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April 26", 2024

Dear Duckweed Forum reader,

It is almost the end of Spring in New Jersey and | welcome the better weather as well as a great year
ahead for the duckweed research community. As you may notice with our Cover for this issue of the DF, the
big story is the upcoming 7" International Conference for Duckweed Research and Applications. The venue
this time will be exotic Bangkok, Thailand, with a great blend of a modern city but also brimming with unique
history and culture. To top it off, it is also one of the few places on Earth at this time that you could find
restaurants serving enticing dishes with the duckweed Wolffia globosa!l With our community’s strong interest
to domesticate duckweed as a sustainable crop for the good of future generations, Thailand is indeed a fitting
place to hold our biennial meeting there at this juncture of our community’s evolution. While there is strong
interest in translational research from the community, daunting challenges remain in the engineering and
commercial sectors. The community engagement fostered by our biennial meeting may hold the key to create
key collaborations and insights through in-person discourse over this three-and-a-half-day event. | strongly
encourage all of you to consider joining us and make the effort to attend. | am quite certain that you will be
thrilled by the good vibes and ideas that each of the prior six meetings have never failed to deliver.

In addition to the update announcement of the 7" ICDRA event's program, this issue also showcases
several commentaries by authors of two publications that were selected as Highlights in the previous
publication cycle. They provide an interesting blend of both basic research and application focused interests in
our community. Two meeting summaries also exemplify the wide interest in duckweed from rural,
impoverished communities of Northeastern Brazil to the dairy farms of developed Europe. | hope our readers
will enjoy these disparate topics to enrich our appreciation of the impact that these little plants may yet have
globally in diverse demographics.

Last but not least, this year marks the 10-year anniversary of the first duckweed genome draft
published in Nature Communications, as Daniel and Arturo from Vienna nicely summarized in their progress
report on duckweed genomics. As they aptly emphasize, these community resources provide the essential fuel
to drive advances in science and discoveries. In this vein of the need for support to provide shared resources
for a common vision, | have a special request for assistance from our community in applying for critical funds
that would be necessary to maintain the Rutgers Duckweed Stock Cooperative (RDSC). Please, if you could
spare a little time — perhaps 15-20 minutes — and send me a few sentences about how the RDSC may have
helped you, or the community, in duckweed research and applications, | would be most grateful.

My warmest greetings,

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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Tentative Program

12 November 2024 (16:00-21:00)

Registration, Poster Hanging
Opening address

Plenary lecture

Fresh Wolffia and products tasting
Dinner reception

13 November 2024 (09:00-18:30)

Registration, poster hanging

SESSION I: Genomics/Cell Biology
SESSION II: Diversity/Ecology/Evolution
Group photo

Poster session |

ISCDRA business meeting

Excursion I: Tour of Kasetsart University, Duckweed Holobiont Resource & Research Center
(DHbRC), duckweed plant factory, duckweed reservoirs (no extra cost)

14 November 2024 (09:00-15:00)

« SESSION III: Physiology/Reproduction/Metabolisms
e Poster session |l
e General assembly: ISCDRA chair’s report, election results, future ICDRA site

Excursion II: Wat Pho Temple (reclining buddha/Thai massage) and beyond & Chao Phraya River dinner
cruise (extra cost)

15 November 2024 (09:00-16:30)

SESSION IV: Microbiome & Interactions
SESSION V: Applications

Panel discussion

Closing ceremony & Oral/poster awards

16 November 2024 (08:00-16:30): Optional

Excursion Ill: ADGreen Wolffia farm, floating market, orchid farm (extra cost)

CONTACT PERSON :

Arinthip Thamchaipenet: arinthip.teku.ac.th
Metha Meetam: metha.mee@mahidol.ac.th
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Daniel Buendia-Avila'? and Arturo Mari-Ordéfiez™
! Gregor Mendel Institute of Molecular Plant Biology (GMI) of the
Austrian Academy of Sciences, Vienna, 1030, Austria.

2 Vienna BioCenter PhD Program, Doctoral School of the University |
of Vienna and Medical University of Vienna, Austria.
* Email for correspondance: arturo.mari-ordonez@gmi.oeaw.ac.at

For a long time, duckweeds have attracted the interest and curiosity of scientists from several disciplines.
Despite their humble and simple appearance, many aspects of duckweed biology, such as their simplified
development, clonal asexual growth, or adaptation to aquatic environments, make them a very attractive model
not only to understand fundamental questions in biology, but also for the development of industrial applications
given their biotechnological potential [1]. Indeed, duckweeds have significantly contributed to early advances in
plant physiology and phytochemistry [1,2]. However, during the advent of molecular genetics, due to the scarcity
of flowering in duckweeds, other plant models more amenable for genetics, such as Arabidopsis, were adopted
during the end of the last century to understand and manipulate gene functions in plants [1]. Nonetheless, with
the turn of the 21st century, the fast technological development in the fields of sequencing and genome editing
technologies have open a new window of opportunity for the resurgence of duckweeds as model organisms.
Although sequencing genomes has become economically affordable and almost routine in a growing number of
laboratories, the establishment of new model organisms is not a trivial task. In other biological systems limited
by classical genetics, such as animal cell and tissue cultures, the revolution that such technologies have brought
to them was in part possible thanks to decades of previous research and efforts to characterize them, develop
tools, methods, resources, communities... Likewise, duckweeds have entered the post-genomic era in a privileged
position thanks to the cumulative literature already generated about their ecology, anatomy, physiology,
metabolism, development, culture conditions... the creation of private and public duckweed collections, and more
importantly, the current efforts of dedicated scientists to maintain, curate and disseminate the generated
knowledge and plant stocks to the community at large.

The publishing of the first Spirodela polyrhiza draft genome ten years ago in February 2014 [3], was the starting
point to begin to understand the genetic basis of many of the characteristics that make duckweeds so unigue.
This attracted the attention and interest of more scientists to adopt duckweeds as models to understand
aspects such as organ loss in plants, atypical pathogen defense mechanisms or genetic consequences of clonal
reproduction [4-6], leading to a progressive increase in the number of genomes and transcriptomes available,
including the sequencing of several collection of clones from the same species for population genetic studies
[4,7]. Additionally, given the small size of duckweeds, they represent an exceptional system to achieve whole
plant single nuclei transcriptome (snRNA-seq) [8,9], currently a near impossible feat in other angiosperms.
Moreover, the analysis of duckweed genomes and transcriptomes has led to the realization that, among many
other particularities, RNA silencing and epigenetic regulatory pathways in duckweed have unique composition
and transcription patterns compared to other flowering plants [10,11]. Given the clonal reproduction strategy of
duckweeds and the relevance of such mechanisms to silence transposable elements, maintain genome integrity,
and their involvement in reproduction [12], several groups, including ours, have started to investigate in detail
their small RNA (sRNA) and chromatin epigenetic landscape (DNA methylation and histone modifications) [13—
15]. Altogether, the progressive accumulation of genomes, transcriptomes and epigenomes, is steering a better
understanding not only of the biology of specific duckweed species, but also offer the opportunity to gain
insights into the evolution of this group of plants through comparative genomics.
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TRANSCRIPTOME EPIGENOME
=
Z
GENUS SPECIES S
o RNAseq SmallRNAs | SMC: PNAmethyl
ChIP: Chrom. IP
Yes SmC [16]
7498 20 CHR 99C/24S/20P ONT/Hi-C [16] Yes [17-21]
(13] ChIP [16]
ONT/BioNano 5mC [13-15,23]
9509 20 CHR 95S/20P Yes [6,14,15] Yes [13-15]
polyrhiza [22,23] ChIP [13]
Spirodela 9512 20 CHR 147S/20P ONT [24] Yes [24] No SmC [24]
several
/ / / Illumina [4,7] No No 5mCl[7]
(161)
7747 18 S 584S/18P PacBio [25] No No No
intermedia 8410 18 S 86S/18P ONT/Illumina [25] No No No
9394 / / / Illumina [26] No No No
5635 / C 719kC/2754P Illumina [27] Yes [27] No No
Landoltia punctata
0202 20 S 64kC/49kS/21P Tllumina [21] Yes [21,28-30] No SmC [21]
5633 21 CHR 9473S/21P ONT/Hi-C [31] snRNAseq [31] No No
minuta several
/ / / Illumina [26] No No No
6
5500 20 S 49kC/46kS Tllumina [32] Yes [33] No SmC [34]
7210 21 CHR 85S/21P ONT/Hi-C [14] Yes [14] Yes [14] 5mC [14]
9252 21 CHR 554S/21P ONT/Hi-C [14] Yes [14] Yes [14] 5mC [14]
minor PacBio/Illumina SmC (In prep)
8623 21 C >4kC Yes (In prep) Yes (in pr.)
(in preparation) ChIP (in prep)
several
/ / / Illumina [26] No No No
Lemna ©)
7182 21 CHR 561S/21P ONT/Hi-C [14] Yes [14] Yes [14] SmC [14]
8627 21 CHR 1148S/21P ONT/Hi-C [14] Yes [14] Yes [14] SmC [14]
Japonica 9421 | 21 | CHR 3738/21P ONT/Hi-C [14] Yes [14] Yes [14] 5mC [14]
several
/ / / Illumina [26] No No No
(13)
9434 21 CHR 269S/21P ONT/Hi-C [14] Yes [14] Yes [14] SmC [14]
turionifera | geyeral
/ / / Ilumina [26] No No No
3
gibba 7742a | 21 CHR 474S/21P ONT/Hi-C [14] Yes [14,35] Yes [14] 5mC [14]
aequinoctalis Unk. / / / / Yes [36] No No
Wolffia australiana 8730 20 CHR 229S/20P ONT/Hi-C [14] Yes [14,37,38] Yes [14] SmC [14]
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7733 20 CHR 25S/20P ONT/Hi-C/ Yes [9] No No

RNA 9
Illumina [9] - seq 1]

PacBio (in

brasiliensis 7522 20 C 250C .
preparation)

Yes Yes SmC (in prep)

Summary table of genomic information (genome, transcriptome and epigenome) and their status available for
duckweeds. CHR: chromosome-level assembly, S: Scaffold-level assembly, C: Scaffold-level assembly, lllumina:
Short-read sequencing, PacBio: Pacific Biosicences long read sequencing, ONT: Oxford Nanopore Technologies
long read sequencing, Hi-C: genome-wide chromosome conformation capture, BioNano: Optical genome
mapping, sSNRNAseq: Single-nuclei RNAseq. Source publication(s) for source data in brackets.

The table presented here summarizes the current status of duckweed genomic resources based on the
literature, including some in preparation from our group (Lemna minor #8623 and Wolffia brasiliensis #7522),
highlighting the fast pace at which duckweed genomic information is accumulating. It also shows that while
some genera are well represented with several species and clones within those that have been sequenced and
assembled at the chromosome level, such as Spirodela and Lemna, others are poorly represented. This is the
case for Wolffia, with only one species’ genome publicly available and another in the works, and Wolffiella, for
which there are no published genome available so far. Obtaining further genomes, transcriptomes and
epigenomes from Wolffiella and Wolffia will be of great help to better understand the biology and evolution of
duckweeds.

Although most of the genomic datasets listed here are available at public repositories such as NCBI
(www.ncbi.nlm.nih.gov) or CoGe (genomevolution.org/coge/), specific databases centralizing duckweed
genomic resources and information will be not only of great help for the community, but also to attract more
scientists to use duckweeds in their research. The development of tools for accurate design of genome editing
systems (e.g. CRISPR/Cas9), identification of conditional, developmentally regulated or cell- and tissue-
specific promoters, relies not only on the generation of high-quality genome assemblies, but also in the
curation, standarization and accesibility of such genomic information, including single cell/nuclei and spatial
transcriptome data, all critical to foster further advances in both basic and applied duckweed research. Steps
in the good direction are being taken, like Lemna.org (www.lemna.org) [14], a repository for duckweed
annotated genome assemblies allowing for nucleotide and protein searches. However, the centralization and
accessibility of genomic data will need to be mirrored by ensuring the corresponding clones are available at
stock centers for researchers to be able to retrieve and work with well characterized strains. Although this is
not always possible due to restrictions to the movement of plant material across countries, access to high
quality genome assemblies across the duckweed phylogeny will undoubtedly be of great support for
duckweed communities across the globe to generate and sequence collections of local duckweed strains.

In summary, the recent increase in duckweed genomic information has already provided significant
contributions to advances in duckweed and plant biology research. However, more genomes and datasets
representing the duckweed diversity, together with centralized hubs and tools to access, explore and use all
this information will facilitate and boost the speed, impact and reach of duckweed research.
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Eric Lam, Founder and Director of RDSC (Email: eric.lam@rutgers.edu)

The Rutgers Duckweed Stock Cooperative (RDSC), Rutgers the State
University of New Jersey, New Brunswick, NJ, 08901, USA

Dear Duckweed Research and Applications Community:

Greetings from the RDSC. The duckweed stock collection was started in 2009 with the
transfer of the Landolt Collection from the Biolex Company (North Carolina, USA) via
the Waksman Institute, transiting through Todd Michael's lab at that time. It has grown
from this initial collection of about 560 accessions/clones to more than 980 of today,
almost 15 years later. It is arguably the largest single collection of duckweed strains that is accessible to all
and can be easily searched on our website (www.ruduckweed.org). As many of you know, maintaining such a
large collection of living plants is not a trivial task and | have to thank all the dedicated researchers, students
and postdocs that have contributed to this arduous task to make it what it is today. We strongly believe that
access to a well curated and shared resource, along with good community standards and analytical methods,
create the critical foundation needed for a thriving scientific community. This germplasm is invaluable for both
academic and commercial research/applications that will benefit all. It is with this vision that we have worked
hard in the past 15 years to support the growth of this resource. With a number of important progress in our
fleld over the past decade, the recognition of duckweed's renaissance can be evidenced by the continual
growth in attendance at our biennial conference as well as our invitation to publish a Model Plant System
review in The Plant Cell that came out in 2021. As the chart for request of duckweed strains from the RDSC
illustrates, the demand for duckweed clones are increasing steadily since that time.

With our growth, however, we also need more support in order to maintain this service for our
community. Over the past 3 years, we were grateful to receive support from the Gordon and Betty Moore
Foundation for a full-time manager (Dr. Mike Chen) to run the RDSC. With this funding coming to an end this
autumn, | would need your support for my effort to obtain new grants in order to maintain and transition the
RDSC to the next phase. | would like to request 15 minutes of your time, if you have used the RDSC website for
information or have obtained duckweed
clones from the RDSC before for your Annual Summary of Duckweed Clones Requested
research. Please send me an email
briefly stating how the RDSC has
assisted your research and whether you
believe it would be important to
maintain for the benefit of the _
community. In addition, if there are 181
ways that the RDSC website in terms of
its content and services that you think
can be improved and/or expanded, we
would love to hear from you. It would be
most helpful if | could receive your input
via email by mid-May, and earlier the
better, for improving our grant proposal so that it would reflect your needs.

2018 2017 2018 2019 2020 2021 2022 2023
 The number of strains

| thank you in advance for your consideration and anticipated support.

Eric Lam, RDSC, NJ, USA
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Commentary: “On the rise:
Development of a multi-
tiered, iIndoor duckweed
cultivation system”

Neil E. Coughlan, Ivan Loaiza, Marcel AK Jansen*

School of Biological, Earth and Environmental
Sciences, Environmental Research Institute, pd.
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Duckweed mediated remediation and valorisation

Large numbers of publications have recognised, and highlighted, the potential of using duckweed species for
wastewater remediation. Indeed, Landolt and Kandeler (1987) already cited studies from the early nineteen
hundreds (Ludwig, 1909) that report on Lemnaceae species tolerating, and growing on, polluted waters.
Landolt and Kandeler (1987) expanded on this by arguing that tolerance to high concentrations of pollutants,
combined with absorption of these same pollutants by fast growing duckweed species, makes Lemnaceae
particularly suitable for wastewater remediation. Fast forward to 2024, there is now ample evidence that
various species of duckweed can survive and grow on a variety of different liquid waste streams, in the
process contributing to water remediation. One recent example from our own laboratory concerns the use of
Lemna minor to remediate wastewater from dairy processing. Dairy industry wastewater is produced in large
volumes during the processing of milk (up to 11 litres of wastewater is created per litre of milk when
processed into products such as cheese, butter, or milk powder). Consequently, in many countries dairy
processing wastewater is, by volume, one of the biggest waste streams. Extensive wastewater treatment is
required prior to release of such water in the environment, and this is expensive, as well as wasteful
considering the significant content of valuable carbohydrates and plant nutrients present in dairy processing
wastewater. Innovative approaches to wastewater treatment often combine remediation with valorisation, i.e.
obtaining value from wastewater. Unfortunately, duckweed cultivation on raw dairy processing wastewater is
nearly impossible, amongst others, due to the negative effects of strong microbial growth (Walsh et al., 2020).
To address this obstacle, our group based at University College Cork (UCC) has developed cascading
approaches. In such an approach, raw wastewater is first treated in a microbial bioreactor, either generating
polyhydroxyalkanoates, building blocks for production of bioplastics, or biofuels such as ethanol or methane
(Walsh et al, 2020; O'Mahoney et al. 2022). These microbial processes will deplete the content of
carbohydrates (mostly lactose in this case) and other organic molecules, leaving a medium rich in inorganic
plant nutrients such as ammonium, nitrate and phosphate. The latter medium is suitable for duckweed growth,
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and growth will result in both remediation of the medium and generation of protein-rich biomass (0’Mahoney
etal. 2022).

Integration of duckweed-based wastewater treatment in a cascading system, comprised of dairy processing,
microbial bioreactors and duckweed remediation, emphasises the relationships between these three
processes, but also identifies key requirements of duckweed-based systems. A typical dairy processing plant
produces some 550 million litres of wastewater per year. Such volumes of wastewater can simply not be
stored for any amount of time, necessitating the need for continuously-operating remediation systems that are
independent of climate and weather conditions. Therefore, and for most climate zones, industry-based
duckweed remediation systems need to be located indoors. Unfortunately, few studies have engaged in the
development of appropriate indoor growth systems which are critical for industry applications (Coughlan et al.
2022b). The construction of large, traditional ponds under indoor conditions is not space-effective. For this
reason, the duckweed group at UCC focussed on the development of space-efficient growing systems.

Multi-tiered systems at University College Cork

At UCC the challenge of space-effective duckweed growing was answered through the development of multi-
tiered (stacked) duckweed systems. In many ways, this is a logical approach, and perhaps not surprisingly this
was simultaneously pursued by a number of groups, including the duckweed research groups at UCC and
Osnabrueck Germany (Petersen et al. 2022).

The modular systems constructed at UCC are the result of several iterations, and while the systems facilitate
replicated testing at what many industries will consider a relevant scale, there remains room for improvement.
Thus, the multi-tiered systems at UCC represent a step on the path of indoor duckweed bioreactor
development, rather than an endpoint. In the initial design stage, a lack of peer-reviewed (or indeed any
substantive) information on design and operation of an indoor multi-tiered system was a hinderance.
Accordingly, the design for the current 500-litre modular system was mostly created ab initio, with the genesis
of the current blueprint arising from the development and iterative testing of a smaller 125-litre system.

The design and operation of the multitiered, duckweed cultivation system is described in detail by Coughlan et
al. (2023). In brief, three 500-litre independently operated and recirculatory bioreactors were constructed.
These modular units can also be joined to create a single larger system with a capacity of up to 2000 litres.
Each 500-litre multi-tiered system consists of four vertically stacked stainless-steel cultivation trays (180 x 55
x 15 cm: length x width x height) suspended within a powder coated steel frame, alongside a sump tank (120 x
80 x 75 cm) positioned at floor level. Each tray has a total surface area of 0.99 m?, with light-emitting diode
(LED) strips positioned above the tray to generate up to 150 umol m™ s™ photosynthetically active radiation.
Medium is delivered from the sump tank to the top tray (i.e., tray 1) and the medium is then gravity fed through
the system, traveling from tray 1 to tray 4 at which point the medium is returned to the sump tank. The
hydrodynamic character of the system was designed to minimise channelling (i.e. turbulence) and non-mixing
(i.e. dead zones) zones. However, further innovation for optimisation of hydrodynamic efficiencies, within the
boundaries of what plants tolerate, requires further consideration (Maguire et al., 2024).

Although performance of the stacked systems is very good (e.g., Coughlan et al., 2022a), in some ways multi-
tiered systems are not particularly innovative. Indeed, shelves of Erlenmeyer flasks in a growth room
‘nominally” comprise a stationary, stacked system. Thus, advances of the systems constructed in Cork
(Coughlan et al. 2023) and Osnabrueck (Petersen et al. 2022) relate not so much to the multi-tiered character
of the system, but particularly to the recirculatory system as well as the automated harvest technology
(Coughlan et al., 2023). Nevertheless, it is the multi-tiered character of the developed system that needs further
innovation. The newly developed system requires some “heavy” engineering related to the sheer weight of
water and stainless-steel trays. In order to increase the number of duckweed layers per square meter of
floorspace, the weight and height of each layer in the multi-tiered system needs to be reduced. Lowering the
water height in each tray does contribute to some extent to a tray weight and height reduction. In turn, this
makes it possible to use lighter tanks, both contributing to a lighter construction, and ultimately enabling an
increase in duckweed layers per m? of floor space. Nevertheless, it should be considered whether more radical
changes to the design of duckweed bioreactors are required.
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Left: Figure 1; Multi-tiered duckweed growth system, comprising 4 stacked trays with individual LED-based light systems.
Right: Figure 2; Two multi-tiered duckweed growth systems, with (in front) sump tanks. Multiple systems can be connected
to create a single 2000 litres system.

Innovative duckweed cultivation

Duckweed growth on wet matting
Removing the water column on which duckweed is grown minimises both weight and required height of trays.

Duckweed can withstand desiccation periods from 4 to 6h, depending on the relative humidity of surrounding
air (Coughlan et al., 2018). However, by placing duckweed on a thin layer of wet matting, it is possible to keep
fronds hydrated for considerable periods of time. This approach resembles growth on wet mud, that can be
commonly observed in the natural environment. In fact, duckweed has been reported to not just survive on wet
mud, but potentially to grow even faster on mud then on water (MclLay., 1974). This suggests opportunities to
rapidly grow duckweed on nature-mimicking wet surfaces such as wet mats and similar materials that have
high viscosity, porosity and humidity retention (Hikashi et al., 2013; Hitti et al., 2027). The combination of these
three factors, or surface properties, enables duckweed roots to gently move in a viscous surface, while up-
taking nutrients from a humid, porous surface.

Duckweed grown using aeroponics
Growth on wet matting still requires a water-saturated layer of spongy material that is both heavy and takes

space. Therefore, a further developmental step is the growth of duckweed in water saturated air (i.e. mist or
fog). Fine droplets of water can efficiently provide moist and nutrients to plants. Indeed, aeroponics (or fog-o-
ponics) is a well-established horticultural practice (Lakhiar et al., 2018; Garzon et al. 2023). It is envisaged that
aeroponic-duckweed systems can achieve a considerable space saving by growing multiple layers of plants on
fine netting, below a single layer of LEDs, with the netting transmitting both water droplets and light.

Vertical duckweed growth vy
Vertical-indoor farming is a well-developed technique for [aasss

growing high density crops on a small production area.
While the term “vertical farming” is commonly used to
refer to the use of horizontal, multi-tiered systems, i.e.
stacked system, it is also possible to grow plants on
vertical support structures such as towers (Putri et al.,
2023). This method is potentially suitable for duckweed
production. There are reports of duckweed growing along
wet, vertical surfaces, such as wet rocks (Blanco and
Jiménez, 2019). Thus, the challenge is very much an
engineering challenge of keeping vertical surfaces wet,
while supplying nutrients at the same time.

Figure 3; Lemna minor, grown using an aeroponics approach whereby plants are exposed to a fine mist of water droplets
with contained plant nutrients.
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Summary

Innovative thinking is required to develop space-efficient duckweed bioreactors. While the immediate need is
for small scale systems that demonstrate the proof-of-concept, subsequent systems need to be suitable for
industry applications. Requirements of these second-generation systems are:

1) High-capacity duckweed growth per m? of floor space
2) Low energy consumption

3) Weather independent

4) Easy to inoculate

5) Autonomous nutrient control (i.e. sensors)

6) Autonomous operation (i.e. self-harvesting)

7) Option to culture duckweed axenically

It is anticipated that the development of innovative, new culture systems will require extensive interdisciplinary
research and development efforts, with biologists collaborating with engineers, economists and social
scientists. However, the successful development of a new generation of duckweed bioreactors is envisaged to
yield substantial benefits by increasing sustainability, and contributing to a greener, cleaner, circular economy.
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Duckweed is an aquatic floating plant with fast growth, high starch content, and efficient nutrient absorption. It
has shown enormous potential in various applications such as animal feed, biofuel production, and
wastewater treatment. However, most duckweed species grow mainly by asexual propagation and flower
rarely in natural environments, which greatly limits their germplasm collection, germplasm innovation, and
heterosis utilization.

Detailed studies on flowering induction of duckweeds have started since the 1960s. Although many hormones
(e.g. abscisic acid and jasmonic acid) are known to play a role in flowering-induction of duckweed, salicylic
acid (SA) has been regarded as the most crucial one (Krajncic et al., 2006; Cleland and Briggs, 1969). Moreover,
the continuous presence of SA is essential to obtain the maximum rate of flowering, and this flowering-
induction is day-length dependent and stress response inducing (Tanaka and Cleland, 1980; Fu et al., 2017).
These studies offer valuable insights into flowering-induction at the physiological and biochemical levels, but
little is known about the associated genes and regulatory networks at the molecular level.

In recent decades, transcriptomic technology has widely been applied in duckweed research studies to identify
important genes related to nutrient starvation, ABA treatment, radiation exposure, turion development, and
heavy metal stress. Transcriptome analysis was also used to explore flowering-associated genes in duckweed.
Fu et al. (2020) performed RNA-seq to examine the changes in expression of genes in response to SA-induced
flowering in Lemna gibba. We identified hundreds of differentially expressed genes (DEGs) at the induction,
initiation, and flowering stages, respectively. Specifically, thirteen flowering-associated DEGs were identified by
local BLASTP mapping against the Arabidopsis FLOR-ID database, and most of their Arabidopsis homologs
showed a positive effect on flowering under the long-day environment. Finally, we proposed a possible floral
induction pathway where LgFT1, LgTEMT, and LgSVP might play vital roles in SA-induced flowering. Yoshida et
al. (2021) investigated the expression change of genes during the vegetative to reproductive phase in Lemna
aequinoctialis, and found 3908 DEGs under short-day treatment. They further functionally characterized three
FT-like genes (LaFTL1, LaFTL2, and LaFTL3), and revealed that LaFTL7 promoted flowering while LaFTL2
suppressed flowering. Although these findings explored hundreds of genes and tens of functional pathways
(e.g., stress, carbohydrate metabolism, and hormone signaling) in SA-induced flowering of duckweed, the role
of IncRNAs was not examined.

Long non-coding RNAs (IncRNAs) are crucial components in regulating flowering in plants. They carry out their
biological functions through cis-acting, trans-acting, or miRNA targets to regulate gene expression levels.
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Massive sequencing technology has led to the discovery of numerous IncRNAs relevant to flowering in plants,
including Arabidopsis (Severing et al., 2018), tomato (Yang et al,, 2019), Chinese cabbage (Dai et al., 2023), and
chickpea (Basu et al.,, 2022). However, no comprehensive analyses have been conducted regarding flowering-
associated IncRNAs in duckweed.

In our recent work, Fu et al. (2023) integrated PacBio full-length sequencing and strand-specific RNA
sequencing to explore the underlying INcRNAs during SA-induced flowering in L. gibba. A total of 474 IncRNAs
were determined, of which 31 were differentially expressed and were involved in SA-induced flowering. Trans-
regulatory analyses revealed that these IncRNAs showed temporal-specific expression patterns and mainly
participated in photosynthesis, stress metabolism, jasmonate metabolism, and transport. Five INcRNAs were
identified to act as targets of miRNAs that played crucial roles in regulating flowering. In addition, fifteen
INncRNAs displayed co-expression with flowering-associated genes, and IncRNAO3 and IncRNA25 were
determined as key players in flowering via INcRNA-miRNA-mRNA interactions (Figure 1). These findings
deepen our understanding of IncRNAs in SA-induced flowering in duckweed and provide valuable resources for
in-depth functional analysis in the future.

Taken together, these results suggest that IncRNAs are crucial regulators of SA-induced flowering in L. gibba
and provide a new angle to explore the mechanisms of SA-induced flowering. When candidates are selected
and genetically modified to promote flowering in duckweed species, it would be better to include some of
these SA-responsive INcRNAs as candidates for flowering regulators.
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Figure 1. Network analysis of IncRNAs, mRNAs, and miRNAs involved in SA-induced flowering in L. gibba. (A-B)
Representative interaction networks of IncRNA25 and IncRNAO3. LncRNAs, mRNAs, and miRNAs are
represented by circles, diamonds, and triangles, respectively. mMRNAs grouped into different functional categories
are marked by distinct colors. The node size represents its connection to others. (C) A schematic diagram of
INncRNA-MRNA-mMiRNA networks for SA-induced flowering in L. gibba. This figure is derived from Fu et al. (2023).

References:

Basu U, Hegde VS, Daware A, Jha UC, Parida SK. Transcriptome landscape of early inflorescence developmental stages
identifies key flowering time regulators in chickpea. Plant Molecular Biology, 2022, 108: 565-583.

Cleland, CF, Briggs, WS. Gibberellin and CCC effects on flowering and growth in the long-day plant Lemna gibba G3.
Plant Physiology, 1969, 44: 503—-507.

DaiV, Li G, Gao X, Wang S, Li Z, Song C, Zhang S, Li F, Fang Z, Sun R, Zhang H, Zhang S. Identification of long noncoding
RNAs involved in plumule-vernalization of Chinese cabbage. Frontiers in Plant Science, 2023, 14: 1147494.

Fu LL, Huang M, Han BY, Sun XP, Sree KS, Appenroth KJ, Zhang JM. Flower induction, microscope-aided cross-
pollination, and seed production in the duckweed Lemna gibba with discovery of a male-sterile clone. Scientific Reports,
2017, 7:3047.

vol 12 (2), page 45 of 80



FORUM

Fu LL, Tan DG, Sun XP, Ding ZH, Zhang JM. Full-Length Transcriptome and the Identification of IncRNAs Involved in
Salicylic Acid-Induced Flowering in Duckweed (Lemna gibba). Agronomy, 2023, 13: 2631.

Fu LL, Tan DG, Sun XP, Ding ZH, Zhang JM. Transcriptional analysis reveals potential genes and regulatory networks
involved in salicylic acid-induced flowering in duckweed (Lemna gibba). Plant Physiology and Biochemistry, 2020, 155: 512-
522.

Krajncic B, Kristl J, Janzekovic |. Possible role of jasmonic acid in the regulation of floral induction, evocation and floral
differentiation in Lemna minor L. Plant Physiology and Biochemistry, 2006, 44: 752-758.

Severing E, Faino L, Jamge S, Busscher M, Kuijer-Zhang Y, Bellinazzo F, Busscher-Lange J, Fernandez V, Angenent GC,
Immink RG, Pajoro A. Arabidopsis thaliana ambient temperature responsive INcRNAs. BMC Plant Biology, 2018, 18: 145.

Tanaka O, Cleland CF. Comparison of the ability of salicylic acid and ferricyanide to induce flowering in the long-day
plant, Lemna Gibba G3. Plant Physiology, 1980, 65: 1058-1061.

Yang ZC, Yang CC, Wang ZY, Yang Z, Chen DY, Wu YJ. LncRNA expression profile and ceRNA analysis in tomato during
flowering. PLoS ONE, 2019, 14: e0210650.

Yoshida A, Taoka K, Hosaka A, Tanaka K, Kobayashi H, Muranaka T, Toyooka K, Oyama T, Tsuji H. Characterization of
frond and flower development and lidentification of FT and FD genes from duckweed Lemna aequinoctialis Nd. Frontiers in
Plant Science, 2021, 12: 697206.

vol 12 (2), page 46 of 80



Reindert Devlamynck and Marie Lambert

Inagro vzw; leperseweg 87; 8800 Rumbeke-Beitem, Belgium

Of course, as long as you do it right! But what is right requires still some optimalisation. At the ManuResource
conference'? that was held in Antwerp, Belgium, Inagro (Flemish commercial organisation for Research &
Advice in Agriculture and Horticulture) organized a parallel session on recent duckweed-related discoveries.
ManuREsource is an international scientific conference organised by the Flemish Coordination Centre for
Manure Processing, Ghent University, and Inagro. Researchers, policy makers, and industries are invited to
discuss the most recent state of the art in manure treatment and nutrient recovery. This conference was held
between 20 and 22 of March, 2024 in Antwerp and is organized, starting in 2013, every two years.

To kick off, Reindert Devlamynck — Inagro (Belgium) — presented financial insights for duckweed cultivation
focusing on nutrient recovery from manure. The importance of using duckweed as animal feed for a viable
circular business case was highlighted. This, in turn, will require sufficient proof of microbial safety.
Additionally, large scale pilot testing is required to generate proof of efficacy, which in turn may convince local
subsidy agencies to provide the required financial support due to the high investment costs.

Subsequently, Marie Lambert — UGent, Inagro (Belgium) — went into more details on how to determine the
maximal treatment capacity of a duckweed-based remediation system. It was explained that potassium (K) is
the most limiting element for manure processing. This means that if you add as much K as the plant can
remove, you won't have any other element accumulating in your system. Yet, it was pointed out that there is a
risk that if one wants to increase capacity, one can overdose on K, in which case K accumulates, leading to salt
stress. If this happens, a discharge step must be introduced.

Meritxell Abril - UVIC-UCC (Vic, Spain) — discussed duckweed production under Mediterranean conditions and
explored its potential as a green manure, presenting innovative opportunities for sustainable agriculture
practices.

Changing the focus from manure to domestic wastewaters, Lisanne Hendriks and Hugo Beekelaar -
Hoogheemraadschap De Stichtse Rijnlanden (Houten, The Netherlands) — showed that duckweed can be used
in combination with other aquatic plants to treat domestic wastewater. Interestingly, they observed that even
with a moderately cold and dark winter in the Netherlands, it is still possible to maintain (small amounts)
duckweed production as the minimum temperature of domestic wastewater is kept at 10°C. Accordingly, the
removal of N and P also continues during winter due to a combination of the bacterial removal process and
sedimentation in a duckweed lagoon.

Finally, two Dutch entrepreneurs, Hans Grootenhuis and Rinus Minkjan of Rinus & Hans bv— “Think green Act
green Eat green” (Delden, The Netherlands) -, gave us a report on their experiences, focusing on duckweed for
human consumption, and concluding an interesting afternoon!

And to top it all off, the cherry on the duckweed-infused cake, Lukas Audenaert, University of Gent (Belgium)
clinched the poster award at the end of the ManuResource conference with his research on nutrient recovery
using duckweed for the NutriBudget project!

'If you are interested in the presentation, you can

contact the organizer via

reindert.devlamynck@inagro.be \

2The parallel session was sponsored by the Flemish PE AGENTSCHAP

LemnaPro project, funded by Agentschap Innoveren & . INNOVEREN & FLANDERS’
Ondernemen (www.vlaio.be) under grant agreement ONDERNEMEN i

No HBC.2021.0173, with financial support of Flanders’
FOOD.
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Special Issue “Duckweed:
Research meets
Applications |I” In the
journal PLANTS

The recent bloom of duckweed-related research reflects versatility and conveys an ever-deepening knowledge
on these tiny plants. Sometimes this remarkable flow of new information makes it difficult, even for experts in
the field, to keep up with the pace. We have edited 2 years ago a Special Issue “Duckweed: Research meets
Applications” with an aim to provide a comprehensive update to the current progress in duckweed research
and applications. This Special Issue has been very well accepted by the duckweed community, and in total 39
papers were published in the journal “Plants”, comprehensively put together in an e-book (ISBN978-3-0365-
9068-4). We hope that this overview is of interest to all those involved in basic research or potential
applications of duckweeds, and will also attract researchers from various other fields.

We invite now manuscripts to be considered for a second volume of the Special Issue “Duckweed: Research
meets Applications II", and address especially to (but not exclusively) participants of the 7th International
Conference on Duckweed Research and Applications, that will be held in Bangkok, Thailand, from 12 — 15
November 2024. For further information see at https:/www.7icdra2024.com/. Contributions in forms of both
original research papers and reviews from a broad scope of disciplines related to duckweed research and
applications (morphology, taxonomy, ecology including ecological interactions, ecotoxicology, environmental
monitoring and remediation, physiology, biochemistry, genetics, omics, biotechnology, biomass production and
its uses, etc.) are welcome. We would like to especially encourage reports on large scale cultivation and novel
applications of duckweed.

The Special Issue is open for submission from 1¢ of May 2024 to 31 of December 2024. For the homepage
see https://www.mdpi.com/journal/plants/special_issues/YMAX6P629M

Guest editors

Dr. Viktor Olah
Department of Botany, Institute of Biology and Ecology, Faculty of Science and Technology, University of

Debrecen, 4032 Debrecen,
m Irecdeiend 1n:
l plants 45 G

Hungary
an Open Access Journal by MDPI

Dr. Klaus-J. Appenroth
Matthias Schleiden Institute—
Plant  Physiology, Friedrich
Schiller University Jena, 07743
Jena, Germany

Duckweed: Research Meets Applications
2nd Edition

Guest Editors

Dr. K. Sowjanya Sree
Dr. Viktor Olah, Dr. Klaus-Jirgen Appenroth, Dr. Sowjanya Sree Kandregula

Department of Environmental
Science, Central University of
Kerala, Periye 671320, India

Deadline
31 December 2024

Figure to the left: Dalmatian pelican ( Pelecanus crispus) analysing a population of Lemna minor for its possible use as feed
stuff. Photo by Klaus-J. Appenroth in the Zoo Leipzig, Germany.
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Agricultural Policy Dialogue
Brazil-Germany (APD) on
duckweed cultivation in
rural communities in
Northern Brazil

Locals from the Araga community, Mirandiba town, interior of Northeastern Brazil, in front of a local reservoir where
duckweed grows naturally.

Klaus-J. Appenroth’, Gleice Mere?

'Matthias Schleiden Institute — Plant Physiology, Friedrich Schiller University,
07743 Jena, Germany. Email: klaus.appenroth@uni-jena.de

Agricultural Policy Dialogue Brazil-Germany (APD), SCN Quadra 1 Bloco C,
Ed. Brasilia Trade Center, sala 1102, 70711-902 Brasilia — DF, Brazil. Email:
gleice.mere-iak@apd-brasil.de
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At the 16" Global Forum for Food and Agriculture (GFFA 2024) from 17" to 20" January 2024 in Berlin,
Germany, around 2,000 international guests exchanged ideas about food systems of the future and closer
cooperation at a global level in order to achieve the sustainability goals of the 2030 Agenda. The GFFA is an
international conference focused on central questions of global agriculture and nutritional policies. IAK Agrar
Consulting, Leipzig, Germany, applied for support to a project entitled “Innovative Dialogue on the Introduction
of Duckweed as an Ecological and Plant-based Protein Alternative in Brazil” to participate in the Innovation
Forum. Within the framework of this project, the authors visited from 27" of November to 8" of December
2023 remote areas around the Mirandiba town in the Brazilian state Pernambuco, in the northern, semiarid
area, almost 500 km away from Recife. The aim was that in cooperation with farmers of different village
communities, the production of duckweeds should be established and thereafter, the fresh biomass should be
used for feeding fish or other domestic animals. The concept is that poor farming families may be able to
improve the living standard by creating an extra income.

Duckweeds are the fastest growing aquatic flowering plants. The fast growth and the chemical composition
concerning protein content and protein quality make these plants ideal for animal feeding and even for human
nutrition. No fertile land is required as aquaculture can also be carried out on barren land.

Magnus Mollgard, agricultural engineer and project leader in Sertdo was a key person and mediated the
required contacts to influential people but also to different rural farming communities. In this way, we got in
contact with Jo&o Batista Furtado de S4, secretary for Rural Development in Mirandiba, and Francisco Charles
Bezerra Cabral de Lima, Agricultural Technician at the Agronomic Institute in Pernambuco (IPA) who both
supported the project. However, we also discussed the aim of the project with Solange Maria da Conceigdo
Silva, indiginous leader of the indigene land Atikum with their rural community, called Tamboril. Additionally, we
visited a village community, called Araca, who also try to cultivate duckweeds. The people that live at Araca are
Quilombolas. These people are descendants of quilombos, runaway slaves at the time of slavery in Brazil. Even
nowadays, many of them still live in poverty.

We visited a meeting of the “Mirandiba Rural Workers™ Union” and explained what we are doing. Moreover, an
“International Workshop on Lemnaceae” was organized by the Agricultural Policy Dialogue Brazil-Germany
(APD) at the Academic Unit from the Federal Rural University of Pernambuco in Serra Talhada. Several
speakers, including Magnus Mollgard and Klaus Appenroth discussed the opportunity and first results of the
cultivation of duckweed in this rural area, and the social implications for the farming families were also
discussed by a panel. Beside the employees of the University, a large number of students also participated.
The above-mentioned project ran from July to December 2023. During our visit we analysed the different
available results, mainly presenting the work of Magnus Mollgard who carried out experiments at different
places with different water sources and with the supplement of some fertilisers. Together we discussed how
to improve the growth of duckweed plants under the given local conditions, i.e. high temperatures, high solar
irradiation and unidentified nutrients in the water sources. For that a plan was developed and discussed with
three professors at the University in Serra Talhada, i.e. Ugo Silva, Wilson Treger and Nivaldo Nascimento. All
participants agreed about the next experiments to cultivate duckweeds under the supervision of these

professors.

Figure 1: Wilson Treger speaking with Klaus Appenroth and Ugo Silva at the campus of the Academic Unit from the Federal
Rural University of Pernambuco in Serra Talhada.

Figure 2: Meeting at the "Mirandiba Rural WorkersUnion". At the left Klaus Appenroth with the rural workers. The third from
left, Magnus Mollgard.
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Figure 3: Klaus Appenroth and Magnus Mollgard visiting the property of one of Mirandiba's rural farmers, Mr Vava. He
explains how duckweed is grown under local climatic conditions.
Figure 4: Indigenous leader Solange Silva and her family.

This was the background for the application of the IAK Agrar Consulting from Leipzig, who wished to
implement their project through the Agricultural Policy Dialogue APD Brazil-Germany. This application was
accepted by the German Federal Ministry of Food and Agriculture. During the above-mentioned Innovation
Forum in Berlin, this project of “Ecological and Plant-based Protein Alternative in Brazil” on the basis of
duckweeds was therefore presented in a booth, where also live duckweed plants from all five genera were
shown.

The presentation was honoured by a visit of the German Federal Minister of Food and Agriculture, Cem
Ozdemir and the Brazilian Minister of Agricultural Development and Family Farming, Paulo Teixeira. Paulo
Teixeira emphasised toward Cem Ozdemir that this project is of high importance for the rural development in
northeastern Brazil and asked for further support by the German Government.

ation dialegue on 11
ductiof

|egical and plant-base
dternative in Brazil

Figure 5: IAK Agrar Consulting’ stand with staff at the GFFA in Berlin during the visit from the German Federal Minister of
Food and Agriculture, Cem Ozdemir (with a blue tie) and the Brazilian Minister of Agricultural Development and Family
Farming, Paulo Teixeira (with a red tie).
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Announcement: Call for

Nominees as Candidates for
the 6" ISCDRA

The International Steering Committee on Duckweed Research and Applications (ISCDRA) was founded during
the 2" International Conference on Duckweed Research and Applications (ICDRA) at Rutgers, the State
University of New Jersey, New Brunswick, NJ in 2013.

Members of the ISCDRA cooperate with each other in order to steer and promote duckweed research and
applications for the benefit of our community. Assisting in the publication of the community newsletter, the
Duckweed Forum, is one of the obligations, among others, that are expected of the committee members.

Procedure for the election of members to the 6™ International Steering
Committee on Duckweed Research and Applications

1) The ISCDRA should consist of 5 members who will be elected before the biennial ICDRA in a secret poll.

2) Anyone who has previously attended any of the ICDRA or will attend the upcoming 7" ICDRA in Bangkok,
Thailand can suggest potential candidates including themselves. Candidates should have attended at least
one of the three previous ICDRA meetings. Suggestions may be sent to the Chair of the present ISCDRA - Prof.
Dr. Eric Lam, Email: ericL89@hotmail.com. The deadline for submission of candidate names is 15" June, 2024.

3) The voting procedure will be announced in the upcoming DF issue in July, 2024.

4) The five newly elected members will be notified by email and they will elect the head of the committee
before the 7" ICDRA-2024 in Bangkok, Thailand.

5) In case that by chance all elected members are either from the applied field or from the research field, the
elected Chair will appoint one additional member from the missing field.

6) At the end of the ISCDRA meeting (General Assembly) the previous Committee will report shortly about the
activities since the previous election and the duty will be transferred to the newly elected ISCDRA.
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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 15th 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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Spatiotemporal study of galactolipid biosynthesis in duckweed with
mass spectrometry imaging and in vivo isotope labeling

Tat, VT, Lee, YJ. Plant & Cell Physiology (2024) DOI10.1093/pcp/pcae032

Isotope labeling coupled with mass spectrometry imaging (MSI) presents a potent strategy for elucidating the
dynamics of metabolism in cellular resolution, yet its application to plant systems is scarce. It has the potential
to reveal the spatiotemporal dynamics in lipid biosynthesis during plant development. In this study, we explore
its application to galactolipid biosynthesis of an aquatic plant, Lemna minor, with D,0 labeling. Specifically,
matrix-assisted laser desorption/ionization (MALDI) MSI data of two major galactolipids in L. minor,
monogalactosyldiacylglycerol and digalactosyldiacylglycerol, were studied after growing in 50% D,0 media
over fifteen-day time period. When they were partially labeled after five days, three distinct binomial
isotopologue distributions were observed corresponding to the labeling of partial structural moieties: galactose
only, galactose and a fatty acyl chain, and the entire molecule. The temporal change of the relative abundance
of these distributions follows the expected linear pathway of galactolipid biosynthesis. Notably, their MS
images revealed the localization of each isotopologue group to the old parent frond, the intermediate tissues,
and the newly grown daughter fronds. Besides, two additional labeling experiments, 1) *CO, labeling and 2)
backward labeling of completely 50% D,0 labeled L. minorin H,O media, confirm the observations in forward
labeling. Further, these experiments unveiled hidden isotopologue distributions indicative of membrane lipid
restructuring. This study suggests the potential of isotope labeling with MSI to provide spatiotemporal details
in lipid biosynthesis in plant development.

Phytohormonal regulation determines the organization pattern of shoot
aerenchyma in greater duckweed (Spirodela polyrhiza)

Kim, M; Hyeon, D; Kim, K; Hwang, D; Lee, Y. Plant Physiology (2024) DOI10.1093/plphys/kiae173

Airspace or aerenchyma is crucial for plant development and acclimation to stresses such as hypoxia, drought,
and nutritional deficiency. Although ethylene-mediated signaling cascades are known to regulate aerenchyma
formation in stems and roots under hypoxic conditions, the precise mechanisms remain unclear. Moreover, the
cellular dynamics underlying airspace formation in shoots are poorly understood. We investigated the stage-
dependent structural dynamics of shoot aerenchyma in greater duckweed ( Spirodela polyrhiza), a fast-growing
aquatic herb with well-developed aerenchyma in its floating fronds. Using X-ray micro-computed tomography
and histological analysis, we showed that the spatial framework of aerenchyma is established before frond
volume increases, driven by cell division and expansion. The substomatal cavity connecting aerenchyma to
stomata formed via programmed cell death (PCD) and was closely associated with guard cell development.
Additionally, transcriptome analysis and pharmacological studies revealed that the organization of
aerenchyma in greater duckweed is determined by the interplay between PCD and proliferation. This balance is
governed by spatiotemporal regulation of phytohormone signaling involving ethylene, abscisic acid, and
salicylic acid. Overall, our study reveals the structural dynamics and phytohormonal regulation underlying
aerenchyma development in duckweed, improving our understanding of how plants establish distinct
architectural arrangements. These insights hold the potential for wide-ranging application, not only in
comprehending aerenchyma formation across various plant species but also in understanding how airspaces
are formed within the leaves of terrestrial plants.
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Enhancing biomass production and biochemical compositions of
Spirodela polyrhiza through superhydrophobic cultivation platforms at
low light intensity

Chua, MX; Saravanan, G; Cheah, YT, Chan, DJC. Plant Physiology and Biochemistry (2024) 208: 108485.

Duckweed, a floating macrophyte, has attracted interest in various fields such as animal feedstocks and
bioenergy productions. Its enriched nutritional content and rapid growth rate make it particularly promising.
However, common laboratory cultures of duckweed often experience fronds layering, diminishing the efficiency
of sunlight capturing due to limited surface area on conventional cultivation platforms. In this work, we aimed
to address the issue of fronds layering by introducing a novel cultivation platform - a superhydrophobic coated
acrylic sheet. The sheet was prepared by spray-coating a suspension of beeswax and ethanol, and its
effectiveness was evaluated by comparing the growth performance of giant duckweed, Spirodela polyrhiza, on
this platform with that on a modified version. The superhydrophobic coated acrylic sheet (SHPA) and its
variant with a metal mesh added (SHPAM) were employed as growing platforms, with a glass jar serving as
the control. The plantlets were grown for 7 days with similar growth conditions under low light stress (25 pmol
m2s™). SHPAM demonstrated superior growth performance, achieving a mass gain of 102+17 %, surpassing
both SHPA (89.7415.0 %) and the control (39.318.9 %). For biochemical compositions, SHPAM outperformed in
chlorophyll content, protein content and lipid content. The values obtained were 1.02+0.08 mg/g FW, 14.6+0.6
% DW and 6.2+0.8 % DW respectively. Therefore, this work proved that incorporation of superhydrophobic
coatings on a novel cultivation platform significantly enhanced the biomass production of S. polyrhiza.
Simultaneously, the biochemical compositions of the duckweeds were well-maintained, showcasing the
potential of this approach for optimized duckweed cultivation.

Density-dependent facilitation and inhibition between submerged and
free-floating plants

Szabd, S; Csizmadr, A; Koleszdr, G; Olah, V; Birk, S; Peeters, ETHM. Hydrobiologia (2024) DOI10.1007/s10750-
024-05491-9.

This study aimed at testing the hypothesis that free-floating plants may facilitate the growth of submerged
plants under hypertrophic conditions and intermediate plant density. The effects of Lemna presence on the
growth of two submerged plants (Elodea nuttalliiand Ceratophyllum demersum) over a nitrogen gradient were
experimentally investigated. This was complemented with analysing the presence of C. demersum and E.
nuttalliiin Hungary and in Germany in relation to the density of free-floating plants. Results showed a negative
exponential pattern between underwater light intensity and Lemna cover. Ceratophyllum and Elodea relative
growth rate decreased with increasing nitrogen concentrations and additional low Lemna density stimulated
Ceratophyllum and suppressed Elodea. Elodea decreased linearly with Lemna density while Ceratophyllum
showed a unimodal response. Total algal biomass (epiphytic and planktonic) was higher in Ceratophyl/lum than
in Elodea treatments and decreased rapidly with increasing Lemna density. The field studies showed a positive
relationship between Ceratophyllum and a negative one between FElodea and free-floating plant cover. This
study clearly showed that free-floating plants can have either facilitating or inhibiting impact on the growth of
submerged plants depending on cover density and macrophyte species. The facilitating effect on
Ceratophyllum is most likely due to suppressing epiphytic algal growth.

Nutrient cycling with duckweed for the fertilization of root, fruit, leaf,
and grain crops: Impacts on plant-soil-leachate systems

Pulido, CRF; Femeena, PV, Brennan, RA. Agriculture (2024) 14: 188.

The increasing energy required to synthesize inorganic fertilizers warrants more sustainable soil amendments
that produce comparable crop yields with less environmental damage. Duckweed, a prolific aquatic plant, can
not only sequester carbon dioxide through photosynthesis, but also hyperaccumulate nutrients from its
environment and upcycle them into valuable bioproducts. In this study, dried duckweed, grown on treated
wastewater treatment plant effluent, was utilized as a fertilizer for a variety of crops (beet, tomato, kale, and
sorghum). Comparative experiments examined the effect of duckweed, inorganic fertilizer, and a 40-60 mix of
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both on crop yield and nutrient fate in the plants, soil, and leachate. Comparable yields of beet, tomato, and
sorghum were generated with duckweed and inorganic fertilizer. Duckweed significantly enhanced phosphorus
(P) uptake in sorghum, exhibiting a P use efficiency level of 18.48%, while the mix treatment resulted in the
highest P use efficiencies in beet and tomato. Duckweed-amended beet and kale systems also increased
residual soil N (0.9% and 11.1%, respectively) and carbon (4.5% and 16.6%, respectively). Linear regression
models developed using the data collected from all crops confirmed that duckweed can be used as a
substitute for inorganic fertilizer without negative effects to food yield or nutritional quality.

Response of duckweed to different irrigation modes under different
fertilizer types and rice varieties: Unlocking the potential of duckweed
(Lemna minor L.) in rice cultivation as "fertilizer capacitors”

Hong, C, Wang, ZC; Wang, YS; Zong, XY; Qiang, XM; Li, QX; Shaghaleh, H; Hamoud, YA; Guo, XP. Aquacultural
Water Management (2024) 292: 108681.

Duckweed (Lemna minor L.) is a common plant in paddy fields, absorbing nutrients, heavy metals, and
agrochemical residues from irrigation water, thus playing a pivotal role in ecosystem sustainability. To reveal
the combined effects of irrigation modes, rice cultivars, and fertilizer types on duckweed, tank experiments
were conducted in two rice -growing seasons (2019 and 2020) in Jiangsu Province, China. The experiment
included three factors, each consisting of two levels: rice cultivars (R) (japonica rice (J) and indica rice (X)),
fertilizer types (F) (organic fertilizer (O) and chemical fertilizer (C)), and irrigation modes (I) (controlled irrigation
(1) and shallow -frequent irrigation (2)). Results indicated that organic fertilizer significantly increased the total
phosphorus concentration by 396% and promoted DCR by 703% in floodwater as compared with chemical
fertilizer. The significantly higher tiller numbers of indica rice increased the shade level, repressing maximum
electron transfer rate (ETRmax) of duckweed, and consequently reduced DCR by 32.8% as compared with
japonica rice. A cyclic pattern of Production -Death -Reproduction of duckweed under controlled irrigation was
observed, which depended on the periodic cycle of Appear -Disappear -Reappear of the floodwater. Setting the
irrigation lower limit to 87.9% saturation water content (8s) can benefit the regeneration of duckweed after re-
watering. Similar to a capacitor that could store and release electric charge in circuit system by regulating
voltage, under the application of organic fertilizer (battery), duckweed (capacitors) efficiently absorbs,
decomposes, and subsequently reabsorbs nutrients by the regulation of controlled irrigation (switch), releasing
fertilizer gradually for the rice plant (electrical appliance).

Joint action of selective herbicides used in paddy field on control of
Lemna minor L.

Huah, TS; Lim, SW; Dilipkumar, M. Sains Malaysiana (2024) 53: 39-48.

To minimise herbicide inputs, reduce environmental burdens, and delay the evolution of herbicide resistance, it
is of the utmost significance to study the interaction between herbicides. This may be accomplished by
selecting the optimal combination, which, through synergy, delivers more cost-effective weed control than a
single herbicide. Under laboratory conditions, interactions between binary mixtures of bensulfuron, propanil,
2,4-D, or bentazon on chlorophyll reduction of Lemna minor were investigated using the Additive Dose Model.
Mixtures of propanil/2,4-D resulted in low antagonism whereas strong antagonism was evident in bensulfuron-
methyl/propanil. Combinations of bensulfuron/bentazon and bensulfuron/2,4-D led to moderate antagonism.
By contrast, propanil in combination with bentazon demonstrated a modest degree of synergism. The findings
of this study could provide good guideline and insights when mixing two herbicides for weed control in rice
flelds and other aquatic environment.

Duckweed production on diluted chicken manure
Stadtlander, T; Schmidtke, A; Baki, C; Leiber, F. Journal of Animal and Feed Sciences (2024) 33: 128-138.

The aim of this study was to test chicken manure as duckweed (Lemna minor) fertiliser. Duckweed was grown
using three different concentrations (low, medium and high; dilution factors 1:16, 1:12 and 1:8, respectively) of
previously solubilised chicken manure. Subsequently, duckweed was evaluated for its fresh and dry biomass
production, protein content and protein production capacity. Ammonium-nitrogen (NH,-N) concentrations
increased in all substrates during an experimental week, with the increase being steeper in the treatments with
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higher chicken manure concentrations. However, duckweed populations were unable to fully utilise all the
provided nitrogen. As the concentration of chicken manure increased, growth and protein production
decreased. Adding the highest concentration of chicken manure (1:8 dilution) led to nearly complete die-off of
the duckweed population. The low concentrated (1:16 dilution) chicken manure fertilisation resulted in
acceptable growth (1.85 g dry matter (DM) per m? and day) and high crude protein content (42.8% DM). The
medium concentration (1:12 dilution) of chicken manure still stimulated growth, although it was significantly
lower compared to duckweed grown on the low concentrated poultry manure and declined towards the end of
the experiment (0.88 g DM per m? and day). The biomass from this treatment also contained slightly lower
protein content (40.6% DM). Duckweed cultivated using low and medium chicken manure concentrations
produced an average of 0.79 and 0.36 g protein per m? and day, respectively. Although solubilised chicken
manure can serve as a potential fertiliser for duckweed, balancing the amount of chicken manure necessary to
obtain a target NH,-N concentration when compared to cow or pig slurries is challenging.

Where engineering meets biology: The Computational Fluid Dynamic
analysis of a stacked duckweed bioreactor

Maguire, D; Coughlan, NE; Jansen, MAK; Byrne, EP; Kavousi, F. Aquaculture Engineering (2024) 104: 102375.

The necessity for sustainable farming practices, wastewater valorisation and circular economy applications
have prompted increased interest in duckweed cultivation. As floating plants, duckweed species show rapid
growth and can be cultured agri-food industry wastewater. Further, the resulting plant biomass is a valuable
high-protein livestock feed and a biofuel feedstock. The development of multitiered (i.e., vertically stacked)
indoor bioreactors enable reliable, high-capacity growth irrespective of seasons. Here, a Computational Fluid
Dynamic (CFD) approach was applied to a pilot-scale duckweed cultivation system to provide insight into
wastewater hydrodynamics to support further development and optimisation. CFD modelling and validation
indicated that the pilot-scale system behaved non-ideally, with 60.1 % of the volume considered stagnant, and
with surface channelling also identified. Analysis of the aspect ratio and inlet/outlet port positions of the
cultivation tray enabled a 24.3 % decrease in stagnation, as well as a significant reduction in channelling, when
the number of tray inlet/outlet ports was increased from two to three. Thus, the current study highlights the
value of in-depth evaluation of the fluid flow using CFD, as a strategy to improve design of duckweed
cultivation systems. This strategy can be further expanded to incorporate local and temporal nutrient depletion
and predict duckweed growth rates.

Comparative study on fatty acids composition of Lemna minor
(duckweed) cultured in indoor plastic tanks and outdoor earthen ponds

Achoki, J; Orina, P; Kaingu, C; Oduma, J; Olale, K; Chepkirui, M; Getabu, A. Aquaculture Research (2024)
DOI10.1155/2024/5563513

Global interest in using duckweed (Lemna minor) as a substitute for fish, livestock, and human diets has
spurred research on the mass culture of the species. There is a scarcity of information on the L. minor fatty
acid composition in different aquaculture settings. A comparative study was carried out to investigate the fatty
acid composition of L. minor cultured in indoor plastic tanks and outdoor earthen ponds for 30 days. During
the culture period, culture facilities were fertilized using livestock manure. Fatty acid characterization was done
using gas chromatography method. Fifteen fatty acids: five saturated (SAFAs), five monounsaturated (MUFAS),
and five polyunsaturated (PUFAs) were identified. Fatty acid compositions varied between indoor and outdoor
settings. Percentage composition of L. minor PUFAs cultured outdoor (37.13) was higher than that of indoor
(21.96) settings. L. minor SAFAs percentage composition was higher in the indoor culture at 41.63% while that
of outdoor was 33.75%. The composition of L. minor MUFAs in indoor tanks was higher (36.32%) than in
outdoor earthen ponds (29.10%). This study indicated the presence of docosahexaenoic, eicosapentaenoic,
linoelaidic, and eicosanoic acids in L. minor seldom reported in past studies. Paired Students' t-test indicated
that the means of the fatty acid composition were significantly different (p<0.05) in both settings, with
docosahexaenoic showing the highest paired mean difference.

vol 12 (2), page 57 of 80



FORUM

Role of an aqueous extract of duckweed (Lemna minor L.) in increasing
salt tolerance in Olea europaea L.

Regni, L; Tolisano, C; Del Buono, D; Priolo, D; Proietti, P. Agriculture (2024) 14: 375.

Salt stress is one of the preeminent abiotic stressors capable of strongly impacting crop productivity and
quality. Within the array of strategies garnering interest in safeguarding crops against abiotic stresses, the use
of plant biostimulants is emerging as a noteworthy avenue. For the above, there is an increasing interest in
finding new plant extracts showing biostimulating effects in crops. In the present study, the efficacy of an
aqueous extract from an aquatic species, the duckweed (Lemna minor L.), was assessed in olive plants (cv.
Arbequina) grown in hydroponics and exposed to severe saline stress (150 mM NaCl). Salt stress caused
considerable diminutions in biomass production, leaf net photosynthesis (Pn), leaf transpiration rate (E), and
stomatal conductance (gs). The application of the duckweed extract resulted in a notable plant functionality
recovery and counteracted the detrimental effects of the NaCl stress. Indeed, the plants stressed with NaCl
and treated with the extract showed enhanced physiological and biometric traits compared to samples treated
with NaCl alone. In particular, the duckweed extract improved photosynthetic activity and stomatal
conductance, reduced the intercellular CO, concentration, and ameliorated other physiological and
morphological parameters. All these benefits influenced the whole plant growth, allowing samples treated with
the extract to maintain a similar performance to that exhibited by the control plants.

The effect of ultrasound on the extraction and functionality of proteins
from duckweed (Lemna minor)

Mirén-Mérida, VA; Soria-Hernandez, C; Richards-Chavez, A; Ochoa-Garcia, JC; Rodriguez-Lépez, JL; Chuck-
Hernandez, C. Molecules (2024) 29: 1122.

The inclusion of protein in the regular human diet is important for the prevention of several chronic diseases. In
the search for novel alternative protein sources, plant-based proteins are widely explored from a sustainable
and ecological point of view. Duckweed (Lemna minor), also known as water lentil, is an aquatic plant with
potential applications for human consumption due to its protein content and carbohydrate contents. Among all
the conventional and novel protein extraction methods, the utilization of ultrasound has attracted the attention
of scientists because of its effects on improving protein extraction and its functionalities. In this work, a Box-
Behnken experimental design was proposed to optimize the alkaline extraction of protein from duckweed. In
addition, an exploration of the effects of ultrasound on the morphological, structural, and functional properties
of the extracted protein was also addressed. The optimal extraction parameters were a pH of 11.5 and an
ultrasound amplitude and processing time of 60% and 20 min, respectively. These process conditions doubled
the protein content extracted in comparison to the value from the initial duckweed sample. Furthermore, the
application of ultrasound during the extraction of protein generated changes in the FTIR spectra, color, and
structure of the duckweed protein, which resulted in improvements in its solubility, emulsifying properties, and
foaming capacity.

Duckweed (Lemna minor) biomass aqueous extract-mediated synthesis
of silver nanoparticles as a novel formulation era for long-term efficacy
against Tribolium castaneum and Sitophilus oryzae adults on wheat
seeds

Abdel-Megeed, A; Abdel-Rheim, KHM; Kordy, AMA; El-Ghannam, SA; Salem, MZM; Adel, MM. Biomass
Conversion and Biorefinery (2024) DOI10.1007/s13399-024-05356-0

Plant-based biological nanoparticles (NPs) synthesis is a new technique where biological molecules and their
combinations in plant aqueous extract decrease metal salts, which have a dual role in the fabrication and
stabilization of metallic NPs. Here, we used aqueous extract from the duckweed (Lemna minor) plant to
biosynthesize silver NPs (AgNPs), which were verified by a shift in color from pale brown to dark brown. AgNPs
were then further characterized. By High Performance Liquid Chromatography (HPLC) analysis, the most
abundant compound in the aqueous extract were vanillic acid, benzoic acid, quercetin, resveratrol, ferulic acid,
rutin, p-hydroxy benzoic acid, rosmarinic acid, ellagic acid, and o-coumaric acid. Scanning Electron Microscopy
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(SEM), micrograph revealed spherical-shaped synthesized AgNPs with an average size of 40.56 nm. Capping
and stabilizing agents, present in the form of various biomolecules, were responsible for the prolonged stability
of the produced AgNPs, as proven by FTIR analysis. The Zeta potential of the surface electric charges of
AgNPs was determined to be - 27 mV. The UV-Vis spectrum indicates a broad surface plasmon resonance
(SPR) absorption peak at 450 nm. The EDAX test confirmed the presence of silver in the suspension. Green-
produced AgNPs had the highest insecticidal activity against Sitophilus oryzae, with LCs values of 6.08 pg/mL
compared to adults of Tribolium castaneum, which were 7.03 pg/mL. All the assays clearly showed that
formulated AgNPs 1% DP showed that increasing exposure intervals and concentrations resulted in a gradual
increase in the mortality of adult 7. castaneum and S. oryzae exposed to treated wheat seeds. The effect of
post-toxic levels of AgNPs on the progeny counts of adults of 7. castaneumn and S. oryzae showed that
increasing exposure intervals and concentrations resulted in a gradual increase in the mortality of adult 7.
castaneum and S. oryzae exposed to treated wheat grains. The effect of post-toxic levels of AgNPs on the
progeny counts of adults of 7. castaneurn and S. oryzae and resulted that concentration of 0.2 g/100 g seed
being the most effective one, with higher reductions in F1-progenythan than other concentrations and
malathion (1% DP) during storage for 1 year, as well as a significant positive effect on seed germination during
storage. The present work suggests that eco-friendly biosynthesized and formulated AgNPs are promising
green insecticides that can be used as an alternative method to control and protect seeds against adults of 7.
castaneum and S. oryzae to overcome the synthetic insecticide problems.

Reaction pathway of hydrothermal liquefaction of duckweed for
wastewater treatment based on major model compounds

Yu, YY; Zhao, KG; Li, WQ; Chen, GY; Yan, BB; Cheng, ZJ; Tao, JY; Jia, XP; Sun, JH. Biomass & Bioenergy (2024)
182:107106.

Duckweed for wastewater treatment performs the characteristics of large water content and high organic
component content, showing outstanding advantages in the production of bio-oil by hydrothermal liquefaction
(HTL). Due to the high content of N, bio-oil cannot meet the specifications of fuel, which limits its practical
application. The mechanism for the removal of N needs to be explored based on the reaction pathways.
Therefore, glycine, glucose and glyceryl tridodecanoate were selected as model compounds of duckweed for
wastewater treatment to investigate the reaction mechanism. The reaction of binary mixtures was evaluated
to explore the synergistic effect. Compared with the reaction of individual model compounds, the higher yield
of bio-oil was obtained by mixing glycine and glucose or mixing glucose and glyceryl tridodecanoate as the
raw material. Compared with the individual reaction of glycine or glyceryl tridodecanoate, the distribution of
products is almost unchanged for the reaction of the mixture of glycine and glyceryl tridodecanoate. However,
the energy recovery (ER, 96.61%) and high calorific value (HHV, 48.04 MJ/kg) were extremely increased. Based
on the product distribution and composition of simulated and actual duckweed HTL, a conclusion was drawn
that the simulated duckweed HTL can represent the actual duckweed HTL. In addition, the reaction pathways
for HTL of actual wastewater treated duckweed were established to point out the possible pathways for the
reduction of N in bio-ail, which provides a foundation and direction for future research.

Catalytic pyrolysis of duckweed with phosphoric acid: Pyrolysis behavior
and kinetics analysis

Zhu, YJ; Huo, GX; Yang, W, Liu, HH; Zhang, WN; Cheng, W, Yang, HP; Wang, ZW;, Jin, YL; Zhao, H. Journal of
Analytic and Applied Pyrolysis (2024) 177: 106384.

Duckweed (DW) has a promising potential for wastewater treatment due to its outstanding performance in the
fixation of nutrient elements and heavy metals. The conversion of harvested duckweed into value-added
products through pyrolysis is an attractive method for duckweed utilization as fuels or chemicals. In this work,
the duckweed was prepared by de-ashing treatment and subsequent impregnation with different phosphoric
acid concentrations (ADW-P). The pyrolysis behavior and kinetics of raw and impregnated duckweeds were
studied with respect to the ash contained in the duckweed and the phosphoric acid catalytic effect by
thermogravimetric  analysis-fourier transform infrared spectrometer (TG-FTIR) and pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS). The results show that the pyrolysis reaction zone is
extended for the impregnated duckweed by reducing the initial pyrolysis temperature and increasing the final
temperature. Specifically, a shoulder peak situated at the right side of the main peak is present in the DTG
curves of ADW-P, suggesting the formation of relatively stable substance after phosphoric acid impregnation.
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Phosphoric acid promotes the release of H,0, CHi, CO, and NH3 as well as light volatiles with C=C and C=0
groups during pyrolysis. Meanwhile, decarboxylation and aromatization as well as deamination of organic
compounds are strengthened, resulting in an increase of aromatic hydrocarbons and furans and a decrease of
N-heterocyclic compounds. The activation energy of ADW-P is lower than that of DW and ADW at conversion
rate less than 75% but increases remarkably at high conversion rate. This implies that phosphoric acid
facilitates the thermal decomposition of DW at low temperatures but hinders its decomposition at high
temperatures probably due to the formation of stable cross-linked structures such as phosphate and
polyphosphate esters.

Enzymatic hydrolysis of water lentil (duckweed): An emerging source of
proteins for the production of antihypertensive fractions

Bernier, ME; Thibodeau, J; Bazinet, L. Foods (2024) 13: 323.

Water lentil (Duckweed), an emerging protein source, is a small floating aquatic plant with agronomic and
compositional characteristics rendering it a potential source of bioactive peptides. However, enzymatic
hydrolysis of duckweeds has only been carried out to assess the antioxidant and antimicrobial activities of the
hydrolysates. The main objectives of this study were to perform enzymatic hydrolysis of duckweed powder
utilizing several enzymes and to evaluate the final antihypertensive activity of the fractions. Duckweed powder
was efficiently hydrolyzed by pepsin, chymotrypsin, papain and trypsin, with degree of hydrolysis ranging from
3% to 9%, even without prior extraction and concentration of proteins. A total of 485 peptide sequences were
identified in the hydrolysates and only 51 were common to two or three hydrolysates. It appeared that phenolic
compounds were released through enzymatic hydrolyses and primarily found in the supernatants after
centrifugation at concentrations up to 11 mg gallic acid/g sample. The chymotryptic final hydrolysate, the
chymotryptic supernatant and the papain supernatant increased the ACE inhibitory activity by more than 6- to
8-folds, resulting in ICso values ranging between 0.55 to 0.70 mg peptides/mL. Depending on the fraction, the
ACE-inhibition was attributed to either bioactive peptides, phenolic compounds or a synergistic effect of both.
To the best of our knowledge, this was the first study to investigate the enzymatic hydrolysis of duckweed
proteins to produce bioactive peptides with therapeutic applications in mind.

Effects of alkaline and ultrasonication on duckweed ( Wol/ffia arrhiza)
protein extracts’' physicochemical and techno-functional properties

Nitiwuttithorn, C; Wongsasulak, S; Vongsawasdi, P; Yongsawatdigul, J. Frontiers in Sustainable Food Systems
(2024) 8: 1343615.

Wolffia is a protein-rich aquatic plant with the potential to help address food sustainability issues; however, a
more efficient extraction process must be sought due to limited yield with conventional methods. This study
aimed to investigate the effects of duckweed forms (fresh and dried), duckweed-to-aqueous solution ratio
(DSR), as well as alkaline and ultrasonication extractions on yields, physicochemical and techno-functional
properties of duckweed protein extracts (DPE). Three extraction methods were used: alkaline extraction (AE),
ultrasound-assisted alkaline extraction (UAAE), and ultrasound-assisted water extraction (UAWE). The study
showed fresh duckweed resulted in a 2.5-fold higher yield and protein recovery than oven-dried duckweed. UAE
significantly enhanced extraction yield and protein recovery. The optimal extraction process was a DSR of 1:6
using UAAE at pH 8.5, resulting in a 16% yield and 34% protein recovery. Furthermore, the study found that UAE
facilitated the extraction of non-polar/hydrophobic amino acids while AE proved to be efficient in extracting
sulfur-containing amino acids. This study, for the first time, revealed the role of UAE and AE in promoting the
extraction of different profiles of amino acids. The DPE produced using UAAE contained 65% protein, meeting
the WHO/FAO/UNU recommended protein intake for preschool-aged children. Furthermore, the DPE exhibited
excellent emulsifying properties and oil-holding capacity comparable to commercial soy protein isolates.
Overall, UAAE was identified as a promising approach for producing techno-functional and nutritious protein
ingredients from Wolffia. The resulting DPE proved to show great potential for functional plant-based food and
feed applications.
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Seasonal dynamics of the standard test species Lemna sp. in outdoor
microcosms

Arts, GHP; van Smeden, J; Wolters, MF; Belgers, JDM; Matser, AM; Hommen, U; Bruns, E; Heine, S; Solga, A;
Taylor, S. Integrated Environmental Assessment and Management (2024) DOI10.1002/ieam.4916.

Lemna L. sp. is a free-floating aquatic macrophyte that plays a key role as a standard test species in aquatic
risk assessment for herbicides and other contaminants. Population modeling can be used to extrapolate from
laboratory to field conditions. However, there are insufficient data on longer-term seasonal dynamics of this
species to evaluate such models. Therefore, several long-term growth experiments were conducted in outdoor
microcosms (surface area 0.174 m?). Monitoring parameters included biomass, frond numbers, water
parameters, and weather data. Three different datasets were generated: frond numbers and biomass from
weekly to monthly destructively sampled microcosms; a year-round dataset of frond numbers from five
continuously monitored microcosms; and seasonal growth rates without the effect of density dependence
over 1-2 weeks in freshly inoculated microcosms. Lemna sp. reached a maximum of approximately 500 000
fronds m? and 190 g dry weight m® During the first winter, the microcosms were covered by ice for
approximately four weeks, and Lemna sp. populations collapsed. The second winter was warmer, without any
ice cover, and Lemna sp. populations maintained high abundance throughout the winter. Dry weight per frond
was not constant throughout the year but was highest in autumn and winter. Growth rates without density
dependence under outdoor environmental conditions reached 0.29 day™ for frond number, 0.43 day™ for fresh
weight, and 0.39 day™ for dry weight. In linear regressions, these growth rates were best explained by water
temperature. For the populations continuously monitored throughout a year, the nitrogen-to-phosphorus ratio
best explained the growth rate of frond numbers. This study yielded a relevant dataset for testing and refining
Lemna population models used in chemical risk assessment as well as for managing ecosystems and
combating the effects of eutrophication.

DF Comment: For other researchers to use these results, identification of the species is important.

Predicting Lemna growth based on climate change and eutrophication in
temperate freshwater drainage ditches

Feller, J; Taylor, M; Lunt, PH. Hydrobiologia (2024) DOI10.1007/s10750-024-05477-7

The Somerset Levels and Moors, UK is an area of high conservation value, including nationally and
internationally protected wetland sites. Duckweed (Lemna) mats in the Somerset Levels and Moors are
increasingly common and are an indication of hyper-eutrophication. Duckweed mats can contribute to
increased management burdens and decreases in biodiversity. Research suggests duckweed will thrive in
temperate regions as the climate warms. This study investigated the impact of climate warming and
eutrophication on duckweed growth in the Somerset Levels and Moors using a previously published model to
simulate duckweed growth from the years of 2020-2080. Simulated local climate change projections and
adjustments in actual nitrogen and phosphorus levels were used to estimate changes in biomass. Using the
simulated data, the model predicted an 83% increase in biomass from the 2020's to the 2070's if nutrients do
not change. In order to offset the impact of climate change on duckweed biomass, nutrient levels will need to
decrease by more than 50% by 2080. Further changes to management practices will likely be necessary to
restore healthy ecological function and biodiversity in the area.

Towards continuous floating invasive plant removal using unmanned
surface vehicles and computer vision

Salcedo, E; Uchani, Y; Mamani, M; Fernandez, M. IEEE Access (2024) 12: 6649-6662.

Deficient domestic wastewater management, industrial waste, and floating debris are some leading factors
that contribute to inland water pollution. The surplus of minerals and nutrients in overly contaminated zones
can lead to the invasion of different invasive weeds. Lemnoideae, commonly known as duckweed, is a family
of floating plants that has no leaves or stems and forms dense colonies with a fast growth rate. If not
controlled, duckweed establishes a green layer on the surface and depletes fish and other organisms of
oxygen and sunlight. In the last decades, duckweed blooms have become an expensive plague to remove in

vol 12 (2), page 61 of 80



FORUM

Lake Titicaca, causing significant biodiversity and economic losses. To address this issue, we propose the
development of an unmanned surface vehicle (USV) to continuously monitor and collect duckweed. This
device includes a steering angle estimation system (SAE) that combines a duckweed detector, a steering angle
classifier, and a momentum-inspired module to determine continuously the orientation of the USV when it is
inspecting a zone. We train and test our deep learning-based models with two novel datasets: first, a dataset
for end-to-end steering angle classification collected synthetically using a bespoke simulator; and second, a
dataset for duckweed detection. An experimental evaluation of the USV and SAE system is provided in virtual
and outdoor environments.

Inactivation of phosphorus in a highly eutrophic pond using Zeofixer® to
eliminate the free-floating aquatic plant (Spirodela polyrhiza)

Zhang, ZY; Wang, Z; Xie, Q; Wu, DY. Ecological Engineering (2024) 199: 107171.

Free-floating aquatic plants are important invasive alien species whose excessive growth strongly affects
freshwater ecosystems and their ecological service functions worldwide. Due to their rapid reproduction rate
and the difficulty in their removal using common methods, the management of these aquatic weeds is still
challenging. In this study, we proposed a strategy to control giant duckweed (Spirodela polyrhiza) in a highly
eutrophic pond by blocking the supply of phosphorus by greatly lowering the phosphorus concentration in
water using Zeofixer (R), a novel lanthanum-containing P-inactivation agent. We found that the application of
Zeofixer (R) satisfactorily eliminated the aquatic weed from the study pond. Zeofixer (R) had a high affinity for
phosphate with a maximum adsorption capacity of 21.19 mgP/g, and it reduced the concentration of
dissolved inorganic P, which was the major form of P species in the pond, from 1.60 to 0.005 mg/L.
Amendment of pond sediment with Zeofixer (R) greatly diminished the P concentration in water under either
oxic or anoxic conditions, although the latter caused a great release of P from sediment when compared with
the former. After Zeofixer (R) treatment, the releasable P fractions in the sediment were substantially converted
to stable P fractions, enabling the inactivation of P and the retardation of future P release. In conclusion, the
free-floating aquatic plants in bodies of water could be thoroughly and permanently controlled using P-
inactivation agents.

A review of using duckweed (Lemnaceae) in fish feeds
Minich, JJ; Michael, TP. Review in Aquaculture (2024) DOI10.1111/rag.12892.

One of the primary sustainability challenges in aquaculture is replacing fish meal with plant-based ingredients
in aqua feeds. Plants are not optimal due to low protein content and antinutritional factors which can cause
gut dysbiosis. Duckweed (Lemnaceae) is a family of aquatic plants with high protein content and has been
used successfully for various types of animal feeds. In this systematic review and meta-analysis of 58 papers,
we summarize the extent by which duckweed has been used in fish production including the species of fish
tested, the grow-out stage of fish, and method of application. Duckweed studies spanned a total of 18 species
of fish (16 freshwater and two marine) that collectively are valued at 263 billion USD annually, and comprise
28% of total aquaculture production by mass. The average experiment length was 72 days (SD 42), primarily at
the fingerling life stage. Duckweed was fed to the fish through live grazing, dried, and pelleted forms with 20%
inclusion as the most common formulation. The Lemna spp., dominated by L. minor, L. gibba, and unknown
Lemna species, were the most commonly used for feeds. Spirodela polyrhiza was the second most common.
Duckweed inclusion levels between 15% and 30% were associated with positive outcomes on fish growth and
feed conversion ratio without any negative impact on survival rates. Most duckweed species, especially from
Wolffiella have not been tested as a fish feed but should be explored whereas most studies focused on
freshwater fishes rather than marine.

DF Comment: The correct spelling is Wolffiella
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Neopolyploidy-induced changes in giant duckweed (Spirodela
polyrhiza) alter herbivore preference and performance and plant
population performance

Assour, HR; Ashman, TL; Turcotte, MM. American Journal of Botany (2024) DOI10.1002/3ajb2.16301

Polyploidy is a widespread mutational process in angiosperms that may alter population performance of not
only plants but also their interacting species. Yet, knowledge of whether polyploidy affects plant-herbivore
dynamics is scarce. Here, we tested whether aphid herbivores exhibit preference for diploid or neopolyploid
plants, whether polyploidy impacts plant and herbivore performance, and whether these interactions depend
on the plant genetic background. Using independently synthesized neotetraploid strains paired with their
diploid progenitors of greater duckweed (Spirodela polyrhiza), we evaluated the effect of neopolyploidy on
duckweed's interaction with the water-lily aphid (Rhopalosiphum nymphaeae). Using paired-choice
experiments, we evaluated feeding preference of the herbivore. We then evaluated the consequences of
polyploidy on aphid and plant performance by measuring population growth over multiple generations. Aphids
preferred neopolyploids when plants were provided at equal abundances but not at equal surface areas,
suggesting the role of plant population surface area in driving this preference. Additionally, neopolyploidy
increased aphid population performance, but this result was dependent on the plant's genetic lineage. Lastly,
the impact of herbivory on neopolyploid vs. diploid duckweed varied greatly with genetic lineage, where
neopolyploids appeared to be variably tolerant compared to diploids, sometimes mirroring the effect on
herbivore performance. By experimentally testing the impacts of polyploidy on trophic species interactions, we
showed that polyploidization can impact the preference and performance of herbivores on their plant hosts.
These results have significant implications for the establishment and persistence of plants and herbivores in
the face of plant polyploidy.

Allelopathic interactions between Lemna minor and Microcystis
aeruginosa are influenced by the antimalarial drug lumefantrine

Dauda, S; Uyovbisere, EE; Alhassan, AB; Aba, RIS'; Gadzama, IMK; Onaji, MO; Chia, MA. Aquatic Botany (2024)
192: 103759.

The aquatic macrophyte Lemna minor and cyanobacterium Microcystis aeruginosa coexist and alternate in
freshwater ecosystems, and nutrient changes, physical conditions, and micropollutants such as
pharmaceuticals drive their succession. However, the effects of the antimalarial drug Lumefantrine on
allelopathic interactions have not been previously investigated. This study investigated the effect of
Lumefantrine on the allelopathic interactions between L. minorand M. aeruginosa. The drug adversely affected
pigment levels at 1000 pg L™ on day one, while the highest levels were observed at the same concentration on
days three and five in M. aeruginosa cultures. The intracellular hydrogen peroxide (H,0,) and lipid peroxidation
(MDA) levels and peroxidase (POD) and glutathione S-transferase (GST) activity of L. minorand M. aeruginosa
increased at varying degrees depending on the concentration of Lumefantrine. Increased concentrations of
Lumefantrine induced higher microcystin content in M. aeruginosa. L. minor significantly decreased the growth
and increased GST and POD activities of M. aeruginosa on day five of the assay. The introduction of
Lumefantrine further altered these parameters when the species were co-cultured. Similarly, M. aeruginosa
inhibited the growth of L. minor. The combination of M. aeruginosa and Lumefantrine increased GST activity
compared with M. aeruginosa alone. Microcystin content was higher in co -cultures without Lumefantrine than
in those exposed to the drug. These results show that allelopathic interactions between L. minor and M.
aeruginosa are influenced by Lumefantrine and may have implications for managing freshwater ecosystems.

Cultivation of the macrophyte Lemna minor and the microalgae
Chlorella sorokiniana in thermal mineral waters: Biomass characteristics,
radioisotopes and heavy metals content

Katsara, A; Zkeri, E; Aloupi, M; Pappa, FK; Matsoukas, C; Stasinakis, AS. Environmental Pollution (2024) 349:
123881.
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Microalgae and macrophytes are commonly used as human and animal food supplements. We examined the
cultivation of the microalgae Chlorella sorokiniana and the duckweed Lemna minor in thermal waters under
batch and sequencing batch conditions and we characterized the produced biomass for the presence of
essential nutrients as well as for heavy metals and radioisotope content. The highest specific growth rate for
the microalgae was observed when 5 or 15 mg/L N were supplemented while the optimal conditions for
Lemna minor were observed in the co-presence of 5 mg/L N and 1.7 mg/L P. Lemna minor presented higher
concentrations of proteins and lipids comparing to the studied microalgae. Both organisms contained high
amounts of lutein (up to 1378 mg/kg for L. minor) and chlorophyll (up to 1518 mg/kg for L. minor) while beta-
carotene and tocopherols were found at lower concentrations, not exceeding a few tens of mg/kg. The heavy
metal content varied between the two species. Lemna minor accumulated more Cd, Cu, K, Mn, Na, Ni, and Zn
whereas Al, Ca and Mg were higher in Chlorella sorokiniana. Both organisms could be a significant source of
essential metals but the occasional exceedance of the statutory levels of toxic metals in food products raises
concern for potential risk to either humans or animals. Application of gamma-spectroscopy to quantify the
effective dose to humans from **Ra, **Ra and “K showed that Chlorella sorokiniana was well under the
radiological limits while the collected mass of Lemna minor was too small for radiological measurements with
confidence.

Emergent plant presence and richness alter competitive interactions
between two floating plants

Liu, JN; Wu, FR; Roiloa, SR; Xue, W; Lei, NF; Yu, FH. Journal of Plant Ecology (2024) 17: rtae013.

Interactions between two plant species can be influenced by the presence of other plant species and such an
effect may change as the diversity of the other species increases. To test these hypotheses, we first
constructed aquatic communities consisting of 1, 2 and 4 emergent plant species and then grew ramets of
Lemna minor only, ramets of Spirodela polyrhiza only or ramets of both L. minorand S. polyrhiza within these
aquatic communities. We also included controls with ramets of L. minor, S. polyrhiza or both but without any
emergent plants. Biomass and number of ramets of L. minorand S. polyrhiza were significantly smaller with
than without the emergent plants, but they did not differ among the three richness levels. The presence of S.
polyrhiza did not significantly affect the growth of L. minor, and such an effect was not dependent on the
richness of the emergent plant species. Without the emergent plant species, the presence of L. minor markedly
reduced biomass (-92%) and number of ramets (-88%) of S. polyrhiza. However, such a competitive effect of L.
minoron S. polyrhiza became much weaker in the presence of one emergent plant species (-46% biomass and
-39% number of ramets) and completely disappeared in the presence of two or four emergent plant species.
Therefore, both the presence and richness of emergent plant species can alter competitive interactions
between the two duckweed species. These findings highlight the importance of species diversity in regulating
plant-plant interactions.

Actinomycetospora lemnae sp. nov., a hovel Actinobacterium isolated
from Lemna aequinoctialis able to enhance duckweed growth

Saimee, Y; Butdee, W; Boonmak, C; Duangmal, K. Current Microbiology (2024) 81: 92.

Duckweed-associated actinobacteria are co-existing microbes that affect duckweed growth and adaptation. In
this study, we aimed to report a novel actinobacterium species and explore its ability to enhance duckweed
growth. Strain DW7H6(T) was isolated from duckweed, Lemna aequinoctialis. Phylogenetic analysis based on
its 16S rRNA gene sequence revealed that the strain was most closely related to Actinomycetospora
straminea 1Y07-55(T) (99.0%), Actinomycetospora chibensis TT04-21(T) (98.9%), Actinomycetospora lutea
TT00-04(T) (98.8%) and Actinomycetospora callitridis CAP 335(T) (98.4%). Chemotaxonomic and
morphological characteristics of strain  DW7H6(T) were consistent with members of the genus
Actinomycetospora, while average nucleotide identity (ANI) and digital DNA-DNA hybridization (dDDH) between
the draft genomes of this strain and its closely related type strains were below the proposed threshold values
used for species discrimination. Based on chemotaxonomic, phylogenetic, phenotypic, and genomic evidence
obtained, we describe a novel Actinomycetospora species, for which the name Actinomycetospora lemnae sp.
nov. is proposed. The type strain is DW7H6(T) (TBRC 15165(T), NBRC 115294(T)). Additionally, the duckweed-
associated actinobacterium strain DW7H6T was able to enhance duckweed growth when compared to the
control, in which the number of fronds and biomass dry weight were increased by up to 1.4 and 1.3 fold,
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respectively. Moreover, several plant-associated gene features in the genome of strain DW7H6T potentially
involved in plant-microbe interactions were identified.

Complete genome sequences of six duckweed-associated bacterial
strains for studying community assembly in synthetic plant microbiome

Ishizawa, H; Tada, M; Tashiro, Y; Kuroda, M; Inoue, D; Dohra, H; Futamata, H; Ike, M. Microbiology Resource
Announements (2024) DOI10.1128/mra.01280-23.

We report the complete genome sequences of six bacterial strains isolated from a floating macrophyte,
duckweed. These six strains, representing the six dominant families of the natural duckweed microbiome,
establish a simple model ecosystem when inoculated onto sterilized duckweed. Their genomes would provide
insights into community assembly in plant microbiome.

Characterization of the complete chloroplast genome of Wolffia arrhiza
and comparative genomic analysis with relative Wolffia species

Park, H; Park, JH; Kang, YJ. Scientific Reports (2024) 14: 5873.

Lemnoideae, commonly referred to as the duckweed, are aquatic plants found worldwide. Wolffia species are
known for their extreme reduction in size and complexity, lacking both roots and leaves, and they hold the
distinction of being the smallest plants among angiosperms. Interestingly, it belongs to the Araceae family,
despite its apparent morphological differences from land plants in the same family. Traditional morphological
methods have limitations in classifying these plants, making molecular-level information essential. The
chloroplast genome of Wolffia arrhiza is revealed that a total length of 169,602bp and a total GC content of
35.78%. It follows the typical quadripartite structure, which includes a large single copy (LSC, 92,172bp) region,
a small single copy (SSC, 13,686bp) region, and a pair of inverted repeat (IR, 31,872bp each) regions. There are
131 genes characterized, comprising 86 Protein-Coding Genes, 37 Transfer RNA (tRNA) genes, and 8
ribosomal RNA (rRNA) genes. Moreover, 48 simple sequence repeats and 32 long repeat sequences were
detected. Comparative analysis between W. arrhiza and six other Lemnoideae species identified 12 hotspots of
high nucleotide diversity. In addition, a phylogenetic analysis was performed using 14 species belonging to the
Araceae family and one external species as an outgroup. This analysis unveiled W. arrhiza and Wolffia globosa
as closely related sister species. Therefore, this research has revealed the complete chloroplast genome data
of W arrhiza, offering a more detailed understanding of its evolutionary position and phylogenetic
categorization within the Lemnoideae subfamily.

Extensive post-transcriptional regulation revealed by integrative
transcriptome and proteome analyses in salicylic acid-induced flowering
in duckweed (Lemna gibba)

Fu, LL; Tan, DG; Sun, XP; Ding, ZH; Zhang, JM. Frontiers in Plant Science (2024) 15: 1331949.

Duckweed is an aquatic model plant with tremendous potential in industrial and agricultural applications.
Duckweed rarely flowers which significantly hinders the resource collection and heterosis utilization. Salicylic
acid (SA) can significantly induce duckweed to flower; however, the underlying regulatory mechanisms remain
largely unknown. In this work, transcriptome and proteome were conducted in parallel to examine the
expression change of genes and proteins in Lemna gibba under SA treatment. A high-quality reference
transcriptome was generated using Iso-Seq strategy, yielding 42,281 full-length transcripts. A total of 422, 423,
and 417 differentially expressed genes (DEGs), as well as 213, 51, and 92 differentially expressed proteins
(DEPs), were identified at flower induction, flower initiation, and flowering stages by ssRNA-seq and iTRAQ
methods. Most DEGs and DEPs were only regulated at either the transcriptomic or proteomic level.
Additionally, DEPs exhibited low expression correlations with the corresponding mRNAs, suggesting that post-
transcriptional regulation plays a pivotal role in SA-induced flowering in L. gibba. Specifically, the genes related
to photosynthesis, stress, and hormone metabolism were mainly regulated at the mRNA level, those
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associated with mitochondrial electron transport / ATP synthesis, nucleotide synthesis, and secondary
metabolism were regulated at the protein level, while those related to redox metabolism were regulated at the
mRNA and/or protein levels. The post-transcriptional regulation of genes relevant to hormone synthesis,
transcription factors, and flowering was also extensively analyzed and discussed. This is the first study of
integrative transcriptomic and proteomic analyses in duckweed, providing novel insights of post-transcriptional
regulation in SA-induced flowering of L. gibba.

Neopolyploidy increases stress tolerance and reduces fithess plasticity
across multiple urban pollutants: support for the "general-purpose”
genotype hypothesis

Turcotte, MM; Kaufmann, N; Wagner, KL; Zallek, TA; Ashman, TL. Evolution Letters (2024)
DOI10.1093/evlett/qrad072.

Whole-genome duplication is a common macromutation with extensive impacts on gene expression, cellular
function, and whole-organism phenotype. As a result, it has been proposed that polyploids have "general-
purpose" genotypes that perform better than their diploid progenitors under stressful conditions. Here, we test
this hypothesis in the context of stresses presented by anthropogenic pollutants. Specifically, we tested how
multiple neotetraploid genetic lineages of the mostly asexually reproducing greater duckweed (Spirodela
polyrhiza) perform across a favorable control environment and 5 urban pollutants (iron, salt, manganese,
copper, and aluminum). By quantifying the population growth rate of asexually reproducing duckweed over
multiple generations, we found that across most pollutants, but not all, polyploidy decreased the growth rate of
actively growing propagules but increased that of dormant ones. Yet, when considering total propagule
production, polyploidy increased tolerance to most pollutants, and polyploids maintained population-level
fitness across pollutants better than diploids. Furthermore, broad-sense genetic correlations in growth rate
among pollutants were all positive in neopolyploids but not so for diploids. Our results provide a rare test and
support for the hypothesis that polyploids are more tolerant of stressful conditions and can maintain fitness
better than diploids across heterogeneous stresses. These results may help predict that polyploids may be
likely to persist in stressful environments, such as those caused by urbanization and other human activities.

The evolution of the duckweed ionome mirrors losses in structural
complexity
Smith, KE; Zhou, M; Flis, P; Jones, DH; Bishopp, A; Yant, L. Annals of Botany (2024) DOI10.1093/aob/mcae012

The duckweeds (Lemnaceae) consist of 36 species exhibiting impressive phenotypic variation, including the
progressive evolutionary loss of a fundamental plant organ, the root. Loss of roots and reduction of vascular
tissues in recently derived taxa occur in concert with genome expansions of < 14-fold. Given the paired loss of
roots and reduction in structural complexity in derived taxa, we focus on the evolution of the ionome (whole-
plant elemental contents) in the context of these fundamental changes in body plan. We expect that
progressive vestigiality and eventual loss of roots might have both adaptive and maladaptive consequences
that are hitherto unknown. We quantified the ionomes of 34 accessions in 21 species across all duckweed
genera, spanning 70 Myr in this rapidly cycling plant (doubling times are as rapid as similar to 24 h). We related
both micro- and macroevolutionary ionome contrasts to body plan remodelling and showed nimble
microevolutionary shifts in elemental accumulation and exclusion in novel accessions. We observed a robust
directional trend in calcium and magnesium levels, decreasing from the ancestral representative Spirodela
genus towards the derived rootless Wolffia, with the latter also accumulating cadmium. We also identified
abundant within-species variation and hyperaccumulators of specific elements, with this extensive variation at
the fine (as opposed to broad) scale. These data underscore the impact of root loss and reveal the very fine
scale of microevolutionary variation in hyperaccumulation and exclusion of a wide range of elements. Broadly,
they might point to trade-offs not well recognized in ionomes.
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The effects of electromagnetic field radiation of extremely low
frequency on growth parameters and nucleotide substitutions in L.
minor clones

Ignataviciene, |, Vysniauskiene, R; Ranceliene, V, Petrosius, R; Grauda, D; Butkauskas, D. Acta Physiologiae
Plantarum (2024) 46: 47.

Current technologies have become a source of electromagnetic pollution resulting from artificially generated
electromagnetic radiation (EMR). To understand the influence of the EMR on living organisms, we investigated
the long-term effects of EMR of 50 Hz frequency on duckweed (Lemna minor) clones. Experimental groups of
duckweed were treated directly and indirectly by changing EMR generating magnetic flux (MF) starting from 2
UT (0-11 weeks from the beginning of the experiment) and switching to 300 uT (12-48 weeks) MF density
during the second part of the experiment. The growth parameters (plant growth, frond area, and frond number)
and the point mutations appearing at the antioxidant genes DNA sequences [ascorbate peroxidase (APXx),
glutathione peroxidase (GPx), and catalase (Cat)] were analyzed. The significantly enhanced number of
nucleotide substitutions in DNA sequences of L. minor clones directly affected by LF EMR in comparison to
indirectly affected clones was revealed at the introns of APx, GPx, and Cat genes starting from the 10th week
of the experiment. The results indicate that even low-dose chronic electromagnetic radiation may contribute to
the changes in growth parameters and generation of point mutations in antioxidant gene sequences,
especially in the intron regions.

The Duckbot: A system for automated imaging and manipulation of
duckweed

Subbaraman, B; de Lange, O; Ferguson, S; Peek, N. PLOS ONE (2024) 19: e0296717.

Laboratory automation can boost precision and reproducibility of science workflows. However, current
laboratory automation systems are difficult to modify for custom applications. Automating new experiment
workflows therefore requires development of one-off research platforms, a process which requires significant
time, resources, and experience. In this work, we investigate systems to lower the threshold to automation for
plant biologists. Our approach establishes a direct connection with a generic motion platform to support
experiment development and execution from a computational notebook environment. Specifically, we
investigate the use of the open-source tool-changing motion platform Jubilee controlled using Jupyter
notebooks. We present the Duckbot, a machine customized for automating laboratory research workflows with
duckweed, a common multicellular plant. The Duckbot comprises (1) a set of end-effectors relevant for plant
biology, (2) software modules which provide flexible control of these tools, and (3) computational notebooks
which make use of these tools to automate duckweed experiments. We demonstrate the Duckbot's
functionality by automating a particular laboratory research workflow, namely, duckweed growth assays. The
Duckbot supports setting up sample plates with duckweed and growth media, gathering image data, and
conducting relevant data analysis. We discuss the opportunities and limitations for developing custom
laboratory automation with this platform and provide instructions on usage and customization.

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

Goldberg, DT, Yaskolka Meir, A; Tsaban, G; Rinott, E; Kaplan, A; Zelicha, H; Kloting, N; Ceglarek, U; Iserman, B;
Shelef, I; Rosen, P; Bluher, M; Stumvoll, M; Etzion, O; Stampfer, MJ; Hu, FB; Shai, |. Hepatology (2024)
DOI10.1097/HEP.0000000000000867.

We demonstrated in the randomized 18-month DIRECT PLUS trial (n=294) that a Mediterranean (MED) diet,
supplemented with polyphenol-rich Mankai duckweed, green tea, and walnuts and restricted in red/processed
meat, caused substantial intrahepatic fat (IHF%) loss compared with two other healthy diets, reducing NAFLD
by half, regardless similar weight loss. Here, we investigated the baseline proteomic profile associated with IHF
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% and the changes in proteomics associated with IHF% changes induced by lifestyle intervention. We
calculated IHF% by proton-magnetic-resonance-spectroscopy (H-MRS; normal-IHF%<5%; abnormal-IHF%>5%).
We assayed baseline and 18-month samples for 95 proteomic biomarkers. Participants (age=51.3410.8 years;
89% men; body-mass-index=31.3+3.9 kg/m?) had an 89.8% 18-month-retention-rate; 83% had eligible follow-up
proteomics-measurements, and 78% had follow-up H-MRS. At baseline, 39-candidate-proteins were
significantly associated with IHF% (FDR<0.05), mostly related to immune-function-pathways (e.g., HAOX1). An
IHF%-prediction based on the DIRECT PLUS by combined-model (R?=0.47, RMSE=1.05) successfully predicted
IHF% (R?=0.53) during testing and was stronger than separately-inputting-proteins/traditional markers
(R?=0.43/0.44). The 18-month lifestyle intervention induced changes in 18 of the 39-candidate-proteins, which
were significantly associated with IHF% change, with proteins related to metabolism, extracellular-matrix-
remodeling, and immune-function pathways. THBS2 protein-change was higher in the green-MED compared to
the MED group, beyond weight-and-IHF%-loss (p-value=0.01). Protein principal-component-analysis revealed
differences in the 3rd-principal-component time-distinct interactions across abnormal/normal-IHF% trajectory
combinations; p<0.05 for all). Our findings suggest novel proteomic signatures that may indicate MRI-
assessed intrahepatic fat state and changes during lifestyle intervention. Specifically, CA5A, HAOX1, and
THBS2 protein changes are independently associated with IHF% change, and THBS2 protein change is greater
in the green-MED/high-polyphenols diet.

A novel plant-based nutraceutical combined with exercise can revert
oxidative status in plasma and liver in a diet-induced-obesity animal
model

Guzman-Carrasco, A; Kapravelou, G; Lépez-Jurado, M; Bermudez, F; Andrés-Leon, E; Terron-Camero, LC;
Prados, J; Melguizo, C; Porres, JM; Martinez, R. Antioxidants (2024) 13: 274.

The prevalence of obesity increases alarmingly every year mostly due to external factors such as high-fat and
high-refined sugar intake associated with a sedentary lifestyle. It triggers metabolic disorders such as insulin
resistance, hyperlipemia, non-alcoholic fatty liver disease, chronic inflammation, oxidative stress, and gut
microbiota dysbiosis. The aim of this study was to evaluate the beneficial effects of a combined intervention
with caloric restriction, nutraceutical intake, and a mixed training protocol on oxidative stress, inflammation,
and gut dysbiosis derived from the development of obesity in a C57BL6/J mouse experimental model of diet-
induced obesity (4.6 Kcal/g diet, 45% Kcal as fat, and 20% fructose in the drinking fluid). The nutraceutical was
formulated with ethanolic extracts of Argania spinosa pulp (10%) and Camelina sativa seeds (10%) and with
protein hydrolysates from Psoralea corylifolia seeds (40%) and Spirodela polyrhiza whole plants (40%). The
combination of nutraceutical and exercise decreased the animals' body weights and inflammatory markers
(TNF alpha, IL-6, and resistin) in plasma, while increasing gene expression of cat, sod2, gsta2, and nqo1 in the
liver. Obese animals showed lower beta-diversity of microbiota and a higher Firmicutes/Bacteroidetes ratio vs.
normocaloric controls that were reversed by all interventions implemented. Dietary inclusion of a nutraceutical
with high antioxidant potential combined with an exercise protocol can be beneficial for bodyweight control
and improvement of metabolic status in patients undergoing obesity treatment.

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
Environmenla Research (2024) DOI10.15666/aeer/2201_489506

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 Indolent-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 0.001 to 1 umol
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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 mu pmol 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.

Using L. minor and C. elegans to assess the ecotoxicity of real-life
contaminated soil samples and their remediation by clay- and carbon-
based sorbents

Rivenbark, KJ; Fawkes, LS; Nikkhah, H; Wang, M; Sansom, GT; Beykal, B; Wade, TL; Phillips, TD. Environmental
Pollution (2024) 347: 123762.

Toxic substances, such as polycyclic aromatic hydrocarbons (PAHs) and heavy metals, can accumulate in soil,
posing a risk to human health and the environment. To reduce the risk of exposure, rapid identification and
remediation of potentially hazardous soils is necessary. Adsorption of contaminants by activated carbons and
clay materials is commonly utilized to decrease the bioavailability of chemicals in soil and environmental
toxicity in vitro, and this study aims to determine their efficacy in real-life soil samples. Two ecotoxicological
models (Lemna minor and Caenorhabditis elegans) were used to test residential soil samples, known to
contain an average of 5.3, 262, and 9.6 ppm of PAHSs, lead, and mercury, for potential toxicity. Toxicity testing of
these soils indicated that 86% and 58% of soils caused <50% inhibition of growth and survival of L. minorand
C. elegans, respectively. Importantly, 3 soil samples caused >90% inhibition of growth in both models, and the
toxicity was positively correlated with levels of heavy metals. These toxic soil samples were prioritized for
remediation using activated carbon and SM-Tyrosine sorbents, which have been shown to immobilize PAHs
and heavy metals, respectively. The inclusion of low levels of SM-Tyrosine protected the growth and survival of
L. minor and C. elegans by 83% and 78%, respectively from the polluted soil samples while activated carbon
offered no significant protection. These results also indicated that heavy metals were the driver of toxicity in
the samples. Results from this study demonstrate that adsorption technologies are effective strategies for
remediating complex, real-life soil samples contaminated with hazardous pollutants and protecting natural soil
and groundwater resources and habitats. The results highlight the applicability of these ecotoxicological
models as rapid screening tools for monitoring soil quality and verifying the efficacy of remediation practices.

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, RMG; 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 60 days; (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 II, 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. minorinto
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the NBS system and the generation of new co-products from circular production. In addition to its effective
phyto- remediation 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.

Heavy metals/-metalloids (As) phytoremediation with Landoltia
punctata and Lemna sp. (duckweeds): coupling with biorefinery
prospects for sustainable phytotechnologies

Rai, PK; Nongtri, ES. Environmental Science and Pollution Research (2024) 31: DOI10.1007/s11356-024-32177-
5

Heavy metals/-metalloids can result in serious human health hazards. Phytoremediation is green bioresource
technology for the remediation of heavy metals and arsenic (As). However, there exists a knowledge gap and
systematic information on duckweed-based metal phytoremediation in an eco-sustainable way. Therefore, the
present review offers a critical discussion on the effective use of duckweeds (genera Landoltia and Lemna)-
based phytoremediation to decontaminate metallic contaminants from wastewater. Phytoextraction and
rhizofiltration were the major mechanism in 'duckweed bioreactors' that can be dependent on physico-
chemical factors and plant-microbe interactions. The biotechnological advances such as gene manipulations
can accelerate the duckweed-based phytoremediation process. High starch and protein contents of the metal-
loaded duckweed biomass facilitate their use as feedstock in biorefinery. Biorefinery prospects such as
bioenergy production, value-added products, and biofertilizers can augment the circular economy approach.
Coupling duckweed-based phytoremediation with biorefinery can help achieve Sustainable Development Goals
(SDGs) and human well-being.

The problem with benzotriazole ultraviolet stabilizers in the
environment - are the aquatic plants the solution for them?

Polinska, W; Kotowska, U; Karpinska, J. Industrial Crops and Products (2024) 210: 118050.

The present work describes the studies on the usefulness of Wolffia arrhiza (L.) Horkel ex Wimm., Lemna
minor L., Spirodela polyrhiza (L.) Schleid. and Azolla caroliniana Willd. for the removal of five benzotriazole UV
filters (BUVs): 2-(2-hydroxy-5-methylphenyl)benzotriazole (UV-P), 2-tert-butyl-6-(5-chloro-2 H-benzotriazol-2-yl)-
4methylphenol  (UV-326), 24-di-tert-butyl-6-(5-chloro-2  H-benzotriazol-2-yl)phenol  (UV-327), 2-(2 H-
benzotriazol-2-yl)- 4,6-di-tert-pentylphenol (UV-328), and 2-(2 H-benzotriazol-2-yl)- 4-(1,1,3,3-tetramethylbutyl)
phenol (UV-329) from polluted waters. The optimal conditions for the removal of BUVs by phytoremediation
were selected. The effect of the real matrix (treated and raw wastewater) on the removal efficiency was
checked. The kinetic and the mechanisms of removal processes were established. Optimal culture conditions
were: 0.5 g W. arrhiza per 100 mL of the model solution, light exposure 16 h, and pH 6.5; 0.5 g S. polyrhiza per
100 mL of the model solution, light exposure 16 h, and pH 9; 2.2 g A. caroliniana per 100 mL of the model
solution, light exposure 10 h, and pH 9. Sorption was the mechanism that accounted for most of the removed
BUVs in the cultures with A. caroliniana and S. polyrhiza. The UV-326 was removed the fastest in cultivation
with L. minor, S. polyrhiza, and A. caroliniana. S. polyrhiza removed BUVs from solutions with laboratory
medium most effectively. W arrhiza removed three of the BUVs with higher efficiency from raw sewage than
treated sewage.

Combined treatment with pre-aeration and carrier addition strengthens
the purification performance of a deep pilot-scale duckweed-based
pond

Zhao, YG; Li, JQ; Yang, YJ; Ma, RD; Peng, Y; Sun, XY; Gao, SW; Chang, JJ; Duan, CQ. Journal of water Process
Engineering (2024) 58: 104942.

Duckweed has a great potential in phytoremediation due to its rapid growth and high-value biomass. Although
single measures, including pre-aeration or carrier addition treatment, have been demonstrated as viable
options for duckweed-based ponds (DWPs) enhancement, it remains unknown whether pre-aeration can act
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synergistically with carrier addition in a deep DWP. Thus, combined treatment with pre-aeration and carrier
addition was compared to single treatment with pre-aeration for strengthening the purification performance of
a deep pilotscale DWP (8 m?) over a 9-month period in this study. The results showed that both single and
combined treatments increased the dissolved oxygen concentration (by 264 % and 243 %, respectively) and
oxidation-reduction potential (by 33 % and 37 %, respectively) of pond water, while promoting duckweed
growth (by 42 % and 45 %, respectively), nutrient (nitrogen and phosphorus) recovery and removal. These
treatments also increased the relative contribution of microorganisms to nutrient removal. Due to the
synergistic effect of pre-aeration and carrier addition, combined treatment performed better than single
treatment at strengthening the performance of DWPs, which may be attributed to a higher duckweed growth
rate supported by abundant plant growth-promoting bacteria (e.g., Herbaspirillum, Brevundimonas,
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium and Sphingomonas) associated with duckweed, as
well as to a greater nutrient removal promoted by functional microorganisms in pond water (e.g.,
Acinetobacter and Hydrogenophaga) and carrier biofilm (e.g., Pseudomonas, Sulfurovum, and Sulfurimonas).
Thus, this study demonstrates the synergistic effect of combined treatment with pre-aeration and carrier
addition, and clarifies the roles of duckweed and microorganisms in a deep DWP under combined treatment.

The impact of soil and water pollutants released from poultry farming on
the growth and development of two plant species

Krupka, M; Olkowska, E; Klimkowicz-Pawlas, A; Leczynski, L; Tankiewicz, M; Michalczyk, DJ; Wolska, L;
Piotrowicz-Cieslak, Al. Agriculture (2024) 14: 87.

Intensive poultry production may result in substantial emissions of pollutants into the environment, including
pharmaceuticals and other chemicals used in poultry farming. The objective of this study was to verify the
presence of ciprofloxacin, enrofloxacin, carbamazepine, metoclopramide, trimethoprim, diflufenican,
flufenacet, and p,p -DDE in soil and water in the immediate vicinity of a poultry manure heap. The influence of
soil contaminants on the growth and selected physiological parameters of seed peas and common duckweed
(as indicator plants) was tested. It has been proven that the cultivation of pea plants on soil coming from the
close proximity of a heap of manure results in a deterioration of both morphological parameters (root length,
shoot length) and physiological parameters (chlorophyll absorption, aminolevulinic acid dehydrogenase
(ALAD) activity, aminolevulinic acid (ALA) content, lipid peroxidation, mitochondrial damage or production of
HSP70 proteins). Similarly, water extracts from cultivated soils had a significant effect on duckweed, and it
was found that contaminant leachates are indeed detectable in soil, groundwater, and deep water. Special
attention should, therefore, be paid to the location, methods of storage, and use of poultry fertilizer.

Understanding boron toxicity in aquatic plants (Salvinia natans and
Lemna minor) in the presence and absence of EDTA

Cui, R; Kwak, J Il; An, Y-J. Aquatic Toxicology (2024) 269: 106886.

Even though boron is a widely used element in various industries and a contributor to water pollution
worldwide, few studies have examined the toxicity of boron in aquatic plants. EDTA is used to maintain aquatic
plants cultures, however it is possible to modify the toxicity of metals. The objective of this study is to assess
the toxicity of boron in aquatic plants and explore the impact of EDTA presence on the resulting toxic
responses. Floating watermoss Salvinia natans and duckweed Lemna minor were exposed to concentrations
ranging from 5 to 100 mg/L for 7 days and 1 to 60 mg/L for 3 days, respectively. Growth and photosynthetic
activity parameters were investigated in the presence and absence of EDTA. Growth inhibitions in both aquatic
plants were observed in a concentration-dependent manner, irrespective of the presence or absence of EDTA.
For instance, based on the specific growth rate (leaves coverage), EC+ values for S. natans were calculated as
12.7 (9.9-15.3) mg/L and 8.0 (5.8-10.3) mg/L with and without EDTA, respectively. In the case of L. minor, ECyo
values were calculated as 1.3 (0.8-1.89) mg/L and 2.0 (0.4-4.3) mg/L with EDTA without EDTA, respectively.
Significant effects were also observed on the photosynthetic capacity, however there was no change in the
increase of boron concentration. Generally, negligible effects of EDTA to the toxicity of boron were observed in
the present study. By comparing toxicity results based on the presence and absence of EDTA, which is an
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essential element in the test medium, the results of this study are expected to be utilized for the ecological risk
assessment of boron 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 Spirodela phytotoxicity test. The results are
important for environmental health assessment and urban planning.

Mechanisms of Spirodela polyrhiza tolerance to FGD wastewater-
induced heavy-metal stress: Lipidomics, transcriptomics, and functional
validation

Muthan, B; Wang, J; Welti, R; Kosma, DK; Yu, L; Deo, B; Khatiwada, S; Vulavala, VKR; Childs, KL; Xu, C; Durrett,
TP; Sanjaya, SA. Journal of Hazardous Materials (2024) 460: 133951.

Unlike terrestrial angiosperm plants, the freshwater aquatic angiosperm duckweed ( Spirodela polyrhiza) grows
directly in water and has distinct responses to heavy-metal stress. Plantlets accumulate metabolites, including
lipids and carbohydrates, under heavy-metal stress, but how they balance metabolite levels is unclear, and the
gene networks that mediate heavy-metal stress responses remain unknown. Here, we show that heavy-metal
stress induced by flue gas desulfurization (FGD) wastewater reduces chlorophyll contents, inhibits growth,
reduces membrane lipid biosynthesis, and stimulates membrane lipid degradation in S. polyrhiza, leading to
triacylglycerol and carbohydrate accumulation. In FGD wastewater-treated plantlets, the degraded products of
monogalactosyldiacylglycerol, primarily polyunsaturated fatty acids (18:3), were incorporated into
triacylglycerols. Genes involved in early fatty acid biosynthesis, beta-oxidation, and lipid degradation were
upregulated while genes involved in cuticular wax biosynthesis were downregulated by treatment. The
transcription factor gene WRINKLED3 (SpWRI3) was upregulated in FGD wastewater-treated plantlets, and its
ectopic expression increased tolerance to FGD wastewater in transgenic Arabidopsis (Arabidopsis thaliana).
Transgenic Arabidopsis plants showed enhanced glutathione and lower malondialdehyde contents under
stress, suggesting that SpWRI3 functions in S. polyrhiza tolerance of FGD wastewater-induced heavy-metal
stress. These results provide a basis for improving heavy metal-stress tolerance in plants for industrial
applications. 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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Genetic mechanism of non-targeted-site resistance to diquat in
Spirodela polyrhiza
Hoefer, M; Schaefer, M; Wang, YZ; Wink, S; Xu, SQ. Plants (2024) 13: 845.

Understanding non-target-site resistance (NTSR) to herbicides represents a pressing challenge as NTSR is
widespread in many weeds. Using giant duckweed (Spirodela polyrhiza) as a model, we systematically
investigated genetic and molecular mechanisms of diquat resistance, which can only be achieved via NTSR.
Quantifying the diquat resistance of 138 genotypes, we revealed an 8.5-fold difference in resistance levels
between the most resistant and most susceptible genotypes. Further experiments suggested that diquat
uptake and antioxidant-related processes jointly contributed to diquat resistance in S. polyrhiza. Using a
genome-wide association approach, we identified several candidate genes, including a homolog of
dienelactone hydrolase, that are associated with diquat resistance in S. polyrhiza. Together, these results
provide new insights into the mechanisms and evolution of NTSR in plants.

Overexpression of phosphoserine aminotransferase (PSAT)-enhanced
cadmium resistance and accumulation in duckweed (Lemna turionifera
5511)

Ma, X; Jiang, YM; Qu, ZY; Yang, YW; Wang, WQ; He, YM; Yu, YQ; Luo, XM, Liu, YY; Han, WQ; Di, QQ; Yang, L;
Wang, Y. Plants (2024) 13: 627.

Cadmium (Cd) hampers plant growth and harms photosynthesis. Glutamate (Glu) responds to Cd stress and
activates the Ca?" signaling pathway in duckweed, emphasizing Glu's significant role in Cd stress. In this study,
we overexpressed phosphoserine aminotransferase (PSAT), a crucial enzyme in Glu metabolism, in duckweed.
We investigated the response of PSAT-transgenic duckweed to Cd stress, including growth, Glu metabolism,
photosynthesis, antioxidant enzyme activity, Cd?* flux, and gene expression. Remarkably, under Cd stress,
PSAT-transgenic duckweed prevented root abscission, upregulated the expression of photosynthesis ability,
and increased Chl a, Chl b, and Chl a + b levels by 13.9%, 7%, and 12.6%, respectively. Antioxidant enzyme
activity (CAT and SOD) also improved under Cd stress, reducing cell membrane damage in PSAT-transgenic
duckweeds. Transcriptomic analysis revealed an upregulation of Glu metabolism-related enzymes in PSAT-
transgenic duckweed under Cd stress. Moreover, metabolomic analysis showed a 68.4% increase in Glu
content in PSAT duckweed exposed to Cd. This study sheds novel insights into the role of PSAT in enhancing
plant resistance to Cd stress, establishing a theoretical basis for the impact of Glu metabolism on heavy metal
tolerance in plants.

Toxicity of representative organophosphate, organochlorine, phenylurea,
dinitroaniline, carbamate, and viologen pesticides to the growth and
survival of H. vulgaris, L. minor, and C. elegans

Rivenbark, KJ; Nikkhah, H; Wang, MC; Beykal, B; Phillips, TD. Environmental Science and Pollution Research
(2024) DOI10.1007/s11356-024-32444-5

Pesticides are commonly found in the environment and pose a risk to target and non-target species; therefore,
employing a set of bioassays to rapidly assess the toxicity of these chemicals to diverse species is crucial. The
toxicity of nine individual pesticides from organophosphate, organochlorine, phenylurea, dinitroaniline,
carbamate, and viologen chemical classes and a mixture of all the compounds were tested in three bioassays
(Hydra vulgaris, Lemna_minor, and Caenorhabditis elegans) that represent plant, aquatic, and soil-dwelling
species, respectively. Multiple endpoints related to growth and survival were measured for each model, and
ECyo and ECs values were derived for each endpoint to identify sensitivity patterns according to chemical
classes and target organisms. L. minorhad the lowest EC1o and ECs, values for seven and five of the individual
pesticides, respectively. L. minor was also one to two orders of magnitude more sensitive to the mixture
compared to H. vulgaris and C. elegans, where ECs, values were calculated to be 0.00042, 0.0014, and 0.038
MM, respectively. H. vulgaris was the most sensitive species to the remaining individual pesticides, and C.
elegans consistently ranked the least sensitive to all tested compounds. When comparing the ECs values
across all pesticides, the endpoints of L. minor were correlated with each other while the endpoints measured
in H. vulgaris and C. elegans were clustered together. While there was no apparent relationship between the
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chemical class of pesticide and toxicity, the compounds were more closely clustered based on target
organisms (herbicide vs insecticide). The results of this study demonstrate that the combination of these
plant, soil, and aquatic specie can serve as representative indicators of pesticide pollution in environmental
samples.

Frond-level analyses reveal functional heterogeneity within heavy metal-
treated duckweed colonies

0lah, V; Kosztankd, K; Irfan, M; Szabo, ZB; Jansen, MAK; Szabd, S; Mészaros, I. Plant Stress (2024) 11: 100405.

Duckweeds (Lemnaceae) rapidly produce clonal populations that make them ideal models in plant
physiological and ecotoxicological research. Yet, despite their genetic homogeneity, duckweed colonies are
clusters of successively produced fronds with different ontogenetic states, and this heterogeneity has rarely
been studied. We analyzed frond-level photosynthetic responses of three duckweed species (Spirodela
polyrhiza, Landoltia punctata and Lemna minor) to hexavalent chromium and nickel by means of chlorophyll
fluorescence imaging. Our aim was to test whether fronds, or frond zones in their different developmental
stages respond differently to heavy metal stress. Different response patterns were found for the three tested
species. Young fronds of S. polyrhiza were more sensitive to chromate but less affected by nickel compared to
mature ones, while in La. punctata the opposite was found. In Le. minor cultures, young fronds were more
sensitive to both heavy metals compared to mature ones. Within-frond patterns indicated that chromate
inhibited the marginal frond regions strongest. In La. punctata and Le. minor, nickel was most detrimental in
the developing frond regions. In contrast, in S. polyrhiza the middle zone of both young and mature fronds was
affected strongest by nickel. The observed patterns suggest that internal redistribution of toxicants plays a key
role in shaping duckweed responses. Results highlight that ontogenetically different parts of duckweed plants
respond differently to environmental stimuli. Since duckweed-based impact studies and economical
applications rely strongly on the interactions between the duckweed colony and its environment, frond-, and
within-frond level analysis of duckweed responses comprise a unique tool to reveal uptake, re-distribution and
mode of action of environmentally relevant substances.

Transcriptomic and physiological analysis of the response of Spirodela
polyrrhiza to sodium nitroprusside

Zhang, YM; Jia, R; Hui, TY; Hu, Y; Wang, WJ; Wang, Y; Wang, Y; Zhu, YR; Yang, L; Xiang, BB. BMC Plant Biology
(2024) 24 95.

Spirodela polyrrhiza is a simple floating aquatic plant with great potential in synthetic biology. Sodium
nitroprusside (SNP) stimulates plant development and increases the biomass and flavonoid content in some
plants. However, the molecular mechanism of SNP action is still unclear. To determine the effect of SNP on
growth and metabolic flux in S. polyrrhiza, the plants were treated with different concentrations of SNP. Our
results showed an inhibition of growth, an increase in starch, soluble protein, and flavonoid contents, and
enhanced antioxidant enzyme activity in plants after 0.025 mM SNP treatment. Differentially expressed
transcripts were analysed in S. polyrrhiza after 0.025 mM SNP treatment. A total of 2776 differentially
expressed genes (1425 upregulated and 1351 downregulated) were identified. The expression of some genes
related to flavonoid biosynthesis and NO biosynthesis was upregulated, while the expression of some
photosynthesis-related genes was downregulated. Moreover, SNP stress also significantly influenced the
expression of transcription factors (TFs), such as ERF, BHLH, NAC, and WRKY TFs. Taken together, these
findings provide novel insights into the mechanisms of underlying the SNP stress response in S. polyrrhiza and
show that the metabolic flux of fixed CO, is redirected into the starch synthesis and flavonoid biosynthesis
pathways after SNP treatment.

DF Comment: The correct spelling is Spirodela polyrhiza

Effect of luminescent materials on the biochemistry, ultrastructure, and
rhizobial microbiota of Spirodela polyrhiza

Li, Q; Yang, YX; Kang, SY; Wang, X; Jiang, JR; Liu, SY; Wang, QC; Zhang, WZ; Zhang, LP. Plant Physiology and
Biochemstry (2024) 207: 108427.
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Fluorescent materials and technologies have become widely used in scientific research, and due to the ability
to convert light wavelengths, their application to photosynthetic organisms can affect their development by
altering light quality. However, the impacts of fluorescent materials on aquatic plants and their environmental
risks remain unclear. To assess the effects of luminescent materials on floating aquatic macrophytes and their
rhizosphere microorganisms, 4-(di-p-tolylamino)benzaldehyde-A (DTB-A) and 4-(di-p-
tolylamino)benzaldehydeM (DTB-M) (emitting blue-green and orange -red light, respectively) were added
individually and jointly to Spirodela polyrhiza cultures and set at different concentrations (1, 10, and 100 uM).
Both DTB-A and DTB-M exhibited phytotoxicity, which increased with concentration under separate treatment.
Moreover, the combined group exhibited obvious stress relief at 10 uM compared to the individually treated
group. Fluorescence imaging showed that DTB-A and DTB-M were able to enter the cell matrix and organelles
of plant leaves and roots. Peroxidation induced cellular damage, contributing to a decrease in superoxide
dismutase (SOD) and peroxidase (POD) activities and malondialdehyde (MDA) accumulation. Decomposition
of organelle structures, starch accumulation in chloroplasts, and plasmolysis were observed under the
ultrastructure, disrupting photosynthetic pigment content and photosynthesis. DTB-A and DTB-M exposure
resulted in growth inhibition, dry weight loss, and leaf yellowing in S. polyrhiza. A total of 3519 Operational
Taxonomic Units (OTUs) were identified in the rhizosphere microbiome. The microbial communities were
dominated by Alphaproteobacteria, Oxyphotobacteria, and Gammaproteobacteria, with the abundance and
diversity varied significantly among treatment groups according to Shannon, Simpson, and Chao1 indices. This
study revealed the stress defense response of S. polyrhiza to DTB-A and DTB-M exposures, which provides a
broader perspective for the bioremediation of pollutants using aquatic plants and supports the further
development of fluorescent materials for applications.

Growth, physiological parameters and DNA methylation in Spirodela
polyrhiza (L.) Schleid exposed to PET micro-nanoplastic contaminated
waters

Dainelli, M; Castellani, MB; Pignattelli, S; Falsini, S; Ristori, S; Papini, A; Colzi, I; Coppi, A; Gonnelli, C. Plant
Physiology and Biochemistry (2024) 207: 108403.

The effects of polyethylene terephthalate micro-nanoplastics (PET-MNPs) were tested on the model
freshwater species Spirodela polyrhiza (L.) Schleid., with focus on possible particle-induced epigenetic effects
(i.e. alteration of DNA methylation status). MNPs (size - 200-300 nm) were produced as water dispersions
from PET bottles through repeated cycles of homogenization and used to prepare N -medium at two
environmentally relevant concentrations (0.05 g L™ and 0.1 g L' of MNPs). After 10 days of exposure, a
reduction in fresh and dry weight was observed in treated plants, even if the average specific growth rate for
both frond number and area was not altered. Impaired growth was coupled with a MNP-induced decrease of
chlorophyll fluorescence parameters (i.e. psi ETo and Piabs, indicators of photochemical efficiency) and starch
concentration, as well as with alterations in plant ionomic profile and oxidative status. The methylation-
sensitive amplification polymorphism (MSAP) technique was used to assess possible changes in DNA
methylation levels induced by plastic particles. The analysis showed unusual hypermethylation in 5 -CCGG
sites that could be implicated in DNA protection from dangerous agents (i.e. reactive oxygen species) or in the
formation of new epialleles. This work represents the first evidence of MNP-induced epigenetic modifications
in the plant world.

Coupling protein recovery to methane and lactic acid production to
valorize duckweed used in selenate remediation

Kotamraju, A; Logan, M; Lens, PNL. Environmental Technology & Innovation (2024) 33: 103515.

Duckweed (DW) can be used for metal bioremediation, but can also serve as a renewable feedstock for various
processes such as protein production, acidogenesis and methanogenesis. In this study, a selenate (3 mg L™)
supplemented modified Steinberg medium was used as a feed for DW cultivation, which gave a selenate
removal efficiency of 55%. Thereafter, an optimized protein extraction protocol was developed yielding a
similar to 20% protein extraction efficiency from both the control and selenate-enriched DW. The solid fraction
obtained during protein extraction was utilised for lactic acid (LA) production (up to 5 g L), whereas the liquid
fraction (after protein extraction) was used as the substrate for methane production (similar to 150 mL gCOD"
"). Selenate enriched DW achieved faster LA production and showed better methane production kinetics when
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compared to the control DW. This study shows that bioenergy and biocommodity production can be efficiently
coupled to selenium removal from polluted wastewaters using DW.

Comparative phytotoxicity of metallic elements on duckweed Lemna
gibba L. using growth- and chlorophyll fluorescence induction-based
endpoints

Irfan, M; Meszdros, |; Szabd, S; Olah, V. Plants (2024) 13: 215.

In this study, we exposed a commonly used duckweed species-Lemna gibba L.-to twelve environmentally
relevant metals and metalloids under laboratory conditions. The phytotoxic effects were evaluated in a multi-
well-plate-based experimental setup by means of the chlorophyll fluorescence imaging method. This technique
allowed the simultaneous measuring of the growth and photosynthetic parameters in the same samples. The
inhibition of relative growth rates (based on frond number and area) and photochemical efficiency (F-v/F-o and
Y(I)) were both calculated from the obtained chlorophyll fluorescence images. In the applied test system,
growth-inhibition-based phytotoxicity endpoints proved to be more sensitive than chlorophyll-fluorescence-
based ones. Frond area growth inhibition was the most responsive parameter with a median ECs, of 1.75mg L°
' while F-v/F-o, the more responsive chlorophyll-fluorescence-based endpoint, resulted in a 5.34 mg L™ median
ECso for the tested metals. Ag (ECs 0.005-1.27 mg L"), Hg (ECs 0.24-4.87 mg L") and Cu (ECs 0.37-1.86 mg L
) were the most toxic elements among the tested ones, while As(V) (ECs 47.15-132.18 mg L ™), Cr(lll) (ECso
6.22-19.92 mg L"), Se(VI) (ECs 1.73-10.39 mg L") and Zn (ECs 3.88-350.56 mg L") were the least toxic ones.
The results highlighted that multi-well-plate-based duckweed phytotoxicity assays may reduce space, time and
sample volume requirements compared to the standard duckweed growth inhibition tests. These benefits,
however, come with lowered test sensitivity. Our multi-well-plate-based test setup resulted in considerably
higher median ECs (3.21 mg L) for frond-number-based growth inhibition than the 0.683 mg L™ median ECs
derived from corresponding data from the literature with standardized [emnatests. Under strong acute
phytotoxicity, frond parts with impaired photochemical functionality may become undetectable by chlorophyll
fluorometers. Consequently, the plant parts that are still detectable display a virtually higher average
photosynthetic performance, leading to an underestimation of phytotoxicity. Nevertheless, multi-well-plate-
based duckweed phytotoxicity assays, combined with chlorophyll fluorescence imaging, offer definite
advantages in the rapid screening of large sample series or multiple species/clones. As chlorophyll
fluorescence images provide information both on the photochemical performance of the test plants and their
morphology, a joint analysis of the two endpoint groups is recommended in multi-well-plate-based duckweed
phytotoxicity assays to maximize the information gained from the tests.

Enhancing duckweed cultivation for sustainable energy and wastewater
management in wastewater treatment plant

Hermaszewski, J; Lobos-Moysa, E; Zimoch, |; Kalka, J; Kazmierczak, B; den Boer, E. Desalination and Water
Treatment 316: 692-700.

Duckweed, a perennial and one of the smallest vascular plants, possesses significant potential as a co-
substrate in methane fermentation. Nevertheless, the challenges associated with cultivating and breeding this
vegetation on an industrial scale remain a subject of scrutiny. In this article, the authors present findings from
a series of laboratory and outdoor tests aimed at formulating a comprehensive solution for the cultivation of
duckweed on an industrial level. The proposed solutions encompass technical innovations and a year-round
cultivation system for duckweed. These solutions are specifically tailored for small water and sewage
management companies, with the primary objective of converting 100% of sludge into a valuable product and
halting 100% of water circulation, by utilizing treated sewage. The overarching goal is to generate cost-
effective, green energy, thereby providing the potential for energy independence for enterprises. This innovative
approach not only addresses environmental concerns but also aligns with the economic viability of small-scale
water and sewage management operations.
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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) DOI10.1093/jxb/erae059

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. Thorough
investigation of the interspecific hybrid Lemna x mediterranea reveals recurrent hybridization in Lemna minor
and the existence of homoploid and triploid cytotypes, with differences in phenotypical and ecophysiological
traits.

Two lineages of Lemna aequinoctialis (Araceae, Lemnoideae) based on
physiology, morphology, and phylogeny

Lee, YR; Kato, S; Kim, JY; Shimono, Y; Shiga, T. Journal of Plant Research (2024) DOI10.1007/s10265-023-
01509-w

Lemna aequinoctialis Welw. is a widely spread species that has diverse physiological and molecular
properties. Flower characteristics are important factors in deducing taxonomical status; however, owing to the
rarity of flowering observations in Lemna, studying them has been a prolonged challenge. In this study,
physiological and morphological analyses were conducted by inducing flowering, and molecular analysis was
done based on the two chloroplast DNA loci (matK, atpF-atpH intergeneric spacer) of L. aequinoctialis sensu
Landolt (1986) from 70 strains found in 70 localities in Japan, Korea, Thailand, and the US. In total, 752
flowering fronds from 13 strains were observed based on axenic conditions. Two different trends in flower
organ development-protogyny and adichogamy-were detected in these strains. Their physiological traits were
divided into two groups, showing different morphological features based on frond thickness, root cap, and
anther sizes. Molecular analysis showed two lineages corresponding to two physiological groups. These were
identified as L. aequinoctialis sensu Beppu et al. (1985) and L. aoukikusa Beppu et Murata based on the
description of the nomenclature of L. aoukikusa. These were concluded as independent taxa and can be
treated as different species. Furthermore, the distribution of L. aoukikusais not only limited to Japan.
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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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Duckweed Researcl h and Applications

Links for Further Reading

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

http://www.InternationalLemnaAssociation.org/ Working to develop commercial applications for
duckweed globally, Exec. Director, Tamra Fakhoorian

http://thecharmsofduckweed.org Comprehensive site on all things duckweed-related, By Dr. John
Cross, maintained by Paul Fourounjian.

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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