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Tissue types and time-of-day specific expression in Wolffia australiana 8730 are detected by PHYTOMap multiplex in
situ RNA detection. Select marker genes imaged using PHYTOMap show strong cell type specificity or a time-of-day
response, in line with predictions from single-cell transcript profiling results. Four genes are imaged in an individual
plant by four fluorescence channels, with samples collected at two times of day. Image shows a Wolffia plant from
9:30 am for the combined expression profiles of genes marking the above-water epidermis (purple channel), the
below-water mesophyll (green channel), the cuticle (red channel), and a dawn-specific gene (blue channel). Inset
shows image from a representative Wolffia plant collected at 5 pm, which shows little signals from the blue channel.
Composite confocal images are a projection of 13-15 z-stack sections of 2-3 pm each. Details can be found in
Denyer et al., Genome Res. 2024, listed in this issue’s Database section. (Credits: Kelly Colt for images, Tom Denyer
for scRNA-seq data and Eric Lam for mock-up).
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July 30", 2024
A warm hello to our Duckweed Forum readers,

In this issue of our community newsletter, | like to focus my Editorial on the theme of duckweed
serving as a model system once again for Plant Biology. To qualify as a “model” plant, duckweed should enable
the investigation of basic principles that transcend species-specific boundaries, thus enriching our knowledge
about duckweed biology, but also advance our understanding of plant systems in general. The unique
properties of duckweeds, such as their small size and fast growth, have historically been recognized and
leveraged to advance plant biology in the decades between 1960 to 1980. With new technologies in genomics
and analytical chemistry, several items featured in this issue showed that duckweed-enabled research is
beginning to lead the way once again to pioneer new areas of plant research.

On the Cover, results from one of the Highlight articles in the Database section is featured. This work
by Denyer et al. presents the first in-depth application of single-cell RNA-sequencing to study a whole plant,
using Wolffia australiana as the model species. With its small size, simple architecture, and low cell count, it
provides the opportunity to carry out systems level studies that would be very challenging for other plant
models. As a first step, this study demonstrated that the air/water boundary creates a major division of cell
type specialization at the transcriptome level while the epidermal cell layer plays an outsized role in
metabolism as well as signal transduction. Comparison of the whole plant transcriptome atlas at dawn to that
from dusk, cell-type specificity of diurnal cycling in gene expression could be resolved at the whole plant level
for the first time. The cover photo illustrates the dawn-specific expression of one such Wolffia gene, together
with 3 other marker genes that express in different parts of the plant but not specific to the time of day.

In a similar vein, a Commentary on a previous Highlight article in DF45 is contributed by Tat and Lee. In
their work, application of the technique of mass spectrometry imaging combined with isotope labeling (MSI )
enabled their critical analysis of the pathways for galactolipid biosynthesis in Lemna minor during growth and
development. Their results indicated that little fatty acid is synthesized de novo in mature tissues of the frond,
while restructuring of membrane lipids occurs throughout development. Their work demonstrated remarkable
resolution of different metabolites with distinct isotope signatures from whole mount tissues. The MSI/
approach should help reveal many interesting spatiotemporal controls of metabolic activities that otherwise
would be difficult to discern. In addition to these two examples, the Database section of this DF issue contains
many publications of high interest and | encourage you all to check them out. The versatility of duckweeds as a
general plant model is indeed impressive.

Administratively, | would like to alert you all to an upcoming election for the next cohort of the
International Steering Committee for Duckweed Research and Applications (ISCDRA). Please take a moment
to look at the candidates who are ready to serve the community and cast your vote as instructed in the
announcement. In addition, there are additional content being provided for the upcoming 7" ICDRA in Bangkok,
which is less than four months away from now. It is shaping up to be an exciting event and | am looking
forward to meeting many of you there in November.

Lastly, | like to thank the large number of responders to my call for assistance to support the RDSC in
the last DF. In total, | have received more than 40 emails that detailed how our efforts have been enriching
and/or enabling duckweed research and applications in many labs and educational settings. It is greatly
appreciated and it really means so much to me personally!

My best wishes to all,

Sincerely,
Eric Lam
Chair, ISCDRA
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= Pre-registration

International Conference on Duckweed
Research and Applications

12-15 November 2024

- HOST : Kasetsart University & SATREPS, JICA, Japan

»

-

® Important dates

Early Bird Registration JF-UT [T &0 7.2

Regular Registration 15 September 2024

Abstract submission 15 September 2024 www.7icdra2024.com

@ Registration fee
Early Bird Regular

Abroad (USD)  Thai & ASEAN (THB) Abroad (USD) Thai & ASEAN (THB)
Academia/Government 350 4500 400 5000
Postdoc/Student/Trainee 250 3500 300 4000
General Public 450 5500 500 6000
Venue: Maruay Garden Hotel, Bangkok, Thailand (maruaygardenhotel.com)
Booking through 7" ICDRA Single with breakfast Double with breakfast
1,300 THB/night 1,500 THB/night

Pre-registration form: https://forms.gle/lyguvhXsQyEJJES1y7
Please visit: https:/www.7icdra2024.com/
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The 7" ICDRA 2024

International Conference on Duckweed
Research and Applications

7MCDRAZ2024

12-16 November 2024 ¥

7" ICDRA 2024 Tentative Program

Venue: Maruay Garden Hotel, Bangkok, Thailand

12 November 2024

13:30-15:00  Excursion la: Duckweed Holohiont Resource & Research Center (DHbRC),
duckweed plant factory, duckweed reservoirs, Kasetsart University (no extra cost)
15:00-16:30 Registration, Poster Hanging
17:00-17:10 Opening address
17:10-17:50 Plenary Lecture: Duckweed for a better future
Dr. Klaus-Juergen Appenroth
Friedrich Schiller University, Germany
17:50-18:20  Plenary Lecture: TBA
18:20-18:40  Fresh Wolffia and products tasting
18:40-21:00 Dinner reception

13 November 2024

08:00-09:00

SESSION |: Genomics & Cell Biology

Registration, poster hanging

09:00-09:30  Invited Lecture: Duckweed super-pangenome
Prof. Todd P. Michael
Salk Institute for Biological Studies; University of California, San Diego, USA
09:30-10:00  Invited Lecture: TBA
Prof. Rob Martienssen
Cold Spring Harbor Laboratory, USA
10:00-10:30  Invited Lecture: TBA
Dr. Tom Denyer
University of Tiibingen, Germany
10:30-10:50 Coffee break
10:50-11:10 Oral presentation I:
11:10-11:30  Oral presentation Il
11:30-11:50 Oral presentation lII:
11:50-12:10  Oral presentation IV:
12:10-13:10 Lunch
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SESSION II: Diversity/Ecology/Evolution

13:10-13:40  Invited Lecture: Keep it simple Spirodelo: structural reduction in duckweeds
Prof. Anthony Bishopp
University of Nottingham, UK

13:40-14:10  Invited Lecture: TBA

14:10-14:30  Oral presentation V:

14:30-14:50  Oral presentation VI

14:50-15:10 Group photo

15:10-17:00 Coffee break/Poster session I*

16:30-17:00  ISCDRA business meeting

17:00-18:30  Excursion Ib: Duckweed Holobiont Resource & Research Center (DHbRC),

duckweed plant factory, duckweed reservoirs, Kasetsart University (no extra cost)

14 November 2024

SESSION Ii: Physiology /Reproduction/Metabolisms

09:00-09:30  Invited Lecture: Nomenclature, implication and interpretation of reality—
Wolffio demonstrates that a plant is a colony
Prof. Shu-Nong Bai
Peking University, China
09:30-10:00  Invited Lecture: TBA
10:00-10:20  Oral presentation VII:
10:20-10:40  Oral presentation VI
10:40-12:00 Coffee break/Poster session II*
12:00-13:00 Lunch
13:00-13:20  Oral presentation IX:
13:20-13:40  Oral presentation X:
13:40-14:00  Oral presentation XI:
14:00-14:40 General assembly: ISCDRA chair's report, election results, future ICDRA site
14:40-15:00 Coffee break
15:00-21:00  Excursion Il: Chao Phraya River dinner cruise (regular 45USD, student 35LI5D)

15 November 2024

SESSION IV: Microbiome & Interactions

09:00-09:30

09:30-10:00

10:00-10:30

10:30-10:50
10:50-11:10
11:10-11:30

Invited Lecture: DABs and SynComs - unravel microbial ecology in the
duckweed holobiont

Prof. Eric Lam

Rutgers the State University of New Jersey, USA

Invited Lecture: Ecological principles driving duckweed microbiome assembly
Dr. Hidehiro ishizawa

University of Hyogo, Japan

Invited Lecture: TBA

Prof. Arinthip Thamchaipenet

Kasetsart University, Thailand

Coffee break

Oral presentation Xl

Oral presentation X1l
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SESSION V: Applications
11:30-12:00 Invited Lecture: TBA
12:00-13:00 Lunch
13:00-13:30 Invited Lecture: Water lentils, from applied research to the market
Dr. Ingrid M. van der Meer
Wageningen University & Research, The Netherlands
13:30-13:50 Oral presentation XIV:
13:50-14:10 Oral presentation XV:
14:10-14:30 Oral presentation XVI:
14:30-14:50 Coffee break
14:50-15:50 Panel discussion: Experience sharing: Challenges in large-scale duckweed
cultivation, product innovation & commercialization
Dr. Metha Meetam
Mahidol University, Chief Technologist & Co-founder ADGreen, Thailand
Dr. Tsipi Shoham
CEO & Co-founder GreenOnyx, Israel
15:50-16:30 Closing ceremony & Poster awards
16 November 2024
08:00-16:30  Excursion lll: ADGreen Wolffia farm, floating market, orchid farm

*1-min talk VDO clip for each poster presentation which will be shown before the session.

8. WEH Svikv jlea) 2

CONTACT PERSON :

Arinthip Thamchaipenet: arinthip.t@ku.ac.th
Metha Meetam: methamee@mahidol.ac.th
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Vy T. Tat, Young Jin Lee
Department of Chemistry, lowa State University, Ames, IA 50011, U.S.A.

Most metabolomics studies utilize chromatography coupled with
mass spectrometry (MS). However, spatial information is lost
when samples undergo homogenization and extraction. Mass
spectrometry imaging (MSI) can address this issue down to g
single-cell resolution by sampling micron-size area at a time using f
a laser beam in matrix-assisted laser desorption/ionization
(MALDI)-MSI (Lee et al. 2012). We have been working on MALDI-
MSI for the last fifteen years as a tool to study the spatial
localization of plant metabolites. However, measuring metabolite abundance, which reflects the balance
between production and consumption, does not provide direct insights into pathway activities (Jang et al.
2018). To address this challenge, we recently combined MSI with in vivo stable isotope labeling, dubbed as
MSIj and applied this innovative approach to galactolipid biosynthesis in Lemna minor (Tat and Lee 2024).

Duckweed, a fast-growing small aquatic plant, has multiple interesting applications across diverse fields
including phytoremediation, biofuel feedstock, human nutrient sources, etc. (Fourounjian et al. 2020). Over the
last decade, duckweed has emerged as a model plant system in the postgenomic era (Acosta et al. 2021). In
our study, duckweed turned out to be a good model system to study plant leaf metabolism with MSIj thanks to
their asexual reproduction in a well-defined liquid media (Shi et al. 2023). Furthermore, their small size and
adaptability make it easy to grow them in Petri dishes minimizing isotope costs. Lemna minor was
successfully grown with ~10 mL of inorganic salt medium for multiple days while monitoring galactolipids
labeling with 50% D,0 or "*CO,.

In our study, plants were horizontally divided into two halves to expose the chloroplast membrane lipids for
their investigation by MALDI-MSI. The mass spectra were dominated by galactolipids,
monogalactosyldiacylglycerol (MGDG 36:6) and digalactosyldiacylglycerol (DGDG 36:6 and DGDG 34:3), along
with pheophytin a, chlorophyll a after losing Mg*" during MS data acquisition. When L. minor was partially
labeled in 50% D,0, MGDG 36:6 showed three distinct binomial isotopologue groups centered at 3.5, 18, and 35
deuterations. They were attributed to the labeling of the galactose moiety only (Group 1), the galactose and an
18:3 fatty acyl chain (Group 2), and the entire molecule (Group 3), corresponding to the 50% labeling of 7
carbon-bound hydrogens (C-H), 36 C-H, and 70 C-H, respectively. DGDG showed a similar trend but with a low
abundance in Group 2. Their relative abundances showed the expected temporal changes; Group 1 appeared
first but Group 3 became dominant over time. Lastly, pheophytin a had one single isotopologue distribution of
the whole molecule over 15-day period, suggesting their rapid synthesis with no distinct steps observed.

Interestingly, three isotopologue groups exhibited distinct spatial localizations across the tissue morphology as
observed in MS images (Figure 1). The unlabeled monoisotopic peak and Group 1 were co-localized in the
parent frond, while Group 3 appeared only in the newly grown daughter fronds. It is not surprising that newly
formed tissues are fully labeled as Group 3 because all the building blocks of galactolipids are freshly
synthesized. However, the observation of just galactose labeling in the parent frond suggests there is no new
fatty acid synthesis in the mature tissues but that restructuring of membrane lipids continuously occurs.
Lastly, Group 2 was present only in the intermediate tissue regions, near the base of parent frond and near the
apex of daughter fronds. This suggests that lysophosphatidic acid (LPA), an intermediate in galactolipids
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biosynthesis, was highly abundant in this tissue region and served as a precursor of Group 2 by adding a
labeled fatty acyl chain and galactose(s).

A parent B
MGDG
36:6

Unlabeled Group |

daughter

1 mm C
DGDG
36:6

Unlabeled Group

LIx104

DGDG
34:3

0

1.5x10°

E
Pheophytin a

0

Figure 1. MALDI-MS images of L. minor after growing in 50% D,0 for 5d. (A) Optical image of the top half-fractured and MS
images of each D-labeling group for (B) MGDG 36:6, (C) DGDG 36:6, (D) DGDG 34:3 and (E) pheophytin a. Group 1 does not
contain M1 and M2 to avoid the contribution from the natural isotope of monoisotope. This figure is derived from Tat and
Lee (2024).

The observation of three isotopologue groups was consistent with the results of two additional labeling
experiments; "*CO,-labeling and backward labeling (fully D-labeled duckweeds in 50% D,0 for three months
were transferred back to H,O medium) but unveiled the presence of partial labeling of the glycerol backbone,
which was previously hidden in forward labeling (i.e. D,O labeling) due to the broad nature of binomial
distributions. Backward labeling also revealed ~2 days of D,0O-stress-induced growth delay in forward labeling.

While there are several limitations in the current technology, our work has demonstrated that /n vivo isotope
labeling combined with MSl is a valuable approach for uncovering metabolic activity during plant development.
Duckweed will continuously serve as an important model plant system in the future study of MSI/.
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Election of the 6™ ISCDRA:
Now open

Election of members to the 6™ International Steering
Committee on Duckweed Research and Applications
is now open until 25 October, 2024.

Link to the e-ballot: https://forms.gle/eDQRghYHpHKES83BT9

Eligibility for voting: You must belong to at least one of the categories listed below to be eligible to
Vote.

- Attended any of the past two ICDRA meetings.
+ Will attend ICDRA 2024 in Thailand.
+ A principal investigator who is working with duckweed in his/her laboratory.

- A researcher/postdoc/student who is working with duckweed in their research (i.e. not just reading
about it, but actually doing a project).

+ An entrepreneur who is working to commercialize a duckweed-based technology and/or product.

« A research scientist who is working on a commercial venture that aims to develop a duckweed-
based technology and/or product.

+ A venture capital principle who has invested significantly into duckweed-based technology and/or
product.

+ A worker in a commercial venture involved with a duckweed-based technology and/or product.

+ An administrator in a University or Funding Agency who has sufficient interest in the duckweed
community to provide funding for one or more duckweed-based activity/project/venture.

vol 12 (3), page 88 of 117



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

List of candidates for the election to 6™ ISCDRA is the following:

Prof. Asaph Aharoni; Weizmann Institute of Science, Rehovot, Israel

https:/www.weizmann.ac.il/plants/aharoni/home; https://www.linkedin.com/in/asaph-aharoni-
664b3al14/

PD Dr. Klaus-Jirgen Appenroth; Friedrich Schiller University Jena, Jena, Germany
https:/www.bio.uni-jena.de/11187/pd-dr-klaus-juergen-appenroth
https://www.researchgate.net/profile/Klaus-J-Appenroth

Prof. Anthony Bishopp; University of Nottingham; Nottingham, UK
https://www.nottingham.ac.uk/biosciences/people/anthony.bishopp;
https://www.linkedin.com/in/anthony-bishopp-12649875/

Prof. Marcel Jansen; University College Cork; Cork, Ireland
https://www.ucc.ie/en/bees/people/marceliansen/; https://www.linkedin.com/in/marcel-jansen-

b0a37970/

Prof. Eric Lam; Rutgers University; New Jersey, USA
https:/plantbiology.rutgers.edu/faculty/lam/Eric-Lam.html; https:/www.linkedin.com/in/eric-lam-

4408a42/

Dr. Tsipi Shoham, CEQ, GreenOnyx Ltd.; Tel-Aviv, Israel
https:/www.greenonyx.ag; https://www.linkedin.com/in/tsipi-shoham-808b6a45/

Dr. K Sowjanya Sree; Central University of Kerala; Kerala, India
https://schools.cukerala.ac.in/Dept/Faculty_Preview?Id=85

Prof. Jiaming Zhang; Chinese Academy of Tropical Agricultural Sciences (CATAS); Hainan, China
https://www.researchgate.net/profile/Jiaming-Zhang-7
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Important terms in
duckweed research defined

Appenroth, Klaus-Juergen; Jansen, Marcel AK; Lam, Eric; Shoham, Tsipi; Sree, K. Sowjanya

Members of the International Steering Committee on Duckweed Research and Applications (ISCDRA)

From left to right: Appenroth, K-J.; Sree, K.S.; Shoham, T,; Jansen, M.AK_; Lam, E.

In all fields of science, specific terms have to be well-defined as well as standardized, and the field of
duckweed research is no exception. Otherwise, misunderstandings will be common, which might seriously
impede progress. Confucius (Analects 13, 3) stated that “/f terminology is not corrected, then what is said
cannot be followed. If what is said cannot be followed, then work cannot be accomplished”. This statement is
as relevant to the duckweed community today, as it was in Confucius’ days 2500 years ago.

The duckweeds are placed in the taxonomic rank of a plant family, termed Lemnaceae, defined in 1820 by |I.
Martinov (Martinov, 1820). Consequently, the complete taxonomic term is Lemnaceae Martinov. Because of
the apparent monophyly to Araceae, uncovered by early molecular phylogenetics (Cusimano et al,, 2011), the
Angiosperm Phylogeny Group (APG, 1998; International Code, 2018) integrated duckweed as a subfamily
(Lemnoideae) of the Araceae. Tippery et al. (2021) stated that there is no need for such a dramatic taxonomic
change and argued that duckweed should be treated as a plant family and that this could agree well with
taxonomic rules.

Since the publication of Les and Crawford (1999) that defined the genus Landoltia, Lemnaceae are categorised
into five genera:

Spirodela Schleiden
Landoltia Les & Crawford
Lemna L.

Wolffiella Hegelm.
Wolffia Horkel ex Schleid.

The first three genera were often summarised as subfamily Lemnoideae and the last two as subfamily
Wolffioideae. However, Lemnoideae are paraphyletic and therefore this categorisation should not be used
anymore (Bog et al., 2020a).

The number of duckweed species was reduced from 37 to 36 since Lemna valdiviana and Lemna yungensis
were found to be indistinguishable by a wide array of methods (Bog et al. 2020b). The correct spelling of all
species is given in Sree et al. (2016), together with synonyms that should not be used anymore for clarity and
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consistency. More recently, Braglia et al. (2027a) demonstrated that the species Lemna japonica is an
interspecific hybrid between Lemna turionifera and Lemna minor. The correct nomenclature for this situation
is now revised as Lemna x japonica to distinguish this from non-hybrids. Similarly, it was discovered thereafter
that hybrids between Lemna minor and Lemna gibba also exist in nature (Braglia et al., 2021b). For this hybrid,
the term Lemna x mediterranea was coined to indicate its first discovery among duckweed isolates from a
subregion of Europe and the Middle East (Braglia et al., 2024). Summarising these results, 35 species of
Lemnaceae are presently defined and additionally two interspecific hybrids (nothotaxon) have been identified.
It is noteworthy that the hybrid Lemna x japonica appears to have adapted widely across continents with
recent descriptions of its prevalence in North America as well as Europe, in addition to Asia. It would be
interesting to see if Lemna x mediterranea would also be similarly widespread with further analyses of
additional isolates.

We come to additional complications when we go further down below the level of species. In many
publications it has been shown that samples of the same species but originating from different locales with
varying climatic conditions can have distinct physiological properties and respond quantitatively different
under various stress conditions. Here we cite only a few examples: growth rates (Ziegler et al., 2015; Sree et al.
2015a); starch accumulation under salt stress (Sree et al, 2015); inhibition of growth by heavy metals
(Naumann et al., 2007); and turion specific yield (Kuehdorf et al,, 2014). Thus, to distinguish samples of the
same species from different origins, intraspecific variations are important. However, designating the various
populations of a duckweed species is a particular case for which terminology is often bewildering, regularly
confused with commonly used terms that include “ecotype”, “accession’, “strain”, “line” and “clone”. Here we will
give the background of these common terms, the use of which has evolved over the decades, and diversified
for different research fields.

Ecotype: The term ecotype goes back a long time and was first introduced in the 1920’s (Turesson, 1922) to
refer to populations in the context of a specific type of habitat or climate, i.e. a term that captures the
genotypic response (selection and evolution) of a species to a particular, albeit often loosely defined,
environment (Gregor, 1956). Thus, an ecotype is a local population of one particular species and can be made
up of a number of co-occurring individuals. However, as noted for other terms, the concept of the ecotype unit
has evolved and is now used to refer more generally to genetic differences, below the level of the species, in
the context of a particular environment. Many of the duckweed samples present in the various duckweed
collections, neither capture the genetic diversity of particular systems (i.e. often they are the offspring of one
colony, hence a clone), nor are they accompanied by appropriate descriptions of the ecosystem of origin. Thus
the term ecotype is largely inappropriate for the majority of current duckweed research.

Accession: The term accession will be very familiar with those working with Arabidopsis thaliana. It is a term
strongly associated with botanical gardens, herbaria, seedbanks, and other ex situ repositories. A typical
definition of an accession is a “distinct, uniquely identifiable sample representing a cultivar, breeding line or a
population, which is maintained in storage for conservation and use” (WIEWS, 2019). Unlike a clone, an
accession can be genetically variable, comprising the genetic variation present in the population from which
propagules were collected (cf. Bog et al,, 2022). Duckweed clones maintained in collections can be referred to
as accessions, especially in cases when one may be comparing descendants from the same “original clone”
that have been separately cultivated in different collections for many years. One may expect these populations
to have increased genetic variability accumulated over time. Conversely, accessions can only be referred to as
clones where they comprise largely identical material linking back to the original isolate consisted of a single
colony.

Strain; the term “strain” is central in microbiology, and had originally a largely taxonomic meaning, referring to
"descendants of a single isolate maintained as a pure culture, derived from an initial single colony (Dijkshoorn
et al,, 2000). However, the term is also commonly used in a slightly broader context as referring to “an isolate
or group of isolates that can be distinguished from other isolates of the same genus and species by
phenotypic characteristics or genotypic characteristics or both” (Tenover et al., 1995). In the latter definition,
isolates are not necessarily pure in genetic terms (Dijkshoorn et al., 2000). The former definition, despite
lacking emphasis on asexual reproduction, is essentially a synonym for a “clone” and consequently is often
used in duckweed research and applications. However, due to the potential for ambiguity, this term is not a
preferred choice that we would recommend.

Line: The term “line” is commonly used in cell and microbial biology. The original concept of the “pure line”
(Johannsen, 1903) described all individuals originating from a single self-fertilizing individual. Thus, the
concept of a line originally related to sexually reproducing organisms, and members of a line would not
necessarily be genetically identical. Over time, the term has become synonymous with a “cell line”, a
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permanently established cell culture that will proliferate indefinitely under the right culture conditions
(Mittwoch, 2002). Given the ambiguity of the meaning of the word “line”, this term seems largely inappropriate
for most current duckweed research. It could be properly used in the future for duckweed cell culture
populations that originate from single cells.

Clone: The term clone has its origin in the field of botany, and was applied to describe vegetative propagation
of plants through runners, tubers, suckers, cuttings and so on. Thus, the term refers to the collective off-spring
or duplication of plants asexually reproduced from one individual (Webber, 1903). However, the simple clarity
of this concept is increasingly blurred by the use of the term clone in other fields of research. For example,
‘clones” can refer to homozygous sexual offspring of selfing species, to asexual offsprings of apomictic plant
species, to plant cell lines that originate from a single somatic cell and which can be used to regenerate
entirely new organisms, as well as to the multiplication of strands of DNA (i.e. “gene cloning”; Mittwoch, 2002).
However, in duckweed research the term “clone” is commonly, and appropriately, used in accordance with the
original meaning, i.e. to describe the asexually reproduced individuals from a single isolate collected in the wild.
Critical for the correct use of this definition is that the original isolate comprised a single frond/ colony
(sometimes also called cluster).

In summary, we recommend the term “clone” if the origin is clearly traced back to a single frond. As a colony is
defined as a cluster of plants (mother plant plus daughter fronds plus next generations of fronds) originating
from the same mother plant and still connected by stipes, the cultivation of a frond or colony will result in a
clonal population. When, however, e.g. in ecological investigations the starting material is a natural population
of duckweed fronds, then the term clone cannot be used as it has been shown that natural populations can
consist of a mixture of several clones (Bog et al., 2022). Here, we suggest the simpler term “sample”.

When authors just mention the species without identifying and/or characterizing the clone, the results won't
necessarily be reproducible by other researchers due to natural variations — and this is not in agreement with
the rules of good scientific practice. Knowing the significance of clones from the same species, what can we
do to label these in order to minimize confusion?

During his post-doc stay in the US between 1953-1955, Elias Landolt (1926 — 2013) expanded an existing plant
collection with his collection of duckweeds using a four-digit numbering system that was already being used,
thus starting with duckweed samples from approximately number 6500 (Appenroth et al., 2023). At the first
International Conference on Duckweed Research and Applications in 2011 in Chengdu, China, the participants
recommended to continue using the four-digit label system of Landolt (Zhao et al., 2012). Elias Landolt agreed
and supported this decision. This was done successfully for some years and the Rutgers Duckweed Stock
Cooperative (RDSC; Director Eric Lam) coordinated the registration of clones. Fortunately, the duckweed
community have developed very well, supported by the biennial international duckweed conferences (Olah et
al., 2023) and the quarterly published newsletter Duckweed Forum. The capacity of the RDSC as well as the
four digit-system (reaching 9932) approached slowly their limits. In response, the ISCDRA decided to modify
the Landolt numbering requirement (Appenroth et al.,, 2019; Lam et al,, 2020a). The mandatory registration at
the RDSC was stopped and each “private” stock collection was asked to develop a labelling system consisting
of two or three letters indicating the particular stock collection, followed by three or four digits to label the
clone.

Some stock collections have internal running numbers. We ask authors not to use these running numbers in
publications if the clones used already have a Landolt number as the former have only internal significance
while the Landolt numbers have broader usage and thus should take precedence over other naming systems
in order to minimize confusion as well as to facilitate comparison of data across laboratories. Instead, we
recommend urgently to use the Landolt numbering system or the revised Landolt humbering system as
described in the following, whenever possible. This system only works when it is known and used by all
duckweed researchers. Therefore, we inserted in one issue of the Duckweed Forum a Table with this
information (Lam et al.,, 2020b). A few examples are here:

BOGxxxx: Manuela Bog, Collection University of Greifswald, Germany; four digits
ELxxx: Eric Lam, Rutgers University, Rutgers Duckweed Stock Cooperative, USA, two letters, three digits
Udxxxx: Viktor Olah, University of Debrecen, Hungary; two letters (University), four digits.

This table needs regular updates. We ask therefore all readers who may keep a private or open duckweed
collection to send relevant information (director of the stock collection with email address, affiliation, used
abbreviation for clones, available clones with the four-digit labelling, number of clones with individual labelling
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as described above) to us so that we could share this information with the community at-large via regular
update in the Duckweed Forum.

References

APG: The Angiosperm Phylogeny Group (APG) (1998) An ordinal classification for the families of flowering plants.
Ann. Missouri Bot. Gard. 85: 531-553.

Appenroth, K.J., Sree, K.S., Lam, E. (2019) Discussion Forum: Registration of duckweed clones/strains. Duckweed
Forum 7: 163-164.

Appenroth, K.J., Sree, K.S,, Lam, E. (2023) Elias Landolt (1926 — 2013), father of modern duckweed research.
Duckweed Forum 11: 47-54.

Bog, M., Appenroth, K.J., Schneider, P, Sree, K.S. (2022). Intraspecific diversity in aquatic ecosystems: Comparison
between Spirodela polyrhiza and Lemna minor in natural populations of duckweed. Plants 11: 968.

Bog, M., Appenroth, K.J., Sree, K.S. (2020a) Key to the determination of taxa of Lemnaceae: an update. Nordic
Journal of Botany e02658.

Bog, M.; Sree, K.S; Fuchs, J.; Hoang, PT.N.; Schubert, |.; Kuever, J.; Rabenstein, A.; Paolacci, S.; Jansen, M.AK;;
Appenroth, K.J. (2020b) A taxonomic revision of Lemna sect. Uninerves (Lemnaceae). Taxon 69: 56—66.

Braglia, L., Lauria, M., Appenroth, K.J., Bog, M., Breviario, D., Grasso, A. Gavazzi, F., Morello, L. (2021a) Duckweed
species genotyping and interspecific hybrid discovery by tubulin-based polymorphism fingerprinting. Frontiers in Plant
Science 12:625670.

Braglia, L., Breviario, D., Giani, S., Gavazzi, F., de Gregori, J., Morello, L. (2021b) New insight into interspecific
hybridization in Lemna L. Sect. Lemna (Lemnaceae Martinov). Plants 10: 2767.

Braglia, L., Ceschin, S,, lannelli, M.A., Bog, M., Fabriani, M., Frugis, G., Gavazzi, F, Giani, S., Mariani, F,, Muzzi, M.,
Pelella, E., Morello, L. (2024) Characterization of the cryptic interspecific hybrid Lemna x mediterranea by an integrated
approach provides new insights into duckweed diversity. Journal of experimental Botany 75: 3092-3110.

Cusimano, N.; Bogner, J.; Mayo, S.J.; Boyce, PC.;Wong, S.Y,; Hesse, M.; Hetterscheid,W.L.; Keating, R.C.; French,
J.C. (2011) Relationships within the Araceae: Comparison of morphological patterns with molecular phylogenies. American
Journal of Botany 98, 654-668.

Dijkshoorn, L., Ursing, B.M. and Ursing, J.B. (2000) Strain, clone and species: Comments on three basic concepts
of bacteriology. Journal of Medical Microbiology, 49: 397-401.

Gregor, J.W. (1956) Adaptation and ecotypic components. Proceedings of the Royal Society of London. Series B-
Biological Sciences 145: 333-337.

International Code of Nomenclature for Algae, Fungi, and Plants (Shenzhen Code); Wiersema, J.H.; Turland, N.J;
Barrie, FR.; Greuter,W.; Hawksworth, D.L.; Herendeen, PS.; Knapp, S.; KusberW.-H.; Li, D.-Z.; Marhold, K; et al. (Eds.) (2018)
International Association for Plant Taxonomy: Bratislava, Slovakia; Appendices [-VII.

Johannsen, Q. (1903) Ueber Erblichkeit in Populationen und in reinen Linien. Ein Beitrag zur Beleuchtung
schwebender Selektionsfragen, Jena Fischer, 1903, p. 9.

Kuehdorf, K., Jetschke, G., Ballani, L., Appenroth, K.J. (2014) The clonal dependence of turion formation in the
duckweed Spirodela polyrhiza 0 an ecogeographical approach. Physiology Plant 150: 46-54.

Lam, E., Appenroth, K.J., Ma, Y, Shoham, T, Sree. K.S. (2020a) Discussion Forum: Registration of duckweed
clones/ strains - Suggestions by the ISCDRA. Duckweed Forum 8:6-7.

Lam, E., Appenroth, K.J., Ma, Y., Shoham, T, Sree. K.S. (2020b) Registration of duckweed clones/ strains — Future
Approach. Duckweed Forum 8: 35 -37.

Les, D. H., and Crawford, D. J. (1999). Landoltia (Lemnaceae) a new genus of duckweeds. Novon 9: 530-533.
Martinov, I. (1820) Techno-Botanical Dictionary (TexHo-BoTaHnyeckuit Cnosapsb); Pechashano v Imperatorskoi Tipografii:
Saint Petersburg, Russia.

Mittwoch, U. (2002) “Clone”: the history of a euphonious scientific term. Medical History 46: 381-402.

Naumann, B., Eberius, M., Appenroth, K.J. (2007) Growth rate based dose-response relationships and EC-values of
ten heavy metals using the duckweed growth inhibition test (ISO 20079) with Lemna minor L. clone St. Journal of Plant
Physiology 164: 1656—-1664.

Olah, V., Appenroth K.J., Lam, E., Sre, K.S. (2023) Sixth International Conference on Duckweed Research and
Applications presents Lemnaceae as a model plant system in the genomics and postgenomics era. Plants 12: 2134.

Sree, K.S,, Sudakaran, S., Appenroth, K.J. (2015a) How fast can angiosperm grow? species and clonal diversity of
growth rates in the genus Wolffia (Lemnaceae). Acta Physiologiae Plantarum 37: 204.

Sree, K.S,, Adelmann, K., Garcia, C., Lam, E., Appenroth. K.J. (2015b) Natural variance in salt tolerance and
induction of starch accumulation in duckweeds. Planta 241: 1395-1404.

Sree, K.S.,, Bog, M., Appenroth, K.J. (2016) Taxonomy of duckweeds (Lemnaceae), potential new crop plants.
Emirate Journal of Food and Agriculture 28: 291-302.

Tenover, F.C., Arbeit, R.D., Goering. R.V. et al. (1995) Interpreting chromosomal DNA restriction patterns produced
by pulsed-field gel electrophoresis: Criteria for bacterial strain typing. Journal of Clinical Microbiology 33: 2233-2239.

Tippery, N.P, Les, D.H., Appenroth, K.J,, Sree, K.S., Crawford, D.J., Bog, M. (2021) Lemnaceae and Orontiaceae are
phylogenetically and morphologically distinct from Araceae. Plants 10: 26309.

Turesson, G. (1922) The species and the variety as ecological units. Hereditas 3: 100-113.

Webber, H.J. (1903) New horticultural and agricultural terms. Science 18: 501-503.

vol 12 (3), page 93 of 117



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

WIEWS (2019) World Information and Early Warning System on Plant Genetic Resources for Food and Agriculture.
FAO: Rome, Italy.

Zhao, H., Appenroth, K.J., Landesman, L., Salmean, A.A, Lam, E. (2012) Duckweed rising at Chengdu: Summary of
the 1% International Conference on Duckweed Application and Research. Plant Mololecular Biology 78: 627-632.

Ziegler, P, Adelmann, K, Zimmer, S, Schmidt, C., Appenroth, K.J. (2015) Relative in vitro growth rates of
duckweeds (Lemnaceae) - the most rapidly growing higher plants. Plant Biology 17: 33-41.

vol 12 (3), page 94 of 117



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

Request for applications to
host ICDRA - 2026

In order to identify the best venue possible for the next meeting of the ICDRA, applications from interested
institutions/organizations are requested to be sent to one or more members of the ISCDRA by 15" September,
2024.

The applications should briefly introduce the proposed venue, its benefit/attractions, relevance to duckweed
research and/or applications, and the responsible organizer’s credentials as well as experience. The list of all
applications will be sent out to the community in the October, 2024 issue of “Duckweed Forum’ before the 7™
ICDRA and decision by popular vote of the attendees will be made during the “General Assembly” at the end of
the conference in Bangkok, Thailand in November, 2024.
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Characterization of the cryptic interspecific hybrid Lemna x
mediterranea by an integrated approach provides new insights into
duckweed diversity

Braglia, L; Ceschin, S; lannelli, MA,; Bog, M, Fabriani, M; Frugis, G; Gavazzi, F; Giani, S; Mariani, F;, Muzzi, M;
Pelella, E; Morello, L. Journal of Experimental Botany (2024) 75: 3092-3110.

Lemnaceae taxonomy is challenged by the particular morphology of these tiny free-floating angiosperms.
Although molecular taxonomy has helped clarify the phylogenetic history of this family, some inconsistency
with morphological data leads to frequent misclassifications in the genus Lemna. Recently, the finding that
Lemna japonica is an interspecific hybrid between Lemna minor and Lemna turionifera provided a clear
explanation for one such taxonomic question. Here we demonstrated that L. minor is also capable of
hybridizing with Lemna gibba, generating a cryptic but widespread taxon in the Mediterranean area. The
nothotaxon Lemna x mediterranea is described and compared with clones of the putative parental species L.
minor and L. gibba. Genetic analysis by nuclear and plastid markers, as well as genome size measurement,
revealed that two different cytotypes, diploid and triploid, originated by at least two independent hybridization
events. Despite high overall similarity, morphometrical, physiological, and biochemical analyses showed an
intermediate position of L. x mediterranea between its parental species in most qualitative and quantitative
characters, and also separation of the two hybrid cytotypes by some criteria. These data provide evidence that
hybridization and polyploidization, driving forces of terrestrial plant evolution, contribute to duckweed genetic
diversity and may have shaped the phylogenetic history of these mainly asexual, aquatic plants.

Streamlined spatial and environmental expression signatures
characterize the minimalist duckweed Wolffia australiana

Denyer, T.; Wu, P-J.; Colt, K;; Abramson, B.; Pang, Z.; Solansky, P; Mamerto, A.; Nobori, T.; Ecker, J.; Lam, E;
Michael, T.P; Timmermans, M. Genome Research (2024) DOI10.1101/gr.279091.124

Single-cell genomics permits a new resolution in the examination of molecular and cellular dynamics, allowing
global, parallel assessments of cell types and cellular behaviors through development and in response to
environmental circumstances, such as interaction with water and the light-dark cycle of the Earth. Here, we
leverage the smallest, and possibly most structurally reduced plant, the semi-aquatic Wolffia australiana to
understand dynamics of cell expression in these contexts at the whole plant level. We examined single cell
resolution RNA sequencing data, and found Wolffia cells divide into four principal clusters representing the
above and below water-situated parenchyma and epidermis. While these tissues share transcriptomic
similarity with model plants, they display distinct adaptations that Wolffia has made for the aquatic
environment. Within this broad classification, discrete subspecializations are evident with select cells showing
unique transcriptomic signatures associated with developmental maturation and specialized physiologies.
Assessing this simplified biological system temporally at two key time-of-day (TOD) transitions, we identify
additional TOD-responsive genes previously overlooked in whole plant transcriptomic approaches and
demonstrate that the core circadian clock machinery and its downstream responses can vary in cell-specific
manners, even in this simplified system. Distinctions between cell types and their responses to submergence
and/or TOD are driven by expression changes of unexpectedly few genes, characterizing Wolffia as a highly
streamlined organism with the majority of genes dedicated to fundamental cellular processes. Wolffia
provides a unigue opportunity to apply reductionist biology to elucidate signaling functions at the organismal
level, for which this work provides a powerful resource.
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Population genomics and epigenomics of Spirodela polyrhiza provide
insights into the evolution of facultative asexuality

Wang, YZ; Duchen, P; Chavez, A, Sree, KS; Appenroth, KJ; Zhao, H; Hofer, M; Huber, M; Xu, SQ. Communicatons
Bioloy (2024) 7: 581.

Many plants are facultatively asexual, balancing short-term benefits with long-term costs of asexuality. During
range expansion, natural selection likely influences the genetic controls of asexuality in these organisms.
However, evidence of natural selection driving asexuality is limited, and the evolutionary consequences of
asexuality on the genomic and epigenomic diversity remain controversial. We analyzed population genomes
and epigenomes of Spirodela polyrhiza, (L.) Schleid., a facultatively asexual plant that flowers rarely, revealing
remarkably low genomic diversity and DNA methylation levels. Within species, demographic history and the
frequency of asexual reproduction jointly determined intra-specific variations of genomic diversity and DNA
methylation levels. Genome-wide scans revealed that genes associated with stress adaptations, flowering and
embryogenesis were under positive selection. These data are consistent with the hypothesis that natural
selection can shape the evolution of asexuality during habitat expansions, which alters genomic and
epigenomic diversity levels.

Alternating wet and dry irrigation cycles enhance the nitrogen "cache”
function of duckweed in a rice-duckweed system

Liu, WX; Xu, JZ; Li, YW; Liu, XY; Gao, N; Ahmed, Z; Peng, YH; Liang, H; Jiang, QJ; He, Y. Agriculture Ecosystems &
Environment (2024) 369: 109044.

In continuously-flooded paddies, the small, fast-growing aquatic plant duckweed (Lemna minor L.) considered
to compete with rice for nitrogen, thereby having a negative impact on early rice growth. While duckweed
overpopulation was known can be effectively overcome through field water management, the influence of such
management on the N fate and its use efficiency in rice-duckweed systems is poorly documented. Accordingly,
a three-year (2020-2022) field experiment was conducted to examine the combined impact on rice yield, as
well as N loss and utilization, of two water management approaches (flood irrigation, Fl vs . alternate wetting
and drying irrigation, AWD), factorially combined with two rice production systems (rice-duckweed, +D, vs.
duckweed-free rice, -D). In AWD+D fields, the density of duckweed generally remained below 250 g m™? (about
85 % coverage), whereas in FI+D fields it reached 100 % coverage (300 g m?) within 5 days after transplanting,
with individual duckweeds overlapping one another. Following AWD irrigation, duckweed performed as a
nitrogen "cache," akin to a split fertilizer application, with the first of several splits occurring at the rice crop's
early tillering stage. Within the first 2 days of a specific wet - dry cycle, duckweed can store 0.5-1.5g N m? and
then, within a further 3 days, release 0.3-1.0 g N m™? In contrast, in FI+D paddies, this caching function
occurred once under midseason drainage, with further N being stored in the duckweeds during the remaining
rice production season. As a result, at harvest the 0-0.10 m soil layer's N level increased significantly (p<0.05)
in both FI+D (8.5-16.8 %) and AWD+D (14.9-20.8 %) compared to FI-D and AWD-D, respectively. Due to the
coverage and storage - release function of duckweed, apparent N loss decreased in rice-duckweed system by
1.4-12.5 % in the FI field and 22.1-31.3 % in the AWD field compared to their respective duckweed-free
systems. In FI fields, except for a 10 % relative reduction in nitrogen recovery efficiency (NRE) in 2020,
duckweed didn't significantly affect rice yield or NRE. The yield reduction (3.5-6.7 %) and the NRE increase (0.8-
7.4 %) under AWD-D (vs . FI-D) was, in the presence of duckweed, compensated for and overrun, resulting in a
greater vyield (5.3-6.7 %) and NRE (5.4-28.9 %) in the AWD+D vs. AWD-D field. When duckweed was present,
AWD irrigation improved the by-path nitrogen cycling through duckweed, making the AWD+D system more
beneficial for rice cultivation and the agroecosystem's environment health. The AWD+D system offers a
promising measure for building an efficient and sustainable rice-duckweed agroecosystem.
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Stimulatory effect of an extract of Lemna minor L. in protecting maize
from salinity: A multifaceted biostimulant for modulating physiology,
redox balance, and nutrient uptake

Priolo, D; Tolisano, C; Ballerini, E; Brienza, M; Del Buono, D. Agriculture (2024) 14: 705.

Water and soil salinization significantly reduce crop yields. Among the strategies developed to counteract salt
stress, biostimulants can maintain crop productivity, reversing its impact. In this context, there is interest in
finding new substances that could act as biostimulants. Recently, the biostimulatory potential of Lemna minor
L. (duckweed) extracts has been shown. This work aimed to highlight whether an extract from duckweed
(Lemna extract-LE) could protect maize grown in salinity, exploring the mechanisms induced to improve crop
resistance. Plants were grown by applying two concentrations of NaCl (150 and 300 mM), and some
physiological, morphological, and biochemical traits were studied in control and salt-stressed samples, treated
or not with LE. Salinity decreased shoots, roots, pigment, and soluble protein. LE prompted ameliorative
changes at the root level and increased photosynthetic pigment and soluble protein. Furthermore, concerning
the oxidative impairment provoked by salt stress, LE enhanced the cellular redox state, contrasting H,0, and
MDA accumulation and positively affecting the activity of superoxide dismutase (SOD-EC 1.15.1.1) and
catalase (CAT-EC 1.11.1.6). The assessment of some mineral nutrients showed that LE stimulated their
acquisition, especially for the highest salt dosage, explaining some benefits found for the parameters
investigated.

Insight into the biostimulant effect of an aqueous duckweed extract on

tomato plants
Priolo, D; Tolisano, C; Brienza, M; Del Buono, D. Agriculture (2024) 14: 808.

Agricultural systems must improve their sustainability and productivity to meet the growing global demand for
food. A cost-effective and sustainable way is the development of biostimulants from plants rich in bioactive
compounds. This study aimed to test an aqueous extract from Lemna minor L. (duckweed) on tomato plants
at different concentrations (LE-0.1, 0.5 and 1.0%-weight/volume, w/v). Photosystem | and Il activity, linear
electron flow (LEF), electrochemical gradient across the thylakoid membrane (ECSt), shoot biomass
production, root phenotyping, pigment and metabolite content were studied. LE improved many of these traits,
with LE 0.5% being the most effective dosage. Compared to the untreated samples, LE significantly stimulated
photosystems to use light energy while reducing the amount lost as heat (PhiNPQ and NPQt) or potentially
toxic to chloroplasts (PhiNO). These results were supported by the improved shoot biomass production
(number of leaves and fresh and dry weight) and root traits (number of tips, surface, volume and fresh and dry
weight) found for LE-treated samples compared to untreated controls. Finally, the study highlighted that LE
increased pigment and flavonoid contents. In conclusion, the research indicates that this species can be an
effective and eco-friendly tool to stimulate beneficial responses in tomato.

An ecological weed control strategy in paddy fields: Light interception
from duckweed mulching
Xu, SH; Wang, F; Ding, YL; Liu, WC; Lan, YY; Jia, QQ; Sun, P; Sha, ZM. (2024) Agronomy 14: 670.

Rice-duckweed coculturing as an advanced technique has proven effective for weed control. However, the
complex environmental interactions underlying its effectiveness remain unclear. In this study, a controlled pot
experiment was conducted to isolate the shading effect of duckweeds (Landoltia punctata and Spirodela
polyrhiza) from their intricate environmental interactions with paddy weeds (Cyperus difformis, Eclipta
prostrata, and Ammannia auriculata). The results revealed that as the duckweeds grew, there were notable
decreases in total weed density (52.41-77.01%) and biomass (42.33-99.23%) while rice biomass remained
unaffected. Duckweed covering allowed less than 8.64% of light to pass through and led to decreases in
environmental temperature, pH, and dissolved oxygen concentration in the floodwater, but had little impact on
inorganic nitrogen levels. Through screening with random forest analysis and structural equation modelling, it
was found that weed density and biomass were predominantly influenced by the reduced light transmittance
(54.1% and 77.2%, p 2 0.007) resulting from duckweed covering while the decline in dissolved oxygen content
partly influenced weed density (18%). In conclusion, this study's results bring a different perspective,
confirming the sunlight-shading effect of duckweed as a critical mechanism significantly inhibiting the
germination and growth of weeds. These findings provide a scientific basis for the improved application of
ecological weed control methods in paddy fields.
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Characterization of bioactive metabolites and antioxidant activities in
solid and liquid fractions of fresh duckweed ( Wol/ffia globosa) subjected
to different cell wall rupture methods

Yadav, NK; Patel, AB; Debbarma, S; Priyadarshini, MB; Priyadarshi, H. ACS Omega (2024) 9: 19940-19955.

Fresh Wolffia globosa, the smallest flowering plant well-known for its favorable nutrient composition and rich
content of bioactive compounds, was subjected to boiling, freeze-thawing, and mechanical crushing to reduce
its excessive (95-96%) moisture level and consequent drying time. The resultant three Wolffia matrixes were
filtered through a plankton net to fractionate into the residue and the filtrate. The proximate composition,
bioactive metabolites, antioxidant activity, and characterization of bioactive metabolites by
LC-ESI-QTOF-MS/MS and Fourier transform infrared spectroscopy were made from oven-dried residues and
filtrates. Among residues, crude protein (29.84%), crude lipid (5.77%), total carotenoids (TCC; 722.8 ug/g), and
vitamin C (70.02 mg/100 g) were the highest (p < 0.05) for freeze-thawing against higher ash (7.99%), total
phenolic content (TPC; 191.47 mg GAE g dry weight), total flavonoid content (TFC; 91.54 mg QE g(-1) dry
weight), DPPH activity (47.46%), and ferric reducing antioxidant power (FRAP) activity (570.19 pmol FeSO,
equiv/mg) for the crushed counterpart and Chl-b in residues from boiling. No significant variation was evident
in the total tannin content (TTC). Among filtrates, higher total phenolic content (773.29 mg GAE g™ dry weight),
TFC (392.77 mg QE g™ dry weight), TTC (22.51 mg TAE g"), and antioxidant activity as DPPH activity (66.46%)
and FRAP (891 umol FeS0, equiv/mg) were evident for boiling, while that from crushing exhibited the highest
TCC (1997 pg/g DM). LC-ESI-QTOF-MS/MS analysis identified 72 phenolic compounds with the maximum in
residue (33) and filtrate (33) from freeze-thawing, followed by crushing (18 and 19) and boiling (14 and 13) in
order, respectively. The results indicated that the predrying cell rupturing method significantly impacted
guantitative, as well as qualitative compositions of residues and filtrates from fresh Wolffia.

Cellulose nanocrystals and lignin nanoparticles extraction from Lemna
minor L.: Acid hydrolysis of bleached and ionic liquid-treated iomass

Puglia, D; Luzi, F; Tolisano, C; Rallini, M; Priolo, D; Brienza, M; Costantino, F; Torre, L; Del Buono, D. Polymers
(2024) 16: 1395.

Using biomass to develop and obtain environmentally friendly and industrially applicable biomaterials is
increasingly attracting global interest. Herein, cellulose nanocrystals (CNCs) and lignin nanoparticles (LNPs)
were extracted from Lemna minor L., a freshwater free-floating aquatic species commonly called duckweed.
To obtain CNCs and LNPs, two different procedures and biomass treatment processes based on bleaching or
on the use of an ionic liquid composed of triethylammonium and sulfuric acid ([TEA][HSO4]), followed by acid
hydrolysis, were carried out. Then, the effects of these treatments in terms of the thermal, morphological, and
chemical properties of the CNCs and LNPs were assessed. The resulting nanostructured materials were
characterized by using Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD) spectroscopy,
thermo-gravimetric analysis (TGA), and scanning electron microscopy (SEM). The results showed that the two
methodologies applied resulted in both CNCs and LNPs. However, the bleaching-based treatment produced
CNCs with a rod-like shape, length of 100-300 nm and width in the range of 10-30 nm, and higher purity than
those obtained with ILs that were spherical in shape. In contrast, regarding lignin, IL made it possible to obtain
spherical nanoparticles, as in the case of the other treatment, but they were characterized by higher purity and
thermal stability. In conclusion, this research highlights the possibility of obtaining nanostructured biopolymers
from an invasive aquatic species that is largely available in nature and how it is possible, by modifying
experimental procedures, to obtain nanomaterials with different morphological, purity, and thermal resistance
characteristics.

vol 12 (3), page 99 of 117



Sulfamethoxazole removal and fuel-feedstock biomass production from
wastewater in a phyto-Fenton process using duckweed culture

Toyama, T, Kobayashi, M; Rubiy, A; Morikawa, M; Mori, K. Chemosphere (2024) 361: 142592.

The phyto-Fenton process, which generates hydroxyl radicals through Fenton and Fenton-like reactions using
plant-derived hydrogen peroxide (H,0,) and ferrous iron (Fe (I1)) can degrade organic pollutants. Duckweed, an
aquatic plant, is promising for a co-beneficial phytoremediation process that combines wastewater treatment
and biomass production for biofuel feedstock. However, the phyto-Fenton process using duckweed has not
been extensively studied. Because sulfamethoxazole (SMX), a major antibiotic, is distributed widely and is an
emerging contaminant, its effective removal from contaminated water is necessary. The present study
investigated the possibility of the simultaneous efficient removal of SMX from polluted water and biomass
production for fuel feedstock by the phyto-Fenton process using duckweed. This is the first attempt to
demonstrate the co-benefits of SMX removal and biomass production using duckweed. Intracellular H,0, was
produced using four duckweeds, Lemna aequinoctialis, L. minor, Landolina punctata, and Spirodela polyrhiza,
in the range of 16.7-24.6 ymol g fresh weight, and extracellular H,0, was released into the water phase.
Consequently, duckweed could be used as an H,0, supply source for the phyto-Fenton process. Specifically,
0.5 g fresh duckweed almost completely eliminated Tmg L SMX after 5d in 50 mL sterile modified Hoagland
solution containing 10mM Fe (II). Fe (Il)-dependent elimination of SMX indicated the occurrence of phyto-
Fenton reaction. The phyto-Fenton process using duckweed effectively removed SMX. S. polyrhiza duckweed
similarly removed Tmg L' SMX even in sewage effluent containing other organic contaminants. During this
treatment, duckweed biomass was generated at 7.95g dry weight m? d”', which was converted into methane at
353 normal liters CH, kg' volatile solids by anaerobic digestion. For the first time, this study clearly
demonstrates the potential for simultaneous SMX removal and biomass production from SMX-contaminated
wastewater using duckweed.

An ionic liquid-based biorefinery approach for duckweed utilization
Firth, AEJ; Nakasu, PYS; Fennell, PS; Hallett, JP. ACS Sustainable Resource Management (2024) 1: 842-856.

This study establishes a foundation for the ionic liquid (IL) pretreatment of duckweed biomass. An optimized
IL-based process was designed to exploit the unique properties of duckweed including efficient metal removal,
potential starch accumulation, and protein accumulation. Two ILs, namely, dimethylethanolammonium
formate ([DMEtA][HCOQ]) and N,N-dimethylbutylammonium hydrogen sulfate ([DMBA][HSO.]), were
investigated for the pretreatment of two duckweed species (Spirodela polyrhiza and Lemna minor). The
evaluation focused on starch recovery, sugar release, protein recovery, and metal extraction capabilities.
[DMEtA][HCOO] demonstrated near-quantitative starch recoveries at 120 °C, while [DMBA][HS04] showed
similar performance at 90 °C within a reaction time of 2 h. Saccharification yields for most pulps exceeded
90% after 8 h of hydrolysis, outperforming "traditional" lignocellulosic biomasses such as miscanthus or
sugarcane bagasse. Approximately 50 and 80 wt % of the protein were solubilized in [DMEtA][HCOO] and
[DMBA][HSO,), respectively, while the remaining protein distributed between the pulp and lignin. However, the
solubilized protein in the IL could not be recovered due to its low molecular weight. Regarding metal extraction,
[DMEtA][HCOO] demonstrated higher efficiency, achieving 81% removal of Ni from Lemna minor's pulps,
whereas [DMBA][HSO,] extracted only 28% of Ni with slightly higher pulp concentrations. These findings
indicate the need for further optimization in concurrent metal extraction using ILs.

A novel multitrophic biofloc technology for duckweed and Megalobrama
amblycephala integrated culture: Improving nutrient utilization and
animal welfare

Guo, Y; Liu, W; Xiao, D; Zhang, S; Li, Z; Luo, K; Luo, G; Tan, H. The Science of the Total Environment 934: 1732309.

Biofloc technology (BFT) is an eco-friendly aguaculture model that utilizes zero-exchange water. In this study,
we investigated the integration of duckweed into BFT in an effort to enhance nitrogen, phosphorus, and carbon
utilization and to improve animal welfare for cultivating. The experiment spanned 75 days, comparing a group
of M. amblycephala supplemented with duckweed (DM) to a control group (CG) with no supplementation,
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where duckweed consumption relied solely on the feeding behavior of the fish. The concentrations of nitrate,
total nitrogen, and phosphorus accumulation were lower in the DM than in the CG from day 45 onwards, with
differences of 16.19, 26.90, and 1.45 mg/L, respectively, at the end of the experiment. The DM showed
simultaneous increases of 5.77, 11.20, and 5.07% in the absolute utilization of nitrogen, phosphorus, and
carbon, respectively. The abundance of TM7a (10.27%), linked to nitrate absorption, became the dominant
genus in the water of the DM. Additionally, the abundance of Cetobacterium, associated with carbohydrate
digestion, was significantly higher in gut of the DM (23.83%) than in the gut of CG (1.24%, P<0.05).
Supplementing the diet of M. amblycephala with duckweed improved digestion and antioxidant enzyme
activity. Transcriptome data showed that duckweed supplementation resulted in an increase in the expression
of genes related to protein digestion and absorption and carbohydrate metabolism in M. amblycephala, and
analysis of the significantly enriched pathways further supported improved antioxidant capacity. Based on the
above results, we concluded that as M. amblycephala consumes more duckweed, the differences in nitrogen
and phosphorus levels between the DM and CG would continue to increase, along with a simultaneous
increase in fixed carbon. Thus, this study achieved the goal of recycling BFT resources and improving animal
welfare by integrating duckweed.

Tiny amphibious insects use tripod gait for traversal on land, water, and
duckweed

O'Neil, JN; Yung, KL; Difini, G; Walker, H; Bhamla, MS. Integrative and Comparative Biology (2024)
DOI10.1093/icb/icae078.

Insects exhibit remarkable adaptability in their locomotive strategies in diverse environments, a crucial trait for
foraging, survival, and predator avoidance. Microvelia americana, tiny 2-3mm insects that adeptly walk on
water surfaces, exemplify this adaptability by using the alternating tripod gait in both aquatic and terrestrial
terrains. These insects commonly inhabit low-flow ponds and streams cluttered with natural debris like leaves,
twigs, and duckweed. Using high-speed imaging and pose-estimation software, we analyze M. americana
movement on water, sandpaper (simulating land), and varying duckweed densities (10%, 25%, and 50%
coverage). Our results reveal M. americana maintain consistent joint angles and strides of their upper and hind
legs across all duckweed coverages, mirroring those seen on sandpaper. M. americana adjust the stride length
of their middle legs based on the amount of duckweed present, decreasing with increased duckweed coverage
and at 50% duckweed coverage, and their middle legs' strides closely mimic their strides on sandpaper.
Notably, M. americana achieve speeds up to 56 body lengths per second on the deformable surface of water,
nearly double those observed on sandpaper and duckweed which are rough, heterogeneous surfaces. This
study highlights M. americana's ecological adaptability, setting the stage for advancements in amphibious
robotics that emulate their unique tripod gait for navigating complex terrains.

Preliminary studies of selected Lemna species on the oxygen production
potential in relation to some ecological factors

Sender, J; Rézanska-Boczula, M. Peerd (2024) 12: e17322.

Dissolved oxygen is fundamental for chemical and biochemical processes occurring in natural waters and
critical for the life of aquatic organisms. Many organisms are responsible for altering organic matter and
oxygen transfers across ecosystem or habitat boundaries and, thus, engineering the oxygen balance of the
system. Due to such Lemna features as small size, simple structure, vegetative reproduction and rapid growth,
as well as frequent mass occurrence in the form of thick mats, they make them very effective in oxygenating
water. The research was undertaken to assess the impact of various species of duckweed (L. minor and L.
trisulca) on dissolved oxygen content and detritus production in water and the role of ecological factors (light,
atmospheric pressure, conductivity, and temperature) in this process. For this purpose, experiments were
carried out with combinations of L. minor and L. trisulca. On this basis, the content of oxygen dissolved in
water was determined depending on the growth of duckweed. Linear regression models were developed to
assess the dynamics of changes in oxygen content and, consequently, organic matter produced by the Lemna.
The research showed that the presence of L. trisulca causes an increase in dissolved oxygen content in water.
It was also shown that an increase in atmospheric pressure had a positive effect on the ability of duckweed to
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produce oxygen, regardless of its type. The negative correlation between conductivity and water oxygenation,
obtained in conditions of limited light access, allows us to assume that higher water conductivity limits oxygen
production by all combinations of duckweeds when the light supply is low. Based on the developed models, it
was shown that the highest increase in organic matter would be observed in the case of mixed duckweed and
the lowest in the presence of the L. minor species, regardless of light conditions. Moreover, it was shown that
pleustophytes have different heat capacities, and L. trisulca has the highest ability to accumulate heat in water
for the tested duckweed combinations. The provided knowledge may help determine the good habitat
conditions of duckweed, indicating its role in purifying water reservoirs as an effect of producing organic
matter and shaping oxygen conditions with the participation of various Lemna species.

Range expansion risk for a newly established invasive duckweed species
in Europe and Canada

Andrade-Pereira, D; Cuddington, K. Plant Ecology (2024) DOI10.1007/s11258-024-01436-3.

Landoltia punctata is an invasive aquatic plant that has spread across the United States. Unlike native
duckweeds, this species has developed herbicide resistance. As a result, invasion can lead to high
management costs and the loss of recreational areas and natural habitats. The species has been recently
found in Europe, and is also approaching the northern US border with Canada. We predicted the potential
distribution of L. punctata in western Europe and Canada using presence-only data from the Global
Biodiversity Information Facility as well as other literature records. We fit predictive models to this data using a
Maxent approach. Since climate data based on surface lake water conditions are often more relevant to
macrophytes than air temperature metrics, our models included both water and air temperature bioclimatic
variables related to the life history of the species. Model comparisons confirmed a superior fit of lake
temperatures to duckweed distribution records. The best fit model suggests a high habitat suitability for the
species in most Western European countries and Western Canada. A moderate emission scenario suggests
that in 2041 currently compatible areas will still be suitable, and that the Great Lakes region will become
suitable. Preventive measures to avoid future spread of L. punctata are recommended in these locations to
avoid impacts associated with this and similar duckweed species in Europe and the US.

Impact of duckweed (Lemna minor L.) growing in paddy fields on rice
yield and its underlying causes

Jing, LQ; Wang, XK; Zhao, YH; Li, F; Su, Y; Cai, Y; Zhao, FC; Dong, GC; Yang, LX; Wang, YX. (2024) Agronomy 13:
726.

Duckweed growing in paddy fields (DGP) has substantially increased because of the effects of climate
warming and/or eutrophication in irrigated water. Previous studies have primarily focused on investigating the
effects of DGP as a nonchemical agent for enhancing rice productivity on nitrogen utilization in rice paddy
flelds. However, how DGP impacts rice yield remains poorly understood. Therefore, a field experiment with
three representative rice cultivars was conducted to determine the effects of DGP on rice yield, considering
ecological factors, photosynthetic capacity, spectral changes, and plant growth. The results showed that DGP
significantly reduced the pH value by 0.6 and the daily water temperature by 0.6 degrees C, accelerated rice
heading by 1.6 days and increased the soil and plant analyzer development (SPAD) and photosynthetic rate of
leaves by 10.8% and 14.4% on average, respectively. DGP also markedly enhanced the values of various
vegetation indices such as RARSc, MTCI, GCI, NDVI705, Cl, Clrededge, mND(705), SR705, and GM, and the first
derivative curve of the rice canopy reflectance spectrum exhibited a 'red shift' phenomenon upon DGP
treatment. Changes in the aforementioned factors may lead to average increases of 4.7% in plant height,
15.0% in dry matter weight, 10.6% in panicles m?, 2.3% in 1000-grain weight, and ultimately a 10.2% increase in
grain yield. The correlation observed suggested that the DGP-induced enhancement in grain yield can be
achieved by reducing the pH and temperature of the paddy water, thus enhancing the SPAD value and
photosynthesis of leaves and stimulating rice plant growth. These results could offer valuable theoretical
support for the future sustainable development of agriculture and the environment through the biological
synergy between rice and duckweed.
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Lemna minor. Unlocking the Value of This Duckweed for the Food and

Feed Industry

Sosa, D; Alves, FM; Prieto, MA; Pedrosa, MC; Heleno, SA; Barros, L; Feliciano, M; Carocho, M. Foods (2024) 13:
1435.

Duckweed (Lemna minorL.) is a small floating aquatic plant that has an important economic impact in several
industrial areas. With its high biomass production, reasonable protein content, and resilience to several
climates, it has been attracting increasing interest for potential use in animal and human food systems.
Historically consumed in southwest Asia, this duckweed is now gaining attention as a potential novel food in
Europe. This manuscript explores the contributions of duckweed to various food and feed industries, including
aquaculture and livestock, while also pointing out the incipient research carried out for human consumption.
Most importantly, it highlights the potential of Lemna minor as a vegetable for future human consumption
whether eaten whole or through extraction of its nutrients.

Optimization of Hoagland solution macro-elements as a culture media,
for increasing protein content of duckweeds (Lemna minor)

Akyliz, A; Ersus, S. Food Chemistry (2024) 453: 139647.

This study aimed to increase the protein content of duckweed, a promising alternative to animal proteins and a
sustainable source of plant protein cultivated via soilless agriculture, by manipulating the culture medium
conditions (Hoagland solution). The contribution percentages of KH,PO, and Ca(NOs),, pivotal macro-elements
in Hoagland solution affecting duckweed protein content, were determined using Plackett-Burman factorial
design as 33.06 % and 36.61 %, respectively. Additionally, optimization was conducted employing response
surface methodology, incorporating pH alongside KH,PO4 and Ca(NQs),. Under optimal conditions of 3.92 mM
KH,PO,4, 7.95 mM Ca(NQs),, and 7.22 pH, the protein content of duckweed increased significantly, reaching
51.09 % from 39.81 %. The duckweed cultivated in modified Hoagland solution exhibited protein content of
41.74 %, while duckweed grown in commercial Hoagland solution displayed protein content of 33.01 %. This
study showed protein content of duckweed could significantly increase according to the growth medium and
showcasing its potential as a sustainable source of plant protein.

Effect of duckweed-based aquafeeds on feed ingestibility and growth
performance of Gibelion catla

Shafi, J; Waheed, KN; Mirza, ZS; Razaq, S. Pakistan Journal of Zoology (2024) 56: 1109-1115.

The present study was conducted to find viable and economic ingredients for fish feed by evaluating the effect
of partial fish meal replacement with duckweed (Lemna minor) in Gibelion catla feed. Four different
isonitrogenous feeds (with 0, 10, 20 and 30% replacement of fish meal with) were prepared and fed to juvenile
catla for 60 days at the rate of 5% fish biomass. No significant difference (P>0.05) in fish growth parameters
and feed efficiency was observed among the treatments. There was no significant difference in apparent
digestibility coefficient (ADC) of dry matter among treatments. Feed ADC (protein) with duckweed at 30%
inclusion level was significantly lower (P<0.05) compared to the other treatments. There was no significant
difference in muscle composition of fish reared under the four treatments. Results of the present study
showed that duckweed can be used to replace up to 20% of fish meal in feed of cat/a without any negative
effect on fish growth or feed digestibility.

Community interactions among microbes give rise to host-microbiome
mutualisms in an aquatic plant

Laurich, JR; Lash, E; O'Brien, AM; Pogoutse, O; Frederickson, ME. MBIO (2024)
DOI10.1128/mbio.00972-24.
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Microbiomes often benefit plants, conferring resistance to pathogens, improving stress tolerance, or
promoting plant growth. As potential plant mutualists, however, microbiomes are not a single organism but a
community of species with complex interactions among microbial taxa and between microbes and their
shared host. The nature of ecological interactions among microbes in the microbiome can have important
consequences for the net effects of microbiomes on hosts. Here, we compared the effects of individual
microbial strains and 10-strain synthetic communities on microbial productivity and host growth using the
common duckweed Lemna minor and a synthetic, simplified version of its native microbiome. Except for
Pseudomonas protegens, which was a mutualist when tested alone, all of the single strains we tested were
commensals on hosts, benefiting from plant presence but not increasing host growth relative to uninoculated
controls. However, 10-strain synthetic microbial communities increased both microbial productivity and
duckweed growth more than the average single-strain inoculation and uninoculated controls, meaning that
host-microbiome mutualisms can emerge from community interactions among microbes on hosts. The
effects of community inoculation were sub-additive, suggesting at least some competition among microbes in
the duckweed microbiome. We also investigated the relationship between L. minor fitness and that of its
microbes, providing some of the first empirical estimates of broad fitness alignment between plants and
members of their microbiomes; hosts grew faster with more productive microbes or microbiomes.

Antioxidative response of duckweed (Lemna minor L.) to rhizosphere-
associated Pseudomonas strains and exogenous indole-3-acetic acid

Poprzen, T; Jevremovi, S; Milosevic, S; Duric, M; Uzelac, B; Stankovic, S; Radulovic, O. Horticulturae (2024) 10:
562.

Aquatic plants, just like terrestrial plants, are exposed to oxidative stress. However, their responses are still
under-researched. In this study, we examined the physiological and antioxidative responses of an aquatic
plant, duckweed (Lemna minor L)), to four indole-3-acetic acid (IAA)-degrading and -producing Pseudomonas
bacteria (Pseudomonas oryzihabitans D1-104/3, P putida A3-104/5, P gessardii C31-106/3 and P yamanorum
C44-104/1) and/or a supraphysiological level of IAA (10 mg L™). Growth characteristics, total photosynthetic
pigment content, histochemical localization of reactive oxygen species and antioxidant enzyme activity (SOD,
CAT and POX) were evaluated at two time points, after 3 and 7 days of co-cultivation. Superoxide anion and
hydrogen peroxide were produced and accumulated mainly in the roots, daughter fronds and veins of
duckweeds. Duckweeds' responses depended on the strain of Pseudomonas, time and exogenous IAA. Co-
cultivation of duckweed with bacteria has positive or neutral effects. Exogenous application of IAA had a
negative or neutral effect on enzyme activity and other parameters. Co-cultivation with P gessardii C31-106/3
showed plant-growth-promoting effects on duckweed: increased biomass production, modulation of
duckweeds' antioxidant enzymatic activity and reduction in hydrogen peroxide content. This study widens our
knowledge of aquatic plants and their response to oxidative stress, supports the hypothesis that plant growth-
promoting bacteria (PGPB) induce tolerable levels of oxidative stress in plants and introduces a new PGPB
strain, P gessardii C31-106/3.

Trophic interactions in microbiomes influence plant host population size
and ecosystem function

Tan, JQ; Wei, N; Turcotte, MM. Proceedings of the Royal Society B-Biological Sciences (2024) 291: 20240612.
Plant microbiomes that comprise diverse microorganisms, including prokaryotes, eukaryotes and viruses, are
the key determinants of plant population dynamics and ecosystem function. Despite their importance, little is
known about how species interactions (especially trophic interactions) between microbes from different
domains modify the importance of microbiomes for plant hosts and ecosystems. Using the common
duckweed Lemna minor, we experimentally examined the effects of predation (by bacterivorous protists) and
parasitism (by bacteriophages) within microbiomes on plant population size and ecosystem phosphorus
removal. Our results revealed that the addition of predators increased plant population size and phosphorus
removal, whereas the addition of parasites showed the opposite pattern. The structural equation modelling
further pointed out that predation and parasitism affected plant population size and ecosystem function via
distinct mechanisms that were both mediated by microbiomes. Our results highlight the importance of
understanding microbial trophic interactions for predicting the outcomes and ecosystem impacts of plant-
microbiome symbiosis.
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Comparative genomics and evidence for an unusual polyamine oxidation
pathway in aquatic duckweed (Spirodela polyrhiza L.)

Upadhyay, RK; Shao, J; Roberts, GE; Mattoo, AK. Current Plant Biology (2024) 39: 100359.

Polyamines (PA) cellular levels are maintained through a balance between synthesis and catabolism, achieved
by two classes of enzymes polyamine oxidases (PAOs) and copper amine oxidases (CuAO). Here we
investigated the occurrence, molecular evolution and role(s) of PAOs and CuAO gene families in aquatic
duckweed and their comparison with other aquatic plants -sea eelgrass, bladderwort, and Lotus. We identified
eight bona fide PAO genes (SpPAOT-SpPAOS8) and one SpCuAO1 in the greater duckweed genome from three
genome assemblies. Interestingly, duckweed PAO genes increased their number through a tandem duplication
event, while contrary to this CuAO genes were significantly lost to a single gene SpCuAO1. Phylogenetic
analysis revealed that tandemly duplicated SpPAO2-7 share close similarity to well-known terminal catabolism
(TC) pathway PAO genes while SpPAO1 and SpPAO8 seem to segregate along with back conversion (BC)
participating known PAO genes, suggesting that all tandem duplicated PAOs are involved in TC pathway which
is contrary to known trend in land plants where CuAOs are mainly involved in TC pathway. Comparative
transcript abundance studies indicated that all eight PAOs and one CuAO gene respond to multiple stresses
and principal component analysis identifies SpPAO4 as a highly active gene in response to multiple stresses.
Results showed that oxidation of higher polyamines (SPD/SPM) through the TC pathway is diversified in
duckweeds. Taken together this study reveals unique insights into the genomic losses and gains of polyamine
metabolism possibly involved in achieving the structural and physiological adaptations required for aquatic
lifestyle of duckweeds.

Changes in metabolism and content of chlorophyll in common duckweed
(Lemna minor L.) caused by environmental contamination with fluorides

Kaminski, J; Stachelska-Wierzchowska, A; Michalczyk, DJ; Klimkowicz-Pawlas, A; Olkowska, E; Wolska, L;
Piotrowicz-Cieslak, Al. Molecles (2024) 29: 2336.

The impact of fluorine on plants remains poorly understood. We examined duckweed growth in extracts of soil
contaminated with fluorine leached from chicken manure. Additionally, fluorine levels were analyzed in fresh
manure, outdoor-stored manure, and soil samples at varying distances from the manure pile. Fresh manure
contained 37-48 mg F x kg”, while soil extracts contained 2.1 to 49 mg F x kg™). We evaluated the
physiological effects of fluorine on duckweed cultured on soil extracts or in 50% Murashige-Skoog (MS)
medium supplemented with fluorine concentrations matching those in soil samples (2.1t0 49 mgF x L"), as
well as at 0, 4, and 210 mg x L. Duckweed exposed to fluorine displayed similar toxicity symptoms whether in
soil extracts or supplemented medium. Fluoride at concentrations of 2.1 to 4.9 mg F x L™ reduced the intact
chlorophyll content, binding the porphyrin ring at position 3% without affecting Mg?". This reaction resulted in
chlorophyll a absorption peak shifted towards shorter wavelengths and formation of a new band of the F-
chlorophyll a complex at A = 421 nm. Moreover, plants exposed to low concentrations of fluorine exhibited
increased activities of aminolevulinic acid dehydratase and chlorophyllase, whereas the activities of both
enzymes sharply declined when the fluoride concentration exceeded 4.9 mg x L. Consequently, fluorine
damages chlorophyll a, disrupts the activity of chlorophyll-metabolizing enzymes, and diminishes the plant
growth rate, even when the effects of these disruptions are too subtle to be discerned by the naked human eye.

Caloric restriction extends lifespan in a clonal plant
Chmilar, SL; Luzardo, AC; Dutt, P; Pawluk, A; Thwaites, VC; Laird, RA. Ecology Letters (2024) 27: e14444.

When subjected to dietary caloric restriction (CR), individual animals often outlive well-fed conspecifics. Here,
we address whether CR also extends lifespan in plants. Whereas caloric intake in animals comes from
ingestion, in plants it derives from photosynthesis. Thus, factors that reduce photosynthesis, such as reduced
light intensity, can induce CR. In two lab experiments investigating the aquatic macrophyte Lemna minor, we
tracked hundreds of individuals longitudinally, with light intensity-and hence, CR-manipulated using neutral-
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density filters. In both experiments, CR dramatically increased lifespan through a process of temporal scaling.
Moreover, the magnitude of lifespan extension accorded with the assumptions that (a) light intensity positively
relates to photosynthesis following Michaelis-Menten kinetics, and (b) photosynthesis negatively relates to
lifespan via a power law. Our results emphasize that CR-mediated lifespan extension applies to autotrophs as
well as heterotrophs, and suggest that variation in light intensity has quantitatively predictable effects on plant
aging trajectories.

Duckweed: Beyond an efficient plant model system
Thingujam, D; Pajerowska-Mukhtar, KM; Mukhtar, MS. Biomolecules (2024) 14: 628.

Duckweed (Lemnaceae) rises as a crucial model system due to its unique characteristics and wide-ranging
utility. The significance of physiological research and phytoremediation highlights the intricate potential of
duckweed in the current era of plant biology. Special attention to duckweed has been brought due to its
distinctive features of nutrient uptake, ion transport dynamics, detoxification, intricate signaling, and stress
tolerance. In addition, duckweed can alleviate environmental pollutants and enhance sustainability by
participating in bioremediation processes and wastewater treatment. Furthermore, insights into the genomic
complexity of Lemnaceae species and the flourishing field of transgenic development highlight the
opportunities for genetic manipulation and biotechnological innovations. Novel methods for the germplasm
conservation of duckweed can be adopted to preserve genetic diversity for future research endeavors and
breeding programs. This review centers around prospects in duckweed research promoting interdisciplinary
collaborations and technological advancements to drive its full potential as a model organism.

Temperature dependence and genetic variation in resource acquisition
strategies in a model freshwater plant

Gillies, GJ; Angert, AL; Usui, T. Functional Ecology (2024) DOI10.1111/1365-2435.14567

1. Understanding how competition varies with environmental stress is critical to anticipating species and
community responses to rapid environmental change. While the stress-gradient hypothesis predicts the
strength of competition to decrease with increasing stress, our understanding of how competition varies with
stress is limited by a lack of mechanistic understanding of how resource-use traits underlying competitive
dynamics respond to stress. 2. Here, we use duckweeds in the Lemna species complex to measure how
phenotypic and genetic variation in R* (a resource acquisition trait representing the minimum resource
requirement for positive population growth) varies with high-temperature stress to better understand how
stress alters competitive ability for essential resources. 3. We found that heat stress increased the R* of
Lemna plants for nitrogen acquisition. Because lower R* values predict dominance in competitive dynamics
where resources are limiting, this indicates that under stressful, high temperatures, plants could experience
reduced competitive ability due to the higher resources required to sustain positive population growth rates. 4.
We found minimal genetic variation in R* across 11 local genotypes within the Lemna species complex,
indicating that selection on resource acquisition strategies for essential resources such as nitrogen may be
constrained in nature. The expression of genetic variation in R* for nitrogen was further reduced under heat
stress, suggesting that the response to selection for R* could be particularly constrained under high-
temperature stress. 5. Contrary to predictions drawn from the gleaner-opportunist trade-off, we did not find
evidence for a trade-off in resource acquisition strategies under benign conditions or high-temperature stress.
Plants with lower R* (i.e. higher growth rates under lower nitrogen levels) were not constrained to have lower
growth rates under higher nitrogen levels, possibly because the chosen genotypes have not diverged across
resource acquisition strategies or because Lemna spp. has escaped this constraint. 6. Importantly, our work
indicates that high-temperature stress could increase sensitivity to competition through an increased
requirement for resources while reducing the evolutionary potential for Lemna species to respond to selection
for resource traits. This study acts as a key step to understanding the mechanistic traits behind competitive
dynamics in resource-limited and stressful environments.
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Screening potential antileukemia agents from duckweed: Integration of
chemical profiling, network pharmacology, and experimental validation

Liu, J; Huang, MJ; Yang, Y; Zeng, Y; Yang, Y; Guo, QL; Liu, WJ; Guo, L. Phytochemical Analysis (2024)
DOI110.1002/pca.3407

The identification of active dietary flavonoids in food is promising for novel drug discovery. The active
ingredients of duckweed (a widely recognized food and herb with abundant flavonoids) that are associated
with acute myeloid leukemia (AML) have yet to be identified, and their underlying mechanisms have not been
elucidated. The objective of this study was to identify novel constituents exhibiting antileukemia activity in
duckweed through the integration of chemical profiling, network pharmacology, and experimental validation.
First, high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was used to
characterize the primary constituents of duckweed. Subsequently, AML cell-xenograft tumor models were
used to validate the anticancer effect of duckweed extract. Furthermore, network pharmacology analysis was
conducted to predict the potential active compounds and drug targets against AML. Lastly, based on these
findings, two monomers (apiin and luteoloside) were selected for experimental validation. A total of 17
compounds, all of which are apigenin and luteolin derivatives, were identified in duckweed. The duckweed
extract significantly inhibited AML cell growth in vivo. Furthermore, a total of 88 targets for duckweed against
AML were predicted, with key targets including PTGS2, MYC, MDM2, VEGFA, CTNNB1, CASP3, EGFR, TP53,
HSPO0AA1, CCND1, MMP9, TNF, and MAPK1. GO and KEGG pathway enrichment analyses indicated that
these targets were primarily involved in the apoptotic signaling pathway. Lastly, both apiin and luteoloside
effectively induced apoptosis through CASP3 activation, and this effect could be partially reversed by a
caspase inhibitor (Z-VAD). Duckweed extract has an antileukemic effect, and apiin derived from duckweed
shows potential as a treatment for AML. A total of 17 compounds, all belonging to apigenin and luteolin
derivatives, were identified in duckweed. The antileukemia effect of apiin in duckweed was identified for the
first time. Apiin can induce apoptosis in acute myeloid leukemia cells.

Influence of humic acid on the p-tert-Butylphenol removal efficiency by
Spirodela polyrhiza-Tas13 association

Li, Y; Huang, Z; Zhang, H; Zhao, J; Du, D. Chemosphere (2024) 362: 142744.

Plant-microbe remediation technique is considered as a promising technology in removal of organic pollutants
and its remediation efficiency is largely affected by a variety of surrounding environmental factors. Humic acid
(HA) is the complex organic substance ubiquitous in environment, which characterized by its surfactant-like
micelle microstructure and various reaction activity. In our study, a plant-microbe association with high p-tert-
Butylphenol (PTBP) degradation potential constructed by Spirodela polyrhiza and  Sphingobium
phenoxybenzoativorans Tas13 has been used, and the influence of HA on the PTBP degradation efficiency of
S. polyrhiza-Tas13 association was investigated. The result showed that the presence of HA greatly improved
PTBP removal efficiency of S. polyrhiza-Tas13. The reason accounted for this may be due to the presence of
HA promoted bacterial cell propagation, altered bacterial cell wall permeability, increased catechol 2,3-
dioxygenase (C230) enzyme activity of strain Tas13, rather than increasing the colonization ability of strain
Tas13 on to the root surface. This study will greatly facilitate the application of aquatic plant-microbe
association in environmental remediation.

Co-carbonization of hazelnut shell and Lemna minor. its effectiveness in
adsorption of crystal violet from an aqueous solution
Olam, M. Separation Science and Technology (2024) 9: 737-747.

Co-carbonization of waste biomass is of great interest to reduce production costs and increase carbon yields.
In this study, it was investigated to produce cost-effective and high carbon yield activated carbons by
carbonizing Lemna minor (LM) and hazelnut shell (HS) wastes together. In this context, LM and HS were co-
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carbonized at 800°C, 100 mL/min of N, for 90 min, and their carbonization yields, adsorption capacities,
physical and chemical properties were determined. X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV), energy-dispersive X-ray spectroscopy (EDX),
scanning electron microscopy (SEM), ultimate and proximate analysis were performed. According to XRD
analysis, HS is amorphous, LM is semi-crystalline, but the crystalline structure increased after co-
carbonization. Based on the FTIR analysis LM, HS, and cLM/HS contain various functional groups, including O-
H, C-H, and C-0. The adsorption capacity and CV removal, obtained by co-carbonized LM and HS (cLM/HS), are
87.95 mg/g and 88%, respectively. Its specific surface area is 745 m?/g. This study showed that the cLM/HS is
a cost-effective adsorbent for the removal of crystal violet dye.

Accumulation assessment of Mo**, Pb**, and Cu* in the acidic water of
copper mines with Lemna minor and Lemna gibba

Konakei, N. (2024) Water 16: 975.

Pollutants accumulate in aquatic habitats due to mining activities. The duckweed family includes water plants
such as Lemna gibba and Lemna minor, which are tiny, delicate, free-floating aquatic plants. L. minor and L.
gibba were used in this study to examine the accumulation capacities of Mo?, Pb*, and Cu?" in acidic fluids
from copper mining. Two reactors were assigned to L. gibba and L. minor, respectively. These plants and the
reactor water were gathered daily for 8 days. Acid mine water pH, temperature, and electric conductivity were
also tested daily. L. gibba and L. minor were cleaned, dehydrated, and burned in a drying oven for a whole day
at 300°C. ICP-MS (inductively coupled plasma mass spectroscopy) was used to determine the Mo*, Pb?, and
Cu* content of the plant and water samples. The Mo, Pb, and Cu concentrations in the copper mining acidic
fluids were 30 + 4, 260 + 12, and 15,535 + 322 ug L™, respectively. Regarding Mo, Pb, and Cu extraction from
copper mining acidic fluids, L. gibba and L. minor performed more efficiently than control samples, gathering
29 and 177 times more Mo, 30 and 109 times more Pb, and 495 and 1150 times more Cu, respectively.
Considering these findings, L. gibba and L. minor are good plants for rehabilitating polluted waters and can
efficiently remove Mo, Pb, and Cu from acid mine fluids.

Duckweed application in nature-based system for water
phytoremediation and high-value coproducts at family agrisystem from
a circular economy perspective

Heitzman, BS; Bueno, GW; Camargo, TR; Proenca, DC; Yaekashi, CTO; da Silva, Regildo, MG; Machado, LP. The
Science of the Total Environment 919: 170714.

Duckweeds are widely recognized for their efficiency in the phytoremediation of agricultural and industrial
effluents. This study had two main objectives: 1) Implement a Nature-based Solutions (NBS) utilizing the
environmental services of duckweeds to improve water quality through phytoremediation in small fish farms;
2) Analysis of duckweeds biomass produced in these fish farms to develop coproducts from a circular
economy perspective in family agrisystem in Brazilian Atlantic Forest. The effectiveness of the
phytoremediation system was assessed by the reduction of the Trophic State Index (TSI). Phytoremediation in
small fish farming NBS was implemented using Clarias gariepinus, employing two different managements
approaches: (i) System | - L. minor cultured every 15 days, with biomass harvest and effluent analysis
conducted in each cycle over 60days; (i) System Il - L. minor cultured every 30 days, following a similar cycle
and analysis. Additionally, effluent from fish production underwent testing for phytoremediation in a batch
system within a climate-controlled laboratory. L. minor demonstrated efficiency in System I, leading to a
reduction of the TSI. The dry biomass of the plants emerged as a viable source of amino acid for application in
functional foods and feed or nutraceuticals. The findings underscore the potential integration of L. minor into
the NBS system and the generation of new co-products from circular production. In addition to its effective
phytoremediation properties, L. minor's dry biomass exhibited appealing characteristics, with elevated levels of
crude protein, minerals, fatty acids, and carotenoids. This positions L. minor as a promising candidate for
developing bioproducts tailored for functional foods and nutraceuticals. This underscores the potential of
duckweeds to produce valuable nutritional compounds beyond their remediation capabilities.
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Enrichment effect of phytohormones on arsenic uptake and tolerance
mechanism of Landoltia punctata

Hu, L; Liao, YH; Zhong, ZY; Qiu, J; Wang, JP; Fan, HB; Wu, DS; Sheng, FF; Fang, HY. Applied Ecology and
Environmental Research (2014) 22: 489-506.

Arsenic (As) contamination of water can pose a significant threat to human health. Landoltia punctata is a
superior water ecological restoration plant that can absorb As and thus manage the problem of As overload in
the aquatic environment. Phytohormones play an important role in regulating plant growth and improving
heavy metal resistance. In this study, the enrichment effect of phytohormones on As uptake and tolerance
mechanism of L. punctata at different concentrations were investigated. The results showed that the
application of indole-3-acetic (IAA), abscisic acid (ABA) and kinetin (KT) were all effective in increasing
chlorophyll a (Ca) and carotenoid (Cc) contents. Low concentrations of phytohormones from 0.007 to T ymol
L' had a facilitative effect on fluorescence parameters in the order of IAA > ABA > KT. The application of high
concentrations of phytohormones inhibited the fluorescence parameters. The application of 0.1 umol L™ IAA,
ABA and KT treatments were the most effective in promoting As uptake in L. punctata. The effect sequence of
different plant hormone on As enrichment was: ABA > IAA > KT. Low concentrations of IAA, ABA and KT
treatments all significantly increased superoxide dismutase (SOD) and glutathione reductase (GR) activities,
significantly decreased malondialdehyde (MDA) and H.0, contents and promoted proline synthesis in As-
stressed L. punctata. This indicates that the application of phytohormones can improve the antioxidant activity
of As-stressed L. punctata, promote the growth of L. punctata and improve its As absorption capacity. This
study may provide a scientific basis for phytohormones to promote the remediation of As-contaminated
waters by L. punctata, and can provide scientific basis for phytohormones to promote the remediation of As
contaminated waters by L. punctata.

Alginate and chitosan surface coating reduces the phytotoxicity of CeO.
nanoparticles to duckweed (Lemna minor L.)

Zhao, X; Ma, Y; Dai, W; Song, Z; Wang, Y; Shen, J; He, X; Yang, F; Zhang, Z. Chemosphere (2024) 362: 142649.

Little is known about the effect of surface coatings on the fate and toxicity of CeO, nanoparticles (NPs) to
aquatic plants. In this study, we modified nCeO, with chitosan (Cs) and alginate (Al) to obtain positively
charged nCeO,@Cs and negatively charged nCeO,@Al, respectively, and exposed them to a representative
aquatic plant, duckweed (Lemna minorL.). Uncoated nCeO, could significantly inhibit the growth of duckweed,
induce oxidative damage and lead to cell death, whereas nCeO,@Cs and nCeO,@AI exhibited lower toxicity to
duckweed. ICP-MS analysis revealed that the Ce content in duckweed from the nCeO, group was 1.74 and 2.85
times higher than that in the nCeO,@Cs and nCeO,@Al groups, respectively. Microscopic observations
indicated that the positively charged nCeO,@Cs was more readily adsorbed on the root surface of duckweed
than the negatively charged nCeO,@AI. The results of XANES and LCF demonstrated that a certain percentage
of Ce(IV) was reduced to Ce(Ill) after the interaction of the three NPs with duckweed, but the degree of
biotransformation differed among the treatments. Specifically, the absolute contents of Ce(lll) produced of
nCeO,@Cs and nCeO,@Al through biotransformation were reduced by 55.5% and 83.5%, respectively,
compared with that of the nCeO, group, which might be the key factor for the diminished phytotoxicity of the
coated nCe0, to the duckweed. These findings were valuable for understanding the toxicity of metal-based
NPs to aquatic plants and for the synthesis of environmentally friendly nanomaterials.

Phytoremediation potential of duckweed (Lemna minor L.) for
hexavalent chromium removal in synthetic wastewater: unveiling
physiological response and defense mechanisms against excessive heavy
metal uptake

Aslanzadeh, M; Saboora, A; Moradlou, O. International Journal of Environmental Science and Technology
(2024) DOI10.1007/s13762-024-05721-6.
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Heavy metals pose a significant threat as environmental pollutants, known for their high toxicity. Traditional
physiochemical methods for their removal are costly and energy-intensive, making bioremediation a promising
alternative. This study aims to assess the potential of duckweed (Lemna minor L.) in removing hexavalent
Chromium ((Cr (V1)) from wastewater and examines the impact of Cr (VI) toxicity on the plant's metabolism in
aquatic conditions. The experiments were conducted at least three replicates in completely randomized
blocks. Various parameters, including Cr concentration (0-100 mg L™), pH levels (5, 7 and 9), and treatment
duration (24-168 h) were investigated to optimize phytoremediation conditions. Physiological and biochemical
parameters such as content of photosynthetic pigments, MDA, total phenolics and flavonoid compounds,
reducing sugar and polysaccharides, proline and lignin were measured. Additionally, chromium accumulation
in plant tissues and residual levels in the culture media were determined using inductively coupled plasma
(ICP). After 24 and 168 h, chromium adsorption by L. minorresulted in decreased levels of Cr (VI) in the media.
Determination of bioaccumulation factor (BCF) after 168 h indicate higher efficiency of the plant at moderate
Cr (VI) concentrations. At higher concentrations of Cr, salinity, EC and TDS increased in the media across all pH
condition. The finding revealed exposure to Cr (VI) led to a notable increase in the content of H,0, (1.2-to 1.7-
fold) and MDA (2.2- to 5-fold) in L. minor tissues, particularly evident at pH 9. The contents of total phenolics,
flavonoids, lignin and proline (at pH 5 and 7), reducing sugars (at pH 7 and 9) increased; while polysaccharide
content was fluctuated. Also, content of photosynthetic pigments decreased by approximately 50% under
treatment with 50 and 100 mg L™ Cr (VI) at pH 5 condition. These responses indicating ROS accumulation as a
signal for plant defense mechanism activation. Our results showed that L. minoris tolerant up to 50 mg L™ Cr
(VI), but is susceptible to higher concentrations of this heavy metal. Despite its susceptibility, L. minor proves
effective in absorbing Cr (VI) from contaminated waters, highlighting its potential for phytoremediation, albeit
requiring careful management for optimal results.

Exploring the ecotoxicological impact of meropenem on Lemna minor-
Growth, photosynthetic activity, and oxidative stress

Guzman-Tordecilla, M; Pacheco-Bustos, C; Coronado-Posada, Na; Pedrosa-Gomes, M; Martinez-Burgos, WJ;
Mejia-Marchena, Ro; Zorman-Marques, R. Environmental Research (2024) 258: 1194009.

Meropenem is a potent carbapenem antibiotic frequently used in medical settings. Several studies have
confirmed the pervasive presence of these antibiotics in wastewater treatment plants and aquatic
environments. However, the effects of these substances on non-target organisms, such as plants, have not
been adequately monitored. Thus, this study aimed to assess the short-term impact of meropenem on the
growth, photosynthesis, chlorophyll content, and enzyme activity of the macrophyte plant Lemna minor. The
methods involved exposing the plant to meropenem under controlled conditions and assessing physiological
and biochemical parameters to determine the impact on photosynthetic activity and oxidative stress. These
analyses included growth rate, antioxidant enzyme activity, and photosynthetic capacity. The findings suggest
that the growth rate of L. minor remained unaffected by meropenem at concentrations <200,000 ugL™.
However, plants exposed to concentrations >20 uglL™ showed physiological alterations, such as decreased net
photosynthesis rate (17%) and chlorophyll concentration (57%), compared to the control group. For acute
toxicity assays, the calculated EC50 7-day and EC20 7-day were 1135 pgL™ and 33 pgL™, respectively. In
addition, in most treatments tested, meropenem caused an increase in the superoxide dismutase (SOD),
catalase (CAT) and ascorbate peroxidase (APX) activity as a defense mechanism against oxidative stress. Our
results suggest that meropenem affects photosynthetic processes and induces oxidative stress in the
macrophyte plant L. minor. Further studies are needed to assess the physiological and metabolic interactions
between antibiotics and primary producers at different long-term trophic levels.

Impacts of Fulvic Acid on the Toxicity of the Herbicide Atrazine to
Lemna minor

Wilson, PC; Hinz, FO; Farrell, I. Bulletin of Environmental Contamination and Toxicology (2024) 112: 77.

Fulvic acids (FA) are environmentally prevalent components of dissolved organic carbon. Little research has
evaluated their potential influence on the bioavailability of herbicides to non-target aquatic plants. This study
evaluated the potential impacts of FA on the bioavailability of atrazine (ATZ) to the aquatic plant Lemna minor.
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Plants were exposed to 0, 15, 30, 60, 125, and 750 pg/L ATZ in media containing three FA concentrations (0, 5,
and 15 mg/L) in a factorial study under static conditions. Fronds were counted after 7- and 14-days exposure
and intrinsic growth rates (IGR) and total frond yields were calculated for analysis. Atrazine NOAECs and
LOAECs within each FA treatment series (0, 5 or 15 mg/L) were identified and ECss were estimated.
NOAEC/LOAECs for yield and IGR were 60/125 pg/L except for yield in the 0 mg/L-FA series (30/60) and IGR in
the 5 mg/L-FA series (30/60). NOAEC/LOAECs were 30/60 ug/L for all treatments and both endpoints after 14
days exposure. ECses ranged from 88.2 to 106.1 pg/L (frond production 7 DAT), 158.0-186.0 ug/L (IGR, 7 DAT),
74.7-86.3 pg/L (frond production, 14 DAT), and 144.1-151.3 ug/L (IGR, 14 DAT). FA concentrations did not
influence the toxicity of ATZ.

Evaluation of acute toxicity of an emerging contaminant Oxybenzone on
an ecologically important aquatic macrophyte Lemna minor

Sawant, SS; Bharti, VS; Shukla, SP; Kumar, K; Bhuvaneswari, GR. Environmental Toxicology and Phamacology
(2024) 108: 104437.

Oxybenzone is an ultraviolet filter frequently used in Personal Care Products, plastics, furniture, etc. and is
listed as an Emerging Contaminant. This report studied the acute toxicity of Oxybenzone to Lemna minor after
exposure to graded concentrations of Oxybenzone for 7 days. ICs, for growth was found to be 8.53 mg L. The
hormesis effect was reported at lower concentrations, while growth and pigments reduced from 2.5 to 12.5
mg L7 in a concentration-related manner. The impact of Oxybenzone on protein and antioxidant enzymes-
Catalase and Guaiacol Peroxidase revealed less stress up to 2.5 mg L™ than control, increasing further from 5
to 10 mg L. Enzyme activity decreased over-time but always remained higher than control over a period of 7
days. Thus, our findings reveal that indiscriminate discharge of Oxybenzone could be potentially toxic to the
aquatic primary producers at higher concentrations, causing an ecological imbalance in aquatic ecosystems.

Heavy metal pollution and phytotoxicity of small urban stream
sediments

Springe, G; Grine, |; Melece, |; Melecis, V; Purmalis, O; Valters, K. Sustainable Water Resources Management
(2024)10: 106.

The aim of this study was to assess how the urban stream syndrome appears in a small stream Marupite,
Riga, Latvia. The stream is characterized by high heterogeneity of sediment composition, physico-chemical
parameters and heavy metal concentrations. The concentrations of metals differ between sampling sites at
least by order or by two orders of magnitude, and the general trend is an increase in concentrations in the river
flow from upstream to downstream. In stretches with higher content of water and organic matter is observed
positive correlations with concentrations of all of studied metals Cu, Pb, Fe, Zn, Ni, Cr, Mn, Co and Cd. The
concentrations of heavy metals near major streets in the stream lower reaches mostly exceed the good
environmental quality limits specified in various regulatory enactments. Toxicity of these metals in the
sediments of the stream watercourse is approved by phytotoxicity tests using early-stage of turions of
Spirodela polyrhiza. Negative effect on morphological changes of S. polyrhiza have all of analyzed metals but
particularly strong negative relationship was established between the morphological changes of turions and
the concentrations of Fe, Ni, Cr, Co and Cd in the first 7 days of turions development. The results of the study
confirm that the stream is characterized by urban stream syndrome, both according to the increased
concentrations of heavy metals in sediments and the results of the Spirode/a phytotoxicity test. The results are
important for environmental health assessment and urban planning. The study demonstrates large spatial
variability in sediment composition, physico-chemical properties and heavy metals concentration in a small
urban stream. The concentrations of heavy metals differ between sampling sites at least by order or by two
orders. The general trend is an increase in concentrations near major traffic streets in the river flow from
upstream to downstream. The concentrations of heavy metals in sediments mostly exceed the good
environmental quality limits specified in various regulatory enactments of different countries. These limits are
different and the need to create Sediment Environmental Quality Standards is clearly necessary. The
phytotoxicity of heavy metals in sediments is distinctly demonstrated by the changes in morphological
abnormalities and developmental disorders of duckweed S. polyrhiza (L.) Schleiden turions.
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DF Comment: By mistake the authors described the response of vegetative fronds of S. polyrhiza, not that of
turions. They agreed via email to our request for this correction.

Comparison of mercury (Hg) bioaccumulation with mono- and mixed
Lemna minor and Spirodela polyrhiza cultures

Spencer, BSP; Baddar, ZE; Xu, X. Environmental Science and Pollution Research International (2024) 31: 35055-
35068.

Mercury (Hg) is a prevalent and harmful contaminant that persists in the environment. For phytoremediation, it
is important to discover which plants can bioaccumulate meaningful amounts of Hg while also tolerating its
toxicity. Additionally, increasing biodiversity could create a more resilient and self-sustaining system for
remediation. This study explores whether mixed populations of Lemna minor and Spirodela polyrhiza can
better bioaccumulate and tolerate Hg than monocultures. Mono- and mixed cultures of L. minor and S.
polyrhiza were grown in mesocosms of 0.5g/L or 100g/L Hg (HgCl,) spiked water for 96h. Change in weight of
duckweed was used to assess Hg tolerance. Diffusive gradients in thin-films (DGTs) were used as surrogate
monitoring devices for bioavailable levels of Hg. For biomass growth, the mixed culture of the L. minor was
greater than the monoculture at the high dose. The L. minor accumulated more Hg in the mixed culture at the
low dose while the S. polyrhiza was higher in the mixed at the high dose. Hg speciation in water was modelled
using Windermere Humic Aqueous Model 7 (WHAM7) to compare the bioavailable species indicated by the
DGTs. Potentially due to the controlled conditions, the WHAM7 output of bioavailable Hg was almost 1:1 to
that estimated by the DGTs, indicating good predictive capability of geochemical modelling and passive
sampler DGT on metal bioavailability. Overall, the mixed cultures statistically performed as well as or better
than the monocultures when tolerating and bioaccumulating Hg. However, there needs to be further work to
see if the significant differences translate into practical differences worth the extra resources to maintain
multiple species.

Toxicity and bioaccumulation of selected antidepressants in Lemna
minor (L.)

Drobniewska, A; Ltowicz, JG; Wawryniuk, M; Kierczak, P; Na, GG. (2024) Ecohydrology and Hydrobiology 24:
262-270.

A significant number of emerging pollutants resulting from point and diffuse pollution can be found in the
aquatic environment. Pharmaceuticals, including antidepressants, are increasingly consumed across the
world. Their good water solubility and resistance to biodegradation are major challenges to wastewater
treatment. Pharmaceuticals enter aquatic systems mainly with wastewater via wastewater treatment plants.
These emerging contaminants can be removed by introducing biological cleaning systems with plants that
grow near secondary wastewater units. This study analyzed the ability of Lemna minor to bioaccumulate four
antidepressants: sertraline (SER), fluoxetine (FLU), paroxetine (PAR), and mianserin (MNS). A significant
decrease in drug concentrations was observed in the samples with L. minorin comparison with those without
plants. Among the tested drugs, L. minor showed the greatest bioaccumulation potential for SER, and the
lowest for FLU. The bioconcentration factor for MNS never exceeded 100 L kg™ even after 7 days, while for SER
it was 1,902 L kg™. These results indicate that L. minor can influence the water treatment process in the natural
ecosystem and serve as an effective tool in wastewater treatment for the removal of the analyzed
antidepressants.

Evaluation of the aquatic toxicity of several triazole fungicides
Boros, BV; Roman, DL; Isvoran, A. (2024) Metabolites 14: 197.

Fungicides play an important role in crop protection, but they have also been shown to adversely affect non-
target organisms, including those living in the aquatic environment. The aim of the present study is to combine
experimental and computational approaches to evaluate the effects of flutriafol, metconazole, myclobutanil,
tebuconazole, tetraconazole and triticonazole on aquatic model organisms and to obtain information on the
effects of these fungicides on Lemna minor, a freshwater plant, at the molecular level. The ECs, (the half-
maximum effective concentration) values for the growth inhibition of Lemna minorin the presence of the
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investigated fungicides show that metconazole (ECs = 0.132 mg/L) and tetraconazole (ECs = 0.539 mg/L) are
highly toxic, tebuconazole (ECs = 1.552 mg/L), flutriafol (ECs, = 3.428 mg/L) and myclobutanil (ECs0 = 9.134
mg/L) are moderately toxic, and triticonazole (ECsy = 11.631 mg/L) is slightly toxic to this plant. The results
obtained with the computational tools TEST, ADMETLab2.0 and admetSAR2.0 also show that metconazole
and tetraconazole are toxic to other aquatic organisms: Pimephales promelas, Daphnia magna and
Tetrahymena pyriformis. A molecular docking study shows that triazole fungicides can affect photosynthesis
in Lemna minor because they strongly bind to C43 (binding energies between -7.44 kcal/mol and -7.99
kcal/mol) and C47 proteins (binding energies between -7.44 kcal/mol and -8.28 kcal/mol) in the reaction centre
of photosystem I, inhibiting the binding of chlorophyll a to these enzymes. In addition, they can also inhibit
glutathione S-transferase, an enzyme involved in the cellular detoxification of Lemna minor.

Covering the bases: Population genomic structure of Lemna minor and
the cryptic species L. japonica in Switzerland

Schmid, MW; Moradi, A; Leigh, DM; Schuman, MC; van Moorsel, SJ. Ecologyand Evolution (2024) 14: e115909.

Duckweeds, including the common duckweed Lemna minor, are increasingly used to test eco-evolutionary
theories. Yet, despite its popularity and near-global distribution, the understanding of its population structure
(and genetic variation therein) is still limited. It is essential that this is resolved, because of the impact genetic
diversity has on experimental responses and scientific understanding. Through whole-genome sequencing, we
assessed the genetic diversity and population genomic structure of 23 natural Lemna spp. populations from
their natural range in Switzerland. We used two distinct analytical approaches, a reference-free kmer approach
and the classical reference-based one. Two genetic clusters were identified across the described species
distribution of L. minor, surprisingly corresponding to species-level divisions. The first cluster contained the
targeted L. minor individuals and the second contained individuals from a cryptic species: Lemna japonica.
Within the L. minor cluster, we identified a well-defined population structure with little intra-population genetic
diversity (i.e., within ponds) but high inter-population diversity (i.e., between ponds). In L. japonica, the
population structure was significantly weaker and genetic variation between a subset of populations was as
low as within populations. This study revealed that L. japonica is more widespread than previously thought.
Our findings signify that thorough genotype-to-phenotype analyses are needed in duckweed experimental
ecology and evolution.

Hidden promiscuity elucidates the enigmatic relationship between
duckweed accessions

Schubert, I. Journal of Experimental Botany (2024) 75: 2776-2777.

Unambiguous identification of, and establishing phylogenetic relationship between (clonal) accessions of three
of the five duckweed (Lemnaceae) genera are difficult because of limited morphological differences and
apparent intraspecific variability of genetic features (Bog et al., 2019). Now Braglia et al. (2024), combining
multiple approaches, provide convincing evidence for ploidy mutations and hybridity as reasons for the gradual
diversity of genetic characters between closely related accessions among Lemna species, with far-reaching
consequences for other duckweed species whose relationship has not yet been settled.

Contrasting patterns of 5S rDNA repeats in European and Asian
ecotypes of greater duckweed, Spirodela polyrhiza (Lemnaceae)

Chen, GM; Stepanenko, A; Borisjuk, N. (2024) Frontiers in Plant Science 15: 1378683.

Ribosomal DNA (rDNA) contains highly conserved, specifically organized sequences encoding ribosomal RNAs
(rRNAs) separated by variable non-transcribed intergenic spacers (NTSs) and is abundant in eukaryotic
genomes. These characteristics make the rDNA an informative molecular target to study genome

vol 12 (3), page 113 of 117



FORUM

organization, molecular evolution, and phylogenetics. In this study, we characterized the 5S rDNA repeats in
the greater duckweed Spirodela polyrhiza, a species known for its small size, rapid growth, highly conserved
genome organization, and low mutation rate. Sequence analysis of at least 12 individually cloned PCR
fragments containing the 5S rDNA units for each of six ecotypes that originated from Europe (Ukraine) and
Asia (China) revealed two distinct types of 5S rDNA repeats containing NTSs of different lengths and
nucleotide compositions. The shorter 5S rDNA repeat units had a highly homogeneous 400-bp NTS, with few
ecotype- or region-specific single-nucleotide polymorphisms (SNPs). The longer 5S rDNA units had NTSs of
1056-1084 bp with characteristic intra- and inter-genomic variants due to specific SNPs and
insertions/deletions of 4-15-bp DNA elements. We also detected significant variability in the ratio of short/long
5S rDNA variants between ecotypes of S. polyrhiza. The contrasting dynamics of the two types of 5S rDNA
units, combined with the unusually low repeat copy number (for plants) in S. polyrhiza (46-220 copies per
genome), shows that this species could serve as an excellent model for examining the mechanisms of
concerted evolution and functional significance of rDNA variability.

An endogenous promoter LpSUTZ2 discovered in duckweed: a promising
transgenic tool for plants

Wei, CC; Hu, ZB; Wang, SH; Tan, X; Jin, YL; Yi, ZL; He, KZ; Zhao, LY; Chu, ZY; Fang, Y, Liu, P; Zhao, H. (2024)
Frontiers in Plant Science 15: 1368284.

Promoters are one of the most critical elements in regulating gene expression. They are considered essential
biotechnological tools for heterologous protein production. The one most widely used in plants is the 35S
promoter from cauliflower mosaic virus. However, our study for the first time discovered the 35S promoter
reduced the expression of exogenous proteins under increased antibiotic stress. We discovered an
endogenous strong promoter from duckweed named [pSUTZ that keeps higher initiation activity under
antibiotic stress. Stable transformation in duckweed showed that the gene expression of eGFP in the
LpSUT2:eGFP was 1.76 times that of the 35S:eGFP at 100 mg.L" G418 and 6.18 times at 500 mg.L" G418.
Notably, with the increase of G418 concentration, the gene expression and the fluorescence signal of eGFPin
the 35S:eGFP were weakened, while the LpSUT2:eGFP only changed slightly. This is because, under high
antibiotic stress, the 35S promoter was methylated, leading to the gene silencing of the eGFP gene.
Meanwhile, the LpSUT2 promoter was not methylated and maintained high activity. This is a previously
unknown mechanism that provides us with new insights into screening more stable promoters that are less
affected by environmental stress. These outcomes suggest that the [pSUT2 promoter has a high capacity to
initiate the expression of exogenous proteins. In conclusion, our study provides a promoter tool with potential
application for plant genetic engineering and also provides new insights into screening promoters.
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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 of all authors.
¢ |dentify which author will receive correspondence regarding the contribution.

e Provide the corresponding author's name, telephone number, 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 also plan to publish the updated
table in the first issue of each Duckweed Forum newsletter volume starting in 2021.

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, Prof. Eric Lam: ericL89@hotmail.com
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