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Letter from the Editor: 
July 30th, 2023

Dear readers of the Duckweed Forum,

Welcome to another issue of our community newsletter where we bring you updates on events in our
community  as well  as new publications  related  to  duckweed research.  As  we are  in  the  summer  of  the
northern  hemisphere,  it  is  quite  timely  to  remark  on  the  steady  warming  trend  that  we  have  become
accustomed to hearing on the news about “new records” being broken in warming of the ocean and at various
regions on land in the U.S., Europe and Asia. Even the sea ice around Antarctica has decreased dramatically
this year during this time, which is winter in the southern hemisphere. While many of these warming trends
were  predicted  by  climate  change  models,  some  are  occurring  much  faster  than  expected  and  quite
worrisome in this uncharted territory that our planet is venturing into in our lifetime. The urgency to minimize
global greenhouse gas emission in order to slow this warming trend is more real than ever. 

One recent effort to create more environmentally sustainable industries is to design effective means
for circular bioeconomy, where waste is minimized and recaptured as much as possible by decreasing release
of pollutants while conserving valuable resources through their recapture and reuse. Duckweed is a prime
candidate to participate in key roles in such circular engineering designs for waste reclamation and water
remediation. On the cover of this issue of the DF and in a summary by one of the ISCDRA member, Marcel
Jansen, a one-day workshop on exactly this topic of utilizing duckweed to establish modalities of circular
bioeconomy took place in early June at Cork, Ireland. Originally planned for 25 participants, the heightened
interest in this subject area attracted almost 50 delegates to attend and present in this workshop. While the
interest is high, the challenge remains substantial to transfer the ideas into real industrial scale solutions. We
hope that this initiative will grow quickly with committed support from both public and private funding in the
near future and realize the potential of duckweeds into real benefits for sustainable dairy and aquaculture
soon. 

In addition to the workshop summary,  this issue also contains a Commentary on a study that my
laboratory and collaborators recently published on the subject of turion molecular biology. Turions are relatively
common in aquatic plants as dormant propagules that enable them to “hibernate” during stressful conditions
such as cold winters. Our work for the first time produced a comprehensive description of expressed genes in
turions  of  the  Giant  Duckweed.  Comparison  to  that  of  actively  growing  fronds  revealed  genes  that  are
important for the formation of this dormant state and also pathways that enable the young duckweed to
compete effectively upon turion germination in the spring. These results may inform us on ways that we could
design  better  plants  to  tolerate  environmental  stresses  in  the  future,  which  are  likely  to  become  more
important as our planet continues to change with the climate. I hope the readers will enjoy reading about this
work.

For all the ISCDRA members, we wish all of you good luck and be well.

Sincerely,

Eric Lam

Chair, ISCDRA
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Commentary: 
Transcriptome of mature 
turions reveals duckweed 
survival strategy
Resolving the transcriptome landscape in dormant 
turions of Spirodela polyrhiza: finding molecular 
clues to the mystery of duckweed survival

Buntora Pasaribu1,2 and Eric Lam1*

1Department of Plant Biology, Rutgers the State University of New Jersey, New Brunswick, NJ. 08901, USA
2Department of Marine Science, Faculty of Fisheries and Marine Science, Universitas Padjadjaran, Indonesia

*Author for Correspondence, eric.lam@rutgers.edu

Duckweeds  have  developed  various
strategies  to  cope  with  unfavorable  environmental
conditions. One of these strategies is the production
of turions, which are dormant propagules that enable
survival  under environmental stresses. Turions have
been  observed  in  many  duckweeds  including  all
Wolffia species,  as  well  as  in  Lemna  turionifera,  L.
perpusilla, and L. aequinoctialis (Landolt, 1986; Les et
al., 1997). Among duckweeds, the turions of Spirodela
polyrhiza have been most extensively studied. Factors
such  as  limited  nutrient  availability  (phosphate,
nitrate, sulfate) and low temperatures have been found to induce turion formation, both in laboratory settings
and outdoor conditions (Appenroth et al., 1989; Appenroth, 2002; Appenroth and Nickel, 2009). The yield of
turion formation in different strains of  S. polyrhiza has been genetically  linked to local climatic conditions,
including average temperature and precipitation throughout the year and during the growing season (Kuehdorf
et al., 2014). Additionally, the phytohormone abscisic acid (ABA) has been identified as a potent inducer of
turion formation (Smart  and Trewavas,  1983a)  and may act  as an intracellular  mediator  for  other  turion-
inducing factors (Smart et al., 1995).

When the appropriate factors for turion biogenesis are present, the developmental program of frond
primordia  in  S.  polyrhiza shifts,  resulting  in  the  formation  of  dormant  structures  in  place  of  fronds  that
eventually detach from the mother frond and sink to the bottom of the water body (Landolt and Kandeler, 1987;
Smart and Trewavas, 1983a). These dormant propagules, known as turions, are round-shaped, dark green or
brownish-green,  and have  an average diameter  of  1-3  mm  in  S.  polyrhiza (Smart  and  Trewavas,  1983b).
Compared to normal fronds, turions are smaller in size, lack aerenchyma (air spaces within plant organs that
formed via stereotypical cell death in the parenchyma and facilitate gas exchange), and have thicker cell walls
(Appenroth et al., 2011; Smart and Trewavas, 1983b). In nature, duckweed turions mature, detach and sink to 

vol 11 (3), page 99 of 134

DUCKWEED FORUM



the bottom of water  bodies in  the autumn.  Their  dormancy is  broken by extended stay under  low winter
temperatures. When suitable conditions return in the spring, turions produce a gas bubble that enables them to
rise to the water surface by increased buoyancy. There, they receive the required light signal (mediated via
phytochrome) for germination and resume growth (Appenroth and Gabrys,  2001).  Many of  these features
related to the behavior and morphology of mature turions in  S. polyrhiza are reminiscent of those in seeds
produced via sexual reproduction, although it is often thought that turions may be more akin to dormant buds
(Adamec, 2018). 

The induction of turion formation by ABA is accompanied by rapid suppression of nucleic acid and
protein  synthesis  in  ABA-sensitive  tissues  (Smart  et  al.,  1987).  Initially,  newly  formed  fronds  and  turions
possess a similar cluster of meristematic cells until they grow to approximately 0.2 mm in length during the
early stage. Morphologically distinguishing between young vegetative fronds and turions is only possible when
this cluster reaches a size of about 0.75 mm. Young vegetative fronds develop prominent mesophyll  and
vascular tissues, while the cells involved in turion formation, resembling embryo-like cells, already accumulate
starch  and  lack  obvious  aerenchyma  (Smart  and  Trewavas,  1983b).  Subsequently,  these  embryo-like
structures  develop  into  mature  turions,  with  most  cells  accumulating  high  levels  of  plastidic  starch  and
tannins, while lacking air spaces (Smart and Trewavas, 1983b).

The expression of genes encoding ADP-glucose pyrophosphatase (APL) and Granule-Bound Starch
Synthase Isoform (GBSSI) proteins, key enzymes involved in starch biosynthesis, is significantly enhanced in S.
polyrhiza fronds during turion induction through the application of exogenous ABA (Smart and Fleming, 1993;
Wang et al., 2014). Turions contain high levels of starch, ranging from 60-70% of their dry weight, while the
starch content in ambient fronds of this species is usually less than 20% (Sree et al., 2015; Xu et al., 2018).
During germination, low-molecular-weight carbohydrate reserves are degraded, but no starch degradation is
observed. Storage starch, however, may be utilized to support the rapid growth of the newly germinated fronds,
allowing them to quickly cover the water surface in spring (Appenroth et al., 2013). Both starch degradation
and germination of  S. polyrhiza turions are mediated by phytochrome, albeit through different mechanisms
(Appenroth and Augsten, 1990; Dolger et al., 1997).

Uncovering the transcript landscape in mature turions and identifying the specific genes that trigger
turion formation in duckweeds have been challenging due to the presence of a large percentage of somatic
frond  tissues  in  the  data  from  earlier  studies  (Smart  and  Fleming,  1993;  Wang  et  al.,  2014),  which  can
confound their interpretation. To overcome hurdles for isolating high quality RNA from mature turions, such as
their thicker cell wall and the high content of tannins, anthocyanin, and starch, we reported a new protocol that
combine two complementary methods for efficient physical disruption of these propagules under near frozen
temperatures  (Pasaribu  et  al.  2023).  This  method  enabled  the  successful  production  of  high-quality
transcriptome  libraries  from  mature  turions,  thus  allowing  for  the  comprehensive  description  of  the
transcriptome in this dormant state of duckweeds and its comparative analysis to that of the actively growing
fronds. The global differential gene expression patterns in turions vs fronds, as well as time-course profiling of
the  transcriptome  after  induction  by  an  environmental  trigger,  revealed  a  deeper  understanding  of  the
molecular processes that may contribute to the resilience and viability  of these dormant structures under
environmental stresses.

Comparison to early description of turion-related genes

     Aided by our turion transcriptome dataset, we examined the relationship of previously reported genes and
enzyme activities that were proposed to be heightened in turions and/or during its biogenesis. Using labeled
precursors to monitor UDP-pentose synthesis in fronds and turions, Longland et al. (1989) reported almost 35
years ago a large decrease in the UDP-apiose pool between fronds (27%) and turions (4%) in total labeled
pentose  derivatives.  They  suggested  that  a  reduction  in  the  bifunctional  enzyme  UDP-apiose/UDP-xylose
synthase could be the cause. Using the coding sequence for the Arabidopsis gene that encodes this enzyme,
AtAXS2, we mapped transcripts to a single Sp9512 gene, SpAXS. Transcripts for this gene in fact exhibited a
decrease of almost 3-fold in turions versus that in fronds (Table 1). Furthermore, mapping the UDP-xylose
synthase (UXS) genes in Sp9512, we found 3 paralogs to Arabidopsis UXS, with SpUXS2 exhibiting a 6.5-fold
increase of expression in turions. Since both UXS and AXS can compete for the same precursor, these two
combined changes likely contributed toward the low levels of UDP-apiose reported for turions (Longland et al.
1989).
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Table 1.  Expression of turion-associated genes reported to be induced during turion development.

Gene Number Gene Name Turion/frond  (Log2-
Fold Change)

References

Sp9512.a02.1.g06970 SpAPL1 -3.61 Wang, Wu and Messing, 2014

Sp9512.a02.20.g05195 SpAPL2 4.74

Sp9512.a02.6.g05320 SpAPL3 2.83

Sp9512.a02.8.g09150 SpUXS1 -0.11 Longland, Fry and Trewavas, 1989

Sp9512.a02.1.g08550 SpUXS2 2.71

Sp9512.a02.6.g00760 SpUXS3 1.22

Sp9512.a02.2.g00020 SpAXS -1.39

Sp9512.a02.2.g11490 SpTur1 4.37 Smart and Flemming, 1993

Sp9512.a02.7.g09390 SpTur1a -0.27

Sp9512.a02.10.g00240 SpTur2 1.30 Smart and Flemming, 1996 

Sp9512.a02.18.g03140 SpTur4 1.34 Chaloupkova and Smart 1994

APL,  ADP-glucose pyrophosphorylase; UXS, UDP-xylose synthase; AXS,  apiose/xylose synthase; Tur1,  myo-
inositol-1-phosphate synthase; Tur2, ABC-type transporter; Tur4, basic peroxidase superfamily member 

The studies by Smart and colleagues using subtractive hybridization identified and characterized 3
rapidly induced S. polyrhiza genes upon short term treatment of fronds with low concentrations (less than 1
uM) of ABA (Smart and Fleming, 1993; Chaloupkova and Smart, 1994; Smart and Fleming, 1996). These genes
were thought to be associated with turion induction and were thus called Tur genes. Tur1 was found to encode
a D-myo-inositol-3-phosphate  synthase  (Ins3P  synthase)  enzyme and its  expression  was localized  to  the
connective tissue between the developing turion and the meristematic tissues of the mother frond (Smart and
Fleming, 1993). In addition to SpTur1, we found a second homolog in Sp9512 that we named SpTur1a.  Our
result confirmed that SpTur1 transcripts are 20-fold higher in mature turions, while SpTur1a showed a small
decrease compared to that in frond tissues (Table 1). This switching may suggest that SpTur1 is optimized for
function in the development of turions while SpTur1a could better serve the role of this enzyme in fronds. In
fact, the pH optimum of the predicted enzyme encoded by the SpTur1 gene is significantly different to that of
the purified Ins3P synthase enzyme from frond tissues of another duckweed, Lemna gibba (Ogunyemi et al.,
1978) as noted previously (Smart and Fleming, 1993). Although the earlier work of SpTur1 identified it to be
tissue specific in its expression at the abscission zone of the developing turion, our present work with mature
turions would indicate that  SpTur1 may have a second wave of  expression during turion maturation.  The
increase of inositol 3-phosphate in the early turion formation stage could be related to the need for cell wall
modifications at the connective tissue to aid its rapid but transient elongation (Smart and Fleming, 1993), while
its  heightened  levels  in  mature  turions  may  be  necessary  for  the  increased  synthesis  of  phytate  as  a
mechanism for phosphate storage (Cosgrove and Irving, 1980) to support post-germinative growth.

SpTur2 encodes an ABC (ATP-binding cassette) transporter and is rapidly induced (within 1 hour) by
submicromolar levels of ABA treatment (Smart and Fleming, 1996). However, its expression is transient, with a
rapid  decrease  in  transcript  levels  at  18  hours  post-induction.  Furthermore,  its  expression  was  detected
throughout the frond tissues and not spatially correlated with turion development. Thus, it is likely connected
to stress-induced response pathways linked to the growth arrest observed in frond tissues. Consistent with
these observations, we find no significant change in SpTur2 transcript abundance between ambient fronds and
mature turions (Table 1). Similarly, SpTur4 encodes a basic peroxidase that is also found to transiently increase
in fronds upon treatment with ABA, decreasing back to basal levels by 2 days post-treatment (Chaloupkova 
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and Smart, 1994). Additionally, the induction of both SpTur2 and SpTur4 by ABA is inhibited by co-addition of
the cytokinin kinetin, with a concomitant increase in growth. These results indicate these two Tur genes are
likely  not  directly  related  to  turion  biogenesis  per  se,  and no significant  difference was observed in  their
transcript abundance between frond and turion transcriptome datasets (Table 1).

More recently, RNA-seq was used to characterize the transcriptome of S. polyrhiza plants treated with
10 uM of ABA for 3 days (Wang et al., 2014). From this work, 362 genes were identified to show more than 4-
fold  difference in  transcript  abundance between the  two tissues.  This  is  significantly  less than the 3,260
differentially  regulated genes with more than 4-fold  difference that we found in our recent study between
mature turion and frond tissues (Pasaribu et al., 2023). One major confounding factor for the earlier work is
that the developing turion at the 3-day post-treatment time point likely contributes to only a small percentage
of the total RNA isolated from the treated fronds, since the turions that have formed at this stage mostly
remain attached to the mother frond clusters. Thus, many of the observed changes could be stress responses
in the frond tissues to treatment with the high level of ABA that was applied.  A case in point is the analysis and
conclusions for genes involved in the starch biosynthesis pathway in turion versus frond tissues. The key
enzyme in this process, APL, is encoded by 3 genes in S. polyrhiza. Our current study found that SpAPL1, the
dominant form expressed in frond tissues before the transfer to low phosphate-containing media, decreased
by 12-fold in mature turions whereas SpAPL3 showed a 7-fold higher expression in the turion (Table 1). Most
significantly, SpAPL2 became the dominant transcript expressed among the 3 APLs in mature turions, with a
26-fold higher level than its expression in the frond. This result is in striking contrast to the previous work
which concluded that SpAPL2 showed little difference between fronds with and without ABA treatment at 3
days post-induction, implying that it may not be involved in driving the high levels of starch present in turions
(Wang et al., 2014). However, Wang et al. (2014) did report a decrease of SpAPL1 expression by about 7-fold
and an increase of SpAPL3 by 8-fold post ABA treatment, which could be related to stress-induced changes in
starch biosynthesis of  the frond tissues as well  and not specific to turion biogenesis.  The gene encoding
another regulator for starch biosynthesis, the Granule-Bound Starch Synthase Isoform (GBSSI) protein, did not
show significantly different expression between fronds and turions in our study.

Comparative transcriptomics between mature turions and fronds 
revealed potential pathways and genes involved in the survival strategy 
of duckweeds
Globally,  the transcriptome of mature turions are rather similar to that of fronds with about 80% of all  the
expressed genes within 4-fold of each other. Thus, while most transcription activity has essentially ceased, our
findings indicate transcripts for most genes are maintained and stored in a dormant form in mature turions.
Among the significantly induced genes found enriched in the turions are those involved in stress response,
metabolism, defense, and seed development functions (Pasaribu et al., 2023). Genes associated with the ABA
response  pathway  are  prominently  represented  in  all  these  categories,  thus  strongly  implicating  this
phytohormone as the key regulator in this developmental transition in duckweed. In addition to induction of
specific APL genes to increase production of starch in turions, our transcriptome data revealed that multiple
genes in the oleosin family were highly expressed in mature turions.  Oleosins are important proteins that
mediate the formation of oil bodies for storage of triacylglycerol (TAG) in various plant organs. Indeed, we
demonstrated that there is a 3-fold increase in TAG content of turions as compared to fronds, along with a
decrease in total fatty acids. These findings suggest that in addition to increase in starch content, turions also
accumulate  heightened  levels  of  lipids  as  an  added energy  reserve.  Consistent  with  this  model,  we  also
observed  an  increase  of  transcripts  encoding  enzymes  for  starch  and  lipid  degradation  in  the  turion
transcriptome such as amylases and lipases.  Thus, the survival  strategy of duckweed turions apparently
involves: 1) maintaining transcripts for most of the expressed genes to a similar level as in fronds, 2) increased
starch and lipid content for energy reserve, as well as heightened expression of transcripts for starch and lipid
turnover, to support rapid and sustained growth upon germination, 3) highly expressed genes encoding the
Late Embryogenesis Abundant (LEA) class of proteins to promote and maintain dormancy. In this scenario,
once dormancy is broken during the overwintering process, we speculate that a key step during the early
phase of turion germination would be the resumption of active translation to begin production of proteins from
the  stored  transcripts.  Rapid  growth  of  the  young  fronds  can  be  driven  by  small  molecular  weight
carbohydrates, complex starch and finally lipids at successive stages until the young duckweed become fully
competent in photosynthesis.

vol 11 (3), page 102 of 134

DUCKWEED FORUM



Future perspectives and potential applications
The description of an effective protocol to isolate high quality nucleic acids from turions opened a window of
opportunity  to  examine  the  molecular  events  that  may underlie  turion formation  and  germination.  As  an
example,  we  have  compared  genome  wide  cytosine  methylation  in  frond  and  turion  tissues  using  high
molecular  weight  DNA and observed an overall  increase,  especially  at  the sites of  transposable elements
(Pasaribu et al., 2023). These results are very similar to previous reports on cytosine methylation increases
during zygotic seed maturation in the model plant Arabidopsis thaliana (Kawakatsu et al., 2017; Lin et al., 2017)
and further implicate the similarity between turions and seeds.  

By  carrying out  time-course  analysis  during turion induction and comparing different  S.  polyrhiza
clones that has distinct rates of turion formation, we identified sets of turion enriched genes that appear to be
specific to turions (Pasaribu et al., 2023). Among these are transcription factors, such as a possible MYB73
homolog, that could play key roles in the frond-to-turion developmental transition. Future molecular genetic
studies targeting these candidate genes could reveal the key regulators involved and facilitate more detailed
understanding  of  the  signaling  pathway  from  nutrient  level  sensing  to  triggering  turion  formation  at  the
meristem. In addition to identifying specific genes that may be critical components of the turion trigger, our
study also revealed the major targets from the APL and Oleosin gene families that are likely responsible for
increased starch and lipids in  S.  polyrhiza during turion formation. Once confirmed, these genes could be
candidate  loci  to  manipulate  for  increases  in  starch  or  lipid  content  of  duckweed.   For  these  molecular
approaches, a robust transformation method that can routinely and quickly generate transgenic duckweeds
from different S. polyrhiza clones would be invaluable.
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Meeting report: Duckweed 
Research and Applications 
for the Circular Bioeconomy
in Ireland 

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

In Ireland, interest in duckweed research and applications has steadily grown over the
years.  However,  research  and  development  efforts  are  somewhat  scattered,  with
sometimes a lack of integrative, strategic planning. To bring key stakeholders together,
as  well  as  to  bring  in  the  best  international  expertise,  a  one-day  workshop  on
“Duckweed Research and Applications for the Circular Bioeconomy in Ireland” was organised at University
College Cork (UCC) in the south of Ireland on the 9th of June 2023. 
The interest on duckweed research and applications in Ireland is mostly driven by a strong focus on their
potential to facilitate the transition to a more  circular bioeconomy; an economy where waste is used as a
resource. Consequently, the workshop had a strong emphasis on the use of duckweed (Lemnaceae spp.) as a
tool for wastewater remediation and valorisation, the latter particularly in the form of protein. As detailed by
Prof.  Marcel Jansen (UCC) in his opening address, evolving laboratory-based duckweed research into real,
commercial  applications  requires  close  and  reciprocal  interactions  between  different  actors,  such  as
entrepreneurs,  policymakers,  and  researchers.  In  his  welcome,  Prof.  Brian  Ó  Gallachóir,  associate  vice-
president of sustainability at UCC, specifically focused on the importance of research impacting policy. The
close link with policy was further emphasized by Patrick Barrett from the Department of Agriculture, Food and
the Marine, who highlighted the development of, and strong support for, the Irish bioeconomy, with a focus on
systems approach incorporating innovation, development of skills, novel sources of biomass, novel processing
of biological  resources and zero waste approaches.  In  his  talk,  duckweed research and applications were
clearly indicated as a promising area that is closely aligned with the national bioeconomy agenda. Given the
close link between Irish and European Union bioeconomy policies, this bodes well for duckweed research and
applications throughout Europe.
A particular strength of duckweed research is the strong knowledge base that has been accrued over the last
half  century.  Dr  Klaus Appenroth (Jena,  Germany),  in  his  plenary  talk  analyzed the challenges of  growing
duckweed outdoors on sub-optimal media, outside of the natural growing season while outdoors, or indoors
under  an artificial  climate.  Several  key knowledge gaps were flagged by Dr  Appenroth,  among others our
relatively limited knowledge of duckweed pests and diseases. In a second plenary, Dr Laura Morello (Milan,
Italy) placed emphasis on duckweed biodiversity, taking the audience from Carl Linnaeus to Elias Landolt. The
emerging  awareness  of  “promiscuous  duckweeds”,  with  a  range  of  hybrids  occurring  in  nature,  was
emphasized by Dr Morello. This on the one hand complicates identification of strains, but on the other hand
potentially  identifies  new opportunities  for  applications  as indicated  by  the  high  protein  content  of  some
polyploid strains. Dr Viktor Oláh (Debrecen, Hungary) further explored the concept of biodiversity, reporting that
some,  but  not  all,  mixed  cultures  of  two  species  displayed  substantially  faster  growth  compared  to
corresponding monocultures. 

Dr Vlastimil Stejskal (České Budějovice, the Czeh Republic) reported on the use of duckweed in an Integrated
MultiTrophic Aquaculture fish farm in Ireland. Dr Stejskal reported that one hectare of duckweed was able to
remediate  water  fouled  by  30  tonnes  of  rainbow  trout  and  perch.  Dr  Niall  O’Leary  (UCC)  reported  on  a
cascading approach to remediate and valorise dairy processing waste. Microbial bioreactors were used to
convert organic content of the wastewater into polyhydroxyalkanoates, after which duckweed was used to 
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valorise  effluents  rich  in  nitrogen  and phosphorus.  Dr  Neil  Coughlan (UCC)  reported  how stacked (multi-
layered) duckweed incubators can be used to remediate such effluents, although optimisation of remediation
requires  careful  consideration  of  operational  parameters  such  as  flow  rate.  Dr  Gruffydd  Lloyd-Jones
(Aberystwyth, United Kingdom) reported on the valorisation of farm wastewater, emphasising the potential
toxicity of ammonia, and the importance of pH management (i.e. lowering) to enable duckweed growth. The
difficult  dilemma  of  having  to  dilute  wastewater  in  order  to  grow  duckweed,  whilst  farmers  are  already
struggling with large waste volumes, was noted by Dr Lloyd-Jones. A lively discussion followed whereby the
opportunity to add full strength farm wastewater into cascading ponds was flagged as a potential solution. Dr
Reindert Devlamynck (Flanders, Belgium) reported on the operation of a cascading duckweed system. The
issue of the unequal removal of phosphorus and nitrogen, which may hinder release of “cleaned” wastewater
to local surface waters,  was discussed by Dr Devlamynck, and so was the problem of gradual potassium
accumulation, with the resulting increase in osmolarity impeding duckweed growth. Dr Meritxell Abril Cuevas
(Barcelona, Spain) reported on new trials involving culturing of duckweed, as well as halophytes (Halimione
sp.) to manage salinity issues when using swine wastewater. Dr Abril Cuevas also reported on plans to use
duckweed biomass as a crop fertiliser. Following a lively debate, it was agreed that this is a very interesting
idea since the duckweed is likely to act as a relatively slow-release fertiliser, while also adding organic matter to
the soil. 

Prof. Brijesh Tiwari (Dublin, Ireland) reported on a different approach to use duckweed biomass: the extraction
of protein using a variety of clean technologies. Emphasis was on reducing negative impacts of the protein
extraction process, for example by using different solvents and energy efficient processes. The ultimate aim of
Prof.  Tiwari’s  group  is  to  develop  an  innovative  biorefinery  process  whereby  consecutive  extractions  of
valuable duckweed ingredients result in the complete use of the biomass. This contrasts with the approach
taken by Priya Pollard who reported on how traditional ensiling processes can be used to preserve duckweed
as, for example, an animal feed. 

Several  representatives  of  the  business  sector  were  involved  in  the  workshop,  and  heavily  engaged  in
discussions. Dr Paul Fourounjian (Plantible Foods, San Diego, USA) gave a short overview of the United States
duckweed industry, reporting GRAS (Generally Recognised as Safe) status of certain duckweed species, as
well as FDA (US Food and Drug Administration) approval for the use of duckweed protein in a range of food
products. The exciting development of the company Plantible Foods was reported on by Dr Fourounjian after
which an interesting discussion arose about the non-compatibility between wastewater remediation and food
applications. 

The  workshop was a substantial  success,  judging  by  the  quality  of  the  presentations,  and especially  the
discussions and networking between delegates. In fact, when the idea for a workshop was initially conceived,
the expectation was that some 20 delegates would register to attend. In reality almost 50 delegates registered,
at which stage registration had to be stopped because of capacity issues. There is obviously a real interest in
small  scale,  local  meetings  on duckweed research and applications.   While  both  Dr  Appenroth  and Prof.
Jansen advertised the upcoming 7th ICDRA conference in 2024 at Kasetsart University, Bangkok, the success
of this meeting at UCC shows that there is real interest to complement the large, biennial, international ICDRA
meetings with additional, more focused, local meetings in alternating years.

The workshop was supported by the Duck-Feed project (DAFM 2021R487), EPA Event Support (2023-ES-1181)
and Brainwaves project (funded by the ERDF through the IW Cooperation Programme).

Dr  Reindert  DeVlamynck  (L)  and  Dr  Meritxell  Abril
Cuevas (R) discussing posters.
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Dr  Klaus  Appenroth  (L),  Ms  Marica
Areniello  (M),  and  Prof  Piet  Lens  (R)
during the coffee break.

Delegates  at  the  one-day
workshop  “Duckweed  Research
and  Applications  for  the  Circular
Bioeconomy in Ireland”
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Call for cooperation

To the European Duckweed Community

My lab studies the evolution of plant-herbivore interactions, and in this context, I am searching for European
accessions  of  the water  lily  aphid  Rhopalosiphum nymphaeae.  This  aphid  attacks several  aquatic  plants,
including duckweeds and water lilies. The aphids are usually brownish, can be winged or non-winged and feed
on the green plant parts that emerge from the water. The aphids typically appear on their aquatic hosts during
summer. If you are interested in collaborating by providing water lily aphid accessions from your region, please
contact me to discuss the procedure and your benefits: 

Prof. Meret Huber, Institute of Organismic and Molecular Evolution, University of Mainz, Germany. 

Email: meret.huber@uni-mainz.de     or phone: 0049 (0)6131 39 302 60.

Picture: Water lily aphids feeding on the giant duckweed Spirodela polyrhiza. Picture credit: Alexandra Chavez.
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Call for Post-Doc 
applications
Vacancy for a (senior) postdoctoral researcher at 
University College Cork (Ireland) 

A 30-month position for a (senior) postdoctoral researcher is available at University College Cork. This position
is a key appointment in Horizon-Europe funded IMPRESS project that brings together researchers from 14
universities,  research institutes  and industries  in  a  single  innovative  project.  The  primary  objective  of  the
project  is  to  develop  innovative  approaches  to  improve  the  sustainability  of  the  marine  and  freshwater
aquaculture  industry  by  valorising  aquaculture  processing  waste  and  through  the  generation  of  new
sustainable foods and value chains. The project will improve circularity in the aquaculture industry by treating
aquaculture processing waste as a new resource. 

The  purpose  of  the  (senior)  postdoctoral  researcher  at  University  College  Cork  is  to  develop  technology
underpinning the use of Lemnaceae for bioremediation, with a strong emphasis on designing and constructing
advanced duckweed incubators. Thus, the ideal candidate has strong expertise in engineering, plant-biology
and water chemistry. Duckweed-based remediation and valorisation of wastewaters is an exciting research-
area that directly addresses Irish government and EU policies. 

The (senior) postdoctoral researcher will work closely with the P.I. (Prof Jansen), and a PhD student, as well as
with the wider duckweed-research group at UCC. The (senior) postdoctoral researcher will play a key role in
liaising with  project  partners  in  Ireland and Europe,  and contribute  to  public  outreach,  report  writing and
supervision of student research-projects. A modest amount of travel, mostly between IMPRESS partners, is to
be anticipated. 

For an information package including full details of the post, selection criteria and application process see
https://ore.ucc.ie/.   

Informal enquiries can be made in confidence to Prof Marcel Jansen, School of BEES; Email: m.jansen@ucc.ie

Applications must be submitted online via  the University  College Cork vacancy portal  (https://ore.ucc.ie/).
Queries relating to the online application process should be referred to recruitment@ucc.ie, quoting the job-
title. 

Candidates should apply, in confidence, before 12 noon (Irish Local Time) on Thursday, <August 24, 2023>.
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Student Spotlight: Takuji 
Usui
PhD Candidate at the Biodiversity Research Centre, University of British Columbia, Canada 

(Email: usuitakuji@gmail.com)

Using experimental evolution of duckweeds to understand 
spatiotemporal patterns of biodiversity
Understanding  the  ecological  and  evolutionary  processes  that  determine  the  geographical  distribution  of
species  is  a  fundamental  question  in  ecology  and  evolution.  In  an  era  of  global  change,  studies  on
geographical distribution of species takes on a new importance, as many species shift their native range to
track changing climatic conditions or expand their  introduced range through increasing rates of biological
invasions.  In  recent  years,  there  has  been an accumulating  number  of  studies  looking  at  these  dynamic
changes in species ranges and its consequences for the structure of ecological  communities.  However,  it
remains hard to predict  when and how fast  populations and species are moving across space,  and how
existing and novel ecological communities will re-shuffle as a consequence of global climate change.

As someone who was born in Japan, grew up in Scotland, and then moved to Canada for my graduate studies,
I have also spent much time moving across vastly different landscapes, cultures, and communities. In recent
years,  I  have  been fortunate  to  have  spent  time undertaking  my doctoral  studies  in  the  beautiful  city  of
Vancouver at the University of British Columbia, supported by my adviser Prof. Amy Angert. During my PhD, my
broad aims have been to understand how interactions between ecological factors and evolutionary processes
(also known as ‘eco-evolutionary  feedbacks’),  scale  up to  influence the  movement of  species ranges and
community structures. While we are in much need of experimental studies that can manipulate both ecological
and evolutionary processes, as well as to monitor its consequences on populations and communities across
landscapes and over time, such experiments are undoubtedly challenging to do in nature. In particular, since
range expansion, range contraction, and community restructuring are transient and dynamic processes, it is
hard to replicate,  manipulate and track their  dynamics in  real-time,  with current field studies being largely
based on retrospective and observational data.

Enter the experimental evolution of duckweeds. Duckweeds are an excellent model organism for studying
rapid  evolution in  multispecies  communities.  To mention  a few advantages;  Duckweeds have  one of  the
fastest  generation  times  for  a  non-microbial  model  organism.  It  is  relatively  easy  to  maintain  and  grow
replicate populations across experimental mesocosms. We can manipulate and monitor ecological changes at
the individual (e.g., ecologically-relevant traits), population (e.g., density and abundance) and community (e.g.,
species diversity) levels. Due to their mostly clonal nature, we can also easily manipulate genetic diversity in
populations,  and  track  evolution  (i.e.,  changes  in  genotype  frequency)  via  microsatellite  genotyping.  Eco-
evolutionary studies have often used the species Lemna minor and Spirodela polyrhiza, which have the added
advantage  of  having  a  near-global  distribution  and  hence  give  researchers  the  ability  to  sample  local
populations from diverse climates. Studies can also make use of the diverse collection of duckweed species
available in stock centers, and of course, the friendly and growing community of duckweed researchers and
resources also make it an attractive model system.

To understand the spatial dynamics of populations and communities, I have scaled geographical landscapes
in my experiments down to the mesocosm-level  so that we can study the movement of  populations and
species  in  replicate,  experimental  landscapes  that  fit  within  just  one  greenhouse  (Figure  1).  In  these
“miniaturized landscapes”,  we are able to run experiments on replicate duckweed populations and species
moving and evolving across designed landscapes, along with the ability to control environmental variation in
landscapes or simulate climate change. Therefore, in real-time, we can observe the eco-evolutionary dynamics
of range expansion and range contraction, as well as track the consequences of experimental manipulations
on  populations  and  communities.  Even  without  the  sophisticated  engineering  of  these  miniaturised
landscapes, duckweeds are still a great model organism for experiments on rapid evolution and community
ecology, as we can do highly replicated, multi-species experiments just by setting up flasks, tupperwares, or 
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buckets (Figure 2). Such simple, large-scale experiments involving evolution in multispecies communities are
not as experimentally tractable in most other model systems.

As  I  wrap  up  my  doctoral  studies,  I  am  excited  to  continue  my  work  on  the  experimental  evolution  of
duckweed. This year, I will be starting a postdoctoral research position at the University of Toronto with Prof.
Megan Frederickson.  There,  I  will  be  expanding  my eco-evolutionary  experiments  on species  ranges and
coexistence by incorporating new and emerging theories on plant-microbiome mutualisms in experimental
mesocosms and natural duckweed populations. The Frederickson lab has been at the forefront of developing
duckweeds as a model organism for the ecology and evolution of mutualisms, where one can manipulate the
host-microbiome community, test its fitness consequences on duckweeds, and monitor co-evolution between
duckweeds and their  microbiome.  Furthermore,  by  working with engineers,  the Frederickson lab and their
collaborators are pioneering experimental systems that enable high-throughput, automated methods to work
with duckweeds and their associated microbes. Further innovation of automated systems will be pivotal for
large scale population- and community-level experiments that that enable users to monitor population sizes
simultaneously for multiple duckweed species, across space, time, and environmental conditions.

Much remains to be understood about how eco-evolutionary processes shape species ranges and community
structure. Much also remains to be understood about the natural history and ecology of duckweeds: How do
various species of duckweed manage to co-occur together in natural populations? Why are some species
restricted in their geographical range while others are globally abundant? These gaps in our knowledge make
duckweed, ecology and evolution great pairings for future empirical work. As I continue my research journey, I
am thrilled this time to move across Canada from Vancouver to Toronto, but this time, accompanied by the
small yet mighty duckweeds.

Figure  1.  Experimental  landscapes
for  testing  the  eco-evolutionary
dynamics of range expansion. Using
both image-analysis and genotyping,
we  can  track  the  population  and
evolutionary  dynamics  as  replicate
populations of  Lemna minor spread
across space.

Figure 2.  Setting up coexistence experiments
using  Spirodela  polyrhiza  and  Spirodela
intermedia inside experimental buckets.
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Congratulations: 95th 
birthday of Professor 
Helmut Augsten
Helmut Augsten, born on 8th May 1928 in Schönwald (in that time in Czechoslovakia), became Professor at the
University of Greifswald, Germany in 1962. In 1966, he became Executive Director of the Institute of Botany,
Director of the Department of General Botany and Chair of “General Botany” at the Friedrich Schiller University
of Jena, Germany. These Institutions continued under different institutional names related to Plant Physiology,
today  as  Matthias  Schleiden  Institute  –  Molecular  Botany.  He  served  as  chair  of  this  Institute  until  his
retirement in 1994. In 1967 (Duckweed Forum 10: 8-13, 2022) he founded the duckweed stock collection at the
University of Jena, supported by his manager Fritz Jungnickel. This duckweed stock collection exists still today
comprising now ca. 600 accessions.
On the occasion of the 95th birthday of Helmut Augsten, two members of the International Steering Committee
on Duckweed Research and Applications (ISCDRA), K. Sowjanya Sree and Klaus-J. Appenroth, visited him and
congratulated him for crossing this milestone.
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From the Database
Highlights

Sixth International Conference on Duckweed Research and Applications 
Presents Lemnaceae as a Model Plant System in the Genomics and 
Postgenomics Era
Olah, V; Appenroth, KJ; Lam, E; Sree, KS. Plants (2023) 12: 2134.

The 6th International Conference on Duckweed Research and Applications (6th ICDRA) was organized at the
Institute of Plant Genetics and Crop Plant Research (IPK) located in Gatersleben, Germany, from 29 May to 1
June  2022.  The  growing  community  of  duckweed  research  and  application  specialists  was  noted  with
participants from 21 different countries including an increased share of newly integrated young researchers.
The four-day conference focused on diverse aspects of basic and applied research together with practical
applications of these tiny aquatic plants that could have an enormous potential for biomass production.

Plant-on-chip: Core morphogenesis processes in the tiny plant Wolffia 
australiana
Li, Feng; Yang, Jing-Jing; Sun, Zong-Yi; Wang, Lei; Qi, Le-Yao; A, Sina; Liu, Yi-Qun; Zhang, Hong-Mei; Dang, Lei-
Fan; Wang, Shu-Jing; Luo, Chun-Xiong; Nian, Wei-Feng; O'Conner, Seth; Ju, Long-Zhen; Quan, Wei-Peng; Li, Xiao-
Kang; Wang, Chao; Wang, De-Peng; You, Han-Li; Cheng, Zhu-Kuan; Yan, Jia; Tang, Fu-Chou; Yang, De-Chang;
Xia, Chu-Wei; Gao, Ge; Wang, Yan; Zhang, Bao-Cai; Zhou, Yi-Hua; Guo, Xing; Xiang, Sun-Huan; Liu, Huan; Peng,
Tian-Bo; Su, Xiao-Dong; Chen, Yong; Ouyang, Qi; Wang, Dong-Hui; Zhang, Da-Ming; Xu, Zhi-Hong; Hou, Hong-
Wei; Bai, Shu-Nong; Li, Ling. PNAS nexus (2023) 2: pgad141. DOI10.1093/pnasnexus/pgad141

A plant can be thought of as a colony comprising numerous growth buds, each developing to its own rhythm.
Such  lack  of  synchrony  impedes  efforts  to  describe  core  principles  of  plant  morphogenesis,  dissect  the
underlying mechanisms, and identify regulators. Here, we use the minimalist known angiosperm to overcome
this challenge and provide a model system for plant morphogenesis. We present a detailed morphological
description  of  the  monocot  Wolffia  australiana,  as  well  as  high-quality  genome  information.  Further,  we
developed the plant-on-chip culture system and demonstrate the application of advanced technologies such
as single-nucleus RNA-sequencing, protein structure prediction, and gene editing. We provide proof-of-concept
examples  that  illustrate  how  W.  australiana can  decipher  the  core  regulatory  mechanisms  of  plant
morphogenesis.

Biochemistry

Systemic chemical characterization of Lemna minor by UHPLC-Q-
Exactive Orbitrap MS coupled with parallel reaction monitoring
Zhang, M; Li, Q; Yu, KQ; Li, JX; Wu, JL; Li, SN; Chen, YQ; Cai, W; Ma, JY. Journal of Mass Spectrometry (2023) 58:
4923.

Lemna minor L. (LM) has been used for measles opacity, rubella itching, edema, and oliguria, and the main
active  ingredients  were  flavonoids,  namely,  apigenin,  apigenin-7-O-glucoside,  and  luteolin-7-O-glucoside.
However,  few  systematic  analyses  of  their  constituents  have  been  performed;  thus,  it  was  necessary  to
establish a fast and efficient method to identify the chemical composition of LM. In this study, the UHPLC-Q-
Exactive Orbitrap mass spectrometry coupled with parallel reaction monitoring was established. Finally, a total
of 112 constituents, including 30 dipeptides, 28 nucleosides, 11 amino acids, 10 organic acids, 10 flavonoids,
and 23 other compounds, were identified by MS, diagnostic fragment ions, and retention time. One hundred 
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one of those chemicals were first found in LM, which was very beneficial for the further development and
utilization of nutriments and the medicinal use of LM.

Biotechnology

Extractions of protein-rich Alaria esculenta and Lemna minor by the use 
of high-power (assisted) ultrasound
Inguanez, L; Zhu, XL; Mallia, JD; Tiwari, BK; Valdramidis, VP. Sustainability (2023) 15: 8024.

Plant  nutrients extracted from sustainable sources,  namely  Alaria esculenta and  Lemna minor,  have been
evaluated  for  their  nutritional  value  in  an  attempt  to  identify  their  potential  as  protein-rich  sources.  The
implementation  of  green  technologies  such  as  high-power  ultrasound  to  extract  nutrients  from  these
alternative  biomasses was studied  and  compared to  more  traditional  techniques.  Probe  sonicators  fared
better than bath sonicators in extracting bioactive compounds while ultrasound assisted with enzymes was
more efficient than conventional or alkali extraction methods.  Lemna minor was found to have the greatest
extraction yield of nutrients.

Effects of environmental parameters on starch and soluble sugars in 
Lemna minor
Van Dyck, I; Vanhoudt, N; Batlle, J; Horemans, N; Van Gompel, A; Nauts, R; Vangronsveld, J. Plant Physiology
and Biochemistry (2023) 200: 107755.

Non-optimal temperatures result in stress-related decreased growth rates. Stress-related conditions result in
increased starch and soluble sugars. Lower temperatures are more stressful to L. minor compared to higher
temperatures.  Lower  phosphorous  availability  has  no  observable  effect  on  starch/soluble  sugars.  Light
induced effects increased growth rates and also starch formation.

Boosting starch productivity of mixotrophic duckweed via light and 
organic carbon treatment
Sun, ZL; Zhao, ZK; Zhou, ZT; Yang, JJ; Xia, ML; Chen, Y; Li, XZ; Ba, S; Lim, BL; Zhao, XY; Hou, HW. Biomass &
Bioenergy (2023) 173: 106795.

Duckweeds is the most promising nonfood feedstock for sustainable bioenergy production. Mixotrophy is the
best growth mode compared to photoautotrophy and heterotrophy for biomass and starch accumulation in
duckweed. This work investigated the impacts of light intensities (3,000,  6,000, 9,000, 12,000, 15,000,  and
20,000 lux) and exogenous glucose concentrations (5, 10, 15, 20, 30, and 40 g L -1) on the biomass and starch
accumulation of mixotrophic duckweed. The results showed that increasing light intensity and the initially
applied concentration of glucose enhanced both growth and starch content. However, high concentrations of
glucose (15-40 g L-1)  resulted in  a higher  biomass yield  but  concurrently  greatly  inhibited photosynthesis.
Moreover, excess carbon was redirected into starch biosynthesis under high glucose. The maximum starch
yield of 655.4 g m-2 was obtained at 40 g L-1 glucose, with a maximum starch content of 72.7% of dry biomass
and a biomass yield of 1024.6 g m -2. The optimum light intensity for starch accumulation was 20,000 lux, with
a maximum starch yield of 236.2 g m-2. These results indicated that high organic carbon levels are a robust
way to promote starch production in mixotrophic duckweed.

Evaluation of the potential of duckweed as a human food, bioethanol 
production feedstock, and antileukaemia drug
Guo, L; Liu, J; Wang, QY; Yang, Y; Yang, Y; Guo, QL; Zhao, H; Liu, WJ. Journal of Food Biochemistry (2023) 2023:
6065283
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This study evaluated the potential of duckweed as a human food, ethanol feedstock, and anticancer drug. First,
the nutritional value of wild duckweed was reported for the first time. Its main composition was similar to that
of  artificially  cultivated  duckweed,  and thus,  wild  duckweed can serve as a  great  human food source.  In
addition, high-starch duckweed induced by nutrient starvation was fermented into bioethanol. A yield of 0.262
g/g,  the  highest  duckweed-ethanol  yield  reported  thus  far,  was  achieved,  indicating  that  duckweed  is  an
excellent feedstock for ethanol production. Finally, the anticancer effects of duckweed flavonoids (DFs) were
assessed for the first time using acute myeloid leukaemia (AML) cells as models in vitro and in vivo. The
results revealed that DFs possessed antileukaemia activity and were safe and effective for AML therapy. In
conclusion, duckweed was demonstrated to be helpful for humans for food security, energy crisis remediation,
and tumour treatment.

Ecology

Correlation of pesticide ecotoxicity with clay mineral dispersion effect 
on adsorption and ozonation-An approach through impact assessment 
on Lemna minor
Benghaffour, A; Dewez, D; Azzouz, A. Applies Clay Science (2023) 241: 107001. DOI10.1016/j.clay.2023.107001

An unprecedented approach allowed correlating the pesticide fate in clay-containing media under air exposure
with their ecotoxicity. This constitutes the novelty of this work and involves the study of the toxicity of ozonized
pesticide-containing  waters  towards  an aquatic  plant,  Lemna  minor.  The  behavior  of  diazinon (DAZ)  and
atrazine (ATR) in natural clay-containing media was simulated in plant growth media fulfilling the Swedish
Institute  for  Standards  (SIS)  containing  Na+ and  Fe2+-exchanged  montmorillonite  (Mt).  The  exchangeable
cation was found to influence the pesticide ozonation and toxicity towards  L. minor. Pesticide interactions
appear to promote high catalytic surface through a compromise between low pH and high Mt dispersion.
These results provide valuable findings for predicting pesticide ecotoxicity according to their natural oxidative
degradation in the host clay suspension.

Broad-scale factors shaping the ecological niche and geographic 
distribution of Spirodela polyrhiza
Cobos, ME; Peterson, AT. Plos One (2023) 18: DOI10.1371/journal.pone.0276951.

The choice of appropriate independent variables to create models characterizing ecological niches of species
is of critical importance in distributional ecology. This set of dimensions in which a niche is defined can inform
about what factors limit the distributional potential  of a species.  We used a multistep approach to select
relevant variables for modeling the ecological niche of the aquatic  Spirodela polyrhiza, taking into account
variability  arising from using distinct algorithms, calibration areas, and spatial resolutions of variables.  We
found that, even after an initial selection of meaningful variables, the final set of variables selected based on
statistical  inference varied  considerably  depending  on the  combination of  algorithm,  calibration  area,  and
spatial resolution used. However,  variables representing extreme temperatures and dry periods were more
consistently selected than others, despite the treatment used, highlighting their importance in shaping the
distribution of this species. Other variables related to seasonality of solar radiation, summer solar radiation,
and some soil  proxies  of  nutrients  in  water,  were  selected  commonly  but  not  as frequently  as  the  ones
mentioned above. We suggest that these later variables are also important to understanding the distributional
potential  of  the  species,  but  that  their  effects  may  be  less  pronounced  at  the  scale  at  which  they  are
represented for the needs of this type of modeling. Our results suggest that an informed definition of an initial
set of variables, a series of statistical steps for filtering and exploring these predictors, and model selection
exercises that  consider multiple sets of predictors,  can improve determination of variables that shape the
niche and distribution of the species, despite differences derived from factors related to data or modeling
algorithms.
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Feed & Food

Safety of water lentil protein concentrate from a mixture of Lemna gibba
and Lemna minor as a novel food pursuant to Regulation (EU) 
2015/2283
Turck, D; Bohn, T; Castenmiller, J; De Henauw, S et al. EFSA Journal (2023) 21: DOI10.2903/j.efsa.2023.7903.

Following a request from the European Commission,  the EFSA Panel on Nutrition,  Novel  Foods and Food
Allergens (NDA) was asked to deliver an opinion on water lentil protein concentrate from a mixture of Lemna
gibba and  Lemna minor as a novel food (NF) pursuant to Regulation (EU) 2015/2283. Water lentil  protein
concentrate is produced from two water lentil species (L. gibba and  L. minor) by separation of the protein
fraction of the plant material from fibres, followed by pasteurisation and spray drying. The NF consists mainly
of protein, fibre, fat and ash. The applicant proposed to use the NF as a food ingredient in a variety of food
categories and as a food supplement. The target population is the general population when used as a food
ingredient  and exclusively  adults  when used as a  food supplement.  The  Panel  considers that  taking into
account the composition of the NF and the proposed conditions of use, the consumption of the NF is not
nutritionally disadvantageous. There are no concerns regarding genotoxicity of the NF. The Panel considers
that the risk of the NF triggering allergic reactions is low. The Panel concludes that the NF, water lentil protein
concentrate from a mixture of L. gibba and L. minor, is safe under the proposed conditions of use.

Effect of dietary supplementation of duckweed on growth performance, 
carcass and non-carcass traits of horro rams fed on a commercial-based 
diet
Gule, AH; Derese, DB; Erge, CM; Girgo, UG; Ejeta, Hirpassa K. Helyion (2023) 9: e17820.

The study was aimed at evaluating growth performance, carcass, and non-carcass traits of Horro rams fed on
commercial feed (CO) supplemented with different proportions of duckweed (DW). For the study, twenty-four
yearling Horro rams initially weighing on average 17.73±0.30 kg were used with a 15-day adaptation period
(none-study period) and a 90-day study period. Each animal was randomly assigned to three treatments; T1
(100% CO),  T2 (25% DW+75% CO),  and T3 (50% DW+50% CO) with two replications each containing four
animals. All diets were isocaloric and isonitrogenous and formulated according to the nutrient requirements of
sheep. The data were analyzed using SAS. Results indicated that dry matter intake in T3 (914.37 g. d -1) was
higher (P<0.001) than in T1 (849.12 g. d-1) and T2 (870.50 g. d-1). Average daily body weight gain in T3 (77 g. d-1)
was higher (P<0.001) than in T1 (48.60 g. d -1) and T2 (58.50 g. d-1). Feed conversion efficiency was higher
(P<0.001) for T3 (0.08) followed by T2 (0.07) and T1 (0.05). Final body weight (24.56 kg), empty body weight
(20.40 kg), hot carcass weight (10.27 kg), dressing percentage (42.01) and rib-eye muscle area (9.11 cm 2) were
higher (P<0.001) for T3 than for others. Therefore, increasing the inclusion level of supplementary duckweed
up to 50% improves growth performance, carcass quality, and yield of Horro ram.

Trophic transfer of microplastics from producer (Lemna minuta) to 
primary consumer (Cataclysta lemnata) in a freshwater food chain
Mariani,  F;  Di  Lernia,  D;  Venditti,  I;  Pelella,  E;  Muzzi,  M;  Di  Giulio,  A;  Ceschin,  S.  The  Science  of  te  Total
Environment (2023) 891: 164459.

Contamination by microplastics (0.1 µm-5 mm plastic fragments) is currently one of the major threats to the
conservation of aquatic and terrestrial ecosystems worldwide. Growing awareness on this issue has led to an
increase  in  studies  on the  effects  of  microplastics  on freshwater  organisms,  although there  are  still  few
investigations on possible transfer of this contaminant along water trophic chains from producers to primary
consumers. In this study, aquatic herbivorous larvae of the moth Cataclysta lemnata were fed on microplastic-
free (control) and contaminated (MPs treatment)  Lemna minuta fronds. For treatments,  Lemna fronds were
grown in mineral water enriched with fluorescent microparticles of poly(styrene-co-methyl methacrylate) (MPs,
100 mg/L) and then fed to the larvae as a food source. Microplastics effects on larvae were tested at 0, 7, 14 
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and 21 days of exposure, corresponding to sensitive phases of the insect life cycle. Contaminant impact was
assessed  based  on  some  parameters  such  as  viability,  larva  body  size/weight,  feeding  alterations  and
regularity  of  the  insect  life  cycle.  Using  scanning  electron  and fluorescence microscopy,  the  presence  of
microplastics in the larvae was verified. The finding of fluorescent microplastics in both the intestinal lumen
and excrement samples  showed that  larvae  ingested  contaminated  Lemna fronds.  In  addition,  larvae  fed
contaminated fronds were strongly affected by the presence of microplastic contaminant over time, showing
high mortality (90%) and total inability to complete the life cycle after 21 days by failing to reach the winged
adult phase. In control tests, survival rates were higher than in treatments, and 50% of the larvae managed to
pupate and emerge as moths, reaching the adult phase. The results show that there was a trophic transfer of
microplastics from producer to primary consumer along a freshwater food chain, generating negative effects
on the life cycle of this aquatic herbivore.

Preparation of plant-based meat analogs using emulsion gels: Lipid-
filled RuBisCo protein hydrogels
Tan, YB; Zhang, ZY; McClements, DJ. Food Research International (2023) 167: 
DOI10.1016/j.foodres.2023.112708

RuBisCo from duckweed is a sustainable source of plant proteins with a high water-solubility and good gelling
properties.  In  this  study,  we  examined  the  impact  of  RuBisCo concentration  (9-33  wt  %)  and  oil  droplet
concentration (0 to 14 wt %) on the properties of emulsion gels designed to simulate the properties of chicken
breast.  The  color  (L*a*b*),  water  holding  capacity  (WHC),  textural  profile  analysis,  shear  modulus,  and
microstructure of the emulsion gels were measured. The gel hardness and WHC increased significantly with
increasing protein concentration, reaching values equivalent to chicken breast. The lightness of the emulsion
gels  was less than that of  chicken breast,  due to the presence of  pigments (such as polyphenols)  in  the
protein.  Shear  modulus versus  temperature measurements showed that  gelation  began when the  protein
solutions were heated to around 40oC and then the gels hardened appreciably when the temperature was
further raised to 90oC. The shear modulus of the gels then increased during cooling, which was attributed to
the strengthening of hydrogen bonds at lower temperatures. The hardness of the gels increased slightly but
then decreased when the oil droplet concentration was raised from 0 to 14 %. The lightness of the protein gels
increased after  adding  the  oil  droplets,  which was attributed  to  increased light  scattering.  Microstructure
analysis showed that the RuBisCo proteins formed a particulate gel after heating, with the oil droplets being in
the  interstices  between  the  particulates.  In  summary,  RuBisCo  proteins  can  be  dissolved  at  high
concentrations and can form strong emulsion gels. Consequently, they may be able to mimic the composition
and textural attributes of real chicken.

Interaction with other organisms

Presence of microbiome decreases fitness and modifies phenotype in 
the aquatic plant Lemna minor
Jewell, MD; van Moorsel, SJ; Bell, G. AOB Plants (2023) 15: plad026

Plants live in close association with microbial organisms that inhabit the environment in which they grow.
Much  recent  work  has  aimed  to  characterize  these  plant-microbiome  interactions,  identifying  those
associations that  increase growth. Although most work has focused on terrestrial  plants,  Lemna minor,  a
floating aquatic angiosperm, is increasingly used as a model in host-microbe interactions and many bacterial
associations have been shown to play an important role in supporting plant fitness. However, the ubiquity and
stability of these interactions as well as their dependence on specific abiotic environmental conditions remain
unclear. Here, we assess the impact of a full L. minor microbiome on plant fitness and phenotype by assaying
plants from eight natural sites,  with and without their  microbiomes, over a range of abiotic environmental
conditions. We find that the microbiome systematically suppressed plant fitness, although the magnitude of
this  effect  varied  among  plant  genotypes  and  depended  on  the  abiotic  environment.  Presence  of  the
microbiome also resulted in phenotypic changes, with plants forming smaller colonies and producing smaller 
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fronds  and  shorter  roots.  Differences  in  phenotype  among  plant  genotypes  were  reduced  when  the
microbiome was removed, as were genotype by environment interactions, suggesting that the microbiome
plays  a  role  in  mediating  the  plant  phenotypic  response  to  the  environment.  It  is  known  that  the  plant
microbiome  influences its  hosts,  but  that,  depending  on the  context  and  the  plant,  the  effect  can either
increase or decrease host performance. We found that for the small and free-floating aquatic plant L. minor, its
microbiome reduced growth rate and changed the phenotype of the plant. These effects were consistent for
several  plant  genotypes  and  only  moderately  depended  on  the  context,  specifically  light  and  nutrient
availability.  Removing  the  microbiome  homogenized  plant  phenotypes  and  influenced  how  the  L.  minor
populations  responded  to  the  abiotic  environment.  This  suggests  that  the  microbiome  at  least,  in  part,
mediates the plant's response to the environment.

The antimicrobial potential and aquaculture wastewater treatment 
ability of penaeidins 3a transgenic duckweed
Yang, L; Luo, XM; Sun, JE; Ma, X; Ren, QT; Wang, YY; Wang, WQ; He, YM; Li, QQ; Han, B; Yu, YQ; Sun, JS. Plants
(2023) 12: 1715.

With the development of aquaculture, wastewater treatment and diseases have been paid more and more
attention.  The  question of  how to improve  the immunity  of  aquatic  species,  as well  as  treat  aquaculture
wastewater,  has become an urgent  problem. In this  study,  duckweed with a high protein content (37.4%)
(Lemna  turionifera 5511)  has  been  employed  as  a  feedstock  for  aquatic  wastewater  treatment  and  the
production of  antimicrobial  peptides.  Penaeidins 3a (Pen3a),  from  Litopenaeus vannamei,  were expressed
under  the  control  of  CaMV-35S promoter  in  duckweed.  Bacteriostatic  testing  using  the  Pen3a  duckweed
extract showed its antibacterial activity against  Escherichia coli and  Staphylococcus aureus. Transcriptome
analysis of wild type (WT) duckweed and Pen3a duckweed showed different results, and the protein metabolic
process was the most up-regulated by differential expression genes (DEGs). In Pen3a transgenic duckweed,
the expression of sphingolipid metabolism and phagocytosis process-related genes have been significantly up-
regulated. Quantitative proteomics suggested a remarkable difference in protein enrichment in the metabolic
pathway. Pen3a duckweed decreased the bacterial number, and effectively inhibited the growth of Nitrospirae.
Additionally,  Pen3a  duckweed  displayed  better  growth  in  the  lake.  The  study  showed  the  nutritional  and
antibacterial value of duckweed as an animal feed ingredient.

Hormone released by the microalgae Neochloris aquatica and 
alkalinization influence growth of terrestrial and floating aquatic plants
Gil,  MF;  Azzara,  N;  Fassolari,  M;  Beron,  CM; Battaglia,  ME.  Plant Physiology and Biochemistry  (2023)  197:
107635.

The microalgae  Neochloris  aquatica were previously  evaluated as a potential  biological  control  agent and
source  of  bioactive  compounds  against  immature  stages  of  Culex  quinquefasciatus.  Larvae  reared  on
microalgae suspension showed mortality or drastic effects with morphological alterations and damage in the
midgut.  N. aquatica have nutritional and toxic  effects,  resulting in  delayed life  cycle  and incomplete adult
development. Given the possibility of its use as a biological control agent, in this work we evaluate the effect of
microalgae on other organisms of the environment, such as plants. Arabidopsis thaliana, a terrestrial plant, and
Lemna sp., a floating aquatic plant, were selected as examples. Interaction assays and compound evaluations
showed that  the microalgae release auxins causing root inhibition,  smaller  epidermal cells  and hairy  root
development. In Lemna sp., a slight decrease in growth rate was observed, with no deleterious effects on the
fronds. On the other hand, we detected a detrimental effect on plants when interactions were performed in a
closed environment, in a medium containing soluble carbonate, in which microalgae culture rapidly modifies
the pH. The experiments showed that alkalinization of the medium inhibits plant growth, causing bleaching of
leaves or fronds. This negative effect in plants was not observed when plants and microalgae were cultured in
carbonate-free media. In conclusion, the results showed that  N. aquatica can modify plant growth without
being harmful, but the rapid alkalinization produced by carbon metabolism of microalgae under CO2-limiting
conditions, could regulate the number of plants.
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Molecular Biology

Genomics of turions from the Greater Duckweed reveal its pathways for 
dormancy and re-emergence strategy
Pasaribu, B; Acosta, K; Aylward, A; Liang, YX; Abramson, BW; Colt, K; Hartwick, NT; Shanklin, J; Michael, TP;
Lam, E. New Phytologist (2023) 239: 116-131.

Over 15 families of aquatic plants are known to use a strategy of developmental switching upon environmental
stress to produce dormant propagules called turions. However, few molecular details for turion biology have
been elucidated due to the difficulties in isolating high-quality nucleic acids from this tissue. We successfully
developed a new protocol to isolate high-quality transcripts and carried out RNA-seq analysis of mature turions
from the Greater Duckweed  Spirodela polyrhiza. Comparison of turion transcriptomes to that of fronds, the
actively  growing  leaf-like  tissue,  were  carried  out.  Bioinformatic  analysis  of  high  confidence,  differentially
expressed transcripts between frond and mature turion tissues revealed major pathways related to stress
tolerance, starch and lipid metabolism, and dormancy that are mobilized to reprogram frond meristems for
turion differentiation. We identified the key genes that are likely to drive starch and lipid accumulation during
turion  formation,  as  well  as  those  in  pathways  for  starch  and  lipid  utilization  upon  turion  germination.
Comparison of genome-wide cytosine methylation levels also revealed evidence for epigenetic changes in the
formation of turion tissues. Similarities between turions and seeds provide evidence that key regulators for
seed maturation and germination were retooled for their function in turion biology.

Characterisation of a spontaneous mutant of Lemna gibba G3 
(Lemnaceae)
Pasricha Sarin, L; Sree, KS; Appenroth, KJ. Plants (2023) 12: DOI10.3390/plants12132525

A  spontaneous  mutant  of  the  duckweed  Lemna  gibba  clone  no.  7796  (known  as  strain  G3,  WT)  was
discovered. In this mutant clone,  L. gibba clone no. 9602 (mt), the morphological parameters (frond length,
frond width, root length, root diameter) indicated an enlarged size. A change in the frond shape was indicated
by the decreased frond length/width ratio, which could have taxonomic consequences. Several different cell
types in both the frond and the root were also enlarged. Flow cytometric measurements disclosed the genome
size of the WT as 557 Mbp/1C and that of the mt strain as 1153 Mbp/1C. This represents the results of
polyploidisation of a diploid clone to a tetraploid one. The mutant clone flowered under the influence of long
day-treatment in half-strength Hutner's medium in striking contrast to the diploid WT. Low concentration of
salicylic acid (<1 M) induced flowering in the tetraploid mutant but not in the diploid plants. The transcript
levels of nuclear-encoded genes of the photosynthetic apparatus (CAB, RBCS) showed higher abundance in
light and less dramatic decline in darkness in the mt than in WT, while this was not the case with plastid-
encoded genes (RBCL, PSAA, PSBA, PSBC).

Morphology

Anatomical features and antimicrobial activity of duckweed
Sil, SK; Gupta, S; Neela, FA. Bangladesh Journal of Botany (2023) 52: 105-110.

Duckweeds  are  common floating  flowering  plants  belonging  to  Lemnaceae.  Five  main  genera  known  as
duckweed are found in tropical water bodies mostly under eutrophic condition. Despite of their minute size,
duckweeds  exhibit  distinction  as  per  morpho-anatomical  characterisation  and  production  of  secondary
metabolites, that show antimicrobial potentialities. Connective stalk of duckweeds is an organ of attachment
between the mother and daughter fronds, whose anatomy has been studied here in details. The present study
focuses on the critical anatomical differences between Lemna minor L. and Spirodela polyrrhiza (L.) Schleid. 
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using scanning electron microscope.  The antimicrobial  potency especially  against  Gram-negative  bacteria
were studied using duckweeds biomass collected from Indian aquatic environment, which were cultured in
laboratory conditions. Activity against fish pathogen like Aeromonas sp. were investigated also.

DF note: S. polyrhiza is the proper spelling for the species, not S. polyrrhiza.

Physiology & Stress

Sustainable stress management: Aquatic plants vs. terrestrial plants
Sree, KS; Appenroth, KJ; Oelmuller, R. Plants (2023) 12: 2208.

The Indo-German Science and Technology Centre (IGSTC) funded an Indo-German Workshop on Sustainable
Stress Management:  Aquatic plants vs.  Terrestrial  plants (IGW-SSMAT) which was jointly organized at the
Friedrich Schiller University of Jena, Germany from 25 to 27 July 2022 by Prof. Dr. Ralf Oelmuller, Friedrich
Schiller University of Jena, Germany as the German coordinator and Dr. K. Sowjanya Sree, Central University of
Kerala, India as the Indian Coordinator. The workshop constituted researchers working in this field from both
India and Germany and brought together these experts in the field of sustainable stress management for
scientific discussions, brainstorming and networking.

Survival strategies of duckweeds, the world's smallest Angiosperms
Ziegler, P; Appenroth, KJ; Sree, KS. Plants (2023) 12: 2215

Duckweeds (Lemnaceae) are small, simply constructed aquatic higher plants that grow on or just below the
surface of quiet waters. They consist primarily of leaf-like assimilatory organs, or fronds, that reproduce mainly
by  vegetative  replication.  Despite  their  diminutive  size  and  inornate  habit,  duckweeds  have  been  able  to
colonize and maintain themselves in  almost all  of  the world's  climate zones.  They are thereby subject to
multiple adverse influences during the growing season, such as high temperatures, extremes of light intensity
and pH, nutrient shortage, damage by microorganisms and herbivores, the presence of harmful substances in
the water, and competition from other aquatic plants, and they must also be able to withstand winter cold and
drought that can be lethal to the fronds. This review discusses the means by which duckweeds come to grips
with these adverse influences to ensure their  survival.  Important duckweed attributes in  this regard are a
pronounced  potential  for  rapid  growth  and  frond  replication,  a  juvenile  developmental  status  facilitating
adventitious organ formation,  and clonal  diversity.  Duckweeds have specific features at  their  disposal  for
coping  with  particular  environmental  difficulties  and  can  also  cooperate  with  other  organisms  of  their
surroundings to improve their survival chances.

Photosynthesis in the biomass model species Lemna minor displays 
plant-conserved and species-specific features
Liebers,  M;  Hommel,  E;  Grubler,  B;  Danehl,  J;  Offermann,  S;  Pfannschmidt,  T.  Plants  (2023)  12:
DOI10.3390/plants12132442.

Lemnaceae are small freshwater plants with extraordinary high growth rates. We aimed to test whether this
correlates  with  a  more  efficient  photosynthesis,  the  primary  energy  source  for  growth.  To  this  end,  we
compared  photosynthesis  properties  of  the  duckweed  Lemna  minor and  the  terrestrial  model  plant
Arabidopsis thaliana. Chlorophyll  fluorescence analyses revealed high similarity in principle  photosynthesis
characteristics; however, Lemna exhibited a more effective light energy transfer into photochemistry and more
stable  photosynthesis  parameters especially  under  high  light  intensities.  Western immunoblot  analyses of
representative photosynthesis proteins suggested potential post-translational modifications in Lemna proteins
that  are  possibly  connected  to  this.  Phospho-threonine  phosphorylation  patterns  of  thylakoid  membrane
proteins  displayed  a  few  differences  between  the  two  species.  However,  phosphorylation-dependent
processes in  Lemna such as photosystem II antenna association and the recovery from high-light-induced
photoinhibition were not different from responses known from terrestrial plants. We thus hypothesize that 
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molecular differences in Lemna photosynthesis proteins are associated with yet unidentified mechanisms that
improve  photosynthesis  and  growth  efficiencies.  We  also  developed  a  high-magnification  video  imaging
approach  for  Lemna multiplication  which  is  useful  to  assess  the  impact  of  external  factors  on  Lemna
photosynthesis and growth.

Terrestrial and Floating Aquatic Plants Differ in Acclimation to Light 
Environment
Lopez-Pozo, M; Adams, WW; Polutchko, SK; Demmig-Adams, B. Plants (2023) 12: 1928.

DOI10.3390/plants12101928

The ability of plants to respond to environmental fluctuations is supported by acclimatory adjustments in plant
form and function that may require several days and development of a new leaf. We review adjustments in
photosynthetic, photoprotective, and foliar vascular capacity in response to variation in light and temperature
in terrestrial plants. The requirement for extensive acclimation to these environmental conditions in terrestrial
plants is contrasted with an apparent lesser need for acclimation to different light environments, including
rapid light fluctuations, in floating aquatic plants for the duckweed Lemna minor. Relevant features of L. minor
include unusually high growth rates and photosynthetic capacities coupled with the ability to produce high
levels  of  photoprotective  xanthophylls  across  a  wide  range  of  growth  light  environments  without
compromising photosynthetic  efficiency.  These features also allow  L.  minor to maximize productivity  and
avoid problems during an abrupt experimental transfer of low-light-grown plants to high light. The contrasting
responses of land plants and floating aquatic plants to the light environment further emphasize the need of
land plants to, e.g., experience light fluctuations in their growth environment before they induce acclimatory
adjustments that allow them to take full advantage of natural settings with such fluctuations.

Metabolomic analysis reveals responses of Spirodela polyrhiza L. to salt 
stress
Hui, TY; Zhang, YM; Jia, R; Hu, Y; Wang, WJ; Wang, Y; Wang, Y; Zhu, YR; Yang, L; Xiang, BB. Journal of Plant
Interactions (2023) 18: 2210163.

Duckweeds are particularly well  suited for studies needing high output because of their quick growth and
reproduction.  Due to their  starches and flavonoids,  the potential for using duckweed as a source of  food,
medicine or feed has been studied. Through LC-MS analysis, 195 differential metabolites, including organic
acids, phenolics, and other categories, were screened in Spirodela polyrhiza L. exposed to 4 days of NaCl. S.
polyrhiza contained higher amounts of oxidized glutathione, jasmonates, and phenolic compounds but lower
amounts of citric acid and glutathione under salt stress. Additionally, after 4 days of salt stress, there was an
increase in the relative expression levels of genes involved in the phenolic biosynthesis pathway. Based on
metabolomics, this study provides insight into the mechanism of salt-tolerant by duckweeds, as well as useful
information for plant breeders and molecular biologists developing duckweed cultivars with salt tolerance and
high phenolic content.

Transgenerational competition effects persist across multiple 
generations and are altered by offspring competitive environments in a 
clonal plant
Jin,  Y;  Chen,  JS;  Lei,  NF;  Luo,  FL;  Huang,  L;  Xue,  W;  Zhang,  Q;  Yu,  FH.  Plant  Species  Biology  (2023)
DOI10.1111/1442-1984.12427.

Environments experienced by parental plants may potentially  influence the performance of their  offspring.
These effects may also vary depending on the current environment experienced by the offspring. However,
whether these transgenerational effects, especially those induced by biotic factors such as competition, can
persist for multiple generations has not been tested. Here,  we examined intraspecific competition-induced
transgenerational  effects  across  multiple  generations  using  a floating clonal  plant  Spirodela  polyrhiza,  by
growing three successive generations each under either low or high density. The second-generation offspring 
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performed  better  when  the  first-generation  plants  were  grown  under  low  than  under  high  density,
independently of the density experienced by the second generation. The third-generation offspring performed
better  under  low  than  under  high  density,  and  the  difference  was  more  pronounced  when  the  second-
generation plants were grown under low density.  Moreover,  the density of the first and second generation
interacted  to  influence  the  morphology  of  the  third-generation  offspring.  These  results  indicate  that
competition-induced  transgenerational  effects  in  S.  polyrhiza can  vary  depending  on  the  competition
environment of its offspring and that these effects can persist across multiple generations.

New insight into the function of dopamine (DA) during Cd stress in 
duckweed (Lemna turionifera 5511)
Wang, WQ; Yang, YW; Ma, X; He, YM; Ren, QT; Huang, YD; Wang, J; Xue, Y; Yang, R; Guo, YH; Sun, JE; Yang, L;
Sun, ZP. Plants (2023) 12: 1996.

Dopamine (DA), a kind of neurotransmitter in animals, has been proven to cause a positive influence on plants
during abiotic  stress.  In  the present study,  the function of  DA on plants under  cadmium (Cd)  stress was
revealed.  The  yellowing  of  duckweed  leaves  under  Cd  stress  could  be  alleviated  by  an  exogenous  DA
(10/20/50/100/200 µM) supplement, and 50 µM was the optimal concentration to resist Cd stress by reducing
root breakage, restoring photosynthesis and chlorophyll content. In addition, 24 h DA treatment increased Cd
content by 1.3 times in duckweed under Cd stress through promoting the influx of Cd 2+. Furthermore, the gene
expression changes study showed that photosynthesis-related genes were up-regulated by DA addition under
Cd  stress.  Additionally,  the  mechanisms  of  DA-induced  Cd  detoxification  and  accumulation  were  also
investigated; some critical genes, such as vacuolar iron transporter 1 (VIT1), multidrug resistance-associated
protein (MRP) and Rubisco, were significantly up-regulated with DA addition under Cd stress. An increase in
intracellular Ca2+ content and a decrease in Ca2+ efflux induced by DA under Cd stress were observed, as well
as synchrony with changes in the expression of cyclic nucleotide-gated ion channel 2 (CNGC2), predicting that,
in plants, CNGC2 may be an upstream target for DA action and trigger the change of intracellular Ca 2+ signal.
Our  results  demonstrate  that  DA  supplementation  can  improve  Cd  resistance  by  enhancing  duckweed
photosynthesis,  changing  intracellular  Ca2+ signaling,  and enhancing  Cd detoxification  and accumulation.
Interestingly, we found that exposure to Cd reduced endogenous DA content, which is the result of a blocked
shikimate acid pathway and decreased expression of the tyrosine aminotransferase (TAT) gene. The function
of DA in Cd stress offers a new insight into the application and study of DA to Cd phytoremediation in aquatic
systems.

Characterization of the physico-chemical properties of the natural 
habitat and in vitro culture effects on the biochemistry, proliferation and
morphology of Lemna minuta
Maissour, A; Bouqadida, M; Oualili, H; El Omari, R; Belfaiza, M; Makroum, K. BMC Plant Biology (2023) 23: 234.

In  this  study,  the  ecological  conditions  of  the  natural  habitat  of  Lemna  minuta Kunth  in  Morocco  were
investigated, and the impact of five synthetic growth media (Murashige-Skoog (MS), Schenk-Hildebrand (SH),
Hoagland medium (HM), 10X Algal Assay Procedure (AAP), and Swedish Standard Institute medium (SIS)) on
the morphophysiological  and biochemical  parameters was analysed. The morphophysiological  parameters
included  root  length,  frond  surface  area,  and  fresh  weight,  while  the  biochemical  parameters  included
photosynthetic pigments, carbohydrates, and protein content. The study was conducted in vitro in two phases:
an uncontrolled aeration system (Phase I) and a controlled aeration system (Phase II). The results showed that
the pH, conductivity, salinity, and ammonium levels in the natural habitat were within the optimal range for
duckweed  growth.  The  measured  orthophosphate  concentrations  were  higher  compared  to  previous
observations,  while  the  recorded  chemical  oxygen  demand  values  were  low.  The  study  also  revealed  a
significant effect of the culture medium composition on the morphophysiological and biochemical parameters
of the duckweed. The fresh weight biomass, relative growth rate in fronds, relative growth rate in surface area,
root length, protein content, carbohydrates, chlorophyll (a), chlorophyll (b), total chlorophyll, carotenoids, and
the chlorophyll  (a/b) ratio were all  affected by the culture medium. The most accurate regression models
described the growth index GI(F) based on time and in vitro culture conditions in both phases. In Phase I, the 
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best models for  MS,  SIS,  AAP,  and SH media were linear,  weighted quadratic,  cubic,  and weighted cubic,
respectively. In Phase II, the best models for all growth media were linear. The time coefficients (in days) for
Phase II were 0.321, 0.547, 1.232, 1.470, and 0.306 for AAP, HM, MS, SH, and SIS, respectively. Comparing the
morphophysiological and biochemical parameters of fronds from different media and analysing the regression
model results showed that the SH and MS media were the best among the tested media for the in vitro culture
of L. minuta in controlled aeration conditions. However, further research is needed to develop new synthetic
media that best promote the growth and maintenance of this duckweed in long-term culture.

Phytomedicine

Highlighting the hygroscopic capacities of apiogalacturonans
Verzeaux, L; Rao, R; Vyumvuhore, R; Belloy, N; Aymard, E; Baud, S; Manfait, M; Dauchez, M; Closs, B. Journal of
Molecular Graphics & Modelling (2023) 123: 108527.

To meet the needs of dehydrated skin, molecules with a high hygroscopic potential are necessary to hydrate it
effectively and durably. In this context, we were interested in pectins, and more precisely in apiogalacturonans
(AGA), a singular one that is currently only found in a few species of aquatic plants. As key structures in water
regulation  of  these  aquatic  plants  and  thanks  to  their  molecular  composition  and  conformations,  we
hypothesized that they could have beneficial role for skin hydration. Spirodela polyrhiza is a duckweed known
to be naturally rich in AGA. The aim of this study was to investigate the hygroscopic potential of AGA. Firstly,
AGA  models  were  built  based  on  structural  information  obtained  from  previous  experimental  studies.
Molecular dynamics (MD) simulations were performed, and the hygroscopic potential was predicted in silico
by  analyzing  the  frequency  of  interaction  of  water  molecules  with  each  AGA  residue.  Quantification  of
interactions identified the presence of 23 water molecules on average in contact with each residue of AGA.
Secondly, the hygroscopic properties were investigated directly in vivo. Indeed, the water capture in the skin
was  measured  in  vivo  by  Raman  microspectroscopy  thanks  to  the  deuterated  water  (D20)  tracking.
Investigations revealed that AGA significantly capture and retain more water in the epidermis and deeper than
a placebo control. Not only do these original natural molecules interact with water molecules, but they capture
and retain them efficiently in the skin.

Phytoremediation

Polishing wastewater effluent using plants: floating plants perform 
better than submerged plants in both nutrient removal and reduction of 
greenhouse gas emission
Hendriks, L; Smolders, AJP; van den Brink, T; Lamers, LPM; Veraart, AJ. Water Science and Technology (2023)
DOI10.2166/wst.2023.203

While research on aquatic plants used in treatment wetlands is abundant, little is known about the use of
plants in hydroponic ecological wastewater treatment, and its simultaneous effect on greenhouse gas (GHG)
emissions. Here,  we assess the effectiveness of floating and submerged plants in removing nutrients and
preventing  GHG  emissions  from  wastewater  effluent.  We  grew  two  species  of  floating  plants,  Azolla
filiculoides and Lemna minor, and two species of submerged plants, Ceratophyllum demersum and Callitriche
platycarpa, on a batch of domestic wastewater effluent without any solid substrate.  In these systems, we
monitored nitrogen and phosphorus removal and fluxes of CO2, CH4 and N2O, for 2 weeks. In general, floating
plants produced the most biomass, whereas submerged plants were rapidly overgrown by filamentous algae.
Floating plants removed nutrients most efficiently; both floating species removed 100% of the phosphate while
Lemna also removed 97-100% of the inorganic nitrogen, as opposed to a removal of 81-88% in submerged
plants with algae treatments. Moreover, aquaria covered by floating plants had roughly three times higher GHG
uptake than the treatments with submerged plants or  controls  without plants.  Thus,  effluent polishing by
floating plants can be a promising avenue for climate-smart wastewater polishing.
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Duckweeds for Phytoremediation of Polluted Water
Zhou, YZ; Stepanenko, A; Kishchenko, O; Xu, JM; Borisjuk, N. Plants (2023) 12: 589.

Tiny  aquatic  plants  from the  Lemnaceae  family,  commonly  known as  duckweeds,  are  often regarded  as
detrimental to the environment because of their ability to quickly populate and cover the surfaces of bodies of
water.  Due to their  rapid vegetative propagation,  duckweeds have one of  the fastest growth rates among
flowering plants and can accumulate large amounts of biomass in relatively short time periods. Due to the
high yield of valuable biomass and ease of harvest, duckweeds can be used as feedstock for biofuels, animal
feed,  and  other  applications.  Thanks  to  their  efficient  absorption  of  nitrogen-  and  phosphate-containing
pollutants,  duckweeds  play  an  important  role  in  the  restorative  ecology  of  water  reservoirs.  Moreover,
compared to other species, duckweed species and ecotypes demonstrate exceptionally high adaptivity to a
variety  of  environmental  factors;  indeed,  duckweeds  remove  and  convert  many  contaminants,  such  as
nitrogen, into plant biomass. The global distribution of duckweeds and their  tolerance of  ammonia,  heavy
metals,  other pollutants, and stresses are the major factors highlighting their  potential for use in purifying
agricultural,  municipal,  and  some  industrial  wastewater.  In  summary,  duckweeds  are  a  powerful  tool  for
bioremediation  that  can  reduce  anthropogenic  pollution  in  aquatic  ecosystems  and  prevent  water
eutrophication  in  a  simple,  inexpensive  ecologically  friendly  way.  Here  we  review  the  potential  for  using
duckweeds in phytoremediation of several major water pollutants: mineral nitrogen and phosphorus, various
organic chemicals, and heavy metals.

Phytoremediation, recovery and toxic effects of ionic gadolinium using 
the free-floating plant Lemna gibba
Szabo, S; Zavanyi, G; Koleszar, G; Del Castillo, D; Olah, V; Braun, M. Journal of Hazardou Materials (2023) 458:
131930.

The biosorption and recovery of ionic gadolinium (Gd) from contaminated water by the free-floating duckweed
Lemna gibba was studied. The highest non-toxic concentration range was determined as (6.7mg L -1).  The
concentration  of  Gd  in  the  medium  and  in  the  plant  biomass  was  monitored  and  a  mass  balance  was
established. Tissue Gd concentration of  Lemna increased with increasing Gd concentration of the medium.
The  bioconcentration  factor  was  up  to  1134  and  in  nontoxic  concentrations  up  to  2.5  gkg -1 Gd  tissue
concentration was reached. Lemna ash contained 23.2 g Gd kg-1. Gd removal efficiency from the medium was
95%, however, only 17-37% of the initial Gd content of the medium accumulated in Lemna biomass, an average
of 5% remained in the water, and 60-79% was calculated as a precipitate. Gadolinium-exposed Lemna plants
released ionic Gd into the nutrient solution when they were transferred to a Gd-free medium. The experimental
results revealed that in constructed wetlands, L. gibba is able to remove ionic Gd from the water and can be
suitable for bioremediation and recovery purposes.

Removal of benzotriazole micropollutants using Spirodela polyrhiza (L.) 
Schleid. and Azolla caroliniana Willd
Polinska, W; Kotowska, U; Karpinska, J; Piotrowska-Niczyporuk, A. Environmental Pollution (2023) 332: 121982.

Phytoremediation of benzotriazoles (BTR) from waters by floating macrophytes is not well understood, but it
seems to have the potential to be used in conjunction with conventional wastewater treatment plants. The
effectiveness of removing four compounds from the benzotriazole group by floating plants Spirodela polyrhiza
(L.) Schleid. and Azolla caroliniana Willd. from the model solution, was studied. The observed decrease in the
concentration of studied compounds was in the range 70.5%-94.5% using  S. polyrhiza, and from 88.3% to
96.2%  for  A.  caroliniana.  It  was  determined  using  chemometric  methods  that  the  effectiveness  of  the
phytoremediation process is mainly influenced by three parameters: exposure time to light, pH of the model
solution and the mass of plants. Using the design of experiments (DoE) chemometric approach, the optimal
conditions for removing BTR were selected: plant weight 2.5 g and 2 g, light exposure 16 h and 10 h, and pH 9
and pH 5 for  S. polyrhiza and A. caroliniana, respectively. Studies on the mechanisms of BTR removal have
shown that the reduction in concentration is mainly due to the process of plant uptake. Toxicity studies have
proved that the tested BTR affected the growth of S. polyrhiza and A. caroliniana and induced changes in the 
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levels  of  chlorophyllides,  chlorophylls  as  well  as  carotenoids.  More  dramatic  loss  in  plant  biomass  and
photosynthetic pigment contents was observed in A. caroliniana cultures exposed to BTR.

Performance evaluation of Pistia stratiotes and Lemna minor for 
wastewater phytoremediation: optimum conditions for pilot-scale
Hasaballah,  AF;  Hegazy,  TA;  Elemam,  DA.  International  Journal  of  Environmental  Science  and Technology
(2023) DOI10.1007/s13762-023-05001-9

This  study  was  conducted  to  investigate  wastewater  phytoremediation  under  different  conditions.  We
examined the potential of Lemna minor and Pistia stratiotes in two proposed models in natural and artificial
plant environment conditions and in previous studies (laboratory pilot-scale study). Before and after treatment,
heavy metals, physical and chemical characteristics of wastewater and removal efficiency were analyzed. The
results showed that in artificial conditions, L. minor reduced pollutants with efficiencies ranging from 90.3 to
98.06% for biological oxygen demand, chemical oxygen demand, total dissolved solids, salinity, conductivity,
turbidity, total phosphorus, and total nitrogen, with an increase in saturated oxygen concentration of 82.9%. In
natural conditions, the reduction efficiencies ranged from 55.9 to 89.9%, with an increase in saturated oxygen
concentration of 67.2%. Conversely, in artificial conditions,  P. stratiotes achieved removal efficiencies ranging
from 93.2 to 98.9%, with an increase in saturated oxygen concentration of 83.6%. Efficiencies ranged from 70.1
to 91.9% in natural conditions. Similarly, the percentages of metals removal by P. stratiotes ranged from 71.4 to
97.8% for Fe, Ni, Pb, Cd, Zn, Co, and Cu in artificial conditions and from 37.9 to 79.8% in natural conditions. In
addition, metal removal percentages by L. minor ranged from 89.6 to 96.4% in artificial conditions and from
27.9 to 60.1% in natural conditions.

Constructed wetlands and duckweed ponds as a treatment step in liquid 
manure handling-A life cycle assessment
Beyers, M; Ravi, R; Devlamynck, R; Meers, E; Jensen, LS; Bruun, S. Science of the Total Environment (2023) 889:
163956.

Life cycle assessment (LCA) was applied to evaluate duckweed ponds and constructed wetlands as polishing
steps in pig manure liquid fraction treatment. Using nitrification-denitrification (NDN) of the liquid fraction as
the starting point, the LCA compared direct land application of the NDN effluent with different combinations of
duckweed  ponds,  constructed  wetlands  and  discharge  into  natural  waterbodies.  Duckweed  ponds  and
constructed  wetlands  are  viewed  as  a  viable  tertiary  treatment  option  and  potential  remedy  for  nutrient
imbalances in areas of intense livestock farming, such as in Belgium. As the effluent stays in the duckweed
pond,  settling and microbial  degradation  reduce the  remaining phosphorous and nitrogen concentrations.
Combined with duckweed and/or wetland plants that take up nutrients in their plant body, this approach can
reduce over-fertilisation and prevent excessive nitrogen losses to aquatic environments. In addition, duckweed
could serve as an alternative livestock feed and replace imports of protein destined for animal consumption.
The environmental performance of the overall treatment systems studied was found to depend greatly on
assumptions about the possible avoidance of potassium fertiliser production through the field application of
effluents. If it is assumed that the potassium contained in the effluent replaces mineral fertiliser, direct field
application of the NDN effluent performed best. If the application of NDN effluent does not lead to mineral
fertiliser savings or if the replaced K fertiliser is of low grade, duckweed ponds seem to be a viable additional
step in the manure treatment chain.  Consequently,  whenever background concentrations of N and/or P in
fields allow for effluent application and potassium fertiliser substitution, direct application should be favoured
over further treatment. If direct land application of the NDN effluent is not an option, the focus should be on
long residence times in duckweed ponds to allow for maximum nutrient uptake and feed production.

Synergistic removal of ciprofloxacin and sulfamethoxazole by Lemna 
minor and Salvinia molesta in mixed culture: Implications for 
phytoremediation of antibiotic-contaminated water
Kochi, LY; Kitamura, RSA; Rocha, CS; Brito, JCM; Juneau, P; Gomes, MP. Water (2023) 15: 1899.
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Aquatic macrophytes have been used for the removal of antibiotics from contaminated water. Here, we have
studied the capacity of  Lemna minor and  Salvinia molesta to reclaim ciprofloxacin (1.5 µg Cipro L-1) and/or
sulfamethoxazole  (0.3  µg  Sulfa  L-1)  from  artificially  contaminated  waters  when  plants  were  exposed  in
monoculture (L. minor or S. molesta) or in mixed culture (L. minor + S. molesta). Neither Cipro nor Sulfa alone
induced negative effects on plants. As shown by the Abbot modelling, Cipro and Sulfa displayed antagonistic
effects  on plants.  In  both  species,  increased H2O2 concentrations  and antioxidant  enzyme activities  were
observed  in  plants  when  grown  together.  Although  the  antibiotics  showed  natural  degradation,  their
concentration in water from treatments with plants was significantly lower, indicating the ability of the plants
to uptake the compounds. When in co-culture,  greater growth rates were observed for both plant species,
which resulted in greater Cipro and Sulfa removal in the mixed system when compared with those with plants
in  monoculture.  Both  plants  showed  tolerance  to  the  studied  concentrations  of  antibiotics,  with  greater
antibiotic uptake being reported for S. molesta. Although at the tested concentrations the antibiotics did not
induce negative effects on plants, exposure to Cipro changed the relative yield of S. molesta, which may result
in effects on community structure. The use of both L. minor and S. molesta in artificial wetlands may increase
the phytoremediation capacity of systems.

Evaluation of Lemna minor phytoremediation performance for the 
treatment of dairy wastewater
Sahi, W; Megateli, S. Water Practice and Technology (2023) Early Access MAY 2023 Indexed2023-05-17.

The aim of the study was to evaluate the efficiency of Lemna minor to purify synthetic dairy wastewater (SDW)
and real dairy wastewater (RDW), both diluted and undiluted. Results showed that Lemna significantly reduced
electrical conductivity (EC), and the removal efficiency for EC was 19.4% in RDW and 9.8% in SDW. Higher
values  were  recorded  for  diluted  real  dairy  wastewater  (DRDW)  (41%)  and  for  diluted  synthetic  dairy
wastewater (DSDW) (35.8%). Total suspended solids were slightly reduced in RDW (14%) and SDW (13.5%),
compared to DSDW (25%) and DRDW (29%). Greater removing efficiency of chemical oxygen demand was
recorded in DRDW (60%) and DSDW (55.5%) compared to RDW (27.6%) and SDW (27%). In SDW, nitrogen and
phosphorus removal were 24.8 and 37.4% and 25 and 48.6%, respectively, compared to much higher results in
diluted effluents, and nitrogen removal was 65.4% in DRDW and 63.5% in DSDW, but the best results were
recorded  for  phosphorus  removal  in  DSDW  (78.8%)  and  DRDW  (87%).  The  higher  elimination  of  all  the
parameters  investigated  in  the  units  populated  with  duckweed  compared  to  the  control  attests  to  the
effectiveness of  L. minor in the phytoremediation of dairy wastewater, especially when reducing the primary
pollutant load.

Pre-aeration promotes nutrient removal in a pilot-scale duckweed-based
pond by influencing the duckweed growth and bacterial community
Ma, RD; Duan, CQ; Liu, YJ; Yang, YJ; Lin, H; Wei, YY; Zhao, YG. Journal of water Process Engineering (2023) 53:
103734.

Duckweed-based ponds (DPs) are widely used to treat wastewater due to the rapid growth and high-value
biomass of duckweed. However, their performance at nutrient removal is restricted by low dissolved oxygen
(DO) concentrations in pond water, and direct aeration of a DP is impracticable because floating duckweed is
vulnerable to interference by bubbles. Thus, we developed an influent pre-aeration treatment process for a DP
and investigated its effect on the DO concentration and performance of the pilot-scale (12 m 2) DP, as well as
the underlying mechanism over a 9-month period. Pre-aeration increased the DO concentration (by 478 %) and
oxidation reduction potential (by 55 %) in pond water, and promoted duckweed growth (by 33 %) and total
phosphorous, total nitrogen, and NH4

+-N removal (by 84 %, 80 %, and 91 %, respectively). It also increased the
contributions  of  microorganisms  to  nitrogen  and  phosphorous  removal  (13.37  %  and  35.52  %  greater,
respectively), indicating that it  had greater beneficial effects on microorganisms than on duckweed. In the
bacterial community,  pre-aeration likely promoted nutrient removal by improving the growth and activity of
bacterial  assemblages  involved  in  nutrient  cycling  (e.g.,  Rhodopseudomonas,  Cloacibacterium,
Candidatus_Limnoluna, and Novosphingobium in pond water), and by improving duckweed growth by altering
the relative abundances of bacterial assemblages attached to duckweed. These findings help clarify the 
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beneficial effects and mechanisms of influent pre-aeration, providing a new insight into the improvement and
application of DPs.

Removal of Ag, Au, and As from acid mine water using Lemna gibba and 
Lemna minor - A performance analysis
Kislioglu, MS. Water (2023) 15: 1293.

Mining  activities  result  in  the  accumulation  of  pollutants  in  aquatic  environments.  This  study  aimed  to
investigate the accumulation performances of Ag, Au, and As using Lemna minor and Lemna gibba in the acid
mine waters of Maden copper deposit.  L. minor and L. gibba are aquatic plants belonging to the duckweed
family. They are small, fragile, and free-floating aquatic plants.  L. minor and L. gibba were separately placed
into two reactors. The plants and water from the reactors were collected daily for eight days. Additionally, the
electric conductivity, temperature, and pH of the acid mine water were measured daily.  L. minor and L. gibba
samples were washed, dried, and burned at 300oC in a drying oven for 24 h. The water and plant samples were
analyzed for Ag, Au, and As content using ICP-MS (Inductively Coupled Plasma Mass Spectroscopy). The acid
mine waters of Maden copper deposit contained 9.25 ± 0.4, 0.92 ± 0.02, and 193 ± 12 µg L -1, Ag, Au, and As,
respectively. In comparison to control samples, L. gibba and L. minor showed high and effective performances
in removing Ag, Au and As from the acid mine waters of Maden copper deposit; 240 and 174 times for Ag; 336
and 394 times for Au; and 30 and 907 times for As, respectively. Overall, the results suggest that L. gibba and
L.  minor can effectively  remove Ag,  Au,  and As from acid mine waters,  highlighting their  potential  use in
environmental remediation.

Phytotoxicity

Cadmium accumulation in rice grains is mitigated by duckweed-like 
hydrophyte through adsorption and increased ammonia nitrogen
Chen, S; Xu, J; Peng, L; Cheng, Z; Kuang, X; Li, D; Peng, C; Song, H. The Science of the Total Environment (2023)
890: 164510.

Although increasing attention has been paid to agronomic measures for reducing the heavy metal load in rice
grain, the effects of duckweed-paddy co-cropping technology on the accumulation of cadmium (Cd) in rice
grains remain unclear. To investigate its specific effects on Cd accumulation in paddy fields, three types of
duckweed-like  hydrophyte  (DH),  Azolla  imbricata,  Spirodela  polyrrhiza,  and  Lemna minor were  chosen for
study. Their use resulted in a reduction of Cd content in rice grains from 0.40 mg/kg to <0.20 mg/kg, with A.
imbricata yielding the best results (0.15 mg/kg). The three types of DH reduced the available Cd content in the
soil by 10% to 35% after the paddy tillering stage. The reduction of available Cd content was attributed to the
absorption, high pH, and increase of relative abundance of special bacteria of immobilizing Cd. In addition, DH
could regulate soil  nitrogen leading to ammonium nitrogen increased from 75 mg/kg to 100 mg/kg, while
nitrate nitrogen decreased from 0.55 to 0.1-0.3 mg/kg. The increase of ammonium nitrogen content might
induce the low Cd transfer ability in rice plant and then low Cd content in rice grain. This study demonstrated
that DH has a good effect on the reduction of the Cd concentration in rice grains. Consequently, duckweed-
paddy co-cropping technology offers a potential solution to heavy metal pollution and agricultural non-point
source pollution, as it not only reduces Cd levels in rice plants, but also fixes nitrogen, reducing the need for
nitrogen application.

DF note: S. polyrhiza is the proper spelling for the species, not S. polyrrhiza.

Disposable e-cigarettes and cigarette butts alter the physiology of an 
aquatic plant Lemna minor (Lemnaceae)
Green, DS; Boots, B; Olah-Kovacs, B; Palma-Diogo, D. The Science of the Total Environment (2023) 892: 164457.
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Cigarette butts are one of the most littered single-use plastic items worldwide and can have ecotoxicological
effects. e-Cigarettes (or 'vapes') have gained popularity globally as an alternative to tobacco-based cigarettes
in recent years. The increased availability  of disposable e-cigarettes has resulted in a rise in their  littering,
presenting  a  complex  form  of  e-waste  in  the  environment,  yet  the  environmental  impacts  of  littered  e-
cigarettes are largely unknown. Here  Lemna minor (common duckweed) was used as a model organism to
understand  the  effects  of  smoked  cigarettes,  vaped  e-cigarettes  or  e-liquid.  Growth-related  physiological
responses  were  measured  (biomass,  root  development  and  frond  chlorophyll  content).  After  14  days  of
exposure to cigarette butts there was an increase of all measured growth variables. On the contrary, exposure
to e-cigarettes or e-liquid caused a decrease in root length, biomass and frond number relative to controls. The
significant deviations from control conditions suggest that the presence of either cigarette butts, e-cigarettes
or e-liquid caused stress to the model plant which could indicate disruption of aquatic ecosystems at the
primary producer level. Disposable vapes pose a novel threat to aquatic ecosystems and it would be prudent to
prevent them from becoming the next top litter item.

Unraveling the toxicity of tire wear contamination in three freshwater 
species: From chemical mixture to nanoparticles
Dumont,  ER;  Gao, X; Zheng, J;  Macairan, J;  Hernandez, LM; Baesu, A; Bayen, S;  Robinson, SA; Ghoshal,  S;
Tufenkji, N. Journal of Hazardous Materials (2023) 453: 131402.

Tire wear particle (TWP) contamination is of growing concern as recent studies show the ubiquity and toxicity
of this contaminant in various environmental compartments. The multidimensional aspect of TWPs makes it
difficult to assess toxicity and predict impacts on ecosystems, as it combines a complex mixture of chemicals
and can release micro-and nanoparticles when suspended in water.  Our work aimed to shed light  on the
toxicity of the different components of TWP leachate, namely, the dissolved chemicals and the nanoparticle
fractions, on three freshwater model species of different trophic levels:  Chlorella vulgaris,  Lemna minor, and
Daphnia magna. Acute toxicity was observed for all three fractions in  D. magna, and an additive effect was
observed between the nanoparticles and dissolved chemicals.  L.  minor experienced phytotoxicity from the
dissolved  chemicals  only  with  a  decrease up to 50% in  photosynthesis  efficiency  parameters.  C.  vulgaris
showed minor signs of toxicity on apical endpoints in response to each of the fractions. Our study highlights
that nanoparticles from TWP leachate that were mostly overlooked in several previous studies are as toxic as
dissolved chemicals for the filter-feeder species D. magna, and we also show the toxicity to photosynthesis in
aquatic plants.

Taxonomy & Geobotany

Geographical distribution of floating aquatic plants in relation to 
environmental conditions in southern Quebec, Canada
Jewell, MD; van Moorsel, SJ; Bell, G. Aquatic Botany (2023) 187: 103657.

Communities of free-floating aquatic plants dominated by Lemnaceae (duckweeds) are common in ponds and
wetlands globally with important ecological functions. In addition to the cosmopolitan common duckweed
(Lemna minor), other species of Lemnaceae, liverworts (Ricciaceae), hornworts (Ceratophyllum), and water
ferns (Salviniaceae) often coexist over broad geographic areas. Despite these species all sharing a similar
mode of life and resource requirements, they have important morphological and physiological differences such
as variation in body size, degree of morphological reduction, presence/number of roots, and position in the
water column. The degree to which these differences play a role in shaping their distributions is,  however,
unclear. We report a field survey of floating aquatic plants in southern Quebec, Canada. We find that species
distributions are influenced by habitat specialization to water phosphorus levels. High nutrient specialization
followed a continual reduction in body size and morphological complexity, with smaller, simpler species found
in higher nutrient sites.  We also found a latitudinal  gradient  in species richness with more northerly  sites
supporting less diversity. Rare species did not show clustering suggesting that dispersal limitation was not an 
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important factor in determining local abundance. Our results suggest that the distribution of these plants is in
part driven by competitive sorting of suitable species from a regional species pool.

Asian Wolffia globosa (Roxb.) Hartog & Plas (Araceae) in Bohemian 
Wetlands - a new macrophyte for Czechia
Vavra, M; Spacek, J; Koutecky, P; Schmitz, U; Rydlo, J. Biologia (2023) DOI10.1007/s11756-023-01413-7

Wolffia globosa is a small  free-floating aquatic plant native to the Southeast Asia  and invasive in Europe.
Between the years 2017 and 2022 it has been found in Czechia for the first time in this country in wetland
habitats at seven sites. Occurrences of alien  W. globosa were first recorded in the Central Bohemia region
inside the Site of Community Importance Libicke luhy, then by two sewage treatment plants and one adjacent
fishpond in South Bohemia and in the Elbe River near the cities of Prelouc, Lysa and Labem, Obristvi and
Hrensko. At four sites, W. globosa has been recorded in flowing waters for the first time in Europe. The mode
of introduction remains unknown.

Non-reviewed Preprints

Artificially cultivated duckweed: a high-efficiency starch producer
Fang, Y; …Zhao, H. bioRxiv Preprint (2023) DOI10.1101/2023.03.23.533730.

The increasing demand for starch has been a social struggle.  We report a new technology that efficiently
produces starch from duckweed. Although Landoltia punctata has a dramatic contraction of gene families, its
starch content and productivity reached 72.2% (dry basis) and 10.4 g m -2 d-1 in 10 days, equivalent to a yield of
38.0  t  ha-1 y-1 under  nutrient  limitation  and  CO2 elevation  treatment.  Meanwhile,  we  also  examined  the
mechanism of duckweed's high starch accumulation. This is exhibited in the regulation of DNA methylation
and  transcription  factors  as  well  as  the  significantly  up-regulated  transcription  levels  and  the  increased
enzyme activities of key genes in starch biosynthesis. Meantime, while nitrogen redistribution was enhanced,
sucrose biosynthesis and transportation, and lignocellulose biosynthesis were all reduced. These alterations
led to a reduction in lignocellulose and protein content and ultimately an increase in an accumulation of starch
in the chloroplast. This work demonstrates duckweed's potential of being a highly efficient starch producer.

Duckweed evolution: from land back to water
Fang, Y; … Zhao, H. bioRxiv Preprint (2023) DOI10.1101/2023.03.22.533731.

Terrestialization is supposedly an important evolutionary process plant experience. However, directions of land
back to water acquired little attention. Here we integrate multiproxy evidence to elucidate the evolution of
duckweed.  Three  genera  of  duckweed show chronologically  gradient  degeneration  in  roots  structure  and
stomatal function and decrease in lignocellulose content, accompanied by gradual contraction in relevant gene
numbers and/or  decline in  transcription.  The gene numbers in the main phytohormonal pathway are also
gradually  decreased.  The co-action of  auxin  and rhizoid  development  gene causes  a gradual  decrease in
adventitious roots.  The significant expansion of the flavonoid pathway is also related to the adaptation of
duckweed to floating growth. This study reconstructs the evolution history of duckweeds from land back to
water, reverse to that of early land plants.

Environments and host genetics influence the geographic distribution of
plant microbiome structure
Wei, N; Tan, JQ. bioRxiv Preprint (2023) DOI10.1101/2023.03.20.533563

1.  To  understand  how  microbiota  influence  plant  populations  in  nature,  it  is  important  to  examine  the
geographic  distribution  of  plant-associated  microbiomes  and  the  underlying  mechanisms.  However,  we
currently lack a fundamental understanding of the biogeography of plant microbiomes and the environmental
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and host genetic  factors that  shape their  distribution.   2.  Leveraging the broad distribution and extensive
genetic variation in duckweeds (the Lemna species complex), we identified the key factors that influenced the
geographic distribution of plant microbiome diversity and compositional variation.  3. In line with the pattern
observed in  microbial  biogeography  based on free-living environmental  microbiomes,  we observed higher
bacterial richness in temperate regions relative to lower latitudes in duckweed microbiomes (with 10% higher
in  temperate  populations).  Our  analyses  revealed  that  temperature  and  sodium  concentration  in  aquatic
environments had a negative impact on duckweed bacterial richness, whereas temperature, precipitation, pH,
and  concentrations  of  phosphorus  and  calcium,  along  with  duckweed  genetic  variation,  influenced  the
geographic variation of duckweed bacterial community composition.  4. The findings add significantly to our
understanding of  host-associated  microbial  biogeography  and provide  insights  into  the  relative  impact  of
different ecological processes, such as selection by environments and host genetics, dispersal, and chance, on
plant  microbiome  assembly.  These  insights  have  important  implications  for  predicting  plant  microbiome
vulnerability and resilience under changing climates and intensifying anthropogenic activities.

Trophic interactions in microbiomes influence plant host population size 
and ecosystem function
Tan, JQ; Wei, N; Turcotte, MM. bioRxiv Preprint (2023) DOI10.1101/2023.03.06.531362

Plant microbiomes that comprise diverse microorganisms, including prokaryotes, eukaryotes, and viruses are
the key determinant of plant population dynamics and ecosystem function. Despite their importance, little is
known  about  how  interactions,  especially  trophic  interactions,  between  microbes  from  different  domains
modify the importance of microbiomes for plant hosts and ecosystems. Using the common duckweed Lemna
minor, we experimentally examined the effects of predation (by bacterivorous protozoa) and parasitism (by
bacteriophage) within microbiomes on plant population size and ecosystem phosphorus removal. Our results
revealed that predation increased plant population size and phosphorus removal whereas parasitism showed
the  opposite  pattern.  The  structural  equation modeling further  pointed  out  that  predation  and parasitism
affected plant population size and ecosystem function via distinct mechanisms that were both mediated by
microbiomes.  Our  results  highlight  the  importance  of  understanding  microbial  trophic  interactions  for
predicting the outcomes and ecosystem impacts of plant-microbiome symbiosis.
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Instructions to Contributors
for the Duckweed Forum
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.

Presubmissions
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.

Copyright and co-author consent

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

Formatting requirements:

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

 Single-spaced text throughout.

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

 11-point Times New Roman font.

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

Title:

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

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

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

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

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

Authors:

 All authors are responsible for the content of the manuscript.

 Provide the complete names of all authors.

 Identify which author will receive correspondence regarding the contribution.

 Provide the corresponding author’s name, telephone number, and current e-mail address.

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

http://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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