2024) 26: 299-307.

Greater duckweed (Spirodela polyrhiza (L.) Schleid.) are known to propagate excessively in stagnant eutrophic
water bodies resulting in the contamination of daughter fronds which can affect their secondary metabolite
profile. The present study was aimed in establish organogenic callus from the fronds of greater duckweeds; to
optimize a protocol by utilizing different plant growth regulators for future use and to screen the antimicrobially
potent metabolites present in callus. The induction of callus was successful using sterile fronds of Spirodela
polyrhiza (L.) Schleid as explants in MS, B5 and SH media fortified with plant growth regulators namely IBA and
BAP. SH basal medium fortified with IBA and BA in 2:1 ratio was most effective in callus induction. B5 medium
fortified with 2.0 uM IBA + 4.0 uM BAP showed highest callus induction in S. polyrhiza with lower days to callus
induction as reflective in their overall biomass. The callus extract showed efficient antimicrobial effect on
Pseudomonas aeroginosa (MTCC accession No. 3451) with ampicillin and chloramphenicol as reference
antibiotics. Presence of flavonoids like orientin, genistin and apigetrin were indicated in the LC-MS data which
might be responsible for antimicrobial activity in a synergistic manner.
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Genome-wide association study of metabolic traits in the giant
duckweed Spirodela polyrhiza

Hofer, M; Schafer, M; Wang, Y; Wink, S; Xu, S. Plant Biology (2025) 27: 18-28.

The exceptionally high growth rate and high flavonoid content make the giant duckweed Spirodela polyrhiza
(L.) Schleid. (Arales: Lemnaceae Martinov) an ideal organism for food production and metabolic engineering.
To facilitate this, identification of the genetic basis underlying growth and metabolic traits is essential. Here,
we analysed growth and content of 42 metabolites in 137 S. polyrhiza genotypes and characterized the
genetics underpinning these traits using a genome-wide association (GWA) approach. We found that biomass
positively correlated with the content of many free amino acids, including L-glutamine, L-tryptophan, and L-
serine, but negatively correlated with specialized metabolites, such as flavonoids. GWA analysis showed that
several candidate genes involved in processes such as photosynthesis, protein degradation, and organ
development were jointly associated with multiple metabolic traits. The results suggest the above genes are
suitable targets for simultaneous optimization of duckweed growth and metabolite levels. This study provides
insights into the metabolic diversity of S. polyrhiza and its underlying genetic architecture, paving the way for
industrial applications of this plant via targeted breeding or genetic engineering.

Novel proteomic signatures may indicate MRI-assessed intrahepatic fat
state and changes: The DIRECT PLUS clinical trial

Goldberg, DT; Meir, AY; Tsaban, G; Rinott, E; Kaplan, A; Zelicha, H; Kl6ting, N; Ceglarek, U; Iserman, B; Shelef, |; et
al. Hepatology (2025) 81: 198-211.

We demonstrated in the randomized 18-month DIRECT PLUS trial (n = 294) that a Mediterranean (MED) diet,
supplemented with polyphenol-rich Mankai duckweed (Wolffia globosa), green tea, and walnuts and restricted
in red/processed meat, caused substantial intrahepatic fat (IHF%) loss compared with 2 other healthy diets,
reducing NAFLD by half, regardless of similar weight loss. Here, we investigated the baseline proteomic profile
associated with IHF% and the changes in proteomics associated with IHF% changes induced by lifestyle
intervention. We calculated IHF% by proton magnetic resonance spectroscopy (normal IHF% <5% and
abnormal IHF% = 5%). We assayed baseline and 18-month samples for 95 proteomic biomarkers. Participants
(age = 51.3 £ 10.8'y; 89% men; and body mass index = 31.3 + 3.9 kg/m?) had an 89.8% 18-month retention rate,
83% had eligible follow-up proteomics measurements, and 78% had follow-up proton magnetic resonance
spectroscopy. At baseline, 39 candidate proteins were significantly associated with IHF% (false discovery rate
<0.05), mostly related to immune function pathways (e.g., hydroxyacid oxidase 1). An IHF% prediction based
on the DIRECT PLUS by combined model (R? = 0.47, root mean square error = 1.05) successfully predicted IHF
% (R? = 0.53) during testing and was stronger than separately inputting proteins/traditional markers (R? =
0.43/0.44). The 18-month lifestyle intervention induced changes in 18 of the 39 candidate proteins, which were
significantly associated with IHF% change, with proteins related to metabolism, extracellular matrix
remodeling, and immune function pathways. Thrombospondin-2 protein change was higher in the green-MED
compared to the MED group, beyond weight and IHF% loss (p = 0.01). Protein principal component analysis
revealed differences in the third principal component time distinct interactions across abnormal/normal IHF%
trajectory combinations; p < 0.05 for all). Our findings suggest novel proteomic signatures that may indicate
MRI-assessed IHF state and changes during lifestyle intervention. Specifically, carbonic anhydrase 5A,
hydroxyacid oxidase 1, and thrombospondin-2 protein changes are independently associated with IHF%
change, and thrombospondin-2 protein change is greater in the green-MED/high polyphenols diet.
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Glycemic control contributes to the neuroprotective effects of
Mediterranean and green-Mediterranean diets on brain age: the DIRECT
PLUS brain-magnetic resonance imaging randomized controlled trial

Pachter, D; Kaplan, A; Tsaban, G; Zelicha, H; Meir, AY; Rinott, E; Levakov, G; Salti, M; Yovell, Y; Huhn, S. et al.
American Journal of Clinical Nutrition (2024) 120: 1029-1036.

We recently reported that Mediterranean (MED) and green-MED diets significantly attenuated age-related brain
atrophy by similar to 50% within 18 mo. The objective of this study was to explore the contribution of specific
diet-induced parameters to brain-volume deviation from chronologic age. A post hoc analysis of the 18-mo
DIRECT PLUS trial, where participants were randomly assigned to the following groups: 1) healthy dietary
guidelines, 2) MED diet, or 3) green-MED diet, high in polyphenols, and low in red meat. Both MED groups
consumed 28 g walnuts/d (thorn 440 mg/d polyphenols). The green-MED group further consumed green tea
(3-4 cups/d) and Mankai green shake (Wolffia globosa aquatic plant) (thorn 800 mg/d polyphenols). We
collected blood samples through the intervention and followed brain structure volumes by magnetic resonance
imaging (MRI). We used hippocampal occupancy (HOC) score (hippocampal and inferior lateral-ventricle
volumes ratio) as a neurodegeneration marker and brain-age proxy. We applied multivariate linear regression
models. Of 284 participants [88% male; age = 51.1 y; body mass index = 31.2 kg/m? hemoglobin Alc (HbA1c)
= 5.48%; APOE-e4 genotype = 15.7%)], 224 completed the trial with eligible whole-brain MRIs. Individuals with
higher HOC deviations (i.e., younger brain age) presented lower body weight [r = -0.204; 95% confidence
interval (Cl):-0.298, -0.101], waist circumference (r = -0.207; 95% Cl: -0.310, -0.103), diastolic (r = -0.186; 95% Cl:
-0.304, -0.072), systolic blood pressure (r = -0.189; 95% Cl: -0.308, -0.061), insulin (r = -0.099; 95% Cl: -0.194, -
0.004), and HbATc (r = -0.164; 95% Cl: -0.337, -0.006) levels. After 18 months, greater changes in HOC
deviations (i.e., brain-age decline attenuation) were independently associated with improved HbA1c (beta = -
0.254; 95% Cl: -0.392, -0.117), HOMA-IR (beta = -0.200; 95% CI: -0.346, -0.055), fasting glucose (beta = -0.155;
95% Cl: -0.293, -0.016), and c-reactive protein (beta = -0.153; 95% ClI: -0.296, -0.070). Improvement in diabetes
status was associated with greater HOC deviation changes than either no change in diabetes status (0.010;
95% Cl: 0.002, 0.019) or with an unfavourable change (0.012; 95% CI: 0.002, 0.023). A decline in HbATc was
further associated with greater deviation changes in the thalamus, caudate nucleus, and cerebellum (P < 0.05).
Greater consumption of Mankai and green tea (green-MED diet components) were associated with greater
HOC deviation changes beyond weight loss.

The strategies of nutrient removal compounds from wastewater by using
aquatic plants in the Green deal implementation

Sablii, L; Zhukova, V; Drewnowski, J. Desalination and Water Treatment (2025) 321: 100954.

The aim of the study was to determine the efficiency of wastewater treatment from nitrogen compounds
ammonium, nitrite, nitrate, and phosphate - using Lemna minor and Spirogyra sp. in the context of the
strategies toward Green Deal Implementation. Meanwhile, the various biological treatment methods of
nutrients according to the value-added and application prospects were also discussed as a future solution in
the Circular Economy Model. The complementary effect of Lemna minor and other aquatic plants, in particular
Spirogyra sp. was established. The efficiency of nitrate removal for 7 days was 86.4 %, and phosphate removal
was 78 %. The concentration of NO3 ™ ions after treatment was 6.8 mg/dm?, and phosphate (P,0s) 2.2 mg/dm?.
It was noted that the simultaneous use of an increased dose of duckweed Lemna minor and the algae
Spirogyra sp. significantly increases the efficiency of nitrate removal from the experimental samples, and the
efficiency of phosphate removal did not change compared to the experiment without the use of the algae
Spirogyra sp. and with the use of a double dose of duckweed. Under these conditions, the nitrate removal
efficiency for a duration of 7 days was 92 % and the phosphate removal efficiency was 80 %. The
concentration of NO3 ™ ions after treatment was 4 mg/ dm?, and phosphate (P,0s) 2 mg/dm?.
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Azolla pinnata and Lemna minor as comparative hyperaccumulators for
livestock wastewater treatment: morpho-physiological and genetic
approach

Md Nasir, NAN; Zakarya, IA; Kamaruddin, SA. Environmental Science and Pollution Research International
(2024) 31: 66360-66371.

The potential of two different aquatic macrophytes, Azolla pinnata R.Br. and Lemna minor L., to treat livestock
wastewater through phytoremediation was investigated. The physiological analysis includes the removal
efficiency of manganese (Mn) from livestock wastewater by AAS. Morphological observation was performed
by using a scanning electron microscope (SEM) and visual observation. RAPD analysis was applied to observe
the DNA profile. It was observed that the removal efficiency of Mn was higher in L. minor with a 92% removal
rate, while in A. pinnata, it was at a 77% rate. The higher removal rate of Mn by L. minor showed that plants had
a significant impact on the removal of heavy metals, with a p<0.05. Retention time and the removal of heavy
metals were found to be positively correlated. As early as 24 h after exposure to livestock wastewater (LW), the
stomata on the leaves of A. pinnata and L. minor have both shrunk, and the root surfaces have shortened.
According to the RAPD analysis, A. pinnata only shows an increase in band intensities and no polymorphism,
whereas L. minor has 19% polymorphisms that indicate higher tolerance as hyperaccumulators. As a
conclusion, L. minor showed no signs of necrosis and performed more efficiently as a hyperaccumulator in LW,
with a higher removal efficiency.

Efficiency evaluation of wastewater treatment by three macrophytes
using a pilot-constructed wetland system in Ota, Nigeria
Justin, LD; Olukanni, DO. Journal of Water and Health (2024) 22: 2040-2053.

Three aquatic macrophytes were used to treat wastewater using a pilot-constructed wetland (CW) system to
determine the most efficient plants for removing contaminants from wastewater. The three macrophytes are
water hyacinth (Eichhornia crassipes), water lettuce (Pistia stratiotes), and duckweed (Lemna minor). Three
150 L capacity tanks with sand and gravel as substrates were used as the pilot CW for each plant. Upon initial
examination, the raw wastewater was not compliant with standard discharge limits. The wastewater samples
were collected every 7 days for 3 weeks for treatment. From the findings, at 14 days hydraulic retention time
(HRT), E. crassipes and P stratiotes achieved the highest total phosphorus (TP) and chemical oxygen deman
(COD) reductions of 99.3 and 99.4%, respectively. E. crassipes indicated better biological oxygen demand
removal efficiency of 91.3%, COD (85.0%), electrical conductivity (90.4%), total dissolved solids (89.7%), and
total coliforms (66.0%). Albeit, P stratiotes indicated better results for total suspended solids (96.2%), TP
(7.55%), and E. coli (94.4%), while L. minor was better with 90.8% total nitrogen removal. The overall analysis
showed E. crassipes to be more efficient than the three macrophytes. However, the other two plants are
replaceable options and large-scale implementation of this project in the community would be a major
contributor to actualizing SDG number 6.

Effectiveness of phytoremediation in waste-water treatment: a case of
Karoi water supply station, Zimbabwe

Matsa, MM; Dube, T; Mupepi, O. International Journal of Environmental Science and Technology (2024)
DOI10.1007/s13762-024-06107-4.

Urbanization is elevating water pollution issues in urban surface water sources which makes it a need to
develop and adopt cheap nature based pollution control and management strategies. The research assessed
the effectiveness of Salvinia molesta, duckweed and Azolla filiculoides plant species in waste water
phytoremediation at Karoi Water Supply Station in Zimbabwe. An experimental research design was adopted
in this study. Laboratory tests were conducted to interpret and analyse changes in water parameters over a 15-
day experimental period. Results indicated that duckweed absorbed nitrates at a faster rate (64%) compared to
A. filiculoids (57%) and S. molesta (63%) plant species. Azolla filiculoids absorbed nitrates at a rate significantly
slower than both Duckweed and S. molesta as signified by 7% and 6% difference respectively. In terms of
phosphates absorption, A. filiculoids indicated to be the fastest absorber with an absorption rate of 62%
followed by S. molesta (52%) and Duckweed (45%). The different margins in rates of these plant species in
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absorption of phosphates was larger than that experienced in nitrates absorption as highlighted by 10%
difference between Azolla and Salvinia and 12% between A. filiculoids and Duckweed. Duckweed was the
fastest absorber of nitrates but the slowest absorber of phosphates whereas A. filiculoids was the fastest
absorber of phosphates but the slowest absorber of nitrates. It was also confirmed that S. molesta requires a
longer period of time to reduce water alkalinity compared to A. filiculoides and Duckweed. Over a 15-day time
period S. molesta and Duckweed reduced the pH from 10.93 to 8 and 10.93 to 8.8 respectively whilst A.
filiculoids reduced it from 10.93 to 8.9, an indication of more effectiveness of Duckweed and S. molesta in
reducing alkalinity over a 15-day time period.

Integration of microbial bioreactors and Lemna minor cultivation for
sustainable treatment of dairy processing wastewater

Walsh, E; Margassery, LM; Rodriguez-Sanchez, A; Wall, D; Bolger, P; Jansen, MAK; O'Leary, N. Journal of Water
Processing Engineering (2024) 67: 106290.

A novel technological approach for dairy processing wastewater remediation is presented. This approach
combines microbial bioreactor systems with Lemna minor plant biomass cultivation is presented. Sequential
anaerobic and aerobic microbial batch reactors achieved wastewater remediation efficiencies of 97.5 %, 83 %
and 58.5 %, for chemical oxygen demand (COD), total nitrogen (TN) and total phosphorus (TP), respectively.
Molecular profiling of the bioreactor communities indicated that phylum Pseudomonadota dominated
nitrification/denitrification metabolism. TP removal was largely correlated with PO3*-P uptake, with significant
redundancy observed among bacterial genera contributing ppK and ppX-gppA phosphate metabolism genes.
Novel dominant roles for members of the genus Macellibacteriales and Rikenellacea in phosphate uptake are
proposed. Integration of Lemna cultivation increased wastewater TN and TP remediation efficiencies to0 96.5 %
and 73 %, respectively. However, relative growth rates of Lemna were found to be critically dependent on pH
adjustment of effluents from pH 8.9 to pH 4.9-5.1. Phytotoxicity under alkaline conditions was correlated with
wastewater NHs-N concentration (p < 0.001). Elevated wastewater sodium and chloride levels did not appear
to induce plant stress, with no statistical difference in photosynthetic activity. This study provides valuable,
practical insights into the integration of microbial and phyto-remediation technologies, coupling wastewater
treatment with opportunities for valorisation.

Tolerance and phytoremediation capacity of atrazine and S-metolachlor
by two duckweeds

Cruz, FVS; Brant, HSC; Ohlund, L; Sleno, L; Juneau, P. Environmental Science and Pollution Research
International (2024) 31: 59382-59397.

The phytotoxicity and removal of atrazine and S-metolachlor in sterile duckweed systems were estimated in
this study. Herbicides were added at environmentally relevant ranges: 0-400g/L for atrazine or 0-200g/L for S-
metolachlor in systems with Spirodela polyrhiza or Lemna minor. Toxicity biomarkers, i.e., changes in plant
biomass, surface area, chlorophyll fluorescence parameters, pigments, lipid peroxidation, protein
concentration, and antioxidative enzyme activities in plants were estimated after 7days. S. polyrhiza
(RGRbiomass-EC5=164.8 g/L) was more tolerant to atrazine than L. minor (RGRbiomass-ECs=101.0 g/L).
Atrazine caused damage to photosystem Il (PhiM), a reduction in electron transport between PSII and PSI
(Phi'M), as well as disruption in energy distribution pathways (decrease in gPrel and increase in UQFrel), most
prominently in L. minor. However, L. minor (RGRbiomass-ECs=128.9 g/L) was more tolerant to S-metolachlor
than S. polyrhiza (RGRbiomass-ECs,=15.5 pg/L). The highest sensitivity of S. polyrhiza to S-metolachlor was
attributed to a decrease in absorbed energy used in photochemistry (gPrel) and an increase in lipid
peroxidation, indicating that S. polyrhiza plants were experiencing oxidative stress. Residual pesticide analysis
in the water after seven days allowed us to conclude that plants were responsible for reducing up to 16.5% of
atrazine and 28.7% of S-metolachlor in the duckweed system. S polyrhiza showed higher atrazine
phytoremediation capacity than L. minor. S. polyrhiza was more efficient at an environmentally relevant
concentration of S-metolachlor (25 pg/L) and L. minor at higher concentrations (200 pg/L).
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LMmGSTF3 overexpression enhances cadmium tolerance in Lemna minor

Wang, X; Huang, JH; Meng, B; Mao, K; Zheng, MM; Tan, AJ; Yang, GL; Feng, XB. Environmental Science and
Technology (2024): DOI10.1021/acs.est.4c08749.

Glutathione S-transferase (GST) has been established to play an important role in regulating the responses of
plants to stress, although its function and mechanisms of action in the cadmium (Cd)-tolerant Lemna minor
remain unclear. In this study, we sought to identify a Cd-responsive GST gene from L. minor for functional
analysis and mechanistic characterization. We accordingly identified a member of the GST gene family,
LmGSTF3, which plays a positive role in adaptation of L. minor to Cd. Having successfully obtained
overexpressing (OE) strains via genetic transformation, we established that these strains were characterized
by elevated Cd tolerance compared with the wild-type strain, as evidenced by significant increases in growth
rate, chlorophyll content, antioxidant enzyme activities, and Cd removal rate. At the transcriptome level, the OE
strains were found to have a stronger regulatory ability in response to Cd, particularly with respect to
photoprotection, antioxidant defense, and glycolytic metabolism, which may be key factors contributing to the
Cd tolerance of Lemna minor. Our findings provide a basis for further elucidating the biochemical and
molecular mechanisms underlying the Cd tolerance conferred by GST genes in Lemna minor and will
potentially contribute to the utilization of Lermna minorin remediating aquatic pollution.

Toxicity of polyethylene microplastics combined with
medroxyprogesterone on photosynthetic pigments of Lemna minor

Martins, TFG; Rani-Borges, B; Queiroz, LG; de Souza, KF; Pompéo, M. Aquatic Ecology (2024)
DOI10.1007/s10452-024-10164-9.

Similar to microplastics (MPs), pharmaceuticals are recognized as emerging contaminants. In the
environment, macrophytes experience simultaneous exposure to a mixture of these compounds. This study
aimed to assess the impact of low-density polyethylene MPs (40-190 um) and medroxyprogesterone acetate
(DMPA; synthetic hormone) to determine the toxic effects on Lemna minor. A chronic assay of 168 h was
conducted to expose macrophytes to two concentrations of each pollutant: MPs at 0.5 mg L™ and 1.0 mg L™,
and DMPA at 26 ng L' and 26 ug L". The concentrations were evaluated both individually and in specific
combinations, between both concentrations of MPs and DMPA, resulting in eight treatments, in addition to a
negative control containing only plants and culture medium. The exposure effects were analyzed through
chlorophyll a and b levels, carotenoids, frond number, and adhesion of MPs. MPs and DMPA did not show a
significant impact on the specific growth rate or frond number of the macrophyte. Nonetheless, a deleterious
effect on chlorophyll b content was observed in all treatments, in relation to the control. Combinations of MPs
and DMPA significantly reduced these pigments, indicating stress caused by exposure to the drug. The number
of adhered particles was higher on the roots compared to the fronds, suggesting specific adhesion of MPs to
L. minor. This phenomenon underscores the potential role of plants as a pathway for the entry of MPs into
food chains, since aquatic plants act as sinks for MPs in the environment. On the other hand, the substantial
interaction of MPs with plants suggests a potential application in phytostabilization and eventually for the
removal of MPs from the environment. Based on our findings, it is plausible to assert that vascular plants play
a substantial role in the dynamics and fate of MPs within aquatic ecosystems.

Evaluation of herbicide toxicity to Lemna minor L. and Azolla caroliniana
Willd

Schedenffeldt, BF; Siqueira, BBR; da Silva, RO; Monquero, PA. Ecotoxicology (2024) DOI10.1007/s10646-024-
02829-w.

Long-residual herbicides can negatively impact aquatic ecosystems through surface runoff and leaching. This
study evaluated the acute toxicity of indaziflam, sulfentrazone, clomazone, and tebuthiuron on Lemna minor
and Azolla caroliniana. Experiments were conducted in the laboratory using a completely randomized design
(CRD) with six concentrations of each herbicide across four replicates. The study assessed the concentration
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causing acute effects in 50% of the organisms (ECs), the effects on fresh weight (g), and the risk quotient
(RQ). For L. minor, ECs values were 0.41, 0.73, 0.12, and 0.21 mg L™ for clomazone, sulfentrazone, indaziflam,
and tebuthiuron, respectively; and for A. caroliniana, the values were 3.26, 0.51, 0.11, and 0.71 mg L7,
respectively. All tested herbicides were classified as highly toxic to macrophyte species, except for clomazone,
which was categorized as 'moderately toxic' for A. caroliniana. Moreover, these herbicides significantly reduced
fresh weight even at the lowest concentrations.

Microbe-assisted phytoremediation of domestic and tannery wastewater:
in vitro application of a macrophyte mixture for contaminant removal

Quevedo, MR; Gonzélez, PS; Barroso, CN; Paisio, CE. International Journal of Environmental Science and
Technology (2024) DOI10.1007/s13762-024-06151-0.

The discharge of inadequately treated domestic and tannery wastewater has a severe impact on the
environment. Different legislations are seeking to reduce this impact by requiring full treatment prior to
discharge. An environmentally friendly, non-invasive, and cost-effective alternative to achieve this is microbe-
assisted phytoremediation with native macrophytes. In this work, a mixture of free-floating macrophytes was
used to remove pollutants from domestic and tannery wastewater. The plants, identified as Lemna gibba,
Lemna minuta, and Wolffia columbiana, were collected from a wetland that receives domestic wastewater.
The mixture was tolerant to pure domestic wastewater and a 1/20 dilution of tannery wastewater. Different
variables were determined at the start and at the end of the treatment to evaluate the remediating ability of the
plant system. In domestic wastewater, significant removal efficiency was observed for organic matter and
nutrients, with a total nitrogen reduction of 80%. Sulphates and chlorides decreased by around 71% and 20%,
respectively. In tannery wastewater (1/20 dilution), the reduction values for organic matter, nutrients, and
chlorides were lower, between 5 and 50%. A higher removal was detected for sulphates, total chromium and
phenols. Total mesophilic aerobic bacteria and total coliforms were almost completely eliminated (> 95%) in
both wastewaters. The treatment also improved turbidity, suspended solids, odor and color. The findings show
that these plant species are highly able to eliminate or reduce contaminants, organic matter, and
microorganisms that pose sanitary risks in wastewater, thus making it much more apt for discharge than
before treatment.

Chemical characteristics of zirconium chloride and zirconium oxide
nanoparticles driving toxicity on Lemna minor

Diallo, M; Dewez, D. Environments (2024) 11: 222.

The increasing global production and utilization of zirconium (Zr) compounds, including zirconium chloride
(ZrCly) and zirconium oxide nanoparticles (NPs-ZrO,), raises concern about their potential environmental
impact. This study investigated the toxicity mechanisms of ZrCl, and NPs-ZrO, on the aquatic plant Lemna
minor. The physicochemical properties of NPs-ZrO, in the test medium were characterized, revealing
concentration-dependent changes in the hydrodynamic diameter, zeta potential, and solubility over time. The
analysis of Zr speciation showed the predominance of Zr(OH).(aq) species from ZrCls. Plants of L. minor
exposed to ZrCls and NPs-ZrO, exhibited differential Zr bioaccumulation, growth inhibition, oxidative stress,
and antioxidant responses. ZrCl, induced a higher toxicity than NPs-ZrO,, with bioaccumulation strongly
correlating with adverse effects. The differential toxicity impact between these two Zr-compounds was also
determined by the lowest observed-effect doses for growth and biochemical parameters. The scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy confirmed internalization of NPs-Zr02
and Zr uptake in the L. minor plant. Therefore, these findings highlighted the importance of chemical
speciation, environmental transformations, and biological responses in assessing the ecological impact of Zr-
compounds for effective risk assessment and management strategies for protecting aquatic ecosystems.

Difference in the toxic effects of micro and nano ZnO particles on L.
minor - an integrative approach

Radic Brkanac, S; Domijan, A-M; Peharec Stefanic, P; Maldini, K; Dutour Sikiric, M; Vujcic Bok, V; Cvjetko, P.
Environmental Science and Pollution Research International (2024) 31: 58830-58843.
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The toxicity of nano-sized ZnO particles (nZn0) was evaluated and compared to that of their micro-sized
counterparts (mZn0) using an integrative approach to investigate the mechanism of toxicity, utilizing
duckweed (Lemna minor) as plant model. Following 7days of exposure to nZnO or mZn0 (2.5, 5, 25, and 50 mg
L") growth rate, photosynthesis, oxidative stress, and genotoxicity parameters have been determined in
duckweed. Phytotoxicity of both ZnO forms at relatively low concentrations was due to the release of free Zn
ions into the nutrient media. However, the accumulation of Zn in plants treated with nZnO was significantly
higher than in those treated with mZn0O. Both mZn0O and nZnO significantly reduced growth rate and impaired
the functionality of the photosynthetic apparatus as evidenced by structural changes of chloroplasts, a decline
in the efficiency of photosystem I, and chlorophyll a content. Additionally, exposure to mZnO and nZnO
resulted in the accumulation of reactive oxygen species (ROS), increased lipid peroxidation, the formation of
carbonylated proteins, DNA damage, and alterations in antioxidant defense mechanisms. Overall, nZnO caused
significantly stronger toxic effects than mZn0O. The mechanism of nZnO toxicity to L. minor, as determined by
multivariate statistical analysis, involved the disruption of primary photosynthetic reactions due to a redox
imbalance in the cell caused by the enhanced absorption of Zn into plant tissues.

Ecotoxicological effects of triclosan on Lemna minor: bioconcentration,
growth inhibition and oxidative stress

Kumar, K; Sarkar, P; Paul, T; Shukla, SP; Kumar, S. Environmental Science and Pollution Research International
(2024) 31: 56550-56564.

Triclosan (TCS), an emerging pollutant, is a notable contributor to adverse impacts on aquatic organisms due
to its widespread use during COVID-19 and hydrophobic properties. There is extensive documented literature
on TCS toxicity in commercially important fish species; however, studies on aquatic plants remain limited. In
this prelude, the present study aims to evaluate the effect of TCS on Lemna minor, a commercially important
aquatic plant species for 7days. The results showed dose-dependent significant alterations in growth,
pigments and stress enzymes of L. minor at varied concentrations of TCS (1 to 8 mg L ™). Median inhibitory
concentration (ICsp) was found to be 4.813 mg L. Total chlorophyll and carotenoid levels decreased 73.1 and
81.8%, respectively after 7days of TCS exposure. A significant increase in catalase and superoxide dismutase
activity was observed in TCS exposed groups as compared to the control. Bioconcentration factor was found
to be in the range of 5.9 to 37.1 signifying TCS ability to accumulate and transfer through the food chain.
Scanning electron microscopy (SEM) analysis showed deformation in the cell surface and alteration of stroma
morphology of TCS exposed groups. Furthermore, the Fourier transform infrared spectroscopy (FTIR) study
also revealed that higher concentrations of TCS could cause alteration in the functional groups in the plant.
This study demonstrates that TCS negatively impacts the growth and metabolism of primary producers,
offering crucial insights into its interactions with aquatic plants and establishing baseline information essential
for crafting effective mitigation strategies for TCS contamination in aquatic environments.

The Impact of organic micropollutants on the biochemical composition
and stress markers in Wolffia arrhiza

Kotowska, U; Piotrowska-Niczyporuk, A; Kapelewska, J; Jasinska, L.L. Molecules (2025) 30: 445.

This study aimed to evaluate the response of the aquatic plant Wolffia arrhiza (Lemnaceae) to low
concentrations of bisphenol A (BPA), N,N-diethylm-toluamide (DEET), triclosan (TRC), benzophenone (BPH),
endosulfan alpha (a-END), and endosulfan beta (B-END). The plant growth, the content of cellular components,
and oxidative stress markers were assessed in response to plant contact with single compounds at
concentrations of 0.1 mg/L and 1 mg/L, and their mixture at a total concentration of 1 mg/L. All of the
pollutants used in the study inhibited the W. arrhiza growth and stimulated the degradation of proteins but
enhanced the level of saccharides. TRC, BPH, a-END, and B-END had a negative impact on the content of
photosynthetic pigments. Increased concentrations of the oxidative stress markers MDA and H,0, were
registered in the plants exposed to BPA, TRC, and B-END. The mixture of pollutants had higher toxic effects
than individual substances.
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Distribution of Lemna at the range boundary in the North-West of the
Murmansk region as a result of anthropogenic changes in water bodies

Zueva, NV; Grishutkin, OG; Efimov, DY; Bobrov, AA. Biology Bulletin (2024) 51: 1643-1651.

Data on the new localities of Lemna minor, L. trisulca, and hybrid between L. minor and L. turionifera (L. x
japonica) (Lemnaceae) in the north-west of the Murmansk region (north of 68.5 degrees N), i.e., in the Pasvik
State Nature Reserve and neighbouring territories in the drainage basin of the Paz River, are presented. Lemna
minor and L. trisulca were previously known for the region by several reports. In the north-west of the
Murmansk region, two new localities of Lemna minor, one locality of L. x japonica, and ten localities of L.
trisulca were found. In total, representatives of Lemna occurred in 18 studied sites: L. minor in two, L. x
japonica in two, and L. trisulca in 16 (L. minor and L. trisulca grew together in two sites). In the studied rivers
and lakes, the pH range of water varied from 6.0 to 7.6, i.e., was mainly neutral (the average value was 6.9).
TDS varied in the range from 17 to 257 ppm (on average, 53 ppm). The localities of L. minorin the unnamed
lake near Zapolyarnyi town and in Kuetsjarvi Lake are probably the northernmost in the world, while the locality
of L. trisulca in the Paz River in Klistervatn Lake is the northernmost in European Russia. In the north of the
Murmansk oblast, L. minor and L. x japonica were associated only with anthropogenic eutrophicated water
bodies with increased water mineralization in comparison to the background value. These taxa can be
considered as indicators of high trophicity in this region. The localities of L. trisulca are mainly anthropogenic
transformed water bodies. The maximum abundance of this species is also recorded in the areas of increased
trophic level.

Climate-dependent distribution of Lemna minor, L . turionifera and L . x
japonica (Lemnaceae) in temperate Eurasia and high variability of their
genome size

Volkova, PA; Ivanova, MO; Efimoy, DY; Chemeris, E; Vinogradova, YS; Grishutkin, OG; Konotop, NK; Efimova, LA;
Tikhomirov, NP; Zueva, N. Perspectives in Plant Ecology Evolution and Systematics (2024) 65: 125831.

In spite of a burst of duckweed biology studies, understanding their diversity is still in progress. We examined
174 reliably-identified (intron length polymorphism in TUBB1) samples of the Lemna minor complex from East
Europe and North Asia (41 localities of L. minor, 58 localities of L. turionifera, and 75 localities of their hybrid, L.
X japonica) and described clear patterns of their distribution. It is mainly determined by climatic preferences (i.
e., the ability to survive unfavourable conditions). Namely, the ranges of L. minor and L. turionifera in the
lowlands are separated by the Urals, with populations located west and east of these mountains respectively
and coinciding with an eastward increase of climate continentally. However, historical (i.e. European origin of
the species) and not ecological factors should explain the absence of L. minor in rather mild climate of the
southern Russian Far East. The hybrid has an intermediate ability to tolerate continental climate, and co-occurs
with one of its parents. In southern mountains (the Caucasus and Tian-Shan) the three taxa are separated by
local climate conditions, determined by the terrain. We revealed high continuous variability of genome sizes
within each taxon (two-fold in L. minor and L. turionifera; three-fold in L. x japonica), which is not explained by
environmental factors. We propose an approach for distinguishing these three taxa in temperate Eurasia using
morphology. We have not documented the invasive spread of L. aequinoctialis, L. minuta and L. turionifera in
East Europe.
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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:
e All authors are responsible for the content of the manuscript.
e Provide the complete names and head-shots of all authors.
¢ |dentify which author will receive correspondence regarding the contribution.

e 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.
Please refer to page 7 of this issue for more details.

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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