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Abstract

Duckweed (Lemna spp.) has emerged as a promising sustainable protein source due to its rapid growth
and adaptability to diverse environmental conditions. This thesis investigated the effects of nitrogen
availability and temperature on duckweed growth, protein accumulation, and the underlying
physiological and molecular mechanisms, aiming to optimize its use for human and animal

consumption.

The study began with the establishment of a Lemna collection comprising 50 clones sourced globally.
A novel method to quantify total nitrogen and nitrate using FT-IR spectroscopy was developed and
applied throughout the research. The first experimental phase (Chapter 3) examined how different
nitrogen sources—nitrate, Ammonium-Nitrate, Urea-Nitrate, and nitrogen-free—affected growth
rate, protein content, and nitrate accumulation. Ammonium treatment significantly reduced growth
in some clones due to pH acidification, though clone 7796 maintained higher growth rates under
ammonium and Urea-Nitrate treatments. This clone also exhibited the highest protein accumulation
across all nitrogen treatments. Expression analysis of eight nitrogen assimilation genes (NR, NiR,
GS1;1, GS1,2, GS2, ClLCa, Fd-GOGAT, and NADH-GOGAT) revealed distinct regulation patterns
depending on nitrogen source and clone, underscoring the importance of selecting appropriate

nitrogen sources to optimize protein yield.

The second experimental phase (Chapter 4) investigated heat stress tolerance in 42 Lemna clones (36
L. gibba and 6 L. minor) collected from diverse geographic regions. Physiological assessments at 20°C
and 35°C identified three heat-tolerant clones (6861, 7763, and 7796) and one heat-sensitive clone
(8703), with the widely used clone Manor serving as a control. Further testing across a broader
temperature range (15°C-35°C) revealed that while all clones exhibited reduced growth at higher
temperatures, protein content increased in heat-tolerant clones but declined in the heat-sensitive

clone at 35°C.

In the final experimental phase (Chapter 5), transcriptomic analysis provided insights into the
molecular mechanisms underlying heat tolerance in the selected five clones. Differential gene
expression analyses revealed upregulation of genes involved in photosynthesis (e.g., ATP synthase),
zinc ion binding, and stress response pathways in heat-tolerant clones, while these genes were
downregulated in the heat-sensitive clone and the control. KEGG and GO pathway enrichment

analyses highlighted critical metabolic and regulatory pathways associated with heat resilience.

Together, these findings demonstrate that nitrogen source selection influences duckweed growth and

protein accumulation, with clone-specific responses to ammonium availability. Heat-tolerant clones
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maintain higher protein levels under elevated temperatures, and their transcriptomic profiles suggest
a genetic basis for resilience to heat stress. These results provide valuable insights into optimizing
duckweed cultivation under variable environmental conditions, supporting its potential as a

sustainable protein source in the context of climate change.
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1. Chapter 1: General Introduction
1.1. Duckweed, a Tiny Aquatic Plant
1.1.1. Duckweed Dispersal and Distribution

Water lentils or duckweeds belong to the monocot order of the Alismatales. It is enclosed in subfamily
Lemnoideae within the family Araceae, where duckweed is classified in five genera: Spirodela,
Landoltia, Lemna, Wolffia and Wolffiella. There are 36 species across the five genera. Duckweeds are
spread in every continent, except Antarctica (Landolt, 1986), as shown in Figure 1.1. This tiny plant is
dispersed by streaming water or occasionally by strong winds. Besides, duckweed can be transported
between the feathers of dispersing birds during their migrations (up to 250 km). However, Wolffia
columbiana was found in the faeces of ducks and swans, indicating plants can survive passage through

the guts of some waterfowls (Silva et al., 2018).

High mountains, such as the Himalayas, are considered geographical barriers to the dispersal of
duckweed. This was suggested by Xu et al., (2019) through resequencing and comparison of 68
genomes of Spirodela polyrhiza clones from Southeast Asia. This hypothesis is further supported by a
study of 23 Spirodela polyrhiza clones from Hungary, which were identified as unique Hungarian
clones. The mountainous borders surrounding Hungary are suggested to contribute to this genetic

uniqueness by acting as barriers to the dispersal of the species (Chu et al., 2018).

However, some species can be considered as an alien in some regions. Lemna minuta, native in
temperate zones of the Americas, is invasive in Eurasia (Ceschin et al., 2018; Lucey, 2003; Mifsud,
2010). Similarly, Lemna turionifera, Lemna valdiviana and Wolffia columbiana are also regarded as
invasive in Eurasia (Ardenghi et al., 2017; Iberite et al., 2011), and Landoltia punctata is an alien species
in both Europe and North America, while six non-native species of duckweed were found in Florida,

USA (Ward & Hall, 2010).

Duckweed growth in natural ecosystem can be increased by anthropogenic activities like rising
nitrogen and phosphorus level or water temperature in ponds affecting natural ecosystems like
phytoplankton (Feuchtmayr et al., 2009; Peeters et al., 2013). Besides, increased temperature reduced
the grazing pressure of Lemna minor by Cataclysta lemnata (natural herbivore of duckweed) (Van Der

Heide et al., 2006).

1|Page



paamydnp Jo3oe| ‘(986T) Hjopue] Aq paniodal sem 1| “aeapiouwa] Ajlwesgns ‘Oeadely Jo Ajlwey 3y} Jo uoinqIsIip IPIMPLIOM 'T

‘paJojdxa Ajdaap o9 03 -G pue p|od 00} - € “}19M 00} -7 ‘Alp 001 - T {03 SNpP SUOIZDJ JUBIBHIP Ul SIS
*T 24n814

- ——

2|Page



1.1.2. Anatomical Features

The duckweed plants are composed by a leaf-stem structure, called frond, and some genera have
roots such as Spirodela, Landoltia and Lemna. Based on phylogenetic analysis Spirodela and Landoltia
genera have been classified closer to the common ancestor than Lemna, Wolffia and Wolffiella (Acosta
et al., 2021). This structure has evolved to reduce size and complexity, as observed across different
genera, as shown in Figure 1.2, Spirodela species have larger fronds and multiple roots. In contrast,
Lemna species have medium-sized fronds, ranging from 1 to 3 mm, with a single root. Wolffiella
species are rootless and have small fronds, up to 1 mm in size. The reduction in complexity from

Spirodela to Wolffia reflects a decreasing "degree of primitivity" (Bog et al., 2020; Landolt, 1986).

With such a small size and rapid growth by clonal propagation, duckweed indeed produces high yields.
The floating lifestyle facilitates uptake of labelled compounds from the media and interaction with

microbial symbionts (Acosta et al., 2020; Hillman, 1976).

Duckweed forms colonies because, after the creation of daughter fronds, they remain attached to the
mother fronds. The number of fronds per colony depend on the species. Colonies from Wolffia or
Wolffiella consist of two fronds, except Wolffiella gladiata or Lemna trisulca in the Lemna genera that
can be up to 50 fronds. Mother and daughter fronds are held together by the abscission zones on the
stipe (two in S. polyrhiza and one in W. microscopica), which facilitate their eventual separation (Bog
et al., 2020; Landolt, 1986). The stipe originates on the ventral side of the mother frond, where cells
divide and grow (Figure 1.3). It serves as a channel, providing nutrients from the mother to the

daughter frond (Kim, 2016).

Duckweed epidermis is fortified with a transparent waxy cuticle against mechanical injury and solar
radiation (Borisjuk et al., 2018). The structure of the cell walls varies across genera: Spirodela has a
bent structure, Landoltia and Lemna have undulated cell walls, and Wolffiella and Wolffia have
straight cell walls. The ventral epidermis is involved in nutrient uptake and provides an active surface

for interactions with aquatic bacteria (Cedergreen & Madsen, 2002; Duong & Tiedje, 1985).
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Spirodela polyrhiza

Landoltia punctata

Lemna gibba

p  Wolffiella caudata

— Wolffia borealis

200 pm

Figure 1.2. Cladogram of duckweed genera within the Lemnoideae subfamily of the Araceae family.
The five duckweed species from different genera are presented according to the phylogeny proposed
by Tippery et al., (2015). A scale bar (um) in each photograph indicates the size of the respective
specimen. This image was adapted from Pagliuso et al., (2018).

4|Page



Roots develop on the lower side of the frond, near the budding pouches at the node. They subtended
by epidermal sheath at the junction and by the root-cap at the root tip. Roots in duckweed are thought
to act like a pendulum, helping to mitigate dynamic loads or wind motion (Acosta et al., 2021). Unlike
land plants, which typically regulate stomatal opening, duckweed maintains its stomata open
(McLaren & Smith, 1976). However, under unfavourable environmental conditions, some duckweed
species can enter a dormant phase by forming specialized structures called turions. During the turion
stage, stomata close until conditions such as light, temperature, or nutrient levels become favourable,
at which point germination occurs (Borisjuk et al., 2018). Turion cells distinct from frond cells due to
their smaller size, the absence of aerenchyma and plasmodesmata, and thicker cell walls (Jacobs,

1947; Kim, 2013).

Most cells in duckweed are parenchyma cells. These cells have a central vacuole, that contains 95% of
the water content. The dorsal cell layers have a high density of chloroplasts, functioning as the
chlorenchyma (Kwak & Kim, 2008; White & Wise, 1998). Parenchyma cells are modified into
aerenchyma, which is made up by spongy tissue that forms spaces or air channels within the leaves
(Figure 1.4). Aerenchyma facilitates exchange of gases between the dorsal and ventral parts of the

plant and help in flotation by regulating the air space volume within fronds (Landolt & Kandeler, 1987).

Meristem cells are found on the ventral side of the frond body inside the vegetative pouch, where
vegetative reproduction happens (Figure 1.4). These cells contain small vacuoles and proplastids with

only a few thylakoids (Kim, 2011; McCormac & Greenberg, 1992).
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Figure 1.3. Fronds of mother (MF) and daughter (DF) Lemna trisulca clones connected at the stipe.
The bar corresponds to Imm.
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Figure 1.4. Microscopic structure of Lemna trisulca. This microscopic image provides insight into
the intricate anatomy of L. trisulca. Aerenchyma cells, derived from modified parenchyma cells,
form a spongy tissue crucial for facilitating air exchange within the plant. The image highlights the
presence of meristem cells located within the vegetative pouch, where roots attach, and daughter

fronds initiate growth. The central vein of the Lemna genus is flanked by two lateral veins, with the
potential for additional vein development. The bar corresponds to 1mm.
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1.1.3. Growth and Reproduction Characteristics

Under favourable conditions, duckweed can double its weight in less than 24 hours. Vegetative
reproduction, through the production of clonal daughter fronds from a mother frond, is the most
common mode of duckweed propagation (Ashby, 1948). Duckweed colonies growth includes
increases in cell size, the number of individual plants, and the number of daughter fronds produced
by each plant. Growth rate can be measured in terms of biomass (fresh or dry weight) or the number
of fronds. Ziegler et al. (2015) developed a standardized method for determining duckweed growth

rates, which can be influenced by abiotic factors such as light and temperature.

Vegetative reproduction implies new daughter fronds bud off from the side pouches of the older
mother frond, creating clones of the mother. Depending on the species, the frond can separate as
soon as the daughter fronds mature, or they may remain connected. This results in small groups, as
seen in Lemna species (Figure 1.5 (A)), or longer groups, as in L. trisulca (Figure 1.5 (B)). Exponential
growth is important for the colonisation of open water surfaces before other aquatic plants can
establish themselves (Landolt, 1986). Growth rates are influenced by abiotic factors. For example, S.
polyrhiza can grow at 38 °C, whereas some L. minor clones are affected by temperature above 32 °C.
Contrariwise, some L. minor strains can grow at 5 °C, while most of S. polyrhyiza described so far are

adversely affected by temperatures below 12 °C (Docauer, 1983; Landolt, 1986).

Although the most common form of duckweed reproduction is vegetative clonal division (Bog et al.,
2020; Landolt, 1986; Sree et al., 2015), under certain conditions, some duckweed clones produce
flowers. These flowers consist of male (androecium) and female (gynoecium) floral organ, without the
presence of corolla and calyx (Figure 1.6). Flowering can be induced by abiotic factors or exposure to
chemical molecules such us phytohormones, chelators, heavy metal ions and photosynthetic products
(Landolt & Kandeler, 1987). For instance, in W. microscopica , exposure to low temperature (22 °C)

can trigger flowering (Rimon & Galun, 1968).
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Figure 1.6. Lemna gibba with flowers represented with red arrows. M, mother frond, D, daughter
frond and G, granddaughter frond. Picture collected from Fu et al., (2017).
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1.1.4. Genomics of Duckweed

Since the 1950s, duckweed has been utilised as an experimental system for plant physiology and
biochemistry. The first fully sequenced genome of duckweed was Spirodela polyrhiza, reported by
Blackburn (1933), highlighted the remarkably small size of the chromosomes, with S. polyrhiza
possessing some of the smallest known chromosomes in flowering plants, measuring just 0.1 x 0.18

um (Geber, 1989).

Interestingly, there is a negative correlation between genome size and frond size in duckweeds. S.
polyrhiza has a small genome of approximately 158 Mb, comparable to that of Arabidopsis (Bennett
et al., 2003; Wang & Messing, 2011). Landoltia has a relatively stable genome size of around 380 Mb,
while Lemna exhibits significant intraspecific and interspecific variation, ranging from 323 to 760 Mb,
suggesting that polyploidy may be a major factor in genome size changes (Segraves, 2017; Soltis et al.,
2015; Van De Peer et al., 2017). The genera Wolffiella and Wolffia possess the largest genomes among
duckweeds, with sizes of 973 Mb and 1,881 Mb, respectively (Wang & Messing, 2011).

Chromosome number in duckweed is also highly variable, with the most common diploid chromosome
number being 40 (2n) (Hoang et al., 2019). However, L. aequinoctialis has been found to have between
20 and 84 chromosomes (Hoang et al., 2019; Wang et al., 2011). Research on some cultured clones
suggests that autotetraploidy may be present in species like L. aequinoctialis (2n = 42 and 84
chromosomes). This condition could have occurred naturally or been chemically induced, as observed
in Landoltia punctata 5562, which has 46 and 92 (2n) chromosomes (Hoang et al., 2019; Vunsh et al.,
2015).

Due to its small genome size, S. polyrhiza 7498 was the first duckweed species to have its genome fully
sequenced, using the 454 and Sanger platforms. This sequencing effort revealed a repertoire of 19,623
protein-coding genes (Wang et al., 2014). Following this milestone, other duckweed species were also
sequenced. The first Lemna species to be fully sequenced was L. minor 5500, using Illumina
technology, which uncovered a higher gene repertoire than Spirodela, with 22,382 protein-coding
genes (Van Hoeck et al., 2015). This was followed by the sequencing of L. minor 8627 and L. gibba
7742a the next year (Ernst & Martienssen, 2016).

In recent years, several additional duckweed species have been fully sequenced, including S. polyrhiza
9509, L. gibba 77424, L. japonica 7182, L. japonica 8627, L. japonica 9421, L. minor 7210, L. minor
9252, L. turionifera 9434, and W. australiana 8730 that can be found in Lemna.Org repository (Ernst
etal., 2023).
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As shown in the Figure 1.7, the five genera of duckweed exhibit varying degrees of primitivity and
complexity, as illustrated by their phylogenetic positions in a Bayesian consensus tree derived from
the analysis of a combined cpDNA dataset (atpF-atpH and psbK-psbl intergenic spacers) of all
Lemnoideae taxa, with Colocasia esculenta as the outgroup (Borisjuk et al., 2015). In this phylogenetic
tree, Spirodela and Wolffiella are positioned oppositely, with Lemna and Landoltia sharing one cluster,
and Wolffia and Wolffiella grouped together. Spirodela and Landoltia, which possess more complex
morphological features, have higher nuclear DNA content compared to the simpler Lemna, Wolffiella,
and Wolffia (Borisjuk et al., 2015). This pattern suggests that the evolution of duckweed involved a
morphological reduction, a strategy likely employed to enhance their adaptation to an aquatic lifestyle

(Landolt, 1986).

1.2. Historical Utilization of Duckweed

Duckweed, a seemingly ordinary aquatic plant, boasts a rich historical legacy that spans civilizations
and periods. The first recorded mention of duckweed dates to Theophrastus, the renowned botanist
of Ancient Greece. Theophrastus not only classified duckweed based on its aquatic habitat but also
coined the term “lemna” (water plant), laying the foundation for the subfamily Lemnoideae (Hort,
1917). However, the influence of duckweed extends far beyond the shores of Greece, it was
mentioned in diverse cultures including Chinese, Christian, Greek, Hebrew, Hindu, Japanese, Maya,

Muslim, and Roman societies (Edelman et al., 2022).

The medieval era witnessed the emergence of St. Hildegard von Bingen, whose compendium on herbal
medicine, "Causa et Curae," documented the medicinal virtues of duckweeds. From alleviating colic
to fortifying the immune system, duckweed found its place in the pharmacopoeia of the High Middle

Ages (Von Bingen, 1933).

Across ancient rituals and healing practices, duckweed held significance. In Maya society, it was
invoked in healing incantations, reflecting its revered status among healers (Doemel, 2013; Knowlton,
2018). Similarly, in Yemenite cultures, duckweed adorned stagnant waters, not merely as flora but as
a symbol of purification. Its presence was integral to water conservation, as it curtailed evaporation
and safeguarded vital water sources, as the natives expressed “it prevents the wind from taking the

water” (Hovden, 2006).
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Figure 1.7. Bayesian consensus tree from the analysis of the combined cpDNA dataset (atpF-atpH
and psbK-psbl intergenic spacers) of all Lemnoideae taxa, with Colocasia esculenta as the
outgroup. Bayesian posterior probabilities (BPP) and maximum parsimony bootstrap values (MPBS)
are shown on the branches. Strongly supported clades (MPBS >90% and BPP >0.95) are indicated
with black points. Strains with questionable species assighments are marked with asterisks (*).

Adapted from Borisjuk et al., (2015).
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Though the historical importance of duckweed is unquestionable, its story doesn't conclude in ancient
times. The ancient practices involving duckweed propel us towards modern innovation, connecting
the wisdom of the past with present-day scientific exploration. As duckweed researchers explore
further into the potential of duckweed, we unveil a wealth of opportunities to tackle urgent global
issues, ranging from environmental sustainability to advancements in biotechnology and human

health.

1.3. Duckweed Uses and Biotechnological Applications
1.3.1. Duckweed: A Versatile Resource for Biofuel Production

The excessive use of fossil fuels is leading to the depletion of reserves, highlighting the urgent need
for alternative, sustainable, and carbon-neutral energy sources (Campbell, 2013). Biomass waste from
duckweed, which is abundant and diverse in natural environments, provides a promising approach to
addressing this challenge (Welfle et al., 2020). Duckweed is an excellent candidate for bioenergy
production, as it can be easily converted into various forms of energy, including bio-oil, gas,
bioethanol, and high-value industrial precursors through different transformation technologies (Chen

et al., 2022).

The accelerated consumption of petroleum necessitates the development of renewable fuels to
replace petroleum-based ones. Among these alternatives, bio-oil, which can be directly used as fuel
for industrial oil boilers or refined to replace gasoline or diesel, stands out. The optimal production
method for bio-oil is thermochemical conversion, specifically pyrolysis and hydrothermal liquefaction
(HTL) (Collard & Blin, 2014; Hu et al., 2018). Pyrolysis, which involves thermal cracking of biomass in
the absence of oxygen at temperatures between 400-600°C (Xu et al., 2021), has been effectively
used to produce bio-oil from duckweed. For instance, Muradov et al., (2010) explored the pyrolysis of
duckweed, showed that while the reaction temperature had minimal effect on the final product
distribution, it significantly influenced the relative quantities of individual products. Campanella &
Harold (2012) demonstrated that fast pyrolysis of duckweed in a nitrogen atmosphere yielded 44.9
wt% bio-oil at 500°C. Additionally, Campanella et al., (2012) compared the pyrolysis of microalgae and
duckweed, noting that the feedstock composition and heating rate were critical factors influencing

the bio-oil's composition, which is complex due to numerous cross-linking reactions during pyrolysis.

Gases, another crucial bioenergy product, can be generated from duckweed through anaerobic
digestion, fermentation, and pyrolysis. Methane, a renewable energy source produced by anaerobic

digestion, is not only an ideal fuel but also a raw material for various industrial chemicals (Chen et al.,
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2022). Gaur & Suthar (2017) investigated the impact of mixing duckweed biomass with waste
activated sludge and acclimatized anaerobic granular sludge on methane production, highlighting
duckweed's potential due to its high cellulose and low lignin content. Hydrogen, recognized for its
clean, high-energy-density properties, is another gas produced during duckweed pyrolysis, although
the yield is relatively low, and the process is energy-intensive (Chen et al., 2022). The main gaseous
products from duckweed pyrolysis include H,, CO, CO,, CH4, and a small amount of C;He, with CO,

being the predominant component (Muradov et al., 2010).

Bioethanol, a renewable fuel that can reduce carbon dioxide emissions by more than 50% compared
to traditional fossil fuels, is primarily produced from high-starch biomass feedstocks like corn,
sugarcane, and wheat (Green et al., 2015; Mishima et al., 2008; Sun et al., 2014). Duckweed,
particularly L. punctata, has been studied as a feedstock for bioethanol production. Chen et al., (2012)
used pectinase to treat duckweed, significantly enhancing sugar release and resulting in an ethanol
yield of 2.20 g L™ h™" with an ethanol concentration of 30.8 + 0.8 g L™". Ge et al., (2012) found that
using L. minor and two yeast strains for enzymatic hydrolysis resulted in a higher ethanol yield of 24.0
g L™ for the ATCC 24859 strain. Cultivation of a high-starch duckweed (S. polyrhiza) in a pilot-scale
culture pond, achieving an annual starch yield of 9.42 x 103 kg ha™. After fermentation, the bioethanol
yield reached 6.42 x 10® L ha™", approximately 50% higher than that of maize-based fermentation (Xu
etal., 2011).

Overall, duckweed's versatility in producing bioenergy and its potential for environmental remediation
underscore its importance as a sustainable resource in addressing both energy needs and

environmental challenges.

1.3.2. Environmental Remediation

The need to reduce anthropogenic nutrients in aquatic ecosystems to prevent water eutrophication
has been widely recognized (Conley et al., 2009). One promising approach for addressing this issue is
the cultivation of aquatic plants, which offer an eco-friendly method for restoring eutrophic water
bodies by removing nutrients, bioaccumulating toxic substances, and regulating oxygen balance
(Dhote & Dixit, 2009). Among these aquatic plants, duckweeds stand out due to their specific
physiology, high growth rates, multiple options for biomass usage, simple maintenance, and easy

harvesting (Ekperusi et al., 2019).

Eutrophication is primarily driven by the excessive use and runoff of agrochemical fertilizers

containing nitrogen (N) and phosphorus (P) (Hilton et al., 2006). Duckweeds have shown potential as
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a low-cost solution for wastewater treatment, efficiently removing excess N and P (Cui & Cheng, 2015;
Zhou et al., 2018; Zimmo et al., 2004). For example, a study by Zhou et al., (2018) demonstrated that

within 15 days, four duckweed species removed over 93% of total N and P from municipal wastewater.

In addition to nutrient removal, duckweeds are also valuable for addressing other environmental
contaminants. With the growing demand for food and the extensive use of agrochemicals, herbicides,
and other toxic substances are increasingly introduced into ecosystems (Zhou et al., 2023). Duckweeds
generally tolerate low concentrations of agrochemicals but can be inhibited at higher levels. For
instance, Wilson & Koch, (2013) found that while L. minor was severely inhibited by the herbicide

norflurazon, it rapidly recovered after the contaminant was removed from the environment.

Duckweeds are also being explored for the phytoremediation of pharmaceuticals, which pose
significant toxicity risks to plants (Zhang et al., 2023). Studies have shown that both live and
inactivated duckweeds—duckweeds that have been treated to eliminate their biological activity while
retaining their physical structure—can effectively remove pharmaceuticals such as fluoxetine and
ibuprofen from wetland systems (Reinhold et al., 2010). Interestingly, duckweeds can even use some
pharmaceutical compounds, like sucralose, as a carbon source, enhancing their photosynthetic
capacity, though other compounds like fluoxetine can negatively impact their growth (Amy-Sagers et

al., 2017).

Heavy metal contamination is another significant environmental concern, particularly from mining
and industrial activities (Zhou et al., 2023). Traditional remediation methods for heavy metals are
often costly and time-consuming (Dhaliwal et al., 2020). However, duckweeds have demonstrated
significant potential in monitoring and remediating heavy metals, effectively absorbing them from
wastewater. For instance, Chen et al., (2013) found that the lead ion (Pb?*) adsorption capacity of
dried powder from L. aequinoctialis exceeded 57 mg/g. Similarly, Nie et al., (2015) compared the
removal rate of uranium ions (U**) by live L. punctata and its dry powder, finding that 1.25 g/L of dry
powder removed nearly 96% of 5 g/L U** at pH 5, outperforming the live plant's removal rate of 79%.
These findings underscore duckweed's potential as an effective tool for environmental cleanup,

particularly in heavy metal remediation.

1.3.3. Production of Biopolymers, Biofactories, and Vaccines

Duckweed, a small and fast-growing aquatic plant, has gained recognition as a promising bioreactor

for producing a variety of biological products due to its high biomass yield, simple processing, and
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cost-effectiveness. Its potential spans across fields such as biopolymers, biofactories, and vaccine

production (Yang et al., 2021).

One of the key advantages of duckweed is its ability to produce a wide range of biological products,
including vaccines, antibodies, proteins for the pharmaceutical uses, and industrial enzymes. This
capability is largely attributed to its high biomass yield and straightforward processing requirements
(Liu et al., 2021; Yang et al., 2021). For instance, duckweed has been successfully utilized to produce
recombinant biopharmaceuticals, such as the hemagglutinin antigen of the H5N1 virus, demonstrating
its potential for low-cost vaccine production (Thu et al., 2015). Additionally, duckweed has been used
to produce chicken interleukin-17B (chIL-17B), an immunoadjuvant that significantly enhances

immune responses in chickens against infectious bronchitis virus (IBV) (Tan et al., 2022).

Overall, duckweed holds significant promise as a bioreactor for producing biopolymers, biofactories,
and vaccines. Its rapid growth, ease of genetic transformation, and ability to produce high-value
biological products make it an attractive candidate for various biotechnological applications.
Continued research and development in this area are likely to enhance its utility and efficiency in

producing a wide range of bioproducts.

1.3.4. Implication of Plant Secondary Metabolites

Plant secondary metabolites are organic compounds that are produced by plants, playing an
important role in plant defence against herbivores, pathogens, and environmental stresses (Ashraf et
al., 2018). Secondary metabolites derived from duckweed (L. minor) have demonstrated significant
potential as biostimulants in agriculture, offering a sustainable means to enhance plant growth,
nutrient uptake, and resistance to environmental stresses (Mrid et al., 2021). Duckweed extracts, rich
in bioactive phytochemicals like phenolics and glucosinolates, are particularly effective in promoting

these benefits (Del Buono et al., 2022; Regni et al., 2021).

In practical applications, duckweed extracts have been shown to improve various growth parameters
in crops such as maize and olive trees. For example, a 0.50% concentration of duckweed extract was
found to be most effective in enhancing germination, biomass, leaf area, pigment content, and vigour
index in maize (Del Buono et al., 2022). Similarly, in olive trees, these extracts improved leaf net
photosynthesis, stomatal conductance, chlorophyll content, and overall plant biomass production

(Regni et al., 2021).

The stimulatory effects of duckweed extracts are partly due to their ability to enhance the assimilation

of essential nutrients. In maize, the extracts boosted the uptake of nitrogen (N), phosphorous (P),
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potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), iron (Fe), and copper (Cu) (Del Buono et
al., 2022). In olive trees, the extracts facilitated increased absorption of nitrogen (N), potassium (K),

calcium (Ca), magnesium (Mg), iron (Fe), and zinc (Zn) (Regni et al., 2021).

These benefits are further supported by the presence of signalling compounds, phytohormones,
phenolics, and glutathione in duckweed extracts, which collectively contribute to their biostimulant
properties (Del Buono et al., 2022; Regni et al., 2021). Additionally, secondary metabolites in these

extracts play a crucial role in enhancing plant resilience against both abiotic and biotic stresses.

Duckweed extracts have gained attention as promising biostimulants in agriculture, offering a
sustainable and eco-friendly approach to enhancing crop productivity and resilience. These extracts
are rich in bioactive secondary metabolites, such as phenolics and glucosinolates, which play a key
role in improving plant growth, nutrient assimilation, and stress tolerance. Studies have shown that
biostimulant treatments with duckweed extracts can enhance physiological parameters, including
chlorophyll content, photosynthetic efficiency, and overall biomass production in various crops,
highlighting their potential as a versatile tool for sustainable agricultural practices (Mrid et al., 2021;

Panfili et al., 2019).

1.3.5. Human Nutrition and Animal Feed

Lemna and Wolffia genera have been granted Generally Recognized as Safe Status by the US Food and
Drug Administration. In fact, duckweed has been traditionally consumed in Southeast Asian countries
such as Thailand, Laos or Cambodia (Bhanthumnavin & Mcgarry, 1971). Duckweed grows very fast, it
can produce a total biomass of up to 50 g in 7 days with an initial biomass of 1 g under ideal conditions

(Sree et al., 2015).

Duckweed species are recognized for their high protein content, ranging from 20% to 45.5% per dry
weight, positioning them as a significant protein source (Appenroth et al., 2017; Duangjarus et al.,
2022; Mbagwu & Adeniji, 1988). The amino acid profile of duckweed closely aligns with the World
Health Organization (WHO) recommendations, featuring substantial levels of essential amino acids
such as lysine (4.8%), methionine + cysteine (2.7%), and phenylalanine + tyrosine (7.7%) (Appenroth
et al., 2017). Notably, W. globosa provides all nine essential amino acids, making it a complete protein
source (Kaplan et al., 2019). Similarly, L. minor, when cultured with different fertilizers, has
demonstrated high levels of lysine and phenylalanine, with essential amino acids comprising 44.8% to
50% of the total amino acids (Opiyo et al., 2023). In addition to its protein content, duckweed species

exhibit a fat content ranging from 4% to 7% per dry weight, with a significant proportion of
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polyunsaturated fatty acids (48% to 71%) and a favourable n6/n3 ratio of 0.5 or less (Appenroth et al.,
2017). Furthermore, while the starch content in duckweed typically ranges from 4% to 10% per dry
weight under normal conditions (Appenroth et al., 2017), L. punctata has been shown to achieve a
remarkable starch content of 72.2% under conditions of nutrient limitation and CO. elevation
treatment (Fang et al., 2023). Some duckweed genera like Spirodela, Landoltia and Lemna have
significant levels of calcium oxalate which can cause health issues like kidney stones, while Wolffia

and Wolffiella does not produce calcium oxalate (Landolt, 1986).

Duckweed has been extensively studied as a potential feed ingredient for various animals. In poultry,
its inclusion in broiler diets showed mixed results, with higher levels negatively affecting production
parameters but lower levels showing promise, especially in terms of body weight gains (Ahammad et
al., 2003; Haustein et al., 1992, 1994; Kabir et al., 2005). For laying hens, duckweed inclusion improved
feed conversion ratios and egg quality, indicating its potential as a protein source (Anderson et al.,
2011; Chowdhury & Akter, 2011; Witkowska et al., 2012). Ducks fed with diets containing duckweed
exhibited improved growth performance compared to controls, albeit with variation depending on
supplementation levels (Khanum et al., 2005; Ngamsaeng et al., 2004). In pigs, duckweed inclusion in
diets showed promising results, with higher levels positively impacting body weight gains (Du, 1998;
Gutiérrez et al., 2001; Moss, 1999; Rojas et al., 2014; Van et al., 1997). Similarly, in ruminants,
duckweed demonstrated potential as a protein source, improving nitrogen retention and showing
comparable nutritional value to soybean meal (Babayemi et al., 2006; Damry et al., 2001; Huque et
al., 1996; Reid, 2004). In aquaculture, duckweed inclusion in fish and shrimp diets showed potential
for growth enhancement and improved protein efficiency, suggesting its suitability as a feed
ingredient (Effiong et al., 2009; El-Shafai et al., 2004; Flores-Miranda et al., 2014; Flores-Miranda et
al., 2015; Tavares et al., 2008). While further research is needed to optimize inclusion levels and assess
long-term effects, duckweed presents itself as a viable and sustainable alternative feed source across

various animal species.

1.4. Duckweed as a Plant-Based Protein Source

As the global population continues to rise, the need for sustainable, nutritious, and environmentally
friendly food options is becoming more critical, driving investment in alternative protein sources
(Fasolin et al., 2019). Plant-based proteins, insects, algae, and fungi offer a lower environmental
footprint compared to traditional animal-based proteins, making them more sustainable choices
(Fasolin et al., 2019; Grossmann & Weiss, 2021; Lépez-Martinez et al., 2022; Moura et al., 2022;

Sawicka et al., 2020; Van Der Heijden et al., 2023). Given its rapid growth rate and significant protein
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accumulation, duckweed stands out as a promising candidate for novel protein sources in this evolving

landscape.

Over the last decades, several companies have suggested that products derived from Lemna and
Wolffia species could be used as a protein source for food due to their high protein contents
(Appenroth et al., 2017). Duckweed is an aquatic plant that can be grown in artificial ponds built on
unproductive lands, absorbing nutrients such as nitrogen from wastewater. The use of wastewater
canincrease the growth rate and protein content of the duckweed, while reducing nutrients and water
lost during irrigation and reduce the subsequent contamination of ground and surface waters (Cheng
& Stomp, 2009). In addition, duckweed can accumulate up to 50% starch on a dry-weight basis, and
their cell walls contain low content of lignin making the cell wall carbohydrates more accessible and
easily be converted in fermentable sugars compared with other plants, which make duckweed a
potential feedstock for bioenergy production (Ma et al., 2018). Nutritional composition in plants is
strongly affected by the cultivation conditions, such as light and temperature, and also the
components of the culture media (Y. Yin et al., 2015). Under favourable cultivation conditions, starch
content can be reduced up to 4% whereas protein concentration can increase up to 45% on a dry-
weight basis in L. minor, being rich in polyunsaturated n® fatty acids and phytosterols (Appenroth et
al., 2017). Most importantly, the content of essential amino acids in duckweed is similar to other
vegetable sources such as grains or soybean, according to the WHO recommendations (Edelman &

Colt, 2016).

To assess how different food sources, meet the amino acid requirements of animals and humans, the
amino acid content of duckweed was compared with that of cereal seeds, legume seeds, and green
leaf tissues commonly used for animal feed and human consumption, based on data from various
studies. Specifically, the amino acid profiles of L. gibba and L. minor were compared with various

legumes, cereals, and green leaves, as detailed in Table 1.1.

The comparison focused on amino acids that are typically limiting in grains and legumes, such as lysine
and methionine, respectively (K. J. Appenroth et al., 2017, 2018; Cheng & Stomp, 2009; Edelman &
Colt, 2016; Jahreis et al., 2016). Additionally, threonine was included due to its common deficiency in
poultry diets (FAO, 2004), and histidine was considered because it is often present in low
concentration in many feed sources. The amino acid requirements for chicken at different ages (FAO,
2004), tilapia-fish (FAO, 2020; Santiago & Lovell, 1988) and humans (WHO, 2007) were then compared
with the amino acid concentrations (g amino acid per 100g protein) in Lemna, legumes, cereals and

green leaves as shown in Figure 1.8.
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The results of the comparison indicate that both Lemna species meet the nutritional requirements for
threonine, histidine, and lysine for animals and humans. However, the concentration of methionine
in Lemna, like that in legumes, may be insufficient if used as the sole feedstock. The observed
differences in amino acid profiles can be attributed to the predominant types of proteins in these
sources. In grains and legumes, the most abundant proteins are seed storage proteins (SSPs), which
are typically low in lysine and methionine. In contrast, green leaves contain Rubisco (ribulose 1,5-
bisphosphate carboxylase/oxygenase) as the major protein, which has a better balance of essential

amino acids (Edelman & Colt, 2016).

A balanced amino acid profile and high protein content make duckweed a promising novel protein
source for animals and humans. Consuming 100g of duckweed protein per day can meet the essential
threonine and lysine nutritional requirements for both animal feed and human consumption. For
example, chickens fed with a diet deficient in lysine showed reduced body and tissue wet weights, as
well as lower protein and RNA content, compared to those on a diet with a balanced amino acid profile
(Tesseraud et al., 1996). Studies have indicated that if threonine intake falls below 75% of the required
amount in chickens, broilers begin to lose weight, which could seriously affect poultry health (Ayasan
et al., 2009; Duarte et al., 2012). While duckweed has a lower histidine concentration compared to
other food sources, it still meets all nutritional requirements. Furthermore, the methionine
concentration in duckweed is higher than that found in legumes (Figure 1.8), which is beneficial since
methionine is limited in some species. Methionine is crucial for protein synthesis due to its sulphur

content, making it an essential amino acid (Baker, 2006; Finkelstein, 1990).

Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) is the main protein found in green leaves.
It retains its structure across all green leafy plants and fulfils essential amino acid requirements, as
recognized by the Food and Agriculture Organization (FAO) (Kung & Tso, 1978). Rubisco is present in
cyanobacteria, chemoautotrophic bacteria, and eukaryotes such as algae and higher plants,
comprising up to 50% of the total soluble protein in the plant leaf or inside the microbe (Ellis, 1979).
It plays a crucial role in photosynthetic carbon reduction and photorespiratory carbon oxidation.
However, its catalytic functions can be influenced by abiotic factors. For instance, high levels of oxygen
and low levels of carbon dioxide stimulate the photorespiratory pathway, leading to the production
of glycolate, a precursor for amino acid synthesis (Hofmann et al., 2013). Furthermore, the availability
of nitrate enhances nitrate assimilation and photorespiration rates, which in turn support Rubisco
carboxylation, highlighting the significant impact of nitrogen availability on Rubisco activity and overall

plant growth (Guilherme et al., 2019).

21| Page



1.5. Nitrogen Assimilation

The nitrogen assimilation in plants involves several key steps and enzymes (Figure 1.9). Nitrogen, as
an essential element for protein and nucleotide synthesis, is absorbed by plant roots from the soil in
inorganic forms, primarily as nitrate or ammonium. Nitrate transporters (NRTs) and ammonium
transporters (AMTs) facilitate the uptake of these ions (Krapp, 2015; Masclaux-Daubresse et al., 2010).
Once absorbed, nitrate is transported to the shoots, where it undergoes reduction to nitrite by nitrate
reductase in the cytoplasm. Subsequently, nitrite further reduced to ammonium by nitrite reductase
in the plastids, and ammonium is assimilated via glutamine synthetase (GS), present in both the

plastids and cytoplasm (Lam et al., 1996).

Ammonium, either taken up directly through AMTs or produced from nitrate reduction, is
incorporated into amino acids through the GS/glutamine-2-oxoglutarate aminotransferase (GOGAT)
cycle. The GS isoenzymes, GS1 and GS2, function in different cellular compartments: cytosolic GS1 is
primarily involved in NH4* assimilation in roots, especially during protein degradation and amino acid
catabolism, while chloroplastic GS2 assimilates NH;" released during photorespiration or from NOy
reduction during NOs™ conversion. GOGAT enzymes also vary, with ferredoxin-dependent GOGAT (Fd-
GOGAT) utilizing ferredoxin for electron transfer, and NADH-dependent GOGAT (NADH-GOGAT) using
NADH (Zhou et al., 2022).

22| Page



Table 1.1. Comparison of methionine, threonine, lysine, and histidine composition (% Total Protein)
across Lemna, legumes, grains, and green tissues. The table presents a comparison of amino acid
composition sourced from various articles, as indicated in the species column with studies by ?
Appenroth et al., (2017), 2 Jahreis et al., (2016), 3 Edelman & Colt, (2016), * Cheng & Stomp, (2009).

Groups

Lemna

Legumes

Grains

Green
tissues

Species

L. minor?
L. gibba **
Soya 234
Chickpea 3
Lupin 2
Green pea ?
Lentil 3
Peanut *
Wheat 3
Corn 34
Rice 3*
Spinach 3
Broccoli 3

Green grass *

Methionine
1.6
1.6

1.3-1.7

1.4-1.6
0.7
0.9
0.9

1
1.6
2.1-2.35
2.3-3

2.1
1.8
2.5

Threonine
4
4
3.9-4.1
3.8-3.9
4.2
4.2
3.9
1.6
2.7
3-3.8
3.6-3.8
4.9
3.9
5.4

Amino acid (%total protein)

Lysine
5
4.2
6-6.8
6.9-7
49
7.2
7.6
3
2.2
1.85-2.8
3.2-3.6

7.4
5.5

Histidine
1.5
1.6

2.6-2.9
2.7-2.9
2.8
2.5
3.1
2.1
2.4
2.1-3.1
1.7-2.3
2.6
2.5
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Figure 1.8. Amino acid concentration in different groups of food compared with nutritional
requirements in different animals and humans. Amino acids concentration is represented as g
amino acids per 100 g total protein while the nutritional requirements are measured like g amino
acids per day required by that diet. Each amino acid is explained in different graphs. A) Methionine,
B) Threonine, C) Lysine and D) Histidine. White bars represent four different food groups: Lemna,
legumes, cereals, and green tissues. The different coloured lines are nutritional requirements for
different animals: Light brown line with square dots for meat chickens from 0 to 3 weeks, grey line
for meat chicken from 3 to 6 weeks, light blue line for meat chickens at 8 weeks old, dark brown line
for laying hens (FAQ, 2004), dark blue line for tilapia (fish) (FAO, 2020; Santiago & Lovell, 1988) and

light brown line with triangle dots for humans over 18 years old (WHO, 2007).
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Aminotransferases then catalyse the transfer of the amino group from glutamate (Glu) to form various
amino acids. Asparagine synthetase (AS) is responsible for synthesizing asparagine (Asn) and
glutamate from aspartate and glutamine, respectively. During the senescence stage of leaves,
nitrogen is stored within their structure, but as senescence progresses, nitrogen is remobilized to
support the development of new seeds (Lam et al., 1996). Notably, up to 95% of the seed protein is

derived from amino acids released from protein degradation in senescing leaves (Taylor et al., 2010).

Unlike many higher plants, duckweed does not frequently produce seeds. Primarily consisting of leaf
structures, it contains a significant amount of Rubisco (ribulose 1,5-bisphosphate
carboxylase/oxygenase) which makes up about 50% of its protein content. This enzyme complex is

crucial for its photosynthetic activity (Kawashima & Wildman, 1970).

In duckweed, nitrogen assimilation occurs in both roots and leaves, where NRTs and AMTs are present
(Zhou et al., 2022). This dual-site uptake enhances nitrogen use efficiency (NUE), enabling up to 68 kg
of biomass per kg of nitrogen absorbed (Guo et al., 2020). The plant's simple morphology and

widespread transporters optimize nutrient absorption and utilization.

1.6. Environmental Impacts on Duckweed Nutritional Composition

Environmental factors and growth conditions significantly impact the nutritional composition of
duckweed, affecting its contents of proteins, lipids and carbohydrates. For instance, Stewart et al.,
(2021) demonstrated that L. gibba could maintain a high growth rate across a broad range of
photosynthetic photon flux densities (PFDs), from as low as 50 pmol photons m?s™" to as high as 1000
umol photons m2s. In contrast, Ishizawa et al., (2017) found that co-cultivating L. minor with bacterial
communities from various aquatic environments resulted in significant variations in duckweed

growth, with changes ranging from -24% to +14% compared to aseptic controls.

Additionally, environmental stressors such as heavy metals impact duckweed's nutritional profile. Sree
& Appenroth, (2014) reported that cadmium ions induced starch accumulation in duckweed after four
days of treatment at concentrations that almost completely suppressed growth. Hou et al., (2007)
observed that exposure to copper and cadmium ions led to a decrease in soluble protein content, with
more pronounced effects at higher concentrations. Similarly, Su et al., (2019) noted that the presence
of aluminium in the growth medium reduced protein content by 43% compared to duckweeds grown

without aluminium.
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Figure 1.9. Simplified diagram of the nitrogen assimilation pathway in plants. Nitrate enters the cell
via Nitrate Transporters (NRTs), while ammonium is taken up through Ammonium Transporters
(AMTs). Nitrate Reductase (NR) converts nitrate into nitrite, which is then transported into plastids by
Histidine-Proline-Proline (HPP). Inside the plastids, Nitrite Reductase (NiR) reduces nitrite to
ammonium. The resulting ammonium is assimilated by cytosolic glutamine synthetase isoforms (GS1;1
and GS1;2) and chloroplastic glutamine synthetase (GS2), along with Ferredoxin-dependent glutamate-
oxoglutarate aminotransferase (Fd-GOGAT) and NADH-dependent glutamate-oxoglutarate
aminotransferase (NADH-GOGAT), to form glutamate (Glu) and glutamine (GIn), which serve as
precursors for amino acid biosynthesis. Excess nitrate is stored in the vacuole and transported across
the membrane via the chloride channel (CLC).
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Furthermore, Ullah et al., (2021) highlighted that low salinity levels promote higher protein content
in duckweed, while increased salinity leads to a reduction in lipid content and a decrease in
carbohydrate levels. The study revealed that the highest carbohydrate percentages were obtained at
moderate salt concentrations, whereas higher salt levels resulted in significant reductions in both

growth and carbohydrate content.

A crucial factor in duckweed’s nutritional profile is nitrogen source in the growth medium. NH;* and
NOs™ are commonly used as nitrogen fertilizers in agriculture (Coskun et al., 2017). Research by Zhou
et al. (2022) indicates a preference for NHs" over NOs". Nitrate assimilation is more energy-intensive
because NOs must be converted to NHs* before it can be used for protein synthesis. However, excess
NHs* accumulation can lead to toxicity, causing chlorosis and reduced growth rates (Britto &
Kronzucker, 2013), primarily due to the increase of reactive oxygen species (ROS), which triggers
oxidative damage and results in cell death (Wang et al., 2016). Regardless of this, duckweed
demonstrates higher resistance to NH4* stress compared to other plants (Huang et al., 2013; Tian et

al., 2021).

1.7. Duckweed Response to Heat Stress

A positive environment is crucial for plant development, as plants are sessile organisms unable to
move or relocate. Their growth rate, yield, and overall evolution are intricately tied to environmental
conditions (Lippmann et al., 2019). With the rise in global temperatures due to global warming, future
plant generations are increasingly at risk of heat stress (HS), which can have severe, and sometimes

lethal, impacts on their health and productivity (Hedhly et al., 2009).

Heat stress disrupts critical plant processes such as growth, germination, development, reproduction,
and yield (Hasanuzzaman et al., 2013), since high temperatures can damage essential physiological
functions including photosynthesis, respiration, transpiration, and cell structure (Ben-Asher et al.,
2008). To combat these challenges, plants have evolved intricate and multifaceted systems known as
Heat Stress Responses (HSR). Among the key components of these responses are heat shock proteins
(HSPs) and reactive oxygen species (ROS)-scavenging enzymes, which play crucial roles in mitigating

heat-induced damage and maintaining cellular stability under stress conditions (Ohama et al., 2017).

Heat shock proteins (HSPs) play a vital role in protecting plants from heat stress (HS) by acting as
molecular chaperones that help regulate protein quality. Key HSPs include HSP100, HSP90, HSP70,
HSP60, and small heat shock proteins (sHSPs). These proteins are essential for renaturing denatured

proteins caused by heat stress, ensuring proper protein folding and function (Kotak et al., 2007; Qu et

27 |Page



al., 2013). They are well-established targets of HS-responsive transcription factors (TFs) and are

upregulated during heat stress responses.

In addition to HSPs, reactive oxygen species (ROS)-scavenging enzymes such as ascorbate peroxidase
(APX) and catalase (CAT) play a critical role in mitigating oxidative damage during heat stress. ROS,
including hydrogen peroxide (H,0;), superoxide anions (O;7), and singlet oxygen (10,), are generated
under stress conditions and can enhance HS-responsive pathways as well as contribute to cell death

if not adequately managed (Baxter et al., 2014; Suzuki & Mittler, 2006).

As presented in the Figure 1.10, heat stress transcriptional networks involve a complex array of
transcriptional regulators. HEAT SHOCK TRANSCRIPTION FACTOR Als (HsfAls) serve as 'master
regulators' in these networks, crucial for activating various heat stress-responsive genes (Liu et al.,
2011; Mishra et al., 2002). HsfAls are known to directly regulate the expression of genes encoding
other important HS-responsive TFs, such as DEHYDRATION-RESPONSIVE ELEMENT BINDING PROTEIN
2A (DREB2A), HsfA2, HsfA7a, HsfBs, and MULTIPROTEIN BRIDGING FACTOR 1C (MBF1C) (Yoshida et
al., 2011). DREB2A itself induces the expression of HsfA3 as a direct target gene with a coactivator
complex of NUCLEAR FACTOR Y, SUBUNIT A2 (NF-YA2), NF-YB3, and DNA POLYMERASE Il SUBUNIT B3-
1 (DPB3-1)/NF-YC10 DREB2A, in particular, induces the expression of HsfA3 as a direct target gene,
often in coordination with a coactivator complex that includes NUCLEAR FACTOR Y, SUBUNIT A2 (NF-
YA2), NF-YB3, and DNA POLYMERASE Il SUBUNIT B3-1 (DPB3-1)/NF-YC10 (Sato et al., 2014). These
transcriptional regulators collectively enhance thermotolerance or long-term adaptation to heat

stress (Ohama et al., 2017).

Research on high-temperature stress has been extensively documented for vegetables (Hu et al.,
2021), fruits (Almeida et al., 2021), and other crops worldwide (Sah & Sherpa, 2020). In aquatic plants,
exposure to high temperatures triggers various physiological and molecular mechanisms that help
them survive under stress. For example, Ipomoea aquatica shows that heat stress negatively affects
photosynthesis and increases oxidative stress, activating specific genes involved in thermal adaptation
(Guo et al., 2020). Similarly, studies in Potamogeton species highlight how thermotolerant species
produce heat shock proteins (HSPs) and transcription factors, offering protection against thermal
damage (Amano et al., 2012). Invasive species like Gracilaria vermiculophylla also exhibit heat
resistance traits, which have been key for their colonization in new thermal environments (Hammann
et al., 2016). Research on Elodea nuttallii further supports the idea that gradual heat exposure
enhances plant protective mechanisms more effectively than abrupt heat shocks, demonstrating the

diversity of responses in aquatic species (De Silva & Asaeda, 2018).
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A transcriptomic study on Pyropia haitanensis found that a heat-tolerant strain expressed genes
related to HSPs, antioxidant defences, and energy metabolism more efficiently than heat-sensitive
strains, protecting its cells from heat damage (Wang et al., 2018). These insights are crucial for

improving Pyropia cultivation under rising global temperatures (Wang et al., 2018).

In the case of duckweed, Shang et al., (2022) focused on the physiological and transcriptional
responses of S. polyrhiza under heat stress. The researchers observed that superoxide dismutase
(SOD) levels initially increased before declining, whereas malondialdehyde (MDA) content consistently
rose, indicating oxidative damage. Additionally, they identified fourteen differentially expressed
transcription factors (TFs) involved in heat stress responses, including those from the HSF, ERF, WRKY,

and GRAS families.

Despite significant advances, there remains a gap in understanding how different duckweed clones
respond to heat stress, particularly regarding protein content. Previous research on Spirodela
polyrhiza has shown that heat stress induces oxidative damage and fluctuating antioxidant responses,
affecting overall plant health. However, its impact on protein levels, particularly under different
temperature regimes, has not been thoroughly explored. In Spirodela, heat-responsive genes,
including those involved in oxidative stress regulation and protein metabolism, have been identified,
suggesting that protein levels may be closely linked to thermotolerance. This study aims to build on
these findings by investigating how heat stress specifically influences protein content across multiple
Lemna clones, shedding light on the genetic factors controlling protein synthesis and degradation

under environmental stresses.

To achieve stable, protein-rich duckweed production for human and animal consumption, it is crucial
to investigate the effect of abiotic stresses, particularly heat stress and nitrogen sources, on
duckweed’s protein content. Results of previous studies show that heat stress can significantly
influence duckweeds biochemical composition, including protein levels (Shang et al., 2022) and the
nitrogen removal efficiency and protein yield of duckweed are influenced by nitrogen levels (Zhou et
al., 2022). Therefore, both heat stress and nitrogen levels play a pivotal role in determining the protein
yield in duckweed, which needs further investigation to optimize production for nutritional use.
Understanding and managing these abiotic stress factors can lead to more consistent and higher-

quality protein production in duckweed, which is vital for its use as a sustainable food source.
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Figure 1.10. Transcriptional regulatory network in plant heat stress responses. Heat stress
induces the generation of reactive oxygen species (ROS), triggering a cascade of regulatory events.
HSFA1 proteins act as central regulators, activating transcription factors like HSFA2, HSFA3, HSFA7,
HSFBs, and DREB2A, which regulate downstream heat-responsive genes. Proteins such as
HSP70/90 stabilize HSFA1s and assist in maintaining protein homeostasis. Additional transcription
factors, including NAC019, MBF1C, and NF-Y family members, integrate stress signals to enhance
thermotolerance by activating chaperones and enzymes. This network highlights the intricate
interplay between transcription factors, heat shock proteins, and co-regulators in acquiring heat
tolerance in plants.
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1.8. Aims and Objectives of the Project

This project aims to investigate the impact of heat and nitrogen source on duckweed growth and
protein content. By exploring these two critical environmental factors, this research will help us to
understand how nitrogen availability and temperature variations impact both the biochemical
composition and overall productivity of different duckweed clones. The findings will contribute to
optimizing duckweed's use as a sustainable protein source for human and animal consumption. The

project has three objectives, each corresponding to a dedicated experimental chapter:

o Objective 1: To explore the influence of different nitrogen sources on protein yield across
distinct clones of Lemna minor and Lemna gibba and examine the differences in expression of
nitrogen assimilation genes in these species (Chapter 3).

e Objective 2: To distinguish heat-tolerant and heat-sensitive Lemna clones based on their
physiological responses to heat stress. Differences in traits such as growth, chlorophyll
content, and nitrogen levels were analysed to determine variations in heat tolerance among
clones (Chapter 4).

e Objective 3: To assess changes in protein content among heat-tolerant and heat-sensitive
clones under different temperature conditions and identify differential gene expression

patterns among the clones through transcriptomic analysis (Chapter 5).
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2. Chapter 2: General Materials and Methods
2.1, Plant Materials
2.1.1. Establishment of Duckweed Collection at University of Hertfordshire (UH)

To maintain the collection, standard operating procedures (SOPs) for collection, growing, sterilization
and identification needed to be produced since this is the first project on duckweed at the UH. When
conditions for duckweed collected from Hertfordshire were set, L. gibba clones were purchased from
Rutgers Duckweed Cooperative Stock (Rutgers Duckweed Stock Cooperative - Retrieved on

18/12/2024). The number of clones maintained at UH was 50.

In this thesis, 20 duckweed clones were collected from local ponds in Hertfordshire, UK, and 30 clones
were purchased from the Rutgers Duckweed Stock Cooperative. The clones were listed on Table 2.1,

where ID number, species and location is explained.

2.1.1.1. Field Sampling, Processing, and Morphological Identification of Duckweed

Duckweeds were collected from the pond surface with a net, trying to not disturb the aquatic
environment. Other vegetative or animal organisms were removed from the sample and then
duckweed samples were saved in labelled plastic zip-lock bags. Besides, pH of the pond water was
measured with a portable pH meter and ammonia, nitrate and nitrite concentration were measured
with a test kit (JNW Direct, 9 in 1 Aquarium Test Strips). Pond location was noted to trail different

duckweed clones collected for geographic analysis.

Promptly, samples were transported to the lab for a deep clean. Samples were placed on a 2mm mesh
strainer where duckweed were cleaned with tap water until all non-duckweed materials (small sticks,
leaves, etc.) were removed. Then, it was finally washed with deionized water (DIW, <15mQ). Half of
the samples were dried at 60°C for 48 hours for protein quantification analysis, and the remaining

samples were stored at 4°C in 50 ml Falcon tubes until further use.

To visualise duckweed morphological features for duckweed identification, chlorophyll was removed
from duckweed tissues by 1 hour incubation series from 50 to 100% ethanol at room temperature in
dark conditions (Miazek & Ledakowicz, 2013). After removing chlorophyll, samples were stored in 75%

ethanol at 4°C in dark conditions.

32|Page



Table 2.1. List of duckweed species at UH duckweed collection. It is composed by clones
purchased at Rutgers Duckweed Stock Cooperative and collected in local ponds. Last eight
Lemna samples were not taxonomically identified by barcoding identification.

ID Species Continent Country City
5615 L. gibba Asia Israel Soreq National Park, Palmachim
6861 L. gibba Europe Italy Toscana, Lagodi, Massaciuccoli
7021 L. gibba Europe Spain Andalusia, Cordoba
7245 L. gibba Africa South Africa Cape, Stellenbosch, Jonkershoek
7263 L. gibba Europe Greece Thessalia, Trikala
7532 L. gibba Europe Eire Carlow Co., Barrow R.
7537 L. gibba Africa Spain Tenerife, Puerto de la Cruz
7641/7582 L. gibba Asia Israel Hadera, Kirket Batih
7705 L. gibba Asia India Gujarat, Khaira, Anand
7749 L. gibba Europe Belgium Liege, Terwagne
7763 L. gibba Europe UK Wales, Cardiff, Wentlooge level
7784 L. gibba Africa Ethiopia Shoa, 30 km E of Addis Abeba
7796/G3 L. gibba Europe Italy Sicilia, Catania, Bot. Garden
7798 L. gibba America Peru Lima, Laguna de Villa
7805 L. gibba Europe France Camargue, La Tourdu Vallat
8124 L. gibba America USA Arizona, Pima Co., Arivaca
8428 L. gibba Europe Switzerland Aargau, Koblenz
8655 L. gibba America Argentina Cordoba, Rio Cuarto, Gigena-Elena
8678 L. gibba Asia India Kashmir, Srinagar
8682 L. gibba Asia Saudi-Arabia  Asir-Baha, 2020m
8703 L. gibba Asia Japan Honshu Aichi
8738 L. gibba America Argentina Rio Negro, General Roca
9248 L. gibba Europe Italy Alto Adige, Trento
9255 L. gibba Europe Finland Uusimaa, Pukila
9435 L. gibba Europe Albania Lashnja, Distr. Lushnjy, Saveri
9481 L. gibba Europe Denmark Mon
9532 L. gibba Europe Germany Marburg
9583 L. gibba Europe Poland Topilo
9591 L. gibba Europe Hungary Szarvas, Arboretum, river Koros
9619 L. gibba Europe Albania Pogradeci
Manor L. gibba Europe UK Harpenden
SD L. minor Europe UK Harpenden
DG4/7868 L. minor Europe Ireland Dublin, Ballsbridge
DG8/9441 L. minor Europe Germany Marburg St.
DG9/8292 L. minor Asia Iran Mazandaran, Ghassem Abbath
DG10/7766 L. minor Pacific NZ Southern Island
DG12 L. minor Europe UK
Colour L. gibba Europe UK Hackney Wick, London
Jen Young L. gibba Europe UK Clifton Road, London
0. Wood L. gibba Europe UK Hatfield, Hertfordshire
S. Grove L. gibba Europe UK Hertford, Hertfordshire
The pond L. gibba Europe UK Hatfield, Hertfordshire
Pinetum Lemna Europe UK Hertford, Hertfordshire
Hatfield Lemna Europe UK Hatfield, Hertfordshire
HG Lemna Europe UK Hertford, Hertfordshire
Ashridge Lemna Europe UK Welwyn Garden City, Hertfordshire
Cambridge Lemna Europe UK Cambridge, Cambridgeshire
Tewimbury Lemna Europe UK Welwyn Garden City, Hertfordshire
D. Lake Lemna Europe UK Welwyn Garden City, Hertfordshire
D. Pond Lemna Europe UK Welwyn Garden City, Hertfordshire
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2.1.1.2. Duckweed Sterilization

To store the clones under aseptic conditions, duckweed plants were sterilised following the method
established by Appenroth et al. (2015). Plants were washed 4 times with 7.5% NaOClI for 3-, 4-, 5- and
6-min. Fronds were rinsed gently with water after each bleach-bath. After bleach bath, samples were
transferred into 50 ml Falcon Tubes containing sterilized Schenk and Hildebrandt (SH) medium with
the following composition 0.68 mM CaCl,:2H,0, 12.4 mM KNOs, 0.81 mM MgS0,4-7H,0, 1.3 mM
(NH4)H,PO4, 30 uM MnS04-H,0, 40 uM H3BOs3, 1.74 uM ZnS04-7H;0, 3.0 uM Kl, 0.4 uM CuS0O,4-5H,0,
0.21 pM Na;Mo04-2H,0, 0.21 uM CoCl,-6H,0, 27.0 uM FeNaEDTA, 2.74 uM Na,EDTA-2H,0 (Schenk &
Hildebrandt, 1972; Ziegler et al., 2015), containing sugar (50 mM glucose or 25 mM sucrose) for 2
weeks. The pH was adjusted to 5.5 with 0.5 mM HCI. After sterilization process, the mother frond died
but seven days later, the daughter grown from the meristematic pockets in completely aseptic
conditions as shown in Figure 2.1. After 14 days, if the medium remained clear, the sterilization was
successful. Afterwards, clones were stored in CE cabinets at 15°C in 300 ml Erlenmeyer flasks
containing 100 ml sterile SH nutrient medium, with continuous white light at 30 pmol-m?-s?
(photosynthetically active radiation) from fluorescent tubes TLD 36W/86 (Philips, Eindhoven, the
Netherlands).

2.1.1.3. Pre-cultivation and Cultivation

For pre-cultivation phase, plants were acclimated for two weeks keeping the plant young with a high
relative growth rate to ensure reproducible results. When samples were cleaned, they were cultivated
in Controlled Environment (CE) cabinets at 20°C in magenta vessels containing 300 ml sterile nutrient
medium under continuous white light at 100 pmol-m2-s (photosynthetically active radiation) from
fluorescent tubes TLD 36W/86 (Philips, Eindhoven, the Netherlands) following the protocol ISO 20079,
(2005). To avoid nutrient limitation, medium was refreshed every week. Schenk and Hildebrandt

medium was employed with the composition explained in section 0.
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Figure 2.1. Daughter duckweed frond being born in aseptic conditions.
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2.2, Nucleic Acids Extraction and Purification
2.2.1. DNA Extraction

DNA extraction from duckweed clones was conducted using a modified protocol from the DNeasy
Plant Mini Kit (Qiagen, Valencia, CA, USA). Fresh duckweed tissue (80 mg) was prepared by removing
excess water and placing the sample in a 2 ml Eppendorf tube with stainless steel bead 0.5 cm. The
tissue was disrupted using a Tissuelyser (Tissuelyser Il) at 12,000 rpm for 30 seconds, ensuring

complete homogenization.

For cell lysis and RNA removal, 400 pl of Buffer AP1 and 4 ul of RNase A were added to the
homogenized tissue. The mixture was briefly vortexed and incubated at 65°C for 10 min, with
occasional gentle inversions to facilitate the process. After lysis, 130 ul of Buffer P3 was added to
precipitate proteins, followed by incubation on ice for 5 min. The lysate was then centrifuged at 14,000

rpm for 5 min to separate proteins from nucleic acids.

The supernatant was transferred into a QlAshredder spin column and centrifuged for 2 min at 14,000
rpm. The flow-through was collected into a new tube, and 1.5 volumes of Buffer AW1 were added and
mixed thoroughly. The mixture was then transferred to a DNeasy Mini spin column and centrifuged at

8,000 rpm for 1 min. This step was repeated with the remaining sample.

For the wash steps, the spin column was placed in a clean collection tube, and 500 pl of Buffer AW2
was added, followed by centrifugation at 28,000 rpm for 1 min. A second wash was performed with
an additional 500 pl of Buffer AW2, centrifuged at 14,000 rpm for 2 min to ensure complete removal

of contaminants.

To elute the DNA, the spin column was transferred to a new 1.5 ml microcentrifuge tube, and 100 pl
of Buffer AE was added. The column was incubated at room temperature (15-25°C) for 5 min before
centrifuging at 8,000 rpm for 1 min. The purified DNA was subsequently stored at -20°C for future use

in downstream applications.

2.2.2. RNA Extraction

RNA extraction from duckweed plants was carried out using a modified protocol from the E.Z.N.A.®
Plant RNA Kit Protocol (Norcross, Georgia, USA). Fresh green leaves (80 mg) were harvested from
plants cultivated under various experimental conditions. The tissue samples were immediately frozen

in liquid nitrogen and ground with ceramic beads in a TissueLyser (Tissuelyser 1) at 12,000 rpm for 30
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sec. The resulting powder was lysed by adding 500 pL of RB Buffer containing 2-mercaptoethanol,

followed by thorough vortexing to ensure complete mixing and prevent clump formation.

To remove cell debris and homogenize the lysate, the samples were centrifuged at 12,000 x rpm for 5
min. The supernatant was then transferred to a new tube, and one volume of 70% ethanol was added
to the lysate, mixed, and transferred to a HiBind® RNA Mini Column. This column, inserted into a
collection tube, facilitated RNA binding during a 1-min centrifugation at 11,000 rpm. DNA
contaminants were eliminated by adding a DNase | solution directly to the column membrane and
incubating at 37°C for 30 min. The column was then washed with RNA Wash Buffers | and Il, followed
by a drying spin to remove residual ethanol. Finally, RNA was eluted with 50 pL of preheated nuclease-

free water, and the purified RNA was stored at -70°C for further analyses.

2.3. Nucleic Acid Quantification and Quality Control Checks
2.3.1. Electrophoresis and Visualization of Nucleic Acids in Agarose Gels

Nucleic acid samples were visualised through an agarose gel with TAE buffer (40 mM Tris-Acetato;
1mM EDTA; pH 8) with GelRed® Nucleic Acid Gel Stain 0.1 %(p/v) from Biotium. The agarose gel
concentration varies depending on the length of the nucleic acid. A 1.2% agarose gel was used, as
lower concentrations (e.g., 0.8%) are suitable for larger DNA fragments, while higher concentrations
(e.g., 2%) improve resolution for smaller fragments. For nucleic acids size determination, 1Kb and 100
bp ladder was added to the gel. Nucleic acid bands were visualised by ultraviolet camera where picture
was taken. For RNA samples, RNA denaturalization step preceded the loading. Samples were heated
at 65°C for 5 min to denature the RNA. After heating, samples were placed on ice for 2 min to ensure

cooling and stability. 1 kb and 100 bp ladders were added in the gel.

2.3.2. DNA Contamination Analysis Through PCR Techniques and Visualization in Agarose Gel

To check for DNA contamination in the RNA samples, a polymerase chain reaction (PCR) was
conducted using primers specific to the reference gene Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primers used for this assay are listed in Table 2.2. The PCR protocol was designed to
amplify any genomic DNA present in the RNA samples. The thermal cycling conditions included an
initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 45 sec,
annealing at 55°C for 30 sec, and extension at 72°C for 1 min. The process concluded with a final

extension step at 72°C for 10 min.
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Subsequently, a final extension step was conducted at 72°C for 10 min to ensure thorough
amplification. The PCR reaction setup included 2.5 pL of 10x PCR buffer containing 0.75 uL of 50 mM
MgCly, 0.5 pL of 10 mM dNTP Mix, 1.25 uL each of 10 uM forward and reverse primers designed using
Benchling (Table 2.2), and 0.1 uL of Tag DNA Polymerase (1 unit), which was sourced from Invitrogen.

The reaction mixture was prepared using nuclease free water to reach a final volume of 25 pL.

After PCR amplification, the products were analysed via gel electrophoresis (see previous section
2.3.1). The presence of bands corresponding to the expected size of the GAPDH PCR product (98 bp)
on the gel would indicate DNA contamination in the RNA samples. Conversely, the absence of such
bands would confirm the absence of DNA contamination, thereby verifying the purity of the RNA

samples.

2.3.3. Nanodrop Spectrophotometer

The concentration and purity of the nucleic acids were determined by measuring UV absorbance at
260 nm using the Nanodrop® ND 1000 Spectrophotometer. An optical density (OD) unit at 260 nm
corresponds to 40 pg/mL for RNA and 50 pg/mL for DNA. A 260/280 ratio of 1.8-2.0 indicates good
DNA purity, while a ratio of 2.0 suggests pure RNA. In contrast, a ratio of approximately 0.6 indicates
protein contamination. Additionally, a 260/230 ratio of 2.0-2.2 signifies high nucleic acid purity;
deviations from these values may suggest contamination with substances absorbing at 230 nm, such

as carbohydrates or phenol.

To proceed with the analysis, the Nanodrop spectrophotometer software was launched, and the
appropriate analysis tab (e.g., "Nucleic Acid" for DNA or RNA concentration measurement) was
selected. With the sampling arm open, 1.5 uL of nuclease-free water was pipetted onto the lower
measurement pedestal to establish a blank baseline. Following this, 1.5 uL of the RNA sample was
applied to the lower pedestal, and the sampling arm was closed. The spectral measurement was
initiated through the software on the connected PC, and the sample column was automatically
positioned between the upper and lower pedestals for measurement. Upon completion, the sampling
arm was opened, and both the upper and lower pedestals were carefully cleaned with a soft

laboratory wipe to prevent cross-contamination.

After the final measurement, all surfaces were thoroughly cleaned with deionized water to ensure the

instrument's cleanliness and maintain its integrity for subsequent uses.
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Table 2.2. List of primers used for end-point PCR.

Marker Primer sequence Amplicon size

Forward: 5’ -CCTCCACCATTGACTCCTCGTT- 3’
GAPDH 98 bp
Reverse: 5’ -CACCCGTTGACTGTATCCCCAT- 3’

Forward: 5" -ACTCGCACACACTCCCTTTCC- 3’
atpF-atpH 675 bp
Reverse: 5’ -GCTTTTATGGAAGCTTTAACAAT- 3’

Forward:5’ -TTAGCATTTGTTTGGCAAG- 3’
psbK-psbl 544 bp
Reverse: 5’ -AAAGTTTGAGAGTAAGCAT- 3’

T2 optimum

62 °C

53°C

51°C
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2.3.4. Quantification with Qubit Fluorometer

To determine the concentration of nucleic acids, the Qubit® 4 Fluorometer from Invitrogen Life
Technologies was employed. The procedure began with the preparation of the Qubit® Working
Solution for Broad Range by diluting the Qubit® RNA BR Assay Kit reagent in Qubit® buffer at a 1:200
ratio. For each standard and user sample, 200 uL of the Working Solution was prepared. Specifically,
190 pL of the Working Solution was combined with 10 pL of the standard kit, and 198 L of the Working

Solution was mixed with 2 pL of each sample, resulting in a total volume of 200 uL per assay.

The samples were then vortexed for 2-3 seconds to ensure thorough mixing. Following this, they were
incubated at room temperature for 2 min in the dark to protect the fluorescent dye from light
exposure. After the incubation period, the samples were placed into the Qubit® Fluorometer, and the

nucleic acid concentrations were measured according to the device's protocol.

2.3.5. TapeStation Analysis

The Agilent TapeStation system is an automated electrophoresis solution for the sample quality
control of DNA and RNA samples. Samples quality was measured using 4150 TapeStation System from
Agilent. The diluted ladder solution was prepared by adding 10 puL of RNase-free water to the High
Sensitivity RNA Ladder vial. Solution was mixed thoroughly. One pL of High Sensitivity RNA Sample
Buffer with 2 puL of RNA ladder was mixed. RNA samples were mixed 1 plL of High Sensitivity RNA
Sample Buffer with 2 uL of RNA sample. Samples were spin down, then vortexed using an IKA vortexer
and adaptor at 2000 rpm for 1 min. Samples were centrifuged to ensure they were collected at the
bottom of the tube. Ladder and samples were heated at 72°C for 3 min to ensure denaturation. Then,
the ladder and samples were placed on ice for 2 min. Prepared samples were loaded into the 2200

Agilent TapeStation instrument for analysis where data were obtained.

2.4. DNA Barcoding — Clone Genotyping

Only the clones used for future experiments from the UH duckweed collection were taxonomically
classified by DNA barcoding, following the method described by (Wang et al., 2010). These clones
were SD, DG4 and DG8 which were classified as L. minor and Manor, Colour factory, Jen Young, Oxley’s
Wood, Sailor’s Grove and Pond clone which were classified as L. gibba. Two chloroplast markers, atpF-

atpH and psbK-psbl, were amplified using specific primers (Table 2.2) based on reference sequences
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from duckweed. Clones obtained from the Rutgers collection were not subjected to DNA barcoding,

as they had already been classified as Lemna gibba by the provider.

2.5. Duckweed Growth Rate Measurements

To measure growth rate of duckweed under different conditions, initial weight and final weight were
weighted in a balance removing the excess of water to get an exact value. Growth rate was measured
with these formulas where the weight at day 0 and day 7 were normalised and divided by the time

(Ziegler et al., 2015).
Relative growth rate (d) for two-point measurements (day 0 and day 7):

1 RGR = (lan - |nXto) / (t7 - to)

X =Weight, t = time.

2.6. Sample Preparation for Total Nitrogen and Nitrate Measurements with FT-MIR Model
2.6.1. Plant Materials from Different Cultivation Treatments

Duckweed samples from different treatments were collected with a sieve whilst excess of water was
removed with tissues. Leaves were immediately put into a 2 ml Eppendorf tubes and dried in an oven
at 60 °C for 48 h. When samples were completely dried, three stainless steel balls of 0.5 cm were
added into the tube and samples were milled using TissuelLyser at 12,000 rpm for 3 min (Tissuelyser
). Subsequently, samples were centrifuged employing Fisherbrand™ Microcentrifuges, Micro 17/17R,
to remove duckweed powder located in the tube walls. Stainless steel balls were collected from the
tubes and cleaned in 10% sodium hypochlorite solution for re-use. Samples were stored in the 2 ml

Eppendorf tubes in dry conditions and room temperature until further analysis.

2.6.2. Identification of Nitrate-N Peaks in the FTMIR Spectra

Two sets of samples were prepared to identify organic and inorganic nitrogen peaks (i.e. nitrate, nitrite
and ammonium). One set was composed by 1 g of cellulose aliquots with 1 ml of NOs-N standard
solutions (Nitrate standard solution, 1198110500, Merck Millipore) prepared to give final
concentrations of 10,000, 5,000, 1,000 and 100 mg/kg NOs—N in the plant sample after drying. The
second set was composed by 1 g of duckweed standard sample called Ma-STD, collected in Harpenden,

United Kingdom, with the same sample preparation. Both the amount of sample and the volume of
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the NOs—N standard solutions were carefully chosen after several weight to volume ratio checks to
ensure that the sample would be entirely and homogeneously wet with the spiking solution. Both set

of samples were dried at 60 °C for 48 h and thoroughly mixed before FTMIR scanning.

2.6.3. Total Nitrogen Determination by Dumas Combustion

Total-N (TN) in food is traditionally measured by Dumas combustion (Liu et al., 2025). For that reason,
TN was determined according to the procedure of Dumas using a LECO CN628 Combustion Analyser
(LECO Corporation, St Joseph, Michigan, USA). Dried 100 mg of plant material is combusted, and the
N, is measured with a thermal conductivity sensor. For this method, all nitrogen forms were
combusted and then analysed. This analysis gives the sum of organic, nitrate, nitrite and ammonium
nitrogen. Quality analyses were done with the addition of plant references standards of certified Total-
N content (NIST-Spinach, NIST-Tomato, NIST-Peach, Wepal IPE-100, Wepal IPE 154) and an in-house
grass standard. Besides, one repeat sample was included every ten samples for additional quality

analysis.

2.6.4. Total Nitrate Determination by Salicylic Nitration with Spectrophotometric Determination

Nitrate nitrogen (NOs-N) measurement was developed by Cataldo et al. (1975). This method
determines nitrate content in plants based on nitration with salicylic acid. Dried 25 mg sample was
used to extract NOs-N with 1 ml of 18 MQ-cm ultrapure water at 70 °C for 60 min. Samples were
centrifuged at 15850 g, then 0.1 ml of supernatant was mixed with 0.4 ml of a 5% (w/v) solution of
salicylic acid in concentrated H2SO0a. After 30 min of reaction, 9.5 ml of 8% NaOH was added developing
a yellow colour that was measured spectrophotometrically at 410 nm (NanoDrop™ 2000/2000c
Spectrophotometers). Standard calibration set was prepared with 0.7 mM KNOs solution with 0, 10,
20, 30, 40, 60, 80, 100 and 120 mg/L of NO3-N concentration. Each sample was analysed in triplicate
and each batch of samples included blanks and different plant IPE standards of known reference NOs-

N value (Zhao & Wang, 2017).

2.6.5. FTIR Spectra Collection

All samples were further sieved to pass through a 210 um mesh. For each sample, three replicate
subsamples of approximately 0.1 g each were scanned. Reference samples of an in-house standard

Lemna sample (Ma-STD) and blanks (clean holes) were measured in each run for quality control.
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Analysis was conducted with a TENSOR Il benchtop FT-IR (Fourier-Transform Infrared) spectrometer
(Bruker, Berlin, Germany). This has a spectral range of 8000—340 cm-1, a KBr broadband beam-splitter
and window, and an MCT (mercury cadmium telluride) mid-band detector cooled by liquid nitrogen.
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were collected. A background
spectrum was taken with a gold-plated reference cap. The high throughput screening accessory (HTS-
XT), which scans 95 samples in one plate, was used. The spectral resolution was 4 cm™ and scan time
was 32 s per sample. Absorbance data in the spectral range 4000600 cm™ were obtained. All the
data were obtained and processed using the Bruker OPUS-QUANT Il software (Bruker, Berlin,
Germany). Corrections of the raw data were made using the first derivative, with 8 smoothing points
using the Savitsky—Golay algorithm and mean centred vector normalization. CO, peaks at 2361 and

2339 cm™ were removed from the data.

Mid-infrared chemometric models were built using PLS (partial least-squares) modelling with OPUS-
QUANT Il software. A matrix is formed from the spectral data of the calibration samples of known
composition. The matrix is transformed by the PLS algorithm into a result matrix consisting of
eigenvectors (factors). The predictive reliability of the chemometric model strongly depends on the
choice of the rank (the correct number of factors needed). In this case, a Cross Validation (leave one
out) system is used to calculate the optimum rank by looking at the root mean square error of
prediction (RMSE) with the minimum potential for over-fitting. Assessments of model predictive
performance are made with calculations of the correlation coefficient (a measure of relative precision
and closeness to the line of best fit), the coefficient of determination (R?, gives the percentage of
variance present in the true component values, which is reproduced in the prediction), the RMSECV
(root mean squared errors of cross validation), the residual prediction deviation for the rank (RPD =
SD/SECV), which allows comparison of model performance across different data sets, and the bias
(mean value of deviation, also called “systematic error”). Additionally, the wavenumbers with the

highest coefficient explaining the most variation in TN (VIP scores) were identified.

2.7. Statistical Analysis

Statistical analyses were performed on data collected from different experiments. Data were analysed
using RStudio software (R version 3.6.0+) (RStudio Team, 2022), employing appropriate statistical tests
to evaluate differences between different treatments. For data visualization, including the creation of
plots and graphs, GraphPad Prism software (version Prism 10.2.2) was used. This ensured clear and

accurate representation of the results.
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3. Chapter 3. Impacts of Different Nitrogen Sources on Growth Rate, Protein Content,
and Gene Expression of Genes Involved in Nitrogen Assimilation in Different Duckweed

Clones
3.1. Introduction

Nitrogen, which constitutes about 78% of the Earth's atmosphere (Bloom, 2015), undergoes various
transformations into organic nitrogen, ammonium (NH4"), and nitrate (NOs) through natural
processes, which plants utilize for growth and metabolism (Britto & Kronzucker, 2013). This element
is essential to the formation of macromolecules such as proteins, nucleic acids, and hormones, playing
a pivotal role in plant development and signalling (Krapp, 2015). However, nitrogen is one of the most
limiting nutrients in agriculture, directly influencing crop yields (Leghari et al., 2016; Robertson &
Vitousek, 2009). To address this, nitrogen fertilizers are widely used to enhance productivity, yet their

overuse has contributed to serious environmental challenges (Liu et al., 2021).

In modern agriculture, plants only absorb about 50% of the nitrogen applied through fertilizers, with
the rest escaping into the environment via processes like volatilization, runoff, and leaching (Billen et
al., 2013). This nitrogen loss contributes to several environmental issues, including soil acidification,
air pollution, and water eutrophication, primarily due to nitrate (NOs) and ammonium (NH4")
(Camargo & Alonso, 2006; Martinez-Dalmau et al., 2021). There is a growing need for sustainable
solutions that can mitigate these negative impacts, and one promising approach is the use of

duckweed for nitrogen detoxification.

Duckweed is increasingly recognized for its ability to absorb excess nutrients like nitrogen and
phosphorus from water, making it a promising candidate for wastewater treatment (Cheng & Stomp,
2009; latrou et al., 2019; Sonta et al., 2019). In addition to its role in nutrient remediation, duckweed's
high protein content, exceeding 45% in dry weight, makes it an attractive source of protein for
livestock and even human consumption (Appenroth et al., 2017, 2018). These dual functionalities of
nutrient absorption and protein production highlight the potential of duckweed as both an

environmental and nutritional resource.

Given the importance of nitrogen in both environmental and agricultural contexts, understanding how
different nitrogen sources influence duckweed's physiological and molecular responses is critical.
Research suggests that various nitrogen sources, such as ammonium or nitrate can influence
duckweed's physiological responses. For instance, certain nitrogen sources may alter protein
accumulation rates and overall growth performance (Devlamynck et al., 2020; Petersen et al., 2021;

Ullah et al., 2022). These nitrogen sources may also change gene expression patterns related to
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nitrogen metabolism and protein synthesis, further affecting overall growth performance and protein

accumulation (Zhou et al., 2022).

As illustrated in Figure 1.9, in terrestrial plants, nitrate and ammonium from the ground are
transported into the cell by nitrate transporters (NRTs) or ammonium transporters (AMTs). Nitrate
undergoes reduction to nitrite through the action of cytosolic nitrate reductase (NR), after which the
nitrite is transported to the plastids by histidin-prolin-prolin (HPP) transporters (Maeda et al., 2014).
Within the plastids, nitrite is further reduced to ammonium by plastidic nitrite reductase (NiR) (Liu et
al., 2022). Ammonium assimilation involves the conversion of inorganic nitrogen to organic nitrogen
through the glutamate synthase (GS)/glutamine-2-oxoglutarate aminotransferase (GOGAT) cycle. In
this cycle, GS catalyses the incorporation of a molecule of ammonium into glutamate (Glu) in an ATP-
dependent manner, while GOGAT generates two molecules of Glu through the transfer of the amide
group from glutamine (GIn) to 2-oxoglutarate (2-OG) (Liu et al., 2022). GS exists in different cellular
locations, including cytosolic GS1 and plastidic GS2, while two types of GOGAT, nicotinamide adenine
dinucleotide (NADH)-GOGAT and ferredoxin (Fd)-GOGAT, are present in plastids (Krapp, 2015; Liu et
al., 2022; Zhou et al., 2022).

In the shoot of a plant, nitrate is first converted to nitrite by NR in the cytoplasm, and then further
reduced to ammonium by NiR in the plastids. Glutamine synthetase (GS) plays a vital role in nitrogen
assimilation, with two major enzyme classes encoded in plant nuclear genomes: cytoplasmic GS1 and
chloroplastic GS2 (Krapp, 2015; Xu et al., 2012). Most plants possess a small family of three to five
genes encoding cytosolic GS1 isoforms and a single gene for GS2 (Bernard & Habash, 2009; James et
al., 2018). The two isoforms of GOGAT, Fd-GOGAT and NADH-GOGAT, function across different cellular
compartments, with chloroplastic Fd-GOGAT predominantly involved in leaves, while cytosolic NADH-
GOGAT participates in various tissues including roots, vascular bundles, and reproductive organs,

enabling efficient nitrogen utilization (Kojima et al., 2014; Krapp, 2015).

Glutamate also acts as an amino group donor in the synthesis of other amino acids through
transamination reactions catalysed by aminotransferases. These enzymes transfer the amino group
from glutamate to keto acids, producing various amino acids and alpha-ketoglutarate (Crump et al.,
1990). Mechanistically, the transamination reaction proceeds through the transfer of an amino group
to pyridoxal phosphate, forming a 2-ketoacid by-product and an enzyme-bound pyridoxamine
phosphate intermediate, which then transfers the amino group to a 2-ketoacid acceptor, regenerating

the pyridoxal phosphate cofactor (Crump et al., 1990).

Nitrate can also be transported into the vacuole through Chloride Channels (CLC), with Chloride

Channels A CLCa acting as a 2NO3/1H* exchanger involved in vacuolar nitrate storage (Liang & Zhang,
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2020; Zifarelli & Pusch, 2009). Mutations in the CLCa gene disrupt water homeostasis and nitrate
accumulation, adversely affecting nitrogen use efficiency and plant development (Hodin et al., 2023).
For example, plants with AtCLC-a mutations exhibit lower nitrate storage and impaired growth,
underscoring the role of CLCa in maintaining optimal nitrate levels (Geelen et al., 2000). In Arabidopsis,
seven CLC genes have been identified, including CLCa and CLCb, which function as NO3/H; antiporters

in vacuolar nitrate storage (De Angeli et al., 2006; Von Der Fecht-Bartenbach et al., 2010).

Nitrate is a key nutrient for plants, and its accumulation and transport are fundamental for growth
and nitrogen use efficiency. Proper function of NRTs, AMTs, GS/GOGAT, and CLC channels enables
plants to effectively assimilate and store nitrogen, ensuring resilience under varying environmental

conditions (Liang & Zhang, 2020).

Understanding the impact of different nitrogen sources on protein yield in duckweed is crucial for
optimizing cultivation methods and harnessing its potential as a sustainable solution for
environmental and nutritional challenges. By investigating how various nitrogen sources influence
protein accumulation in duckweed, researchers can explore strategies to increase its protein yield
while preserving its efficacy in wastewater treatment and nutrient absorption. Furthermore,
understanding duckweed responses to nitrogen sources across different clones and species is
necessary to gain valuable insights into the genetic basis of nitrogen assimilation. This understanding
can aid in identifying strains with favourable traits for protein production and environmental
remediation. This comprehensive understanding highlights the significance of duckweed as a versatile
and sustainable plant species with multifaceted applications in environmental remediation and

protein synthesis.

This study aimed to investigate how different nitrogen sources (Nitrate, Nil, Ammonium-Nitrate, and
Urea-Nitrate) affect duckweed’s physiological responses, specifically focusing on protein and nitrate
accumulation and growth rate. In addition to these physiological assessments, the study also sought
to explore the expression patterns of eight homologous genes involved in nitrogen assimilation. These
genes, identified through in silico analysis in L. gibba and L. minor, were analysed via qPCR to
determine how different nitrogen treatments impact their expression. By exploring these responses
across different duckweed clones, this research hopes to provide deeper insights into optimizing

duckweed for both environmental and nutritional applications.
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3.2. Materials and Methods
3.2.1. Plant Material and Treatments

Clones used for this study were SD (L. minor), DG4 (L. minor), DGS8 (L. minor), and 7796 (L. gibba),
sourced from the University of Hertfordshire collection. The selection of these clones was based on
specific characteristics and research considerations. The SD clone was chosen due to its previously
demonstrated high nitrate content and notably longest root system in prior experiments. Clones DG4
and DG8 were included at the request of the collaborating company, who expressed specific interest
in these particular L. minor variants. The 7796 clone of L. gibba was selected as it serves as the
reference clone widely recognized in duckweed research, providing a standard point of comparison
for the study. Clones were treated and sterilised as explained in the Section 0. The taxonomic
classification of the UH duckweed collection was performed using DNA barcoding, following the
method described by Wang et al., 2010. Two chloroplast markers, atpF-atpH and psbK-psbl, were

amplified with specific primers explained in Section 2.4.

Experiments were carried out in a Controlled Environment (CE) cabinet at 20 °C, continuous white
light at 100 pmol-m?2-s? (photosynthetically active radiation) from fluorescent tubes TLD 36W/86
(Philips, Eindhoven, the Netherlands). For the acclimation process, 50 mg of fresh weight from each
clone was cultivated in 400 ml beakers with transparent lids. A modified Rorison medium (Hewitt,
1966) was used for this experiment, as shown in Table 3.1. Plants were acclimated in Rorison medium
in Nitrate form for 2 weeks. The experimental treatments consisted of four distinct nitrogen sources:
Nitrate (positive control), Nil (negative control), Ammonium-Nitrate, and Urea-Nitrate. After
acclimation, six samples per treatment and per clone were grown for one week, and the plants were

collected for future analysis.

Growth rate assessments were conducted following the methodology described in Section 2.5 (Ziegler

et al., 2015), using at least three biological replicates for each analysis.

Total nitrogen (TN) and nitrate (TNOs") levels were quantified using Fourier-transform mid-infrared
(FT-MIR) spectroscopy, following the protocol outlined in Section 2.6 (Espinosa-Montiel et al., 2022).

Each analysis included a minimum of three biological and three technical replicates.
The total protein content (%) was calculated using the equation:

2 Total protein (%) = 6.25 x (TN — TNO3’)
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Table 3.1. Nutrient composition of the modified Rorison medium for 4 different Nitrogen
sources. Nitrate (4mM N), Nil (OmM N), Ammonium-Nitrate (4 mM N) and Urea-Nitrate (4 mM N).

. Nitrate (4 . Ammonium prea -
Stock Chemicals mM N) Nil (0 MM N)  — Nitrate (4 Nitrate (4
mM N) mM N)
g/l ml/I ml/I ml/I ml/I
A Ca(NOs3),-4H,0  23.616 20 - - 10
B CaS04-2H,0 1.7212 0 200 100 100
C NH4NOs 8.004 - - 20 -
D CH4N,O" 3.0028 - - - 10
S1 MgS04-7H,0 24.65 10 10 10 10
FeNaEDTA 1.98
>2 Na,EDTA 0.204 10 10 10 10
MnSQ4-4H,0 1
H3BO3 0.5
KI 0.1
S3 ZnS0,4-7H,0 0.1 5 5 5 5
CuS0,4-5H,0 0.02
NazMOO4'2H20 0.01
CoCly-6H,0 0.01
S4 K2HPO,4 22.77 10 10 10 10
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3.2.2. Characterization of Major Lemna Genes Related to N Assimilation

The genes involved in Nitrogen assimilation in L. gibba and L. minor (described in Error! Reference s
ource not found.) include, nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS),
NADH-dependent glutamate synthase (NADH-GOGAT), and ferredoxin-dependent glutamate
synthase (Fd-GOGAT). These genes were identified using the reference sequences from Spirodela
polyrhiza as the initial queries in tBLASTn searches against the L. gibba and L. minor genomes obtained
from CoGe (Lyons et al., 2008; Lyons & Freeling, 2008). The reference sequences included SpNR
(OL421561), SpNIR (0L421562), SpGS1;1 (MZ605906), SpGS1,;2 (MZ605907), SpGS1;3 (MZ605908),
SpGS2 (MZ605909), SpFd-GOGAT (MZ605910), SpNADH-GOGAT (0L421563), as reported by Zhou et
al., 2022. Additionally, for the CLCa gene, two reference sequences from Arabidopsis thaliana -
AtCLCal (NP_198905.1) and AtCLCal (NP_001031990.1) — were retrieved from the NCBI database

(https://www.ncbi.nlm.nih.gov/).

The intron/exon structure of the genes was determined by comparing them with the homologous
genes of S. polyrhiza available in GenBank (National Center for Biotechnology Information, n.d.). The
exon-intron structures were designed and visualized using Benchling [Biology Software]., (2024), and

further analysed and modelled using WormWeb.Org.

3.2.3. Phylogenetic Analysis

Mature protein sequences from monocots and dicots species were obtained from public libraries
hosted by the National Center for Biotechnology Information (retrieved on 12/08/2024). The monocot
species included in the study were Brachypodium distachyon, Hordeum vulgare, Oryza sativa,
Sorghum bicolor, and Spirodela polyrhiza, while the dicot species included Arabidopsis thaliana and
Nelumbo nucifera. Accession numbers of the proteins used in the phylogenetic tree can be found in
Table S.1.. Protein alignment were created using Phylogeny.Fr, n.d. “A La Carte” analysis workflow,
employing MUSCLE for multiple alignment, Gblocks for alignment curation, ProtDist/FastDist + BioNJ
for distance-based phylogeny. The resulting phylogenetic tree was customised using the Interactive

Tree Of Life (iTOL) platform.

3.2.4. Gene Expression Analysis by RT-qPCR

The expression levels of eight target genes (NR, NiR, GS1;1, GS1,2, GS2, CLCal, Fd-GOGAT, and NADH-

GOGAT) in the four clones were quantified using reverse transcription quantitative PCR (RT-qPCR).
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Gene-specific primers were designed based on deduced exon sequences (as detailed in Table 3.2).
These primer design process was conducting using Benchling [Biology Software]., (2024). Retrieved

from https://benchling.com.

Total RNA was extracted from 80 mg of fresh duckweed fronds collected after a week of treatment,
using the E.Z.N.A.® Plant RNA Kit protocol (Norcross, Georgia, USA). The quality and integrity of the
isolated total RNA were evaluated using a Nanodrop® ND 1000 Spectrophotometer (Thermo Fisher
Scientific, USA), a Qubit 4 Fluorometer, and 1.5% agarose gel electrophoresis. After treating the RNA
samples with DNAase, 100 ng/ul of total RNA was used for reverse transcription, which was carried
out with the SuperScript™ IV RT Reaction Kit (Invitrogen, USA), following the manufacturer’s

instructions.

The qPCR reactions were performed using the Agilent Technologies Stratagene Mx30005P instrument
(Agilent, USA), with SYBR Green real-time PCR master mix (Thermo Fisher Scientific, USA). The cycling
conditions consisted of an initial denaturation at 95 °C for 10 min, followed by 40 cycles of 15 seconds
at 95 °C and 60 seconds at 60 °C. Fluorescence of SYBR Green | was monitored after the annealing
step, and the unique-product amplification was validated through a thermal denaturation cycle,
ensuring only single-peak results were included. Primer amplification efficiency was calculated using

a 10-fold serial dilution, and the efficiency (E) was determined using the formula:

3 E = (10V/slore — 1) * 100

where the slope was obtained from the standard curve generated from the serial dilutions (Pfaffl,

2001).

Relative expression levels were determined using the 27A-ACt method, with GADPH serving as the
housekeeping gene (Pfaffl, 2001). All samples were run in three replicates. Data analysis was
performed using the MxPro QPCR program (Agilent, USA), Microsoft® Excel® for Microsoft 365 MSO

(Version 2402) software and GraphPad Prism 10.1.2 for representation.

3.2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (version Prism 10.2.2). A one-way
ANOVA analysis were employed to evaluate potential statistically significant differences between the
Nitrate treatment (control) and the alternative treatments: Nil, Ammonium-Nitrate, and Urea-Nitrate.
The analysis encompassed two primary sets of variables, the physiological values and the gPCR
expression. Statistical significance was defined at p < 0.05, with data presented as mean + standard

deviation (SD).
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Table 3.2. RT-qPCR primers for nitrogen assimilation gene expression analysis in L. gibba and L.

minor clones.

Gene

NR

NiR

GS1;1

GS1,2

GS2

Fd-
GOGAT
NADH-
GOGAT

CLCal

GAPDH

Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv
Fw
Rv

Sequence

5 -GTGCTGGTGCTTCTGGTCCGTC- 3’
5" -AGATGAGCTTGTCGGGCTGGGT- 3’
5 -CTACTCGTGGAGCGCTTTGGGG- 3’
5" -GTCAAGAGCGAAGGCGTCTGGC- 3’
5" -CGCGAGACAGAGCAAAACGGGA- 3’
5" -CCAAAGGATGGTGGTCTCGGCA- 3’
5" -CTCTCGTTGCACCCCAAGCCAA- 3’
5’ -CATCCGGCACCGTTCCAGTCAC- 3’
5" -TGTTGCCAACCGTGGTTGCTCC- 3’
5 -CGGGGCGGCGATCTTCCATGTA- 3’
5" -GCACAAAGGGGGCCACCATTCT- 3’
5 -CGCTGGCTTCGGGAGTGTCTTC- 3’
5" -ATGAGAACGGCGCGGTCAAAGG- 3
5" -GCCAGCGACTTCCTGGAACTGG- 3’
5" -GAGGGCGGAAAACATTCTCAGC- 3’
5" - TCTGCAGCATCGTGATGAGCTA- 3’
5’ -CCTCCACCATTGACTCCTCGTT- 3’
5" -CACCCGTTGACTGTATCCCCAT- 3’

Product
size (bp)

113
85
108
119
83
99
92
101

98

Efficiency
(%)

98.2
94.6
105.3
100.1
106.1
109.7
98.9
96.1

98.3
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3.3. Results
3.3.1. Duckweed Identification

Before setting up the experiment, four different Lemna clones were sterilised and identified by DNA
barcoding. The identification was achieved by sequencing the atpF-atpH and psbK-psbl intergenic
spacers and comparing the resulting sequences with those compiled in the CoGe sequence database.
The analysis revealed that clones DG4, DG8 and SD belonged to Lemna minor, while clone 7796 was
identified as Lemna gibba (Figure 3.1). The detailed sequence data used for identification are provided

in the appendices (Figure S.1 and Figure S.2).

3.3.2. Influence of Nitrogen Sources on Duckweed Growth, pH, Nitrogen, Nitrate, And Protein

Levels

The effects of various nitrogen sources on key parameters in duckweed performance, such as Relative
Growth Rate (RGR), Medium pH, Total Nitrogen Content (TN), Nitrate Levels (TNOs’), and Protein
Concentration (TP), were studied. Measurements were conducted on both Day 4 and Day 7 of the
experiment. The results from Day 7 were represented in the main text, as they provide a more
comprehensive understanding of the longer-term effects of the treatments. Data from Day 4, which
represent the initial responses of duckweed to the treatments, were presented in Appendices (RGR

(Figure S.3), pH Medium (Figure S.4), TN (Figure S.5), TNOs™ (Figure S.6) and TP (Figure S.7.)).
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Figure 3.1. Images of the Lemna clones used in this study. Based on the sequence of the atpF-atpH
and psbK-psbl intergenic spacers, clones SD, DG4, and DGS8 identified as Lemna minor, and clone
7796 as Lemna gibba. The scale bar represents 1 cm.
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3.3.2.1.Relative Growth Rate (RGR)

Different medium compositions for four different nitrogen treatments (Table 3.1) significantly
affected the growth rate of duckweed clones (Figure 3.2). The results show that RGR varied across

clones and treatments, reflecting the combined effects of genetic and nutrient availability.

For the clone SD, the RGR was consistently low under Nil, Ammonium, and Urea treatments compared
to the Nitrate treatment by Day 7. This indicates that Nitrate is the most effective nitrogen source for

promoting growth in this clone, highlighting its specific preference for this nutrient over others.

Clone DG4, however, displayed a particularly strong response to nitrogen supplementation. Under
both Ammonium and Urea treatments, it exhibited significantly higher RGR by Day 7, suggesting a
superior ability to utilize these nitrogen sources for growth. This clone's enhanced growth under these
treatments indicates that it may possess a genetic advantage in efficiently utilizing Ammonium and

Urea, making it particularly well-suited for environments where these forms of nitrogen are prevalent.

In contrast, the clone DG8 demonstrated no significant differences in RGR between nitrogen
treatments, although Nil consistently resulted in significantly lower growth compared to the control
Nitrate treatment (Figure 3.2). This indicates a uniform growth response when nitrogen is present,
with minimal variation in growth depending on the nitrogen source. It suggests that DG8 may not
exhibit a strong preference for a nitrogen form but instead grows well in the presence of any nitrogen

source.

Clone 7796 displayed uniformly low RGR across all treatments, with Urea yielded marginally higher
values. This suggests that 7796 has limited responsiveness to different nitrogen sources and maintains
a relatively consistent growth rate, regardless of the nutrient provided. The clone’s ability to grow at
a similar rate in both nitrogen-supplemented and Nil conditions suggests a degree of nitrogen

independence or an inefficient nitrogen uptake mechanism.
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Figure 3.2. Relative Growth Rate (RGR) of duckweed clones (SD, DG4, DGS8, 7796) grown under
different Nitrogen sources at day 7. Bars represent the mean RGR of three biological replicates,
with standard errors shown. Asterisks denote significant differences compared to the control
(Nitrate), as determined by One-way Anova: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
The four nitrogen conditions tested were Nitrate (control), Nil (negative control with no nitrogen),
Ammonium Nitrate, and Urea Nitrate.
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3.3.2.2. Medium pH

The pH of the medium was carefully monitored throughout the experiment, with a initial pH of 6 at
the start of the experiment. The pH measurements were taken on Day 4 and Day 7, with only the Day
7 values presented in Figure 3.3. Across all clones, similar trends in pH changes were observed in
response to different nitrogen treatments (Figure 3.3), indicating a general pattern that holds

regardless of the specific genetic background of the clones.

Notably, treatments with Nitrate (controls) and Urea-Nitrate resulted in an increase in pH by Day 7.
This pH rise could be associated with the uptake of these nitrogen forms, possibly due to the
production of hydroxide ions during nitrogen assimilation or the depletion of acidic by-products. In
contrast, Nil-nitrogen and Ammonium-Nitrate treatments led to a decrease in pH, with the pH
dropping significantly to 4 by Day 7 in the Ammonium-Nitrate treatment. This marked decrease in pH
suggests that the presence of Ammonium, which is known to acidify the medium as it is assimilated

by plants, may have contributed to a more acidic environment.

The observed pH reduction could have influenced the growth responses of the clones. As seen in
Figure 3.2, clones exposed to Ammonium-Nitrate treatment showed growth rates similar to those in
the Nil-nitrogen treatment, where nitrogen supplementation was absent. This suggests that the lower
pH in the Ammonium-Nitrate medium could have had an inhibitory effect on growth, possibly due to

the increased acidity impeding optimal nutrient uptake or enzymatic activity.

While Ammonium-Nitrate and Nil treatments resulted in a significant pH reduction by Day 7, the
control and Urea-Nitrate treatment resulted in a more stable pH (Figure 3.3). The pH decline was most
pronounced in the Nil-nitrogen and Ammonium-Nitrate treatments, with a more moderate decrease
observed under the Urea-Nitrate treatment. These pH shifts highlight the dynamic interplay between
nitrogen source, nutrient uptake, and pH regulation, and further suggest that extreme changes in pH,

especially those leading to more acidic conditions, could negatively affect plant growth.
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Figure 3.3. Variation in medium pH for duckweed clones (SD, DG4, DG8, 7796) grown under
different Nitrogen sources on day 7. Bars represent the mean pH values of the growth medium
from three biological replicates, with standard error (SE) shown. Asterisks denote significant
differences compared to the control (Nitrate), as determined by One-way Anova: *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. The four nitrogen conditions tested were Nitrate (control), Nil
(negative control with no nitrogen), Ammonium-Nitrate, and Urea-Nitrate.
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3.3.2.3.Total Nitrogen Content (TN)

Total nitrogen content (TN%) was quantified using FT-IR spectroscopy at Day 4 and Day 7. At Day 4,
differences in TN% were observed among all clones (Figure S.5), likely reflecting the plants' initial
acclimation to the nitrogen sources. By Day 7, however, these initial differences diminished,
suggesting that the plants had adjusted their nitrogen uptake mechanisms over time. This adaptation
highlights the duckweed clones' ability to optimize nitrogen acquisition as they acclimate to different

nutrient conditions.

By day 7, distinct trends in TN% were observed across clones (Figure 3.4). For clone SD, there were no
significant differences between nitrogen treatments, although the Nil treatment consistently
exhibited much lower TN%. This suggests that, while SD may be less responsive to changes in nitrogen
sources, it still requires supplementation for optimal nitrogen content. Similarly, clone DG4 showed a
comparable pattern, with nitrogen treatments yielding similar TN% values by Day 7, except for the Nil
treatment, which remained significantly lower in nitrogen content. This indicates that DG4 also
benefits from nitrogen supplementation but does not display a preference for a specific nitrogen

source.

Clone DG8 presented a slightly different pattern, with Ammonium-Nitrate treatment resulting in a
marginally but significant higher TN% than Nitrate treatment, suggesting a shift in nitrogen uptake
efficiency in response to Ammonium. This implies that DG8 may prefer Ammonium under certain

conditions, or it may be able to utilize it more effectively than Nitrate in this experiment.

For Clone 7796, TN% was relatively consistent across treatments, with only a small significant decrease
observed under Ammonium treatment. This indicates that Clone 7796 demonstrates a stable nitrogen
uptake mechanism across different nitrogen sources, showing resilience and efficient nitrogen

acquisition, even under varying nutrient conditions.

These results underscore the critical role of nitrogen supplementation in sustaining healthy growth
and nitrogen content in duckweed. The observed variation in total nitrogen percentage (TN%) among
clones highlights the genetic diversity in nitrogen uptake efficiency. For instance, clone 7796
demonstrated consistently higher total nitrogen content across various nutrient conditions compared
to other clones. In contrast, other clones exhibited relatively stable nitrogen content across
treatments, with reductions observed under nitrogen-deficient conditions and variability in response

to Ammonium-Nitrate.
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Figure 3.4. Total Nitrogen content (%) in duckweed clones (SD, DG4, DG8, 7796) grown under
different Nitrogen sources on day 7. Bars represent the mean total nitrogen content from three
biological replicates, with standard error (SE) shown. Asterisks denote significant differences
compared to the control (Nitrate), as determined by One-way Anova: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. The four nitrogen conditions tested were Nitrate (control), Nil (negative

control with no nitrogen), Ammonium-Nitrate, and Urea-Nitrate.
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3.3.2.4.Total Nitrate Content (TNO3’)

Total nitrate content (mg/kg DW) was measured using FT-IR spectroscopy at Day 4 and Day 7. At Day
4, significant variability in nitrate accumulation was observed across the clones, likely due to the initial
acclimation phase of the plants to the different nitrogen sources (Figure S.6). By Day 7, however, as
the plants adapted to the nutrient conditions, differences in nitrate accumulation patterns became
more consistent across the clones (Figure 3.5), reflecting the plants' adjustment to the nitrogen

sources and their ability to optimize nitrate uptake.

Clone SD demonstrated the strongest affinity for nitrate, with the Nitrate treatment consistently
yielding the highest nitrate accumulation. This suggests that SD is the most efficient at nitrate storage,
utilizing Nitrate as its primary nitrogen source for growth and nutrient accumulation. Similarly, Clone
DG4 although it showed higher nitrate accumulation in the control, the treatment significantly

influenced in their capacity of nitrate storage.

Clone DGS8 exhibited similar nitrate accumulation between the Nitrate and Urea-Nitrate treatments,
while both Nil and Ammonium-Nitrate treatments resulted in lower nitrate levels. This suggests that
DG8 can initially utilize Urea as a nitrogen source and may rely more on nitrate accumulation once the
nitrate source becomes available. It highlights DG8's flexibility in nitrogen utilization, particularly

under varying nutrient conditions.

Clone 7796 showed the lowest nitrate accumulation in the Nil treatment at both Day 4 and Day 7,
reinforcing the importance of nitrogen supplementation for optimal nitrate content. However, by Day
7, the Urea-Nitrate treatment led to the significative highest nitrate content in 7796 when compared
with the nitrate source control (Figure 3.5), indicating a dynamic response to nitrogen sources like that
of DG8. This suggests that 7796 can effectively utilize Urea-Nitrate for nitrate accumulation,

showecasing its ability to adapt to different nitrogen sources over time.

The findings reinforce the idea that nitrate supplementation plays a crucial role in nitrate
accumulation and overall plant nutrition. However, clones showed varying levels of nitrate uptake
efficiency depending on the nitrogen source. While SD exhibited the highest nitrate affinity, other
clones like DG4 showed reduced nitrate accumulation when non-nitrate sources were provided,
highlighting the importance of specific nitrogen forms for different genetic backgrounds. Clones like
DGS8 and 7796 demonstrated more flexibility in utilizing different nitrogen sources, with Urea-Nitrate
leading to higher nitrate accumulation in 7796 by Day 7. These results underscore the importance of
considering both the genetic variability of the clones and the available nitrogen sources for optimizing

nitrate uptake and growth.
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Figure 3.5. Total Nitrate content (mg NOs;/kg DW) in duckweed clones (SD, DG4, DGS8, 7796)
grown under different Nitrogen sources at day 7. Bars represent the mean total nitrate content
from three biological replicates, with standard error (SE) shown. Asterisks denote significant
differences compared to the control (Nitrate), as determined by One-way Anova: *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. The four nitrogen conditions tested were Nitrate (control), Nil
(negative control with no nitrogen), Ammonium-Nitrate, and Urea-Nitrate.
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3.3.2.5.Total Protein Content (TP)

Total protein content (%) was calculated by multiplying the difference between total nitrogen content
and total nitrate content by 6.25. At Day 4, significant variability in protein content was observed
across different clones and nutrient conditions (Figure S.7), likely due to the plants’ early adaptation
to the nitrogen sources. However, by Day 7, protein levels stabilized across clones (Figure 3.6). This
suggests that the initial variability was a result of acclimation, and over time, the plants became more

efficient at utilizing the available nitrogen sources for protein synthesis.

For Clones SD and DG4, similar protein content values were observed in the Nitrate, Ammonium-
Nitrate, and Urea-Nitrate treatments, with a significant decrease in protein content for the treatment
without nitrogen (Nil). This suggests that nitrogen supplementation is essential for maintaining
protein accumulation in these clones. Clone DG8 showed similar protein values between the Nitrate
and Urea-Nitrate treatments, but significantly higher values when comparing Nitrate with
Ammonium-Nitrate sources. This indicates that DG8 may be able to utilize Ammonium more

effectively for protein synthesis than other nitrogen sources.

In contrast, Clone 7796 consistently showed higher protein values across all treatments and time
points, suggesting that this clone has a greater adaptability or inherent advantage in protein synthesis
under different nutrient conditions. The negative control (Nil) consistently exhibited the lowest
protein content across all clones, reinforcing the necessity of nitrogen supplementation for optimal

protein accumulation.

Interestingly, while 7796 had lower protein content at Day 4 under Nil treatment, statistical analysis
revealed no significant differences in the values obtained for this clone compared to the nitrogen
forms of other clones. This finding suggests that 7796 might possess a more robust mechanism for
protein synthesis, even when nitrogen is limited. The lack of statistical differences indicates a certain
resilience of the 7796 clone in nutrient-limited environments, potentially highlighting its adaptive

capabilities under nitrogen-deficient conditions.

Additionally, total protein (Figure 3.6) and total nitrogen content (Figure 3.4) exhibited similar trends
across different nitrogen sources and clones. Notably, higher nitrate content in the plants did not
correspond to a decrease in protein content, suggesting that the plants were able to efficiently convert

available nitrogen into protein, regardless of nitrate levels.

62| Page



i B Nitrate

40 #xix — - Nil

= Tk Ammonium - Nitrate
< 30- I I Urea - Nitrate
£ i g 1§ 4|73
n': 20- I
0' T 1 ‘I 1
SD DG4 DG8 7796
Clones at day 7

Figure 3.6. Total Protein content (%) in duckweed clones (SD, DG4, DG8, 7796) grown under
different Nitrogen sources at day 7. Bars represent the mean total protein content from three
biological replicates, with standard error (SE) shown. Asterisks denote significant differences
compared to the control (Nitrate), as determined by One-way Anova: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. The four nitrogen conditions tested were Nitrate (control), Nil (negative
control with no nitrogen), Ammonium-Nitrate, and Urea-Nitrate.
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3.3.3. In Silico Identification, Genomic Location and Evolutionary Insights of N Assimilation Genes

in Duckweed

The results of analysis to characterize the genomic features and functional domains of nitrogen
assimilation and transport-related genes (NR, NiR, GS1;1, GS1,2. GS2, Fd-GOGAT, NADH-GOGAT and
CLCa) in Lemna gibba and Lemna minor were presented in Table 3.3. For each gene, the information
on gene structure, such as the number of amino acids, exons, and introns, as well as chromosomal
location and genomic start and finish positions, was presented. The catalytic domains were identified
through InterPro analysis, accompanied by their functional descriptions. This information provides a
comprehensive overview of the genetic architecture and potential functional roles of these genes in

nitrogen metabolism.

3.3.3.1. Structural and Evolutionary Analysis of Nitrate and Nitrite Reductase Genes

To explore the evolutionary dynamics of duckweed species, the genomic locations of the Nitrate
Reductase (NR) and Nitrite Reductase (NiR) genes in L. gibba clone 7742a (7796 in USA collection) (Lg)
and L. minor clone 7210 (Lm) were analysed. The NR and NiR genes in both species were found to be
co-localized on chromosome 11. This co-localization suggests that these genes may have originated
from a common ancestor following a duplication event, potentially explaining for their conserved

genomic positions across these two duckweed species.

The genomic organization of NR genes in L. gibba and L. minor was compared with the well-annotated
duckweed species S. polyrhiza (Sp), as shown in Figure 3.7. The NR structure is consistent across all
three species, consisting of four exons and three introns. However, differences were observed in

amino acid sequence length and chromosomal positioning (Table 3.3):

- SpNR is located on chromosome 18 (positions 2,446,426 to 2,449,628) and encodes a protein
of 903 amino acids.

- LgNRislocated on chromosome 11 (positions 9,613,697 to 9,617,305) and encodes 882 amino
acids.

- LmNRis also located on chromosome 11 (positions 7,817,313 to 7,820,783) and encodes 882

amino acids.

Despite these differences, the catalytic and functional domains remain highly conserved, including key
domains such as the cytochrome b5-like heme/steroid binding domain (IPR001199) and
oxidoreductase FAD/NAD(P)-binding domain (IPR001433). This conservation suggests a crucial role in

maintaining nitrate reductase functionality across species.
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The NiR genes in L. gibba and L. minor also share a similar genomic organization with S. polyrhiza,
consisting of three exons and two introns. Notably, these species exhibit a fusion of the third and
fourth exons, reducing the total exon count compared to the typical four found in other plant species
(Figure 3.7). Nevertheless, differences were observed in amino acid sequence length and

chromosomal positioning (Table 3.3):

- SpNiR is located on chromosome 18 (positions 2,029,327 to 2,032,054) and encodes a protein
of 604 amino acids.

- LgNiR is located on chromosome 11 (positions 10,714,277 to 10,716,247) and encodes a
protein of 586 amino acids.

- LmNiR is located on chromosome 11 (positions 8,399,636 to 8,401,606) and encodes a protein

of 592 amino acids.

Despite minor variations in sequence length and location, the NiR functional domain remain
conserved. All three NiR proteins contain a chloroplast transfer peptide with differing confidence
scores (0.8323 for S. polyrhiza, 0.7625 for L. gibba, and 0.5527 for L. minor). Additionally, essential
functional domains, such as the nitrite/suphite reductase 4Fe-4S domain (IPRO06067) and the

nitrite/sulphite reductase ferredoxin-like domain (IPR005117), are preserved across species.

To explore the phylogenetic relationships of the NR and NiR genes in different species, the protein
sequences from L. gibba clone 7742a and L. minor clone 7210 were compared with those from S.
polyrhiza (a well characterized duckweed species), monocot species like Brachypodium distachyon
(Bd), Oryza sativa (Os), Sorghum bicolor (Sb) and dicot species like Arabidopsis thaliana (At) and

Nelumbo nucifera (Nn).

The phylogenetic tree (Figure 3.8) revealed two distinct clusters of orthologous genes, corresponding
to NiR and NR. The NiR sequences from L. gibba and L. minor grouped together within the
monophyletic clade of monocot NiRs, indicating their evolutionary affinity with monocots. In contrast,
the NR sequences from L. gibba and L. minor aligned more closely with the NR clade of dicotyledonous

plants, highlighting a divergence in the evolutionary trajectories of these two gene families.

The phylogenetic analysis also revealed that only a single NR gene sequence is present in the three
duckweed species analysed (L. gibba, L. minor, and Spirodela polyrhiza). This differs markedly from
other monocot and dicot species included in the study, which have two or more copies of NR genes.

Notably, Oryza sativa and Sorghum bicolor have three distinct NR gene copies.
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Figure 3.7. Exon-Intron structures of Spirodela polyrhiza (Sp), Lemna gibba (Lg), and Lemna minor
(Lm) Nitrate Reductase (NR) and Nitrite Reductase (NiR) genes. The exon-intron structures of L.
gibba and L. minor NR and NiR genes were compared with S. polyrhiza (NR: OL421561; NiR:
0OL421562). The coloured boxes are coding sequences, and the black lines are introns. The X marks
the primer binding sites used for RT-qPCR gene expression analysis. The scale bar represents 1 kb
of DNA sequence.
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Figure 3.8. Phylogenetic tree of NiR and NR proteins in Lemna gibba and Lemna minor with other
representative species. The phylogenetic tree highlights the relationships of nitrite reductase (NiR)
and nitrate reductase (NR) proteins from L. gibba (LgNiR, LgNR) and L. minor (LmNiR, LmNR) with
those from other monocot and dicot species. Branch lengths are proportional to evolutionary
distances, with the mean branch length scale indicated at the bottom of the tree. Numbers on the
nodes represent bootstrap values, providing statistical support for the clustering of the proteins.
NiR proteins: AtNiR (A. thaliana - NP_179164); BdNiR (B. distachyon - XP_003570568); NnNiR (N.
nucifera - XP_010263547); OsNiR (O. sativa - NP_001388488.1); SbNiR (S. bicolor - XP_002454602);
SpNIR (S. polyrhiza - sequence translated from Acc. ID OL421562); LgNiR (L. gibba_Chr11); LmNiR (L.
minor_Chrl11).

NR proteins: AtNR1 and AtNR2 (A. thaliana - NP_177899.1 and NP_174901.1); BANR1 and BdNR2
(B. distachyon XP_003570548.1 and XP_003574607.1); NnNR1 and NnNR2 (N. nucifera -
XP_010246478 and XP_010245911); OsNR1, OsNR2 and OsNR3 (O. sativa - XP_015622710.1,
XP_015650300.1, - XP_015650643.1); SbNR1, SbNR2 and SbNR3 (S. bicolor - XP_002454625.1,
XP_002444490.1 and XP_002454083.1), SpNR (S. polyrhiza - sequence translated from Acc. ID
0L421561); LgNR (L. gibba_Chr11), LmNR (L. minor_Chr11).
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3.3.3.2.Structural and Evolutionary Analysis of Glutamine Synthetase Genes

In contrast to S. polyrhiza, which possesses three GS1 isoforms, L. gibba and L. minor exhibit only two
GS1 isoforms, designated as GS1,;1 and GS1,2. This difference indicates a reduction in GS1 isoform

diversity in Lemna species.

The GS1;1 gene in S. polyrhiza (SpGS1;1) span 13 exons and 12 introns (Figure 3.9), located on
chromosome 7 (position 6306673 - 6309664). It encodes the Glutamine Synthetase, catalytic domain
(IPRO08146) and N-terminal domain (IPRO08147). In contrast, L. gibba (LgGS1;1) and L. minor
(LmGS1;1) have a more conserved gene structure with 12 exons and 11 introns, located on
chromosome 15 (positions 13857966 - 13861284 and 10462922 - 10466358, respectively. Despite
these structural and genomic differences, all three species share the same functional domains,

suggesting conservation of key enzymatic functions in Lemna species (Table 3.3).

The GS1;2 gene in S. polyrhiza (SpGS1;2) maintains a structure of 13 exons and 12 introns on
chromosome 18 (position 1351512 - 1353850) (Figure 3.9). Similarly, L. gibba (LgGS1,;2) and L. minor
(LmGS1;2), exhibit identical exon-intron structures (13 exons, 12 introns), located on chromosome 11
(positions 5789297 - 5791241 for L. gibba and and 5320487 — 5322507 for L. minor). These structural
similarities across species and the retention of conserved catalytic and N-terminal domains highlight

evolutionary conservation (Table 3.3).

Both Lemna species and S. polyrhiza share a single GS2 isoform, which is consistent with other plant
species. The GS2 gene comprises 13 exons and 12 introns and it is located on chromosome 1 in all
three species. The catalytic and N-terminal domains are also conserved, underscoring functional

stability across these species despite genomic differences (Figure 3.9, Table 3.3).
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Figure 3.9. The Exon-Intron structures of Spirodela polyrhiza, Lemna gibba and Lemna minor
Glutamine Synthetase (GS) genes. The exon-intron structures of the L. gibba and L. minor GS genes
(GS1,1, GS1,;2 and GS2) are compared with those of Spirodela polyrhiza (GS1;1: MZ605906, GS1,2:
MZ605907, and GS2: MZ605909). Coding sequences are represented by GS1;1, GS1;2 and GS2
coloured boxes, and introns are depicted as black lines. The X marks the primer binding sites used
for RT-gPCR-based gene expression analysis. The scale bar represents 1 kb of DNA sequence.
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The phylogenetic tree of glutamine synthetase (GS) genes revealed distinct evolutionary patterns
among different plant species, particularly in the duckweed lineages (L. gibba, L. minor, and S.

polyrhiza; Figure 3.10).

The GS1;1 sequence from duckweed species cluster closely with those from monocot species,
including O. sativa, S. bicolor and B. distachyon. This grouping suggests a common ancestral origin for
these sequences. However, the node representing this cluster has a bootstrap support value of 0.46,
indicating a lower confidence level in the precise evolutionary relationship. This lower confidence
suggests possible genetic divergence of incomplete lineage sorting within this group, reflecting

complex evolutionary dynamics.

The GS1,2 sequences from duckweed species forms an external node, signifying a distinct evolutionary
trajectory compared to other species. Interestingly, these cluster with Arabidopsis thaliana GS1;4
(AtGS1,4), highlighting a unique genetic composition. This pattern suggests that the GS1,2 isoform in
duckweed has a separate evolutionary history, potentially driven by specific ecological adaptations or

selective pressures unique to their aquatic environment.

The GS2 sequences from duckweed appear to diverge earlier than the GS2 sequences of both
monocots and dicots, clustering before the major monocot-dicot split. This early divergence indicates
that the genetic differentiation of GS2 in duckweed species occurred prior to the evolutionary split of
these plant groups. Such clustering suggests that significant evolutionary changes in GS2 set the
duckweed linage apart early on, potentially reflecting unique functional adaptations in nitrogen

metabolism specific to the duckweed ecological niche.

The phylogenetic tree highlights both conserved and divergent evolutionary pathways in GS genes
among duckweed and other plant species. The patterns observed suggest that while duckweed shares
some ancestral genetic features with monocots, unique evolutionary pressures have shaped their GS

isoforms, particularly GS1,2 and GS2, leading to distinct adaptations in the duckweed lineage.
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Figure 3.10. Phylogenetic tree of GS proteins in Lemna gibba and Lemna minor with other
representative species. The phylogenetic tree highlights the relationships of nitrite reductase
GS1;1,GS1;2, and GS2 from L. gibba (LgGS1;1, LgGS1;2 and LgGS2) and L. minor (LmGS1;1, LmGS1;2
and GS2) with those from other monocot and dicot species. Branch lengths are proportional to
evolutionary distances, with the mean branch length scale indicated at the bottom of the tree.
Numbers on the nodes represent bootstrap values, providing statistical support for the clustering
of the proteins.

GS1 proteins: AtGIn1;1, AtGIn1;2, AtGIn1;3, AtGIn1;4 and AtGIn1;5 (A. thaliana - NP_198576.1,
NP_176794.1, NP_188409.1, NP_001331815.1, and NP_175280.1); BdGS1,;1, BdGS1,;2 and BdGS1;3
(B. distachyon - XP_010236151.1, XP_003560727.2 and XP_003558466.1); NnGS1,;1, NnGS1,2 and
NNnGS1;3 (N. nucifera - XP_010271383.1, XP_010271347.1 and XP_010250142.1), OsGS1,1, OsGS1,2
and 0sGS1;3 (0. sativa - XP_015626102.1, XP_015631679.1 and XP_015628694.1); SbGS1,1,
SbGS1,2 and SbGS1;3 (S. bicolor - XP_021313946.1, XP_002465624.1 and XP_021306978.1);
SpGS1;1, SpGS1;2 and SpGS1;3 (S. polyrhiza- sequence translated from Acc. ID MZ605906,
MZ605907 and MZ605908); LgGS1,;1, LgGS1;2 (L. gibba_Chr15 and L. gibba_Chrll); LmGS1;1 and
LmGS1;2 (L. minor_Chrl15 and L. minor_Chr11).

GS2 proteins: AtGS2 (A. thaliana — NP_001031969.1); BdGS2 (B. distachyon — XP_003580719.1);
HvGS2 (H. vulgare — P13564.2); NnGS2 (N. nucifera - XP_010255852.1); OsGS2 (O. sativa -
XP_015635322.1); SbGS2 (XP_021319069.1); SpGS2 (S. polyrhiza- sequence translated from Acc. ID
MZ605909); LgGS2 (L. gibba_Chr1); LmGS2 (L. minor_Chr1).
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3.3.3.3.Structural and Evolutionary Analysis of Glutamine Oxoglutarate Aminotransferase Genes

The Fd-GOGAT gene in S. polyrhiza (SpFD-GOGAT) spans 33 exons and 32 introns (Figure 3.11), located
on chromosome 1 (positions 4454784 - 4484474). It encodes a protein of 1623 amino acids, containing
critical catalytic domains, including the glutamine aminotransferase type 2 domain (IPR017932),
glutamate synthase alpha subunit C-terminal domain (IPR002489), and glutamate synthase domain
(IPR002932). In Lemna gibba (LgFD-GOGAT) and Lemna minor (LmFD-GOGAT), the Fd-GOGAT gene

shows an identical exon-intron structure, preserving these catalytic domains (Table 3.3).

The NADH-GOGAT gene maintains a consistent exon-intron structure of 22 exons and 21 introns across
the species. It is located on chromosome 8 in S. polyrhiza (SpPNADH: 4978991 - 4990379 bp) and
chromosome 6 in L. gibba (LgNADH: 16377495 - 16386050 bp) and L. minor (LmNADH: 11803706 -
11812244 bp). The catalytic domains shared across species include the glutamine aminotransferase
type 2 domain (IPR017932), glutamate synthase alpha subunit C-terminal domain (IPR002489),
glutamate synthase central-N domain (IPRO06982), FAD/NAD(P)-binding domain (IPR023753), and
glutamate synthase domain (IPR002932) (Table 3.3).

Both Fd-GOGAT and NADH-GOGAT genes display strong structural conservation across Spirodela and
Lemna species, with shared catalytic domains emphasizing their functional importance. However,
differences in genomic length and chromosomal positioning highlight evolutionary nuances within the

duckweed lineage.

The conservation of exon-intron structures and catalytic domains across these genes underscores
their essential role in nitrogen assimilation and suggests evolutionary stability with adaptations

specific to the aquatic environment (Figure 3.11).
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Figure 3.11. The Exon-Intron structures of Spirodela polyrhiza, Lemna gibba and Lemna minor
Glutamine oxoglutarate aminotransferase-ferredoxin dependent (Fd-GOGAT) and Glutamine
oxoglutarate aminotransferase-NADH dependent genes (NADH-GOGAT). The exon-intron
structure of the L. gibba and L. minor Fd-GOGAT and NADH-GOGAT genes are compared with those
of Spirodela polyrhiza (Fd-GOGAT: MZ605910 and NADH-GOGAT: 0L421563). Coding sequences are
represented by coloured boxes, and introns are depicted as black lines. The X marks the primer
binding sites used for RT-qPCR-based gene expression analysis. The scale bar represents 1 kb of DNA
sequence.
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The phylogenetic tree comparing the amino acid sequences of Fd-GOGAT and NADH-GOGAT genes
across various plant species, including duckweed species (L. gibba and L. minor), reveals distinct
evolutionary relationships (Figure 3.12). Two well-differentiated cluster were observed, with Fd-
GOGAT and NADH-GOGAT genes forming separate groups. Each cluster reflects orthologous

relationships among the analysed species.

The Fd-GOGAT cluster contains a single gene copy in all species studied, except for Arabidopsis
thaliana, which possesses two copies. Within this cluster, two major sub-clusters were identified. One
sub-cluster groups crop such as Sorghum bicolor, Oryza sativa (rice), and the closely related
Brachypodium distachyon. Interestingly, despite being classified as monocots, the FAd-GOGAT genes
from duckweed species (including L. gibba and L. minor) group within the dicot cluster, alongside
species such as A. thaliana. Similar clustering patterns were previously reported by Zhou et al. (2022)
in their analysis of Fd-GOGAT genes from Spirodela. This clustering suggests that Fd-GOGAT genes in
duckweed species share a closer evolutionary relationship with dicots than monocots, indicating

possible functional or evolutionary convergence with dicot species.

In the NADH-GOGAT cluster, most species analysed, except duckweed and Arabidopsis thaliana, have
two copies of the gene. These copies form sub-clusters in different groups in monocots, indicating that
the gene duplication occurred prior to the diversification of the monocot species included in this study.
Like the Fd-GOGAT cluster, the NADH-GOGAT genes from duckweed species group were in the dicot
cluster, alongside species such as A. thaliana and N. nucifera. However, N. nucifera had two gene
copies that cluster together, suggesting a recent duplication event within the species. The high
similarity in NADH-GOGAT genes between duckweed and dicot species underscores strong

evolutionary conservation, likely due to the critical role of this gene in amino acid biosynthesis.
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Figure 3.12. Phylogenetic tree of Fd-GOGAT and NADH-GOGAT proteins in Lemna gibba and
Lemna minor with other representatives species. The phylogenetic tree highlights the relationships
between Fd-GOGAT and NADH-GOGAT for L. gibba (LgFd-GOGAT and LgNADH-GOGAT) and L. minor
(LmFd-GOGAT and LmNADH-GOGAT) with those from other monocot and dicot species. Branch
lengths are proportional to evolutionary distances, with the mean branch length scale indicated at
the bottom of the tree. Numbers on the nodes represent bootstrap values, providing statistical
support for the clustering of the proteins.

Fd-GOGAT proteins: AtFd-GOGAT1 and AtFd-GOGAT2 (A. thaliana - NP_850763.1 and
NP_181655.1); BdFd-GOGAT (B. distachyon - XP_003559858.1); NnFd-GOGAT (N. nucifera -
XP_010276670); OsFd-GOGAT (O. sativa - XP_015646712.1); SbFd-GOGAT (S. bicolor -
XP_002463318.2), SpFdGOGAT (S. polyrhiza, sequence translated from Acc. ID MZ2605910); LgFd-
GOGAT (L. gibba_Chr1) and LmFd-GOGAT (L. minor_Chr1).

NADH-GOGAT proteins: AtNADH-GOGAT (A. thaliana - NP_200158.2), BANADH-GOGAT1 and
BANADHGOGAT?2 (B. distachyon - XP_003566997.1 and XP_024315185.1); NnNADH-GOGAT1 and
NnNADH-GOGAT 2 (N. nucifera - XP_010261570.1 and XP_010266511.1), OsNADH-GOGAT1 and
OsNADH-GOGAT2 (O. sativa XP_015649242.1 and XP_015640407.1); SONADH-GOGAT1 and -
SbNADH-GOGAT2 (S. bicolor - XP_002458326.1 and XP_021302649.1), SpNADH-GOGAT (S.
polyrhiza - sequence translated from Acc. ID OL421563); LgNADH-GOGAT (L. gibba_Chr6) and
LmNADH-GOGAT (L. minor_Chr6).
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3.3.3.4.Structural and Evolutionary Analysis of Chloride Channel A Gene

The Chloride Channel gene (CLC) encodes Chloride Channel A (CLCa), showed evolutionary
conservation and structural similarities among S. polyrhiza, L. gibba, and L. minor., despite slight
differences in amino acid length and chromosomal location (Table 3.3). In all three species, the gene
is composed of four exons and three introns, highlighting a highly conserved exon-intron structure

(Figure 3.13).

This gene in L. gibba (LgCLCa) is located on chromosome 21 (positions 6378711-6384350 bp) and
encodes a protein of 822 amino acids. In L. minor (LmCLCa1), this gene is also situated on chromosome
21, spanning positions 4,939,808 to 4,943,394 base pairs, but encoding a slightly longer protein of 848
amino acids. In comparison with S. polyrhiza (SpCLCa), this gene is located on chromosome 7 (spanning
positions 4,214,664 to 4,218,179 base pairs) and producing a shorter protein of 732 amino acids (Table
3.3).

Despite these minor variations in size and genomic location, all three species shared the same critical
catalytic and voltage-gated domains essential for chloride channel function. These domains include
the chloride channel voltage-gated domain (IPR001807), the CLC-plant domain (IPR002251), and the
voltage-gated chloride channel/antiporter domain (IPR051280). The conserved presence of these
domains underscores the functional importance of the CLCa gene in ion transport and its role in

maintaining chloride ion balance within plant cells.
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Figure 3.13. The Exon-Intron structures of Spirodela polyrhiza, Lemna gibba and Lemna minor of
Chloride Channel A genes. The exon-intron structures of CLCa in L. gibba and L. minor are compared
with those of Spirodela polyrhiza. Coding sequences are represented by coloured boxes, and introns
are depicted as black lines. The X marks the primer binding sites used for RT-qPCR-based gene
expression analysis. The scale bar represents 1 kb of DNA sequence.
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The evolutionary relationships between different plant species were shown in the phylogenetic tree
for comparing amino acid sequences of CLCa genes from Lemna gibba, Lemna minor, Spirodela

polyrhiza and other species (Figure 3.14).

Duckweed species (L. gibba, L. minor, and S. polyrhiza) form a cohesive cluster, underscoring their
close evolutionary proximity and shared lineage. Within the duckweed group, L. gibba and L. minor
cluster together more closely, indicating greater similarity between these two species compared to S.
polyrhiza. Interestingly, the tree reveals a closer relationship between duckweed species and other
monocots than with dicots, suggesting that the evolution of chloride channels in aquatic monocots

may have been influenced by unique ecological pressures.

Further analysis of the tree revealed two major clusters. One cluster included Lemna species, which
are distinctly separated from all other species analysed, suggesting specialized evolutionary
adaptations within the Lemna genus. In L. minor, two copies of the CLCal gene were observed, similar
to the gene duplication seen in Arabidopsis thaliana. This duplication may represent an adaptation to

the specific physiological needs of these species.

The second major cluster included non-aquatic plants, with a clear division between monocot and
dicot species. S. polyrhiza was placed within this cluster but formed a distinct subgroup, separated
from both monocot and dicot plants. This placement suggests that while S. polyrhiza shares some
evolutionary characteristics with non-aquatic plants, it retains unique features likely shaped by its

aquatic habitat.

The phylogenetic tree highlights the robust and conserved nature of the CLCa gene across plant
species, maintaining essential functions while adapting to diverse ecological contexts. The clear
separation of Lemna species and the distinct clustering of S. polyrhiza reflect evolutionary
diversification among aquatic plants, likely driven by their specialized environments and physiological

demands.
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Figure 3.14. Phylogenetic tree of CLCa proteins in Lemna gibba and Lemna minor with other
representative species. The phylogenetic tree shows the relationships between L. gibba (LgCLCa)
and L. minor (LmCLCa) with those from other monocot and dicot species in CLCa proteins. Branch
lengths are proportional to evolutionary distances, with the mean branch length scale indicated at
the bottom of the tree. Numbers on the nodes represent bootstrap values, providing statistical
support for the clustering of the proteins.
CLCa proteins: AtCLCal (A. thaliana - NP_198905.1), AtCLCa2 (A. thaliana - NP_001031990.1),
BdCLCa (B. distachyon - XP_003576525.1), NnCLCa (N. nucifera - XP_010276208), OsCLCa (O. sativa
- XP_015620662.1), SbCLCa (S. bicolor - XP_002438781.1), SpCLCa (S. polyrhiza - Spipo7G0046500),

LgCLCa (L. gibba_Chr21), LmCLCa (L. minor_Chr21).
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3.3.4. Expression of Nitrogen Assimilation Genes in Duckweed Under Different Nitrogen Sources

The genes analysed in this study were: NR (nitrate reductase), NiR (nitrite reductase), GS1-1
(glutamine synthetase 1), GS1-2 (glutamine synthetase 2), GS2 (glutamine synthetase 2), CLCal
(chloride channel), Fd-GOGAT (ferredoxin-dependent glutamate synthase), and NADH-GOGAT (NADH-

dependent glutamate synthase).

The expression of the NR gene exhibited a clear trend across the four clones. In all clones, NR
expression level was very low (downregulated) under Ammonium-Nitrate treatment (NR, Figure 3.15),
which is consistent with a reduced need for nitrate reduction when ammonium, a form of nitrogen
directly available for assimilation, is present. Statistically significant reductions in NR expression under
Ammonium-Nitrate were observed compared to the control (Nitrate) treatment, with p-values < 0.05.
These results indicate that ammonium as a nitrogen source potentially represses NR to limit

unnecessary nitrate reduction.

In contrast, under the Nil treatment (absence of nitrogen), clones DG4 and 7796 displayed significant
upregulation of NR expression, especially when compared to the Nitrate treatment (p < 0.01),
suggesting that these clones may mobilize internal nitrate reserves to support growth under nitrogen
starvation. Clone DG8, however, exhibited less responsiveness overall, showing lower NR expression

under Ammonium-Nitrate, which may reflect its more efficient use of ammonium as a nitrogen source.

The NiR gene, which encodes nitrite reductase, showed considerable variability, particularly in clone
7796 (NiR, Figure 3.15). This clone exhibited upregulation under both Nil and Urea-Nitrate treatments,
with statistically significant increases in expression (p < 0.01) compared to the Nitrate treatment. This
suggests that 7796 adjusts its nitrite reduction capacity based on the nitrogen source, with Urea-

Nitrate and nitrogen starvation prompting a higher expression of NiR.

For clone DGS, significant upregulation of NiR expression was observed under Urea-Nitrate (p < 0.05),
indicating a preference for organic nitrogen sources in this clone. These findings suggest that 7796
and DG8 may utilize different nitrogen assimilation strategies, with 7796 being more responsive to
both nitrogen starvation and urea treatments, while DG8 shows a preference for urea-derived

nitrogen.

The GS1-1 gene showed downregulation under Ammonium-Nitrate treatment in SD, DG4, and DG8
(GS1-1, Figure 3.15), suggesting that these clones reduce the activity of glutamine synthetase 1 when
ammonium is available. In 7796, however, GS1-1 was upregulated under both Nil and Ammonium-
Nitrate treatments (p < 0.05), indicating that this clone may rely more on GS1-1 for nitrogen

assimilation, even under conditions of nitrogen starvation. Despite its lower overall expression of GS1-
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1, 7796 was able to achieve high protein content, suggesting that other genes or pathways may

compensate for this reduced expression in nitrogen assimilation.

Similarly, GS1-2 was generally downregulated under Ammonium-Nitrate and Urea-Nitrate treatments
in SD and DG8 (GS1-2, Figure 3.15), consistent with reduced reliance on glutamine synthetase activity
when nitrogen is readily available. By contrast, 7796 exhibited upregulation of GS1-2 under Nil and
Urea-Nitrate conditions (p < 0.05), indicating that GS1-2 may play a significant role in facilitating
nitrogen assimilation under organic nitrogen sources, particularly urea. These findings suggest that
7796 utilizes a more versatile nitrogen assimilation strategy than other clones, possibly favouring

organic nitrogen sources like urea when nitrate is not available.

The GS2 gene was downregulated in DG8 under both Ammonium-Nitrate and Urea-Nitrate treatments
(GS2, Figure 3.15), which may indicate a reduced reliance on glutamine synthetase 2 activities in these
conditions. In contrast, DG4 showed increased GS2 expression under Urea-Nitrate, suggesting an
enhanced capacity for assimilating organic nitrogen. This differential expression of GS2 reflects the

clones’ varying ability to utilize nitrogen from different sources.

The expression of CLCal, a chloride channel, was upregulated in the Nil treatment for DG4, DGS, and
7796 (CLCA1, Figure 3.15), suggesting its role in maintaining ion balance during nitrogen starvation.
However, DG8 exhibited a significative downregulation of CLCal under Ammonium-Nitrate and Urea-
Nitrate treatments, which could indicate its sensitivity to these nitrogen treatments. Statistically,
these changes were significant (p < 0.01) when comparing Nil treatment to other nitrogen sources,

emphasizing the role of CLCal in maintaining cellular homeostasis under nitrogen stress conditions.

The expression of FAd-GOGAT was significantly reduced in DG8 under urea treatment (p < 0.05) (Fd-
GOGAT, Figure 3.15), reflecting a lower need for ferredoxin-dependent glutamate synthesis when
organic nitrogen sources, like urea, are abundant. Similarly, NADH-GOGAT was downregulated in SD
and DG4 under both Ammonium-Nitrate and Urea-Nitrate treatments, suggesting that this pathway
plays a lesser role under these nitrogen conditions. The statistical analysis showed that the reductions

in expression were significant, with p-values < 0.05 for both clones compared to the control (nitrate).

Across all clones, distinct regulatory patterns for nitrogen assimilation genes were observed,
highlighting the genetic diversity in nitrogen utilization strategies among those clones. The clone 7796
stood out in particular, showed high protein content despite lower GS1-1 expression, possibly relies
more on NiR and other pathways to compensate for reduced glutamine synthetase activity. These
findings underscore the importance of nitrogen source in regulating nitrogen assimilation pathways

and emphasize the flexibility of duckweed in adapting to various nitrogen conditions.
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Figure 3.15. Relative expression of NR, NiR, GS1-1, GS1-2, GS2, CLCal, Fd-GOGAT, and NADH-
GOGAT genes in four duckweed clones. The clones analysed were Lemna minor SD, Lemna minor
DG4, Lemna minor DG8, and Lemna gibba 7796. These clones were grown under four Nitrogen
treatments: Nitrate (control), Nil, Ammonium-Nitrate, and Urea-Nitrate, with gene expression
assessed at Day 7. The relative gene expression relative to GADPH was determined by RT-qPCR and
is presented as fold change relative to the nitrate control. Bars represent the mean expression level
from three biological replicates, with standard error (SE) shown. Asterisks (*) indicate significant
differences compared to the control (nitrate) based on One-way ANOVA (p < 0.05).
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3.4. Discussion

The study aimed to investigate the effects of four nitrogen sources (Nitrate, Nil nitrogen, Ammonium-
Nitrate, and Urea-Nitrate) on the growth and nitrogen assimilation of four duckweed clones—three
Lemna minor (SD, DG4, and DG8) and one Lemna gibba (7796). Comparative genomics and
phylogenetic analyses of nitrogen assimilation genes were done to investigate the evolutionary
relationships between duckweed and other monocot and dicot species. Key physiological parameters,
including Relative Growth Rate (RGR), medium pH, total nitrogen, total nitrate, and total protein
content, were assessed at two time points (day 4 and day 7). Additionally, the expression of eight
nitrogen assimilation genes (NR, NiR, GS1-1, GS1-2, GS2, Fd-GOGAT, NADH-GOGAT, and CLCal) was
analysed via RT-qPCR to understand the regulatory mechanisms underlaying nitrogen metabolism in

these clones.

The growth patterns observed in response to different nitrogen sources demonstrated clear clone-
specific preferences. Relative growth rates (RGR) varied significantly among the clones, with SD and
DG4 showed a strong preference for Nitrate treatment since they showed the highest RGR under this
condition. This aligns with previous findings that nitrate supports optimal growth in plants, as it serves
as a major nitrogen source for many species (Devlamynck et al., 2020). On the other hand, clone 7796,
Lemna gibba, exhibited better growth under Urea-Nitrate treatment, suggesting that this clone has a
distinct metabolic adaptation that favours the use of urea as a nitrogen source. This result supports
previous studies that have found urea to be beneficial for certain aquatic plant species, potentially

due to its rapid uptake and assimilation by the roots and fronds (Garnica et al., 2010).

Ammonium-Nitrate treatments led to a reduction in growth rates across all clones, with a notable
decline observed by day 7. This reduction was correlated with a significant drop in the medium pH to
approximately 4, which is known to create acidic conditions that can inhibit plant growth (Kérner et
al., 2001). These findings are consistent with those of previous studies, which reported that
ammonium-based fertilizers, especially when not properly buffered, can suppress plant growth due
to acidification of the surrounding environment (Wang et al., 2016). In addition, the Nil nitrogen
treatment resulted in a significant decrease in growth for all clones, likely due to nitrogen starvation,

which is expected to impede the normal metabolic processes essential for growth.

Protein content, a critical indicator of Nitrogen Use Efficiency (NUE), was different between different
clones. Clone 7796 consistently exhibited the highest protein content compared to the other clones
under all treatments. This finding highlights the superior NUE of this clone, particularly under Urea-
Nitrate and nitrate conditions, where protein synthesis is optimized in response to nitrogen

availability. This result is consistent with previous studies that have linked high protein content with
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efficient nitrate assimilation (Xu et al., 2023; Zhou et al., 2022). The ability of clone 7796 to achieve
high protein levels despite potentially lower nitrogen input or under varying nitrogen conditions
suggests that it has adapted robust mechanisms for nitrogen assimilation and storage, further
underlining its suitability for agricultural applications, particularly in systems where protein yield is of

paramount importance.

In contrast, protein content was relatively consistent across the treatments within each clone,
indicating that duckweed plants can adjust their protein synthesis according to the nitrogen forms
available in the environment. This highlights the flexibility of duckweed in adjusting its metabolism to
optimize nitrogen use, even when nitrogen availability is limited or varied. Clones SD and DG4, which
exhibited high growth rates under Nitrate treatment, also demonstrated efficient protein synthesis,

suggesting that they rely on nitrate as their preferred nitrogen source.

Nitrate accumulation varied across clones and nitrogen treatments. Clones SD and DG4 accumulated
the highest levels of nitrate when grown under Nitrate treatment, which is consistent with previous
reports showing that Nitrate treatments directly increase nitrate levels in plants (Bassioni et al., 1980;
Ochieng’ et al., 2021). On the other hand, clones DG8 and 7796 showed comparable nitrate levels in
nitrate and Urea-Nitrate treatments. This suggests that these clones may possess enhanced pathways
for nitrate uptake and assimilation, particularly in the presence of urea, which can stimulate nitrate

assimilation in some plant systems (Garnica et al., 2010).

Interestingly, clones SD and DG4 demonstrated the highest nitrate accumulation under Nitrate
treatment, highlighting their preference for this nitrogen source. This suggests that these clones may
have evolved efficient nitrate uptake systems, allowing them to thrive in environments rich in nitrate.
In contrast, clones DG8 and 7796 displayed comparable nitrate levels under both nitrate and Urea-
Nitrate treatments, indicating that they may have developed more versatile nitrogen assimilation

pathways, capable of utilizing both nitrate and urea efficiently.

The comparative genomics and phylogenetic analysis of nitrogen assimilation genes in duckweed
revealed a blend of both conserved and divergent genes, providing insights into its evolutionary
history. Key genes involved in nitrogen metabolism, such as Nitrate Reductase (NR) and Nitrite
Reductase (NiR), exhibited distinct patterns of evolutionary alighment when compared to other plant
species. The NiR genes from L. gibba and L. minor clustered closely with those of monocot species,
indicating a shared evolutionary origin, likely due to early adaptation to aquatic environments. This is
consistent with findings from previous studies that observed similar patterns of evolutionary

alignment in other aquatic species, such as Spirodela polyrhiza (Zhou et al., 2022). The NR genes,
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however, aligned more closely with dicot clades, suggesting a divergence within the Lemnoideae

subfamily that might be driven by ecological pressures specific to each lineage's habitat.

A notable divergence in the nitrogen assimilation pathway was the absence of the GS1-3 isoform in
Lemna species, a characteristic that distinguishes them from S. polyrhiza, another member of the
Lemnoideae subfamily (Zhou et al., 2022). This divergence highlights how different species within the
same family have adapted to their unique ecological niches. While S. polyrhiza retains the GS1-3
isoform, Lemna species rely on the GS1-1 and GS1-2 isoforms for efficient nitrogen assimilation. This
absence of GS1-3 in Lemna may reflect a more streamlined adaptation to specific environments,
where nitrogen metabolism is optimized for efficiency and rapid growth in nutrient-rich aquatic

systems.

Further analyses of the amino acid sequences of these genes suggest divergence in nitrogen
assimilation strategies among these species. The divergence in the GS isoforms and other key nitrogen
metabolism genes supports the hypothesis that evolutionary divergence is driven by ecological
demands. The ability of Lemna species to utilize GS1-1 and GS1-2 isoforms for nitrogen assimilation
enables them to thrive in a variety of aquatic environments, further emphasizing their specialized

adaptation to nutrient-rich waters.

However, the conservation of other nitrogen assimilation genes, such as Fd-GOGAT and NADH-
GOGAT, across monocot and dicot species highlights the fundamental importance of these pathways
for plant survival. These genes have remained largely conserved due to their essential role in nitrogen
assimilation, providing the flexibility necessary for plants to survive in different nitrogen availability
conditions. Duckweed's ability to cluster with dicots in these pathways is particularly significant, as it
suggests a deep evolutionary adaptability that has enabled the plant to thrive in a wide range of
environments, from nutrient-poor to nutrient-rich aquatic ecosystems. This adaptability allows
duckweed to efficiently utilize available nitrogen, making it a promising candidate for both agricultural

and ecological applications.

Overall, the balance between the conservation and divergence of nitrogen assimilation genes
illustrates how duckweed has evolved to thrive in aquatic ecosystems. The maintenance of essential
metabolic functions while adapting to specific ecological niches highlights duckweed's remarkable
evolutionary flexibility (Barbosa Neto et al., 2019). These findings provide a deeper understanding of
the molecular mechanisms that underlie duckweed's efficient nitrogen metabolism and its potential

use in sustainable agricultural and environmental applications.

86| Page



The expression of eight key nitrogen assimilation genes (NR, NiR, GS1-1, GS1-2, GS2, Fd-GOGAT,
NADH-GOGAT, and CLCa1l) was analysed to understand the molecular basis of nitrogen metabolism in
the four duckweed clones under different nitrogen treatments. The results revealed distinct patterns
of gene expression across clones and treatments, highlighting the genetic diversity and regulatory

strategies employed by each clone in response to nitrogen availability.

The NR gene, which encodes nitrate reductase, was consistently downregulated in response to
Ammonium-Nitrate treatment across all clones. This downregulation reflects a reduced need for
nitrate reduction when ammonium is available, as ammonium can directly provide nitrogen for amino
acid synthesis and other metabolic processes. Clone 7796 exhibited increased NR expression under
nitrogen starvation (Nil treatment), suggesting a strategy of mobilizing internal nitrate reserves to
support metabolic activity under nitrogen-deficient conditions. This strategy is commonly observed in
nitrogen-starved plants, where nitrate reserves are remobilized to sustain essential metabolic
processes (X. M. Yin et al., 2014). NiR, the gene encoding nitrite reductase, displayed variability across
clones. Clone 7796 exhibited significant upregulation of NiR under both Nil and Urea-Nitrate
treatments, suggesting a preference for organic nitrogen sources, which is consistent with other

reports in agquatic plants (Azab & Soror, 2020).

The expression of glutamine synthetase (GS) genes, including GS1-1, GS1-2, and GS2, revealed a highly
dynamic and complex regulatory network that varied across different clones and treatment
conditions. In general, GS1-1 was downregulated in response to Ammonium-Nitrate treatment in
clones SD, DG4, and DG8. This downregulation under nutrient-sufficient conditions suggests that GS1-
1is primarily involved in nitrogen remobilization, a process that becomes more critical when nitrogen
availability is low. Notably, under nitrogen starvation (Nil treatment), GS1-1 showed upregulation in
these same clones, indicating its role in remobilizing ammonium (NH;*) derived from protein
degradation during nitrogen stress. This pattern aligns with the findings of Hortensteiner & Feller,
(2002) and Masclaux et al., (2000) who proposed that GSI-1 plays a crucial role in the recycling of
nitrogen during periods of low nitrogen availability, helping the plant maintain metabolic functions

when external nitrogen sources are limited or senescence.

Clone 7796 displayed an interesting deviation from this pattern, exhibiting low GS1-1 expression
despite maintaining high protein content across all treatments. This observation suggests that clone
7796 may rely on alternative nitrogen assimilation pathways or a more efficient nitrogen use strategy
to cope with nitrogen deficiency, enabling it to achieve robust growth and maintain protein synthesis
even under limiting nitrogen conditions. This indicates a potential adaptive mechanism that enables

clone 7796 to handle nitrogen stress differently from the other clones.
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In contrast to GS1-1, the expression of GS1-2 was more variable across the different clones and
treatments. In SD and DG8, GS1-2 expression was downregulated under Ammonium-Nitrate and Urea-
Nitrate treatments, suggesting that its role is less prominent under conditions where ammonium and
nitrate are readily available. However, GS1-2 was upregulated under Nil and Urea-Nitrate conditions
in clone 7796, pointing to its critical involvement in nitrogen assimilation when nitrate or ammonium
availability is limited. This observation supports the idea that GS1-2 plays a central role in the nitrogen
assimilation network, particularly under nitrogen-limiting conditions, possibly by facilitating the

assimilation of ammonium released during photorespiration (Zhou et al., 2022).

GS2 expression, which is typically involved in supporting the nitrogen assimilation process in
chloroplasts, also demonstrated varying patterns across the clones. In DG8, GS2 was downregulated
under both Ammonium-Nitrate and Urea-Nitrate treatments, while in DG4, GS2 expression was
enhanced under Urea-Nitrate conditions, suggesting a clone-specific regulation of GS2 activity. This
variation in GS2 expression further supports the hypothesis that different clones exhibit unique
strategies for nitrogen assimilation depending on their environmental conditions. The regulation of
GS2, particularly in response to Urea-Nitrate, might indicate an adaptation that allows certain clones

to more effectively utilize available nitrogen sources.

These findings are consistent with studies on other monocot crops, such as barley (Goodall et al.,
2013) and rice (Yamaya & Kusano, 2014), where GS1-2 plays a dominant role in primary ammonium
assimilation in roots, complementing GS2 activity in green tissues by assimilating ammonium
produced during photorespiration (Ferreira et al., 2019). The results of this study suggest that a similar
mechanism in duckweed, with GS1-2 and GS2 working in tandem to optimize nitrogen assimilation
and support the plant’s rapid growth rate and biomass accumulation. The clone-specific regulation of
these GS genes reflects the diverse strategies employed by duckweed to manage nitrogen assimilation

in response to varying environmental conditions, highlighting the plant’s remarkable adaptability.

Overall, the differential expression patterns of GS genes across clones and treatments emphasize the
complexity of nitrogen metabolism in duckweed and its ability to fine-tune its nitrogen assimilation
pathways based on environmental cues as has been described in other plants (Elsanosi et al., 2024).
This adaptability is key to duckweed’s success in nutrient-variable aquatic environments, enabling it

to maintain high growth rates and biomass accumulation even under nitrogen stress.

The expression of FA-GOGAT and NADH-GOGAT, genes involved in the assimilation of ammonium into
glutamate, revealed further diversity in nitrogen assimilation pathways. Fd-GOGAT was significantly
downregulated in DG8 under Urea-Nitrate treatment, suggesting a reduced need for ferredoxin-

dependent glutamate synthesis under these conditions. Similarly, NADH-GOGAT expression was
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downregulated in SD and DG4 under Ammonium-Nitrate and Urea-Nitrate treatments, suggesting that

this pathway plays a lesser role in nitrogen assimilation under these conditions.

The findings of this study offer significant implications for environmental and agricultural applications,
particularly in optimizing nitrogen use efficiency (NUE) in duckweed cultivation. Understanding the
nitrogen metabolism of different duckweed clones provides crucial insights into how these plants
respond to varying nitrogen sources, and how these responses impact growth rates, protein
production, and overall nitrogen assimilation. Notably, clone 7796 exhibited superior protein content
and efficient nitrogen utilization, making it a strong candidate for applications where high protein yield
is prioritized, such as sustainable feed or food systems. The ability of duckweed to efficiently assimilate
nitrogen makes it an appealing candidate for such applications, and by tailoring cultivation practices
to specific clones and nitrogen conditions, NUE in duckweed-based systems can be significantly

enhanced.

Duckweed, due to its remarkable adaptability and high nitrogen uptake potential, serves a dual
purpose as both a nutrient remediator and a protein source (Devlamynck et al., 2020). Its ability to
thrive in nutrient-rich environments such as those found in wastewater systems, makes it an effective
tool for nitrogen remediation, particularly in environments with excess nitrogen. The variability
observed among duckweed clones, especially their differing preferences for nitrogen sources like
nitrate or Urea-Nitrate, further highlights their potential for targeted applications. For instance, clones
with a high capacity for nitrate uptake, such as SD, are particularly well-suited for wastewater
treatment projects, where their ability to absorb and recycle nitrogen from the water can help reduce
nutrient pollution. On the other hand, clones like 7796, which demonstrate robust growth and high
protein production, could be better suited to support sustainable feed or food production systems,

where efficient nitrogen assimilation is crucial for maintaining growth and protein yield.

The genetic and physiological diversity observed among duckweed clones opens new possibilities for
broader applications in sustainable agriculture. Integrating duckweed into nutrient management
systems could help recycle nitrogen in agricultural runoff, thus minimizing the environmental impact
of excess nitrogen. Duckweed’s ability to absorb and assimilate nitrogen efficiently means it could play
a pivotal role in mitigating nitrogen pollution in agricultural settings. Additionally, by producing
valuable biomass in the process, duckweed can contribute to the circular bioeconomy. The versatility
of different clones, with varying levels of nitrogen assimilation efficiency and growth traits, further
highlights the plant’s potential to meet diverse needs across agricultural and environmental sectors.
Utilizing these traits not only enhances sustainability but also supports efforts to balance food

production with environmental conservation.
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Moreover, this study contributes to our understanding of duckweed's potential as a versatile crop in
circular bioeconomy initiatives. Duckweed can be integrated into nutrient recycling systems where it
not only helps reduce nitrogen runoff but also produces biomass that can be used as a feedstock for
biogas production or even as a renewable protein source. Its rapid growth and high nitrogen use
efficiency make it an ideal candidate for these applications, offering an environmentally friendly

solution for nutrient recovery while also providing a source of valuable biomass.

While the experiments provided valuable insights into the nitrogen metabolism of duckweed, certain
limitations should be acknowledged. The controlled laboratory conditions, though essential for
maintaining experimental consistency, may not fully capture the complexities of natural
environments, where factors such as microbial interactions, fluctuating temperatures, and variable
light intensities could significantly affect plant growth and nitrogen assimilation. Furthermore, the
study focused on four specific nitrogen sources and eight nitrogen assimilation genes, which limits the
scope of its findings. Expanding the analysis to include a broader range of nitrogen forms, such as
organic nitrogen compounds or commonly used agricultural fertilizers, could provide a more
comprehensive understanding of duckweed’s metabolic flexibility. This could also help optimize

duckweed cultivation for different agricultural and environmental contexts.

In addition to broadening the range of nitrogen sources tested, future research could benefit from
exploring other aspects of nitrogen metabolism in duckweed, such as the regulatory pathways that
control the expression of key nitrogen assimilation genes under different environmental conditions.
Moreover, while this study focused on four duckweed clones, expanding the genetic pool to include a
wider variety of species and clones could provide insights into whether the observed trends are
universally applicable to all duckweed species or if they are unique to specific clones. Comparative
studies involving different species within the Lemnoideae subfamily, such as Spirodela or Wolffia,
could further expand our understanding of nitrogen metabolism in these plants and provide insights

into how evolutionary divergence has shaped their nitrogen assimilation strategies.

Field-based studies will be essential for evaluating the adaptability of duckweed clones in real-world
conditions, such as those found in wastewater treatment systems or agricultural runoff environments.
Long-term experiments could also help determine how sustained exposure to varying nitrogen
treatments influences duckweed biomass quality, nutrient cycling efficiency, and overall ecosystem
health. Additionally, incorporating advanced genetic tools to optimize nitrogen use efficiency in
duckweed—particularly through the targeted manipulation of key nitrogen assimilation genes—holds
great potential for enhancing the plant’s utility in both environmental remediation and agricultural

systems.
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This study explored the impact of four nitrogen sources (Nitrate, Nil nitrogen, Ammonium-Nitrate, and
Urea-Nitrate) on the growth and nitrogen assimilation of four duckweed clones, revealed significant
clone-specific differences in nitrogen utilization and gene expression. Clone 7796 stood out as the
most efficient in nitrogen use, had the highest protein content and growth rates, particularly under
Urea-Nitrate and Nitrate treatments. These findings not only enhance our understanding of nitrogen
metabolism in duckweed but also highlight the potential of specific clones for targeted agricultural
and environmental applications. The results reinforce the idea that different duckweed clones exhibit
diverse nitrogen assimilation strategies, and these differences can be leveraged to optimize growth
and nutrient uptake in both controlled and natural systems. Overall, results of this research show that
duckweed is a promising candidate for sustainable nitrogen management, wastewater treatment, and

biomass production, with numerous potential applications in the circular bioeconomy.
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4. Chapter 4. Physiological Assessments on Lemna Growth Under Heat Stress
4.1. Introduction

Duckweeds, known for their small size and incredibly fast growth, recently have become quite popular
in plant research. Their unique growth characteristics make them ideal for experiments requiring quick
results and serve as a valuable model for studying plant responses to environmental stresses (Olah et
al., 2010; Scherr et al., 2007; Strzatek & Kufel, 2021). Among these stresses, heat stress stands out due
to its increasing prevalence with rising global temperatures. Heat stress significantly affects plants at
multiple levels (Figure 4.1): it reduces photosynthetic efficiency by degrading chlorophyll, Rubisco,
and other photosynthetic pigments and impairs the function of photosystem Il (Hasanuzzaman et al.,
2013; Perdomo et al., 2017; Song et al., 2014). Growth and development are also affected, with
smaller leaf areas, reduced plant growth, and changes in seed germination and nutritional quality
(Zhang et al., 2013). On a cellular level, heat stress triggers the overproduction of reactive oxygen
species (ROS), causing oxidative damage (Nosaka & Nosaka, 2017). It also interferes with nutrients
uptake (Mishra et al., 2023) and reduces water uptake efficiency, further exacerbating plant stress
(Liu et al., 2020). Additionally, it weakness cellular integrity by increasing membranes fluidity and
permeability (Wang et al., 2016). Given the challenges posed by climate change, understanding plant

responses and adaptations to heat stress is more critical than ever.

Researchers have explored various strategies to help plants cope with heat stress, ranging from
protective chemicals to selective breeding for heat-tolerant crop varieties (Akter & Islam, 2017; Wahid
et al., 2007). Despite these efforts, high temperatures continue to disrupt essential plants processes,
such as growth and protein synthesis, by breaking down proteins, destabilizing membranes, and
impairing enzyme functions (Huang & Xu, 2008; Divya et al., 2023). These effects result in reduced
biomass, lower crop yields, and declined protein content, although stress-induced proteins such as

heat shock proteins are often upregulated (Huang & Xu, 2008).
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Figure 4.1. Heat stress on plant physiological changes: Upward arrows (/") indicate upregulation,
while downward arrows ({ ) represent downregulation.
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Not all plants respond to heat stress in the same way, as genotypic differences within species influence
their tolerance. For example, in Creeping Bentgrass (Agrostis stolonifera), heat-tolerant genotypes
showed higher expression of genes associated with chlorophyll metabolism and antioxidant activity,
reducing oxidative damage and delaying leaf senescence (Li et al., 2021). Similarly, heat-tolerant
Cucurbita moschata outperformed heat-sensitive Cucurbita maxima by showing lower oxidative stress
and increased activity of antioxidant enzymes such as SOD, APX, CAT, and POD (Ara et al., 2013). Wild
rice species like Oryza australiensis demonstrated heat tolerance through stable of Rubisco activase,
which preserved Rubisco activity and sustained photosynthesis under high temperatures (Scafaro et
al., 2016). Aquatic plants such as Potamogeton species showed species-specific heat tolerant

strategies, underscoring the importance of acquired heat acclimation (Amano et al., 2012).

In Spirodela polyrhiza, a common duckweed species, adaptation to heat stress involves both
physiological and molecular mechanisms. Under extreme temperatures (45°C), enzymatic
antioxidants like SOD initially increase but later decline, while rising MDA levels indicate persistent
oxidative stress. Transcriptomic analysis reveals the upregulation of thousands of genes, including
transcription factors like HSF, ERF, WRKY, and GRAS, which are linked to heat tolerance (Shang et al.,
2022). These adaptations enable S. polyrhiza to enhance antioxidant defences, maintain energy
balance, and preserve cell membrane integrity. However, the specific effects of heat stress on growth
rate and protein content in different duckweed species (e.g. L. gibba and L. minor) remains poorly

understood. This study aims to address this knowledge gap.

It is hypothesized that heat stress generally reduces growth rates and protein content of Lemna
species, but some clones may demonstrate greater resilience due to their genetic adaptations. To test
this hypothesis, this study investigated the impact of heat stress on the growth rate and protein
content of 42 Lemna clones, focusing on two species, L. gibba and L. minor. The 42 clones, selected
from a geographically diverse collection, represent varied environmental conditions, reflecting
potential differences in heat stress responses due to evolutionary adaptations and genetic variability.
By comparing physiological responses under control (20°C) and heat stress (35°C) conditions, the study

aimed to identify heat-tolerant or heat-sensitive clones.

The identified heat-tolerant or heat-sensitive clones were further tested across a broader
temperature range (15°C, 20°C, 25°C, 30°C, and 35°C) to investigate at which temperature their
growth will be significantly affected. The identified heat-tolerant or heat-sensitive clones were further
investigated to understand the molecular mechanisms underlying the different temperatures

responses in Chapter 5.
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Results of this investigation will enhance our understanding of plant stress related to physiological
changes that enable certain Lemna clones to withstand high temperatures, contributing valuable

knowledge to the development of heat-resilience in plant systems.

4.2, Materials and Methods
4.2.1. Plant Materials

A total of 42 duckweed clones from five continents were selected for this study, comprising 36 clones
identified as L. gibba (black points in Figure 4.2) and 6 as L. minor (red points in Figure 4.2) as illustrated
in Figure 4.2 and detailed data were explained in Table S.2. Clones classified as L. minor were SD, DG4,
DGS8, DGY9, DG10 and DG12. Each clone was cultured in Schenk and Hildebrandt (SH) medium (nutrient
composition provided in Section 0) under constant light conditions at 100 pmol-m-2-s-1
(photosynthetically active radiation) from fluorescent tubes TLD 36W/86 (Philips, Eindhoven, the
Netherlands) at temperatures 20°C (control) or 35°C (heat stress), following protocols outlined in
Section 2.1. Fresh weight samples (50 mg per clone) were placed in Magenta vessels containing 300

ml of SH medium.

Based on the results of 42 clones tested at 20°C and 35°C, five clones were selected (Manor, 6861,
7763, 7796 and 8703) and were regrown at temperatures 15, 20, 25, 30 or 35°C for one week to

evaluate their responses under these varied thermal conditions.

4.2.2. Growth Rate Assessments

Growth rate assessments were performed using methods detailed in Section 2.5 (Ziegler et al., 2015).

A minimum of three biological replicates were used for the analysis.

4.2.3. Nitrogen and Nitrate Quantification

Total nitrogen (TN) and nitrate (TNO5) levels were quantified using Fourier-transform mid-infrared
(FT-MIR) spectroscopy, as outlined in Section 2.6 (Espinosa-Montiel et al., 2022). A minimum of three

biological and three technical replicates were used for the analysis.
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4.2.4. Degree of Heat Tolerance

The degree of heat tolerant was investigated by measuring chlorophyll content, following the method
described by Amano et al., (2012). Hundred mg of fresh weight were immersed in 1 ml of 100%
methanol after heat treatment. Samples were stored at 4°C for 24 h in darkness, the chlorophyll
extracted from the leaves was measured using a spectrophotometer at 665 nm and 652 nm. Total

chlorophyll content was calculated using the following formula:

4. Total chlorophyll (ug/mL) = 1.44 x Ages + 24.93 X Acs>

4.2.5. Statistical Analysis

Statistical data analysis was conducted using R Studio (RStudio Team, 2022). All experiments were
done in triplicate to ensure reliability. The data were summarized with independent variables being
the clone and temperature, while the dependent variables included chlorophyll content, relative
growth rate (RGR) and total protein content. Samples were categorized into control and treatment
groups, with controls grown at 20°C and treated grown at 35°C for one week. A ratio was then
calculated for RGR, chlorophyll content, and total protein content to differentiate more heat tolerant
clones (ratio > 1) from those less heat tolerant (heat sensitive; ratio < 1). Various statistical analyses,
including analysis of variance (ANOVA), principal component analysis (PCA), and regression analysis,
were performed to evaluate the effects of heat stress on growth rate, protein content, and chlorophyll
content across the 42 Lemna clones. Visualizations, such as plots, were generated to facilitate

interpretation of the results using R Studio (RStudio Team, 2022).

4.2.5.1. Comparative Physiological Responses of Lemna gibba and Lemna minor Clones Under

Control and Heat Stress Conditions

To assess differences in chlorophyll content, growth rate (RGR), total nitrogen, total nitrate, and total
protein under control (20°C) and heat stress (35°C) conditions, a comparison was performed between
36 clones of Lemna gibba and 6 clones of Lemna minor (SD, DG4, DG8, DGY9, DG10, and DG12).
Statistical significance was determined using two-way ANOVA to analyse species- and temperature-

dependent effects, with post hoc Tukey's HSD tests applied for pairwise comparisons.

Principal component analysis (PCA) was conducted to explore the variation in physiological traits

between species. The PCA biplot helped visualize the relationship between physiological parameters
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and stress conditions, with eigenvalues determining the contribution of each parameter to the

principal components.

4.2.5.2.Evaluation of Heat Tolerant and Heat Sensitive Duckweed Clones Using PCA Analysis of

Physiological Parameters

PCA analysis was performed to rank the clones' responses to elevated temperature (35°C). The
analysis included values for RGR, chlorophyll content, total nitrogen, total protein, and total nitrate. A
two-dimensional PCA biplot was generated to visualize how the physiological parameters correlated
with each principal component. The positioning of clones along the principal axes was used to infer

their relative stress tolerance.

4.2.5.3.Correlation Analysis of RGR, Chlorophyll, and Protein in Duckweed Clones Under

Temperature Stress to Identify Heat Sensitive and Heat Tolerant Clones

A Pearson correlation analysis was performed to assess the relationships among RGR, protein, and
chlorophyll content under control and heat-stress conditions. Linear regression models were fitted to
examine how these physiological traits varied across the 42 clones. The coefficient of determination

(R?) was calculated to evaluate the strength of correlations.

Three scatter plots were generated: (1) RGR vs. Protein content, (2) RGR vs. Chlorophyll content, and
(3) Protein vs. Chlorophyll content. The statistical distribution of data points was analysed, and clones
demonstrating extreme values were identified as potential heat-tolerant (high RGR, protein, and

chlorophyll) or heat-sensitive (low values for these parameters).

4.3. Results
4.3.1. Growth Rate Analysis

The impact of heat stress on the growth rate of 42 Lemna clones was assessed by analysing the relative
growth rate (RGR) under control conditions (20°C) compared to heat stress conditions (35°C). RGR was

determined for three biological replicates, and the results are illustrated in Figure 4.3.

Under control conditions, most clones exhibited RGR values exceeding 0.2, with clones 7245 and 9583
displaying notably higher values above 0.25. However, the application of heat stress significantly

affected the growth rates of all clones analysed. In general, clones that had a RGR above 0.2 under
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normal conditions showed a substantial reduction in growth rate when subjected to heat stress, with
RGR values dropped by approximately half (Figure 4.3). This decrease was particularly pronounced in
certain clones, such as 9583 and Pond, which experienced the most drastic declines from 0.27 to 0.07
(dl) and 0.25 to 0.05 (d?) respectively. Conversely, clone 6861 demonstrated resilience, maintaining
an RGR above 0.15 under heat stress conditions, making it the only clone to exhibit this level of growth

under the applied thermal stress.

4.3.2. Analysis of the Degree of Heat Tolerance

Chlorophyll content in plants is closely related to their response to heat stress, as heat stress can
directly impact on chlorophyll biosynthesis and disrupt photosynthesis processes (Aleem et al., 2021;
Dutta et al., 2009; Fahad et al., 2017). This section aims to explore if chlorophyll content can be used
as predictor of heat tolerance in Lemna clones by analysing changes in chlorophyll levels in clone’s

growth under control and heat-stress conditions.

The degree of heat tolerance of Lemna clones was investigated by measuring the chlorophyll content.
Under optimal conditions (20°C), chlorophyll content in all clones ranged between 500 to 600 pg/mL,
indicating consistent chlorophyll levels in a non-stressful environment. However, after 7 days of heat
exposure, a significant reduction in chlorophyll content was observed across all clones, with varying
degrees of decline among them. Clones such as 7798, and 8703 showed the most pronounced
reductions in chlorophyll levels 520.65 to 96.6 (p value<0.001) and 546.34 to 61.09 (p value<0.0001)
(ug/ml) respectively, indicating an increase sensitivity to heat stress in these genotypes. By contrast,
clones 9591, 6861, 8428 and 8678 displayed a smaller decrease in chlorophyll content, with no
significant differences observed between the control and treatment temperatures. This indicates a

relatively higher tolerance to elevated temperatures (Figure 4.4).

This variation in chlorophyll degradation suggests that chlorophyll content could serve as an indicator
of heat stress tolerance among Lemna clones, with lower declines potentially correlating with higher

heat tolerance.
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4.3.3. Total Nitrogen Content

Heat stress is a critical environmental factor that significantly influences nitrogen assimilation in
plants, thereby affecting their growth and physiological processes. Elevated temperatures can disrupt
nitrogen uptake, assimilation, and incorporation into essential compounds, ultimately impacting
overall nitrogen metabolism (Giri et al., 2017). This study evaluated the effects of temperature on
nitrogen assimilation in duckweed by screening 42 distinct clones under optimal (20 °C) and heat stress

(35 °C) conditions for one week.

As shown in Figure 4.5, total nitrogen ranged from 6% to 7.3% under optimal conditions across the
analysed clones, with clone 7763 having the lowest levels (6.01 %) and clone 9591 the highest (7.26%).
Under heat stress, total nitrogen levels decreased in most clones. However, notable exceptions were
observed in clones 6861 (20°C: 6.77%, 35°C: 6.73%), 9619 (20°C: 6.71%, 35°C: 6.59%), 7796 (20°C:
6.57%, 35°C: 6.77%), and 7763 (20°C: 6.01%, 35°C: 6.32%), which either maintained consistent
nitrogen levels or exhibited slight increases under elevated temperatures showing no statistically
differences (p value=ns). These clones demonstrated superior heat tolerant compared to the rest. By
contrast, clones such as 7784, DG10, 7705, and 8703 exhibited the most significant decline in total

nitrogen content, with total nitrogen levels falling below 4% under heat stress conditions.

4.3.4. Total Nitrate Content

Heat stress significantly affects nitrogen metabolism in plants, including nitrate accumulation, by
disrupting the activity of key enzymes involved in nutrient assimilation. Previous studies have shown
that elevated temperatures can impair enzymes such as nitrate reductase, which plays a central role
in nitrate and ammonium assimilation, leading to a notable reduction in nitrate content (Ru et al.,

2022).

Under control conditions (20°C), the nitrate contents of the 42 clones ranged from 3000 to 5700 mg/kg
DW, as shown in Figure 4.6. However, after one week of heat stress (35°C), most clones exhibited a
marked decline in nitrate levels. Clones 9532, SD, DG4, and Jen experienced the most dramatic
decreases in nitrate accumulation from 5733.4 to 2006.47 (p value<0.001), 5152.27 to 1111.06 (p
value<0.0001), 5009.8 to 1233.1 (p value<0.001) and 4373.02 to 512.98 (p value<0.001) (mg/Kg DW)
respectively, suggesting a higher sensitivity to heat stress in these genotypes. By contrast, clones 5615
(2935.13 to 2207.5 (mg/Kg DW)) and 7798 (3165 to 2586 (mg/Kg DW)) showed no significant
reductions in nitrate content under heat stress, indicating a degree of resilience in nitrate assimilation

pathways.
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4.3.5. Total Protein Content Analysis

As can be seen in Figure 4.7, there were changes in total protein levels in duckweed clones at 20 °C
compared to one week at 35°C (heat stress) without accounting for nitrate levels. Under control
conditions (20 °C), most clones exhibited total protein content ranging between 30-40%, with an
average of 39.33%. However, upon exposure to 35 °C for one week, the clones displayed diverse
responses. Some clones, such as 7784, DG10, Sailor, Pond, 7705, and 8703, experienced a dramatic
decline in protein levels below 25%. By contrast, other clones, such as 7263 (38.67 to 37.25 (p
value=ns) (%)) and 7805 (39.28 to 37.97 (p value=ns) (%)), showed no significant changes, while a few,
including 6861 (40.24 to 41.1 (p value=ns) (%)), 9619 (39.68 to 39.87 (p value=ns) (%)), 7796 (38.48 to
41.21 (p value=ns) (%)), and 7763 (35.02 to 38.37 (p value=ns) (%)), exhibited increased protein

accumulation under heat stress. These latter clones were identified as heat tolerant.

Overall, significant differences in protein accumulation were observed among the clones. As
illustrated in Figure 4.7, the heat tolerant clones maintained or even increased protein levels after

seven days of heat stress, demonstrating higher resilience to heat stress compared to the other clones.
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4.3.6. Comparative Physiological Responses of Lemna gibba and Lemna minor Clones Under

Control and Heat Stress Conditions

To assess differences in chlorophyll content, growth rate (RGR), total nitrogen, total nitrate, and total
protein under control (20°C) and heat stress (35°C) conditions, a comparison was performed between
36 clones of Lemna gibba and 6 clones of Lemna minor (SD, DG4, DGS8, DG9, DG10, and DG12); as
summarized in Table 4.1. No significant differences were found between the two species for most

physiological parameters. However, some notable trends emerged.

At 20°C, both species displayed similar chlorophyll levels, with L. gibba averaging 553.26 pg/mland L.
minor 553.5 pg/ml (Table 4.1). Under heat stress (35°C), chlorophyll content declined substantially in
both species (p value<0.0001) but L. minor retained marginally higher levels (316.83 pg/ml) compared
to L. gibba (282.59 pg/ml).

Growth rates showed a similar trend. At 20°C, L. minor and L. gibba demonstrated comparable relative
growth rates (RGR) of 0.24 d™" and 0.23 d7, respectively, with no significant differences detected. At
35°C, both species experienced a pronounced decline in growth (p < 0.0001), yet no statistically

significant differences were observed between them.

For total nitrogen and protein content, both species demonstrated reduction under heat stress, with
L. gibba maintaining slightly higher levels at both temperatures but the differences were not
significantly different. The most pronounced difference between L. gibba and L. minor was observed
in total nitrate content. Under heat stress (35°C), L. minor clones displayed significantly lower nitrate
levels (734.77 mg/kg DW) than L. gibba (1565.23 mg/kg DW) (Table 4.1). These results suggest a
potential species-specific difference, though the limited L. minor clones analysed (n=6) may have

influenced these findings.

In summary, while most physiological traits showed no significant differences between L. gibba and L.
minor, the marked disparity in nitrate content under heat stress warrants further investigation.

Expanding the sample size for L. minor clones could provide more conclusive insights.
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Table 4.1. Physiological responses of L. gibba and L. minor clones at 20°C and 35°C. Chlorophyll
content, relative growth rate (RGR), total nitrogen (TN), total nitrate, and protein content are included.

Species*

L. gibba
L. minor
L. gibba
L. minor

T (°C)

20
20
35
35

Chlorophyll

(ng/ml)
553.26 + 53.87

553.5+21.9
282.59 +104.8
316.83 £ 64.22

RGR (d?)

0.23+0.02
0.24+0.01
0.09 £0.02
0.08 £0.01

TN (%)

6.7+0.23
6.64 £0.12
5.09+0.9
4.8 +0.63

NOs (mg/kg DW)

3965.23 +768.13
4145.27 + 832.45
1565.23 + 528.38
734.77 +453.21

Protein (%)

39.4+£1.37
38.88+0.7
30.83 +5.52
29.51+3.99

*Measurements for L. gibba were mean of 36 clones and for L. minor were mean of 6 clones.
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4.3.7. Evaluation of Heat Tolerance and Heat Sensitivity Duckweed Clones Using PCA analysis of

Physiological Parameters

The PCA analyses conducted aimed to rank the clone’s responses to elevated temperature (35°C). To
determine whether clones treated at the same temperature are grouped together, a PCA plot was
utilized using the values for RGR (Figure 4.3), chlorophyll (Figure 4.4), total nitrogen (Figure 4.5), total
nitrate (Figure 4.6) and total protein (Figure 4.7) . In this PCA plot, a distinct separation between the
clones treated at 20°C and those at 35°C was observed (Figure 4.8), highlighting the impact of
temperature on the physiological parameters measured. Clones treated at 20°C form a tight cluster,
indicating uniform and stable responses with minimal stress. This suggests these clones are well-
adapted to the optimal growing conditions provided by 20°C. Conversely, the clones treated at 35°C
exhibited a broader distribution, reflecting varied responses to heat stress and suggesting differential
heat tolerance among the clones. Notably, the spread along the axes representing total protein and
total nitrogen suggests that clones projecting further in these directions may have enhanced
mechanisms to maintain or increase protein and nitrogen levels under heat stress, indicating better

heat tolerance.

The arrows in the PCA plot, representing RGR, total nitrate, total nitrogen, total chlorophyll, and total
protein, indicate the correlation of these variables with the principal components. The strong
correlation of total protein and total nitrogen with PC1 suggests these factors are significant in

differentiating the clones' responses to temperature stress.
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4.3.8. Correlation Analysis of RGR, Chlorophyll, and Protein in Duckweed Clones Under

Temperature Stress to Identify Heat Sensitive and Heat Tolerant Clones

For the RGR against the protein content (Figure 4.9A), the R? value is 0.553, indicating a good
correlation between RGR and protein. Clones 6861, 7763, and 7796 are positioned in the top right,
indicating high RGR and protein values. This suggests that these clones maintain or increase their
growth rate and protein synthesis under heat stress, showing strong heat tolerance. Conversely, other
samples were located at the bottom left, making it less clear to identify a heat sensitive clone based

solely on this plot.

For the RGR against the chlorophyll content (Figure 4.9B), clones 6861, 7763, and 7796 again show
high RGR and chlorophyll values, suggesting that these clones maintain good growth rates and
chlorophyll content, indicative of efficient photosynthesis under heat stress and strong heat tolerant.
However, 8703 is positioned alone in the bottom left, showing low values for both RGR and
chlorophyll, indicating that this clone struggles with growth and maintaining chlorophyll levels under

heat stress, thus being heat sensitive.

For the protein content against the chlorophyll content (Figure 4.9C), clones 6861, 7763, and 7796
showed high values for both protein and chlorophyll, indicating that these clones can maintain or
increase these critical components under heat stress, signifying robust stress response mechanisms
and strong heat tolerant. The clone 8703 is again positioned alone in the bottom left, confirming its

inability to cope with heat stress.

From the analysis of the three correlations, clones 6861, 7763, and 7796 exhibited high heat tolerant,
maintaining or increasing their growth rate, protein synthesis, and chlorophyll content under heat
stress. Because there was a good correlation between RGR and Protein (R? = 0.553) and the clones
6861, 7763, and 7796 were positioned in the top right of the plot (Figure 4.9A). In contrast, the clone
8703, was consistently positioned alone in the bottom left of the relationships for RGR vs chlorophyll

(Figure 4.9B) or protein vs chlorophyll (Figure 4.9C) , indicating high heat sensitivity.
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Figure 4.9. Correlation analysis between RGR, chlorophyll, and protein in duckweed clones under
20°C (control) and 35°C (heat stress). These plots analyse the relationship between Relative Growth
Rate (RGR), Chlorophyll and Protein contents in 42 duckweed clones treated at 20°C (control) and
35°C (heat stress). Ratios above 1 indicate heat tolerant, while ratios below 1 indicate heat sensitive.

A) RGR vs Protein B) RGR vs Chlorophyll C) Protein vs Chlorophyll.
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4.3.9. Validation of Heat Sensitive and Heat Tolerant Clones Across Different Temperature

Conditions

To further investigate the heat sensitivity of the clones based on results tested at 20 °C and 35°C, five
L. gibba clones were selected —6861, 7763, and 7796 as heat tolerant, 8703 as heat sensitive, and
Manor as the control. Manor was chosen as the control because it was used to establish the duckweed
standard for nitrogen and nitrate FT-MIR calibration and exhibited intermediate results in terms of
growth rate and protein content. These five clones were grown at five different temperatures (15, 20,
25, 30, and 35°C) for a week to assess the changes in protein content and growth rate under these

conditions.

In terms of protein content (Figure 4.10A), the heat sensitive clone 8703 exhibited a clear decline as
temperatures increased over 25°C, with the most substantial decrease occurring at 35°C. This sharp
reduction at high temperatures indicates a significant loss of protein content under heat stress. In
contrast, the heat tolerant clones 6861, 7763, and 7796 maintained more stable protein levels across
the temperature range, particularly at 30°C and 35°C. These clones even showed a slight increase in
protein content at higher temperatures, which confirms their classification as heat tolerant. The
control clone, Manor, displayed minor fluctuations in protein content but remained relatively stable
across the tested temperatures, showing no significant changes in response to heat stress. No
significant differences were observed between the control clones and the rest at 15, 20, and 25°C. At
30°C, the heat-tolerant clones showed no significant difference compared to the control clones, but
the heat-sensitive clone displayed a notable decrease (p < 0.01). At 35°C, all clones exhibited
statistically significant differences when compared to the control clone Manor. The heat-tolerant
clones recorded higher values (p < 0.001 for clones 6861 and 7763, and p < 0.0001 for clone 7796),

whereas the heat-sensitive clone showed a marked reduction (p < 0.0001 for clone 8703).

Regarding RGR (Figure 4.10B), all clones reached their peak growth at 25°C, except for the control
clone Manor, which exhibited its highest growth rate at 20°C but also performed well at 25°C. As
temperatures increased from 25°C to 35°C, RGR decreased for all clones. The heat-sensitive clone
8703 experienced a particularly sharp decline, with a marked drop at 30 and 35°C, confirming its
sensitivity to elevated temperatures. In contrast, the heat-tolerant clones 6861, 7763, and 7796
showed more gradual reductions in RGR as temperatures increased, maintaining relatively higher
growth rates under heat stress conditions. Interestingly, while Manor reached its peak at 20°C, it still
displayed good growth at 25°C and followed a similar trend to the heat-tolerant clones, with a gradual

decrease at higher temperatures.
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Notably, at 15°C, both Manor and 8703 showed higher growth rates compared to the heat tolerant
clones (p value<0.0001). This suggests that these clones may prefer lower temperatures, with 8703
performed better in cooler conditions, further highlighting its sensitivity to heat stress. These results
underscore the differences in thermal response between heat tolerant and heat sensitive clones, with
the heat tolerant group maintaining better protein content and RGR at higher temperatures, while

8703 and Manor displayed improved growth performance at lower temperatures.
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Figure 4.10. Protein content (A) and RGR (B) of five L. gibba clones (Manor, 6861, 7763, 7796, and
8703) at different temperatures. Clones were treated to 15, 20, 25, 30 and 35 °C.
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4.4, Discussion

The research aimed to determine whether certain Lemna clones exhibit greater heat tolerance than
others when exposed to increased temperatures. This hypothesis was based on the assumption that
different genotypes within the Lemna species would exhibit distinct responses to heat stress, as
observed in other plant species (Hu et al., 2021; Li et al., 2021; Scafaro et al., 2016). The screening of
42 clones under control conditions (20°C) and heat stress conditions (35°C) effectively distinguished

heat-tolerant clones and heat sensitive ones.

This study has identified heat tolerant and heat sensitive Lemna clones. Both the protein content and
relative growth rate (RGR) of the clone 8703 decreased significantly when the temperature increased
over 25°C, suggesting this clone is heat sensitive. This decline likely reflects protein denaturation and
disruption of critical metabolic processes, aligning with previous studies documenting protein
degradation patterns under heat stress (Wahid et al., 2007). In contrast, the protein levels of clones
6861, 7763, and 7796 maintained stable or slightly increased across temperatures ranged from 15°C
to 35°C, suggesting they are more heat-tolerant clones and they may have mechanisms that preserve
protein stability, because previous research highlighted the role of heat shock proteins in protecting

cellular function during heat stress (Huang & Xu 2008; Amano et al., 2012; Hu et al., 2020).

Interestingly, the control clone Manor showed similar growth rate as the heat sensitive clone 8703 at
lower temperatures but maintained more stable growth rates under heat stress. This variable mirrors
findings in duckweed, such as those observed by Strzatek & Kufel, (2021), and emphasizes the diverse

responses of Lemna clones to environmental stress.

This study highlights the importance of understanding the physiological mechanisms driving heat
tolerance in Lemna. The heat tolerance observed in clones 6861, 7763, and 7796 may be attributed to
several physiological and molecular adaptations. One key mechanism is the enhanced synthesis and
stability of crucial proteins, which support cellular function under elevated temperatures. Similar
findings in wild rice suggest that proteins like Rubisco activase contribute to maintaining

photosynthesis under heat stress (Bita & Gerats, 2013 Scafaro et al., 2016).

Results of this study suggest that environmental exposure alone could not determine heat tolerance.
For example, despite different climatic backgrounds, clones such as 6861 and 7796 from Italy and 7763
from the UK both demonstrated significant heat tolerance. Similar patterns have been documented
in other aquatic plants like Potamogeton spp., where heat acclimation varies widely among species

and is not strictly tied to geographic or climatic origins (Amano et al., 2012). Such genetic plasticity
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not only supports Lemna’s evolutionary potential but also underpins its capacity to adapt to

environmental changes, including rising global temperatures.

The findings of this study hold significant promise for sustainable agriculture and environmental
management. Heat tolerant clones, such as 6861, 7763, and 7796, demonstrate resilience under high-
temperature conditions, making them valuable resources for regions increasingly affected by global
warming. Their ability to sustain growth and maintain protein stability at elevated temperatures
highlights their potential for practical applications in biomass production, nutrient cycling, and water
purification systems. These traits not only underscore the adaptability of Lemna but also position it as

an effective tool in addressing the challenges posed by rising global temperatures.

Moreover, this research advances our understanding of plant stress physiology by emphasizing the
intricate relationship between genetic diversity and physiological adaptability in coping with
environmental challenges. By leveraging the resilience of these clones, we can explore innovative
solutions such as breeding programs for stress-resistant crops, optimizing cultivation strategies to
improve growth under extreme temperatures, and developing biotechnological approaches to
enhance plant resilience. These strategies can help mitigate the impacts of climate change while

enhancing productivity and ecological sustainability.

The variation in heat tolerance among clones highlights the critical role of clone diversity in shaping
plant responses to heat stress. In Lemna, genetic variability likely provides a selective advantage,
enabling populations to adapt to fluctuating temperatures over time. This adaptability ensures certain
clones thrive under heat stress, while others remain more vulnerable. By elucidating these dynamics,
this study contributes to a greater understanding of Lemna’s resilience and adaptability to
environment. Both clone and geographic factors are shown to play complementary roles in defining
plants’ responses to climate change. For instance, the heat tolerance observed in clones 6861, 7763,
and 7796 exemplifies how physiological adaptations can transcend geographic differences,

underscoring their potential for broader applications in sustainable agricultural practices.

This study also reinforces the importance of clone diversity in plant science. It demonstrates that even
within a single species, physiological and clone factors can vary widely, allowing for differential
responses to heat stress. These findings align with existing research that highlights the need for
genetic and adaptive diversity to ensure resilience to climate stressors (Mijatovi¢ et al., 2013). By
shedding light on mechanisms such as protein stability and growth rate, this research contributes to a
growing body of knowledge and provides a foundation for identifying specific adaptive traits that

enhance crop resilience.
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However, there are limitations in this study. While stable protein content and growth rate act as a
potential mechanism for heat tolerance, molecular validation is necessary. Future research should
include transcriptomic studies to identify differentially expressed genes and confirm the roles of
specific stress-related genes or transcription factors. Such validation will provide deeper insights into
the molecular mechanisms underpinning heat tolerance and support efforts to translate these findings

into practical applications.

In conclusion, this study demonstrates significant variation in heat tolerance among Lemna clones,
with 6861, 7763, and 7796 exhibiting heat resilience under high-temperature conditions. These clones
maintained higher protein content and stable growth rates at 35°C, unlike the heat sensitive clone
8703. The results suggest that these clones possess inherent physiological adaptations, such as
enhanced protein stabilization and antioxidant activity, that mitigate the adverse effects of heat
stress. By exploring the connections between clone diversity, and heat tolerance, this research
improves our understanding of plant resilience and their adaptability to climate change. The findings
also lay a foundation for future studies to uncover the molecular mechanisms of heat tolerance and

foster sustainable agricultural practices in an era of global warming.
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5. Chapter 5. Gene Expression Kinetics on Lemna Growth Under Heat Stress
5.1. Introduction

Duckweed's rapid growth and straightforward structure make it an excellent model for examining
plant stress responses. Its ability to propagate clonally ensures the quick production of large
populations, facilitating its use in experimental studies (Acosta et al., 2021). This aquatic plant has
proven valuable in research, such as exploring how factors like temperature, light intensity, and
nutrient availability, including nitrogen (N) and phosphorus (P), affect its starch and protein content
(Lietal., 2016). Additionally, recent investigations have highlighted its potential for studying variations

in growth rate under different environmental conditions (Pasos-Panqueva et al., 2024).

Heat stress impacts plants at all stages of their life cycle, from seed germination to maturity, reducing
photosynthetic efficiency, disrupting respiration and water balance, and lowering crop vyields.
Morphological changes like leaf wilting and reduced leaf area further limit light capture and
photosynthesis (B. Huang & Xu, 2008; Wahid et al., 2007). High temperatures damage key components
of photosynthesis, including chlorophyll and Calvin cycle enzymes, while also disrupting respiration
pathways, leading to metabolic imbalances (Wang et al., 2018; Yu et al., 2017). Protein metabolism is
similarly affected, with heat shock proteins (HSPs) protecting damaged proteins and preventing the
accumulation of dysfunctional ones (B. Huang & Xu, 2008). Strategies to mitigate heat stress include
developing heat-tolerant crops through genetic approaches like marker-assisted breeding and

transgenic technologies (Wahid et al., 2007).

Comprehending how plants physiologically respond to elevated temperatures is essential, particularly
as climate change continues to intensify (Okamoto et al., 2022). These responses can involve intricate
interactions, including hormonal regulation (Li et al., 2021), molecular adaptations (Haider et al., 2021)
and symbiotic relationships with microbes. The effects are also observable at the ecosystem level,
where broader interactions amplify the consequences of heat stress (Li et al., 2021). Such complexity

necessitates detailed analysis of the genetic and molecular pathways underpinning these responses.

Transcriptomic analyses have played a vital role in uncovering the genes and pathways involved in
plant stress responses, including thermotolerance. For example, in Arabidopsis, the protein
phosphatase RCF2 and its partner NAC019 were identified as key regulators of heat shock factors
(HSFs) and heat shock proteins (HSPs), which are essential for thermotolerance (Guan et al., 2014).
Similar transcriptomic studies on tomato seedlings revealed genotype-specific changes in mRNA levels

during heat stress, with genes related to hormonal signalling and RNA regulation correlating with
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thermotolerance (Hu et al., 2020). These analyses also provide insights into the genes and pathways

that regulate variability in thermotolerance across plant genotypes.

Heat stress profoundly impacts photosynthesis, a process essential for plant growth and productivity.
It alters key components such as Photosystem I, the Calvin cycle, and photosynthesis-antenna
proteins responsible for light capture and energy production (Chen & Li, 2017; Wang et al., 2017).
Studies in maize and Brachypodium distachyon have shown that genes like PsaD and PsaN are
sensitive to high-temperature, highlighting the vulnerability of photosynthetic pathways to heat stress
(Jagtap et al., 2023). Zinc ion binding also plays a pivotal role in stress responses, supporting biological
processes through proteins with zinc finger domains, which act as transcription factors regulating
stress-related genes (Chaddad et al., 2023). Additionally, zinc-binding proteins contribute to protein
stability during the unfolded protein response (UPR) and enhance antioxidant defences. In heat-
tolerant clones, genes linked to photosynthesis and zinc ion binding are notably upregulated, enabling
adaptation to high-temperature environments. Genes encoding ATP synthase proteins, crucial for
photosynthetic efficiency and energy production, show increased expression under heat stress
(Hozain et al., 2012; Liu et al., 2021; Zha et al., 2023). Similarly, zinc ion binding-related genes, such as
Pentatricopeptide repeat protein, Ubiquitin carboxyl-terminal hydrolase, and the general
transcription factor IIH subunit 2, are significantly upregulated, supporting transcription regulation,

protein stability, and cellular stress responses (Liu et al., 2019; Yousefi et al., 2022; Zhang et al., 2019).

Five duckweed clones were identified as heat tolerance or heat sensitive in Chapter 4, laying a solid
foundation for further analysis. Among the studied clones, 6861, 7763, and 7796 were identified as
heat-tolerant, displaying higher growth rates and stable protein content under elevated
temperatures. In contrast, 8703 exhibited heat-sensitive traits, with significant reductions in growth
rate and protein content when subjected to the same conditions. Clone Manor served as the control,
showing intermediate responses that did not indicate pronounced thermotolerance or sensitivity.
These distinct physiological adaptations indicate underlying differences in genetic and molecular
mechanisms, making these clones ideal candidates for transcriptomic analyses to identify key genes

and pathways associated with thermotolerance.

This chapter aimed to explore the genetic variations within Lemna gibba species, with a focus on
differences in gene expression between heat-tolerant and heat-sensitive clones. By identifying and
interpreting the functions of these genes, the study investigated their roles in heat stress responses
and their broader implications. Ultimately, outcomes of this work will contribute to our understanding

of the genetic mechanisms underlying thermotolerance, offering potential applications in developing
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resilient crops and improving agricultural and ecological management strategies in the face of climate

change.

5.2. Materials and Methods
5.2.1. Plant Materials

For this chapter, five duckweed clones were selected based on the temperature screening results
presented in Chapter 4. These included three heat-tolerant clones (6861, 7763, and 7796), one heat-
sensitive clone (8703), and one control clone (Manor). The heat-tolerance of the clones were
characterized by their ability to maintain higher growth rates and stable protein content under
elevated temperatures, while the heat sensitive clone exhibited significant reductions in these

parameters. The control clone displayed intermediate responses, serving as a baseline for comparison.

Fresh weight samples (50 mg per clone) were placed in Magenta vessels containing 300 mL of Schenk
and Hildebrandt (SH) medium (nutrient composition detailed in Section 2.1.1.3) under constant light
100 umol-m-2-s-1 (photosynthetically active radiation) from fluorescent tubes TLD 36W/86 (Philips,
Eindhoven, the Netherlands) at 20°C (control) or 35°C (heat stress) for seven days, following the
protocols outlined in Section 2.1. All clones were growth in three biological replicates. After seven
days of growth under the assigned temperature conditions, 100 mg of each biological samples were

frozen and stored at -80°C until RNA extraction.

5.2.2. RNA Extraction and Quality Control

RNA was extracted from the five different clones grown at 20°C (control temperature) and 35°C (heat
stress) following the protocols outlined in Section 2.2.2. Quality control measurements were

conducted to ensure the quality of the RNA sample employing methods described in Section 2.3.

- Nanodrop spectrophotometry was used to measure the concentration and purity, based on
absorbance readings at 260 nm and the 260/280 and 260/230 nm ratios.

- Agarose gel electrophoresis was performed to visualize the integrity and size distribution.

- Qubit fluorometry provided accurate quantification of RNA concentration.

- TapeStation analysis offered detailed information on RNA integrity and size distribution.

The RNA samples were sequenced using lllumina platforms at Novogene, employing the sequencing-

by-synthesis (SBS) mechanism.
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5.2.3. Library Construction and Sequencing

All sequencing and initial data processing were carried out by Novogene, including RNA quality
assessment, library construction, and sequencing. The following sections describe the procedures

undertaken by the sequencing provider.

5.2.3.1.Sample Quality Control

The quality and quantity of RNA samples were assessed by Novogene prior to library construction.

5.2.3.2. Library Construction, Quality Control and Sequencing

Total RNA was purified to isolate messenger RNA using poly-T oligo-attached magnetic beads. After
fragmentation, first-strand cDNA synthesis was performed with random hexamer primers, followed
by second-strand cDNA synthesis. Directional library construction used dUTP, whereas non-directional

library employed dTTP.

For non-directional libraries, the process included end repair, A-tailing, adapter ligation, size selection,
amplification, and purification. Meanwhile, directional libraries underwent an additional USER

enzyme digestion step after size selection, following amplification and purification.

Library quality was assessed through quantification using Qubit and real-time PCR, with size
distribution determined via a bioanalyzer. Once quantified, libraries were pooled based on effective

concentration and data requirement before sequencing.

Sequencing was performed on the Illumina NovaSeq platform using a paired-end 150 bp (PE150)
sequencing strategy, generating short reads. The sequencing depth for each sample was 220 million

read pairs, ensuring sufficient coverage for downstream transcriptomic analyses.

5.2.4. Bioinformatics Analysis Pipeline
5.2.4.1. Data Quality Control

The first step of the bioinformatics analysis pipeline involved processing raw data (raw reads) in FASTQ
format using in-house Perl scripts. This process aimed to obtain clean data (clean reads) by filtering
out reads containing adapters, poly-N sequences, and low-quality reads from the raw datasets.

Simultaneously, metrics such as Q20, Q30, and GC content were calculated to evaluate data quality.
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Clean, high quality data were then used for subsequent analyses, ensuring the accuracy and reliability

of downstream processes.

5.2.4.2. Mapping Reads to the Reference Genome

The reference genome used for mapping was Lemna gibba 7742a from Lemna.org (Ernst et al., 2023).
The reference genome was constructed using HISAT2 v2.0.5 and the paired-end clean reads were
aligned to the reference genome with the same HISAT2 version. The HISAT2 (Mortazavi et al., 2008)
was selected as the mapping tool due to its ability to generate a splice junction database from the
gene model annotation file, providing superior mapping results compared to non-splice mapping

tools.

5.2.4.3. Prediction of Novel Transcripts

Mapped reads from each sample were assembled using StringTie v1.3.3b (Pertea et al., 2015) in a
reference-based manner. StringTie uses a novel network flow algorithm combined with an optional
de novo assembly step to assemble and quantify full-length transcripts representing multiple splice

variants for each gene locus.

5.2.4.4. Quantification of Gene Expression Level

FeatureCounts v1.5.0-p3 (Liao et al., 2014) was used to count the number of reads mapped to each
gene. Gene expression levels were then quantified using the Fragments Per Kilobase of transcript
sequence per Millions base pairs sequenced (FPKM) metric. FPKM accounts for both sequencing depth

and gene length, making it a widely adopted for estimating gene expression levels.

5.2.4.5. Differential Expression Analysis

For analyses involving biological replicates, DESeq2 v1.20.0 (Love et al., 2014) was used. The DESeq2
performs differential expression analysis using a model based on the negative binomial distribution
(Anders & Huber, 2010). To control the false discovery rate, the resulting p-values were adjusted using
the Benjamini and Hochberg method (Benjamini & Hochberg, 1995). Genes with an adjusted p-value

< 0.05 were considered as differentially expressed.
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5.2.4.6. Enrichment Analysis of Differentially Expressed Genes in GO and KEGG Pathways

The clusterProfiler R package was used for Gene Ontology (GO) enrichment analysis of differentially
expressed genes, with adjustments correction for gene length bias (Young et al., 2010). GO terms with
corrected p-values < 0.05 were considered significantly enriched. Additionally, KEGG pathway
enrichment analysis was performed using the clusterProfiler R package to evaluate the statistical

enrichment of differentially expressed genes in KEGG pathways (Kanehisa & Goto, 2000).

5.3. Results
5.3.1. RNA Control Checks

A total of 30 RNA extractions were performed, with each sample assigned a unique identifier for
simplification (Table 5.1). The quality and quantity of RNA were assessed using Qubit and Nanodrop
measurements, with additional evaluation of RNA integrity through the RNA Integrity Number (RIN).
These analyses revealed variation in RNA concentration and quality across samples, reflecting the

biological responses of duckweed clones to different temperature treatments.

Notably, sample 8703 exhibited a marked decrease in RNA concentration when grew at 35°C,
consistent with findings presented in Chapter 4, which identified this clone as highly sensitive to heat
stress. This observation highlights the physiological impact of elevated temperatures on RNA yield in

thermosensitive clones.

The Nanodrop 260/280 and 260/230 absorbance ratios provided insights into RNA purity. While the
260/280 ratios were generally within the acceptable range (indicating minimal protein
contamination), the 260/230 ratios were inconsistent and not reliably calibrated in our
measurements. Despite this limitation, subsequent checking by Novogene confirmed that RNA quality
was sufficient, with 260/230 ratios falling within the expected range of 1.8 to 2. This finding reinforces

the adequacy of our RNA preparations for downstream applications.

The RIN values further validated RNA integrity, ensuring the suitability of the extracted RNA for
sequencing. Table 5.1 provides a comprehensive summary of the RNA quality and quantity metrics for
all samples, categorized by sample number, clone identity, temperature treatment (T?), and analytical

method.
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The integrity of the RNA samples was also assessed using agarose gel electrophoresis, with the results
shown in Figure 5.1. The gel images demonstrate consistent RNA quality across all samples, as
evidenced by the presence of distinct and well-defined bands corresponding to the 28S and 18S rRNA.
However, RNA extracted from clone 8703 grown at 35°C exhibited the lowest concentration among
the samples. Despite this lower concentration, the RNA bands, including the rRNA bands, remained
visible, indicating that the RNA from sample 8703 maintained relatively good integrity even under
heat stress. This suggests that, although the concentration was reduced, the overall RNA quality was

still suitable for downstream applications.
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Figure 5.1. RNA quality assessment of duckweed samples grown at 35°C (A) and 20°C (B) using
agarose gel electrophoresis. Each gel includes a 1Kb ladder on the left side and a 100bp ladder on
the right side for size reference.
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In addition, the RNA samples were run on a TapeStation to confirm their quality and integrity. Figure
5.2 presents the TapeStation analysis results for RNA samples extracted from duckweeds grown at
20°Cand 35°C. The profiles demonstrate good overall RNA quality under both temperature conditions,
with well-defined peaks and consistent patterns indicative of high RNA integrity. Notably, sample
number 60 did not yield a valid RNA Integrity Number (RIN) due to issues during the TapeStation
analysis, however the bands showed in the image confirm that the RNA was not degraded, and the
bands were clear. Despite this exception, the remaining samples produced reliable RIN values,
reinforcing the overall integrity and quality of the RNA samples. These results confirm the suitability
of the RNA samples obtained from both temperature treatments for downstream applications,

providing confidence in the experimental outcomes.

5.3.2. RNA Sequencing Quality Control
5.3.2.1.RNA Sequencing Data Generation and Quality Control for Accurate Gene Expression Analysis

The initial step in data processing involved converting original image data files obtained from high-
throughput sequencing platforms, such as lllumina, into sequenced reads, termed Raw Data or Raw
Reads, using CASAVA base recognition (lllumina, 2024). These raw data were then saved in FASTQ (fq)
format files, containing sequences of reads and associated base quality information. Each read was

represented by four descriptive lines:

e Line 1: Begins with the at sign (@), followed by sequence identifiers and optional description,
like a FASTA header.

e Line 2: Consists of the base sequences representing the raw reads, including adenine (A),
guanine (G), cytosine (C), and thymine (T).

e Line 3: Commences with a plus sign (+), optionally followed by the same Illumina sequence
identifiers and description information as Line 1.

e Line 4: Provides quality values for each base, corresponding to the data presented in Line 2.

To ensure the accuracy and reliability of gene expression analysis, several quality control measures
were applied using FastQC (Andrews, 2020) and Trimmomatic (Bolger et al., 2014) to assess the
sequencing data and mitigate potential biases or errors. These analyses confirmed that the results

accurately represented the biological conditions of the study.
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Figure 5.2. RNA quality assessment of duckweed samples grown at 20°C and 35°C. Panel A displays
the RNA integrity for samples grown at 35°C, while Panel B presents the RNA integrity for samples
grown at 20°C. Each analysis features a ladder in the first column for size reference, followed by the
sample identification numbers. RNA Integrity Numbers (RIN) are indicated below each sample line.
RNA Integrity Numbers (RIN) are indicated below each sample line, with color-coded rankings:
green for high-quality RNA (RIN 2 8), yellow for moderate-quality RNA (RIN 5-8), and red for poor-
quality RNA (RIN < 5).
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The sequencing error rate was first examined, calculated using the Phred score (Qphred =-10log10(e)),
where "e" denotes the error rate. As shown in Table 5.2, Phred scores remained consistently high

across all bases, with an error rate below 1%, indicating high sequencing quality.

Next, GC content distribution analysis was conducted to check for any AT and GC content separation,
as imbalances can affect accurate gene expression quantification. As expected, GC and AT content

showed a balanced distribution overall, with slight variation at the initial bases, as seen in Table 5.2.

A final data filtering step was applied to eliminate low-quality reads, reads contaminated with
adapters, and those with over 10% ambiguous nucleotides or where more than half of the bases fell
below a Phred score of 5. Following these stringent criteria, over 97% of the data consisted of high-

quality, clean reads, as seen in Table 5.2, ensuring a robust dataset for downstream analysis.

5.3.3. Mapping of Sequencing Data

Alignments were performed using HISAT2, a fast and sensitive alignment program for mapping next-
generation sequencing reads to a reference genome (Mortazavi et al., 2008). HISAT2, which succeeds
HISAT and TOPHAT2, employs a graph-based alignment method. It utilizes a global FM index along
with a large set of small FM indexes, collectively covering the entire genome. These small indexes, or
local indexes, combined with multiple alighment strategies, allow for effective alignment of RNA-seq

reads, particularly those spanning multiple exons.
The HISAT2 algorithm operates in three stages:

e Aligning the entire sequence to a single exon.
e Piecewise aligning the sequence to two exons of the genome.

e Segmenting and aligning the sequence to more than three exons of the genome.

To assess the quality and efficiency of RNA-seq data, the reads from all samples were aligned to the
reference genome L. gibba 7742a (Evan Ernst et al., 2023) using HISAT2 (Mortazavi et al., 2008). The
total number of reads and mapping percentages for RNA from clones grown at control (20°C) and heat
stress (35°C) temperatures are summarized in Table 5.3. Across all RNA samples, the total number of
reads ranged from approximately 40 to 60 million per sample, with alignment rates varying depending

on the clone and temperature condition.
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For RNA samples from clones grown at the control condition (20°C), the mapping percentages of reads
ranged from 8.24% to 91.14%. Those RNA samples from clones grown under heat stress (35°C),
mapping percentages varied from 4.45% to 93.54%. Notably, RNA samples from the heat tolerance
clones, particularly 7796, exhibited the highest percentage of mapped reads compared to the
reference genome, with values exceeding 90% in both temperature conditions. RNA from clones 6861
and 7763 also showed high mapping percentages, further supporting their classification as heat-
tolerant clones. In contrast, the RNA from the control Manor as well as the clone classified as heat-
sensitive, 8703, showed significantly lower mapping percentages, particularly when those clones grew

under heat stress (35°C), indicating a greater genetic divergence from the reference genome.

Regarding the quality of alignment, unique mapping rates (reads mapped to a single location in the
genome) ranged from 3.21% to 86.21% at 35°C and from 5.22% to 85.85% at 20°C. Once again, RNA
from the clone 7796 showed the highest unique mapping percentages, followed closely by RNA from
clones 7763 and 6861. On the other hand, the RNA from the clones Manor and 8703 showed lower
unique mapping percentages, particularly when they grew at under heat stress conditions (35°C).
Multi-mapped reads (reads mapped to multiple locations) remained consistently low across all RNA
samples, with percentages ranging from 1.24% to 4.65% and from 2.96% to 5.29% when clones grew

at 35°C and 20°C, respectively.

These results suggest that the heat sensitive clones have more genetic divergence, which may explain
their reduced capacity to handle heat stress compared to the heat-tolerant clones. This genetic
divergence becomes more evident at higher temperatures, highlighting the relationship between the

reference genome and the heat-tolerant clone in genetic similarity.

5.3.4. Gene Expression Profile Analysis

Gene expression level analysis is a fundamental aspect of RNA-seq experiments, as it provides insight
into the biological activity of genes by quantifying the level of their expression. This was determined
based on the number of reads that successfully mapped to the reference genome L. gibba 7742a (Ernst

etal., 2023).
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5.3.4.1. Gene Expression Quantification and Distribution Levels

The level of gene expression is directly reflected by the abundance of transcripts. In RNA-seq
experiments, gene expression is estimated by the number of sequencing reads mapped to the genome
or exons (Goldstein et al., 2016). This count is influenced by factors such as gene expression level,
gene length, and sequencing depth (Liao et al., 2014). To account for these variables, FPKM
(Fragments Per Kilobase of transcript sequence per Million base pairs sequenced) is commonly used
(Trapnell et al., 2010). FPKM corrects for differences in sequencing depth and gene length, providing

a more accurate estimate of gene expression levels (Mortazavi et al., 2008).

To compare gene expression across different conditions, the distribution of gene expression levels,
represented, by FPKM values (Bray et al., 2016), is displayed using boxplots as shown in Figure 5.3. For
biological replicates, the mean FPKM value was used to represent the overall expression level. This

method provides a visual comparison of gene expression levels across samples and treatments.

The distribution of gene expression levels across the samples shows distinct patterns between heat-
tolerant and heat-sensitive clones under different temperature conditions. For the heat-tolerant
clones (e.g., 7796, 7763, and 6861), there is a noticeable higher median gene expression, particularly
in the samples grown at 35°C (represented by the upper part of the plot, with log2(FPKM+1). These
clones exhibit relatively low variation in gene expression, as reflected by the narrow interquartile
range and consistent distribution of data points. This indicates a more stable and robust gene

expression profile in response to heat stress.

In contrast, the heat-sensitive clones (e.g., Manor and 8703) show a lower median gene expression,
often approaching 0, suggesting reduced overall expression levels. The heat-sensitive clones appear
to have less stable gene expression under heat stress, which may be indicative of a weaker or less

adaptive response to the heat treatment compared to the heat-tolerant clones.

Overall, the boxplot provides clear evidence that heat-tolerant clones maintain higher and more
consistent gene expression levels, whereas heat-sensitive clones exhibit more variability and lower
expression. This could suggest that heat-tolerant clones have more efficient or regulated

transcriptional responses to heat stress.
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Figure 5.3. Distribution of gene expression levels across clones and temperature conditions. This
boxplot illustrates the distribution of gene expression levels, represented as log2(FPKM+1), across
different clones (Manor, 6861, 7763, 7796, and 8703) under two temperature conditions (20 and
35°C). Each colour corresponds to a distinct clone. The boxplots show the median, interquartile
range, and overall distribution of gene expression levels within each sample group.
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5.3.4.2. Evaluation of Sample Consistency Using Pearson Correlation Analysis

In RNA-seq experiments, analysing the correlation of gene expression levels between samples is
crucial for confirming the experiment's reproducibility and assessing sample suitability for differential
expression analysis. High correlation coefficients suggest strong agreement between samples.
According to ENCODE guidelines, a squared Pearson correlation coefficient above 0.92 and an R?

greater than 0.8 are recommended benchmark for quality replication (Feingold et al., 2004).

In this study, correlation coefficients were calculated using FPKM values across all genes in each
sample. The results were visualized as a heatmap (Figure 5.4), where the darker blue areas indicate

higher correlations, signifying greater similarity in expression profiles between samples.

For most samples, particularly replicates from heat-tolerant clones, strong intra-group correlations
were observed. This consistent pattern suggests the RNA-seq experiment was reliable, as biological
replicates demonstrated similar expression profiles within each group. These findings align with

ENCODE’s quality standards, reinforcing the validity of the experimental data.

However, one sample, s60, displayed an anomalous correlation pattern. Unlike other replicates, s60
exhibited an unexpectedly uniform correlation level across all samples, failing to align closely with its
own group. This deviation from expected behaviour indicates potential issues with s60, which could

stem from experimental or technical factors, such as sequencing errors or sample contamination.

The unusual behaviour of s60 raises concerns about its reliability and suitability for downstream
analyses. While other samples meet the quality benchmarks recommended by ENCODE, s60 may need
further investigation. Depending on subsequent findings, it might be necessary to exclude this sample

from differential expression analysis to ensure the accuracy and robustness of the study's conclusions.
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Figure 5.4. Pearson correlation heat map of gene expression levels. The heat map displays Pearson
correlation coefficients between samples based on gene expression levels (FPKM values). Darker
shades of blue indicate higher correlation values, with coefficients closer to 1 reflecting stronger
similarity in gene expression profiles between samples. Lighter shades represent lower correlation

values, suggesting greater differences in expression.

137 | Page



5.3.4.3.Principal Component Analysis (PCA) for Assessing Sample Variation and Group

Differentiation

Principal Component Analysis (PCA) is a robust method used to evaluate intergroup differences and
assess the consistency of samples within each group. By reducing high-dimensional gene expression
data into principal components, PCA simplifies complex patterns and highlights the primary sources

of variation across samples.

As shown in the Figure 5.5, the first two principal components, PCA1 and PCA2, explain 68.94% and
5.08% of the variance, respectively. The plot reveals a distinct separation between heat-sensitive and
heat-tolerant clones: the heat-sensitive clones cluster on the left side of the plot, while the heat-
tolerant clones are positioned on the right. This clear separation underscores the marked differences

in gene expression profiles between the two groups.

Notably, while PCA2 accounts for only 5.08% of the variance, it captured a clear grouping of the heat-
tolerant samples by treatments (temperature), reflecting their differential responses to heat stress. In
contrast, the separation of heat-sensitive clones (Manor and 8703) was driven by genetic variance
rather than by treatments, emphasizing inherent differences between these samples not from

treatment effects.

Within each group, samples form tight cluster, reflecting strong consistency among biological
replicates. However, sample s60 aligns with earlier observations from the correlation analysis, raising
concerns about data quality and suggesting that it may require further investigation or exclusion from

downstream analysis.
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Figure 5.5. Principal Component Analysis of gene expression profiles. The PCA plot illustrates the
variance in gene expression profiles across samples, with PCA1 and PCA2 accounting for 68.94%
and 5.08% of the variance, respectively.
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5.3.4.4. Coexpression Venn Diagram

The coexpression Venn diagram illustrates the number of genes uniquely expressed within each clone
under each temperature condition, with overlapping regions representing the genes co-expressed
across different groups. In this Venn diagram analysis, each clone was examined for gene expression
patterns at two temperatures, 20°C and 35°C, to highlight the unique and shared genes under each
condition. As can be seen in Table 5.4, each clone displayed distinct patterns of gene expression across
the two temperatures. Notably, 6861, 7763 and 7796 exhibit a high percentage of genes expressed at
both 20°C and 35°C, with over 80% of their total expressed genes shared across conditions. This high
overlap suggests a stable expression profile under temperature stress, which may relate to their
thermotolerant behaviour. Conversely, 8703 stands out for having a substantial portion of its gene
expression uniquely at 20°C, with fewer genes shared between the two temperatures, further
indicating a more temperature-sensitive response. However, the s60 sample exhibited unusual
behaviour in the previous quality controls, which may have contributed to this variation. These

differences provide insight into each clone’s adaptive mechanisms to thermal variations.

After this individual analysis, a global Venn diagram was created to compare all clones under both
temperature conditions, allowing us to identify genes that were commonly expressed across all
samples at 20°C and 35°C. This comparison revealed differences in gene expression among the clones,
suggesting possible mechanisms of heat-tolerance based on the unique and shared genes expressed

under heat stress.

The Venn diagram analysis for the five clones at 20°C and 35°C (Figure 5.6) revealed some key
observations. Firstly, gene expression was generally higher in the heat-tolerant clones at both
temperatures. A larger number of genes expressed in the area where the three heat-tolerant clones
overlapped: 7,547 genes were expressed at 20°C, while 10,543 were expressed at 35°C. In the area
where all five clones converged, gene expression was consistent across temperatures, with 3,685
genes expressed at 20°C and 3,692 genes at 35°C. However, in the region where the heat-sensitive
clones (8703 and Manor) overlapped with the heat-tolerant clones, a significant drop was observed:
3,671 genes were expressed at 20°C, but only 849 genes at 35°C. This notable decrease may be due to

the unusual behaviour seen in sample s60.
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Table 5.4. Summary of gene expression across individual clones (Manor, 6861, 7763, 7796,
and 8703) at 20°C and 35°C. The total number of genes expressed, the number of genes co-
expressed at both temperatures, and those uniquely expressed at either 20°C or 35°C.

Total N° of N° of genes
Clones genes expressed at both MGl EREE NP EIEEnES
expressed at 20°C  expressed at 35 °C
expressed temperatures
Manor 5498 3993 (72.63%) 523 (9.51%) 982 (17.86%)
6861 18731 15997 (85.4%) 1084 (5.79%) 1650 (8.81%)
7763 20872 16982 (81.36%) 1197 (5.73%) 2693 (12.9%)
7796 19127 16215 (84.78%) 913 (4.77%) 1999 (10.45%)
8703 8428 4010 (47.58%) 3654 (43.36%) 764(9.07%)
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Figure 5.6. Venn diagram displaying the distribution of gene expression across five duckweed
clones under two temperature conditions. (A) the number of genes expressed at 20°C, and (B) the
gene expression at 35°C. Overlapping areas indicate genes that co-expressed among the clones.
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5.3.5. Differential Gene Expression Analysis Under Heat Stress Conditions

5.3.6. Gene expression levels were quantified and normalized to account for sequencing depth. A
statistical model was then applied to identify significant differences between growing conditions. To
ensure accuracy, p-values were calculated, and multiple testing corrections were performed to

determine false discovery rate (FDR) values (Anders & Huber, 2010).

The differential gene expression analysis between 35°C and 20°C in the five clones revealed a higher
number of differentially expressed genes in heat-tolerant clones compared to heat-sensitive ones
(Figure 5.7). This greater level of differential expression is likely due to the superior mapping quality
in the heat-tolerant clones, facilitating more precise detection of gene expression changes under

temperature variations.

Among the heat-tolerant clones, clone 7796 showed the highest number of differentially expressed
genes, with 5,297 genes affected (2,947 upregulated and 2,350 downregulated). Followed by clone
7763 with 4,603 differentially expressed genes (2,446 upregulated and 2,157 downregulated), while
clone 6861 showed 3,376 differentially expressed genes (1,690 upregulated and 1,686

downregulated) (Figure 5.7).

In contrast, the heat-sensitive clones displayed substantially fewer differentially expressed genes.
Clone 8703 only had 436 genes showing changes in expression (180 upregulated and 256
downregulated), while the Manor clone showed 567 differentially expressed genes (271 upregulated

and 296 downregulated).

Despite the differences in the total number of differentially expressed genes between heat-tolerant
and heat-sensitive clones, the proportion of upregulated and downregulated genes remained
remarkably similar across both groups. For the heat-tolerant clones, clone 7796 showed 55.6% of its
differentially expressed genes upregulated and 44.4% downregulated. Similarly, clone 7763 displayed
53.1% upregulated and 46.9% downregulated genes, while the clone 6861 had an almost even split,
with 50.1% upregulated and 49.9% downregulated. A comparable pattern was observed in the heat-
sensitive clones: clone 8703 had 41.3% of its differentially expressed genes upregulated and 58.7%

downregulated, and the Manor clone had 47.8% upregulated versus 52.2% downregulated.

This consistency in the proportion of upregulated and downregulated genes across both heat-tolerant
and heat-sensitive clones suggests that, while the magnitude of transcriptional response (number of
genes) differs significantly, the overall balance of changes in gene expression remains stable between
the groups. This could indicate a fundamental similarity in the regulatory mechanisms governing gene

expression under heat stress, irrespective of the clones' heat tolerance levels.
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Figure 5.7. Differential gene expression counts across clones between 35°C and 20°C. The bar graph
illustrates the number of differentially expressed genes (DEGs) across five Lemna gibba clones grown
at 35°C vs 20°C. The y-axis represents the total DEG counts, while the x-axis displays the clones
analysed. Each bar is divided into total (green), upregulated (grey) and downregulated (blue) gene
counts.
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5.3.6.1. Cluster Analysis of Differentially Expressed Genes Across Clones

To explore gene expression patterns, all differentially expressed genes (DEGs) were pooled for
clustering analysis. Genes with similar expression profiles were grouped to reveal shared regulatory
mechanisms. Hierarchical clustering, based on FPKM values standardized to Z-scores, enabled
comparison across samples. This approach visualized expression trends, highlighting similarities and

differences in gene expression under varying conditions.

The hierarchical clustering heat map (Figure 5.8), based on FPKM values, revealed distinct gene
expression patterns among Lemna clones grown under control (20°C) and heat stress (35°C)
conditions. Clustering analysis clearly separated the clones into two primary groups: heat-tolerant and
heat-sensitive clones. Within each group, further sub-clustering aligned with the temperature. Heat-
sensitive clones grown at 35°C clustered together, distinct from the same clones grown at 20°C, which
formed a separate subgroup. This divergence emphasizes the substantial transcriptional changes
induced by heat stress in heat-sensitive clones. Similarly, heat-tolerant clones exhibited consistent
clustering at 20°C, reflecting uniform gene expression under non-stress conditions. However, clones
grown at 35°C within the heat-tolerant group showed more variations, with some not aligning
perfectly within the same subgroup. This suggests different transcriptional responses to heat stress

among heat-tolerant clones, possibly reflecting diverse mechanisms of thermotolerance.

Interestingly, one heat-sensitive sample, S60, deviated from its technical replicates and failed to
cluster within its expected subgroup. This discrepancy was also evident in the PCA analysis, where S60
appeared as an outlier. Upon closer inspection, some genes in S60 exhibited expression values of 0,
which likely resulted from sequencing artefacts or issues with sequence quality. Despite this anomaly,
the clustering of other heat-sensitive clones remained robust and unaffected, supporting the reliability
of the clustering analysis in capturing the broader transcriptional patterns of heat-sensitive clones.
The outlier highlights the importance of stringent quality checks in sequencing data to avoid potential

misinterpretations while underscoring the robustness of the overall clustering methodology.

Two major gene clusters revealed opposing transcriptional responses to heat stress. The first cluster
contained genes downregulated in heat-sensitive clones but upregulated in heat-tolerant ones,
suggesting a role in promoting heat tolerance. The second cluster included genes upregulated in heat-
sensitive clones but downregulated in heat-tolerant ones, potentially contributing to stress sensitivity.
These clusters highlight distinct molecular responses, reflecting differences in heat tolerance

mechanisms between clones.
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