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Abstract

Duckweedl(emnaspp.) 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 tempeture 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 af@emnacollection comprising 50 clones soudcglobally.

A novel method to quantify total nitrogen and nitrate usinglRTspectroscopy was developed and
applied throughout the research. The first experimental phase (Ch&)texamined how different
nitrogen sources nitrate, AmmoniumNitrate, UreaNitrate, and nitrogerfreet affected growth

rate, protein content, and nitrate accumulation. Ammonium treatment significantly reduced growth
in some clones due to pHcidification, though clone 7796 maintained higher growth rates under
ammonium andJreaNitrate treatmens. This clone also exhibited the highest protein accumulation
across all nitrogen treatments. Expression analysis of eight nitrogen assimilation @éReSIR,
GS1;1 GS1;2 GS2 CLCa FEGOGAT and NADHGOGAY revealed distinct regulation patterns
depending on nitrogen source and clone, underscoring the importance of selecting appropriate

nitrogen sources to optimize protein yield.

The second experinmtal phase Chapterd) investigated heat stress tolerance in U2mnaclones (36

L. gibbaand 6L. mino) collected from diverse geographiegions. Physiological assessments at 20°C
and 35°C identified three hedblerant clones (6861, 7763, and 7796) and one fssatsitive clone
(8703), with the widely used clone Manor serving as a control. Further testing across a broader
temperature range(15°@35°C) revealed that while all clones exhibited reduced growth at higher
temperatures, protein content increased in heaterant clones but declined in the heaensitive

clone at 35°C.

In the final experimental phaseChapter5), transcriptomic analysis provided insights into the
molecular mechanisms underlying heat tolerance in the selected five clones. Differential gene
expression analyses reafed upregulation of genes involved in photosynthesis (e.g., ATP synthase),
zinc ion binding, and stress response pathways in ‘tmatant clones, while these genes were
downregulated in the heasensitive clone and the control. KEGG and GO pathway emgith

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 clonspecific responses tammonium availability. Heéblerant 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
duckweal 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: Generdhtroduction
1.1. Duckweed, dliny Aquatic Plant
1.1.1. DuckweedDispersal andDistribution

Water lentils or duckweeds belong to the monocot order of AMlismatales|t is enclosed in subfamily
Lemnoideae within the famil\Araceae where duckweed is classified in five geneBpuirodela
Landoltig Lemna Wolffia and Wolffiella. There are 36 spéss across the five genera. Duckweeds are
spread in every continent, except Antarctitadolt, 198% as shown ifrigurel.l. This tiny plant is
dispersed by streaming water or occasionally by strong winds. Besides, duckweed can be transported
between the feathers of dispersing birds duritiggir migrations (up to 250 km). Howevaiolffia
columbianawas found in thdaecesof ducks and swans, indicating plants can survive passage through

the guts of some waterfowl§Silvaet al., 2018)

High mountains, such as the Himalayas, are considered geographical barriers to the dispersal of
duckweed.This was suggested byu et al, (2019)through resequencing and compson of 68
genomes ofSpirodela polyrhizaelones from Southeast Asi@his hypothesis is further supported by a
study of 23Spirodelapolyrhizaclones from Hungary, which were identified as unique Hungarian
clones. The mountainous borders surrounding Hamygare suggested to contribute to this genetic

uniqueness by acting as barriers to the dispersal of the spd€iaset al., 2018)

However, some species can be considered as an alien in some relgiomsa minuta, native in
temperate zones of the Americas, is invasive in Eur@schiret al., 2018; Lucey, 2003; Mifsud,
2010) Similarly Lemnaturionifera, Lemnavaldivianaand Wolffia columbianaare also regarded as
invasive in Eurasi@rdenghiet al., 2017; Iberiteet al., 2011) andLandoltiapunctatais an alien species
in both Europe and North America, while six noative species ofluckweedwere found in Florida,
USA(Ward & Hall, 2010)

Duckweed growth in natural ecosystem can be increased by anthropogenic activities like risi
nitrogen and phosphorus level or water temperature in ponds affecting natural ecosystems like
phytoplankton(Feuchtmayet al., 2009; Peeterst al., 2013) Besides, increased temperature reduced
the grazing pressure démnaminorby Cataclysta lemnaténatural herbivore of duckweedyan Der
Heideet al., 2006)
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1.1.2. Anatomical Features

The duckweed plants are composed by a-&am structure, called frond, and some generavdna
roots such a$pirodelaLandoltiaandLemna Based on phylogenetic analySigirodelaand Landoltia
genera have been classified closer to the common ancestorlitbama WolffiaandWolffiella(Acosta
et al., 2021) This structure has evolvdd reducesize and complexityas observed acroshfferent
genera as shown irFigurel.2, Spirodelaspecieshavelarger fonds andmultiple roots. In contrast,
Lemnaspecies have mediusized fronds, ranging from 1 to 3 mm, with a single rabblffiella
species argootless andhave small fronds up to 1 mm in size. Theeductionin complexity from

Spirodelao Wolffiareflects a decreasingdegree of primitivity (Boget al., 2020; Landolt, 1986)

With such amall 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 symbiontgAcostaet al., 2020; Hillman, 1976)

Duckweedormscoloniesbecause after the creation of daughter frondthey remainattached tothe

mother fronds. The number dfonds per colony depend on the species. Colonies fidhualffia or

Wolffiellaconsist of two frondsexceptWolffiella gladiataor Lemna trisulcan the Lemnagenera that
can be up to 50 fronds. Mother and daughter fronds are held together by the abscissigsorotine

stipe (two in S. polyrhizand one inW. microscopich whichfacilitate their eventual separatioiiBog
et al., 2020; Landolt, 1986 he stipeoriginateson the ventral side othe mother frond where cells
divide and grow(Figure1.3). It serves as @&hannel, providinghutrients from the mother to the
daughter frond(Kim, 2016)

Duckweed epidermis is fortified thi a transparent waxy cuticle against mechanical injury and solar
radiation (Borisjuket al., 2018) The structure of thecell wallsvaries across gener&pirodelahasa
bent structure, Landoltiaand Lemnahave undulated cell walls,and Wolffiella and Wolffia have
straightcell walls. The ventrapidermis is involved in nutrient uptake apdovidesan active surface

for interactionswith aquatic bacterigCedergreen & Madsen, 2002; Duong & Tiedje, 1985)
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Spirodela polyrhiza

Landoltia punctata

Lemna gibba

p  Wolffiella caudata

— Wolffia borealis

200 pm

Figurel.2. Cladogram of duckweed genera within the Lemnoideae subfamily of the Araceae far
The five duckweed species from different genera are presented according to the phylogeny prc
by Tipperyet al.,, (2015) A scale barnfm) in each photograph indicates the size of the respec
specimen. This image was adapted frBagliuscet al., (2018)
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Rootsdevelop orthe lower side of the frondpearthe budding poucheat the node.Theysubtended

by epidermal sheath at the junction and by the ramp at the root tipRoots in duckweed are thought
to act like a pendulurmhelpingto mitigate dynamic loads or wind motidqAcostaet al., 2021) Unlike
land plants which typically regulate stomatalopening, duckweed maintains its stomata open
(McLaren & Smith, 1976However, undeunfavourable environmental conditionspmeduckweed
species can enter a dmant phaseby forming specialized structures called turions. During the turion
stage, stomata close until conditions such as light, temperature, or nutrient legetsme favourable,

at which point germination occur@orisjuket al., 2018) Turion cellglistinct from frond cells due to
their smaller sizethe absenceof aerenchyma and plasmodesmata, and thicker cell widlsobs,

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,ohingtiasthe
chlorenchyma(Kwak & Kim, 2008; White & Wise, 199®arenchyma cells armodified into
aerenchyma, which is made up by spongy tissue that forms spaces or air channels within the leaves
(Figurel.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 fr¢hdadolt & Kandeler, 1987)

Meristem cells are found on theentral sideof the frond body inside the vegetative pouch, where
vegetative reproduction happengigurel.4). These cells contain small vacuoles prmplastids with

only a few thylakoid¢Kim, 2011; McCormac & Greenberg, 1992)
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Figurel.3. Fronds ofmother (MF) anddaughter (DFemnatrisulcaclonesconnected at thestipe.
The bar corresponds to 1mm.
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Figurel.4. Microscopicstructure of Lemnatrisulca. This microscopic image provides insight ir
the intricate anatomy oL. trisulca Aerenchyma cells, derived from modified parenchyma c
form a spongy tissue crucial for facititey air exchange within the plant. The image highlights
presence of meristem cells located within the vegetative pouch, where roots attach, and dat
fronds initiate growth. The central vein of themnagenus is flanked by two lateral veins, witie

potential for additional vein development. The bar corresponds to 1mm.
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1.1.3. Growth andReproduction Characteristics

Under favourableconditions duckweed can double its weight in less than 24 hours. Vegetative
reproduction through the productiorof clonal daughter fronds from a mother frons the most
common mode of duckweed propagatiofishby, 198). Duckweed colonieggrowth includes
increasesn cell size, the number of individual plants, and the number of daughter fronds produced
by each plantGrowthrate can bemeasuredn terms of biomass (fresh or dry weight) or the number
of fronds.Ziegleret al. (2015 developed astandardized methodor determining duckweed growth

rates,which can bénfluencedby abiotic factors such as light atemperature

Vegetative reproductionmplies 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.rélults irsmall groups, as

seen inLemnaspeciegFigurel.5 (A)), or longer groupsasin L. trisulca(Figurel.5 (B). Exponential
growth is important for the colonisation of open water surfaces before other aquatic plants can
establish themselvef_andolt, 1986)Growth ratesare influenced byabiotic factors. For exampl§.
polyrhizacan grow at 38C, wtereassomeL. minorclones are affected by tempature above 32C.
Contrariwise someL. minorstrainscangrow at 5°C, whilemost of S. polyrhyizaescribed so far are

adversely affected by temperaturéelow 12 °C(Docauer, 1983; Landolt, 1986)

Although the mostommonform of duckweed reproduction is vegetative clonal divis{Baget al.,

2020; Landolt, 1986; Srest al., 2015) under certain conditions, some duckweed clones produce
flowers. These flowers consist of male (androecium) and female (gynoecium) floral organ, without the
preserce of corolla and calyiFigurel.6). Flowering can be induced by abiotic factors or exposure to
chemical molecules such us phytohormones, chelatorsyyhe@etal ions and photosynthetic products
(Landolt & Kandeler, 1987for instance, iW. microscopica exposure to low temperature (2Z)

can trigger floweringRimon & Galun, 1968)
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Figurel.6. Lemna gibbawith flowers represented with red arrows. M, mother frond, D, daughte
frond and G, granddaughter frondRicture collected fronfru et al.(2017)
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1.1.4. Genomics oDuckweed

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

pum (Geber, 1989)

Interestingly, there is a negative correlation between genome size and frond size in duck®eeds.
polyrhizahas a mall genome of approximately 158 Mb, comparable to thaAddbidopsigBennett

et al., 2003; Wang & Messing, 201Landoltiahas a relatively stable genome size of around 380 Mb,
while Lemnaexhibits significant intraspecific and interspecific variation, rapdiom 323 to 760 Mb,
suggesting that polyploidy may be a major factor in genome size chfggsaves, 2017; Solasal.,
2015; Van De Peet al., 2017) The generdVolffiellaandWolffia possess the largest genomes among
duckweeds, with sizes of 973 Mb and 1,881 Mb, respecti¥&#bng & Messing, 2011)

Chromosome number in duckweed is alsdihygrariable, with the most common diploid chromosome
number beingl0 n) (Hoanget al., 2019) However L. aequinoctialinas been found to have between

20 and 84 chromosomggioanget al., 2019; Wangpt al., 2011) Research on some cultured clones
suggests that autotetraploidy may be present in species likaequinoctialig2n = 42 and 84
chromosomes This condition could have occurred naturally or been chemically induced, as observed
in Landoltiapunctata5562, which hagd6 and 92(2n)chromosomegHoanget al., 2019; Vunstet al.,

2015)

Due to its small genome siZ, polyrhiza498 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 gene$Wanget al., 2014) Following this milestone, other duckweed species were also
sequenced. The firstemnaspecies to be fully sequenced was minor 5500, using Illumina
technology, which uncovered a higher gene repertoire tispirodela with 22,382 proteircoding
genes(Van Hoeclet al.,, 2015) This was followed by the sequencingLofminor8627 andL. gibba

7742a the next yeafErnst & Martienssen, 2016)

In recent yearsseveral additional duckweed species have been fully sequenced, incigimgrhiza
9509, L gibba7742a,L japonica7182,L japonica8627,L japonica9421,L. minor 7210,L minor
9252,L turionifera9434, andW. australiana8730that can be found i.emna.Orgepository (Ernst
et al,, 2023)

11| Page



As shown in thd=igurel.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 akst atpFatpH and psbkpsbl intergenic spacers) of all
Lemnoideadaxa, withColocasia esculents the outgroufBorisjuket al., 2015) In this phylogenetic

tree, SpirodelandWolffiellaare positioned oppositely, withemnaandLandoltiasharing onesluster,

and Wolffia and Wolffiellagrouped together Spirodelaand Landoltia which possess more complex
morphological features, have Higr nuclear DNA content compared to the simglemna Wolffiella,

and Wolffia (Borisjuket al., 2015) This pattern suggests that the evolution of du@es 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. Theopdstus not only classified duckweed based on its aquatic habitat but also

O2AY SR e GSHNG SN LI FyG0s I sulfayhily LeinKoklead@Hbrdzy Rl G A 2
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 societi¢Edelmaret al., 2022)

The medieval era withessed the emergence of St. Hildegard von Bingen, whose compendium on herbal
medicine, Causa et Curgédocumented the medicinal virtues of duckweeds. Froraviditing colic
to fortifying the immune system, duckweed found its place inpharmacopoeiaf 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 he@eemel, 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

YR &l ¥S3dzr NRSR @AlGLFE 61 SN a2dz2NODSazx +Fa GKS yI (7
g I $idElen,2006)
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Though the historical importance of duckweed is unquestionable, its story doesn't conclutzenta
times. The ancient practices involving duckweed propel us towards modern innovation, connecting
the wisdom of the past with presesttay scientific exploration. Aduckweed researcherexplore
further into the potential of duckweed, we unveil a wdalbf opportunities to tackle urgent global
issues, ranging from environmental sustainability to advancements in biotechnology and human

health.

1.3. DuckweedUses andBiotechnologicalApplications
1.3.1. Duckweed:A Versatile Resource forBiofuel Production

The excessive use of fossil fuels is leading to the depletion of reserves, highlighting the urgent need
for alternative, sustainable, and carboreutral energy sourcgampbell, 2013Biomass waste from
duckweed, which is abundant and diverse in natural environments, provides a promising approach to
addressing this challeng@Velfle et al., 2020) Duckweed is an excellent candidate for bioenergy
production, as it can be easily converted into various forms of energy, includingilbigas,
bioethanol, and higtvalue industrial precursors through different transformati@echnologiegChen

et al, 2022)

The accelerated consumption of petroleum necessitates the development of renewable fuels to
replace petroleurrbased ones. Among these alternatives,-bih which can b directly used as fuel

for industrial oil boilers or refined to replace gasoline or diesel, stands out. The optimal production
method for bicoil is thermochemical conversion, specifically pyrolysis and hydrothermal liquefaction
(HTL)Collard & Blin, 2014; Het al., 2018) Pyrolysis, which involves thermal cracking of biomass in
the absence of oxygen at temperatures between d&@00°C(Xuet al., 2021) has been effectivg

used to produce bimil from duckweed. For instancBluradovet al., (2010)explored the pyrolysis of
duckweed, showed that while the reaction temperature had minimal effectttan final product
distribution, it significantly influenced the relative quantities of individual produ€ampanella &
Harold (2012)demonstrated that fast pyrolysis of duckweed imirogen atmosphere yielded 44.9
wt% biooil at 500°C. Additionallfgampanellat 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 cilogsng reactions during pyrolysis.

Gases, anothecrucial 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 industremical¢Chenret al.,
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2022) Gaur & Suthar2017) 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 contentirbtyen, recognized for its

clean, highenergydensity properties, is another gas produced during duckweed pyrolysis, although

the yield is relatively low, and the process is endrggnsive(Chenet al., 2022) The main gaseous

LINE RdzOGia FNRBY RdzO16SSR LEBNRfeaira AyOfdzRS 1ixX /h:
being the predominant componerfMuradovet al., 2010)

Bioethanol, a renewable fuel that can reduc@rbon dioxide emissions by more than 50% compared

to traditional fossil fuels, is primarily produced from higfarch biomass feedstocks like corn,
sugarcane, and wheatGreenet al, 2015; Mishimaet al., 2008; Suret al., 2014) Duckweed,

particularlyL. punctata has been studied as a feedstock for bioethanol productithrenet al., (2012)

used pectinase to treat duckweedgaificantly enhancing sugar release and resulting in an ethanol
BAStR 2F Houwn I [eéuy Keéey oAl0K IGYetd, i{2r12)yoend thdd2 y OSy i
usingL minorand two yeast strains for enzymatic hydrolysis resulted in a higher ethanol yield of 24.0

3 [ ey F2N) GKS ! ¢/ / Hn ygiagh duckidedS\pobyrhizadat aiplagstaler 2y 2 F
Odzf GdzNBE LIR2YRZ | OKAS@GAY3I +y lyydzt adrkNOK @8AStR 2
8ASfR NBIOKSR cdnH P maw [ KI &y ShaskedffiraheBtatio(Xd G St & p
et al, 2011)

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

environmental challenges.

1.3.2. EnvironmentalRemedation

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

harvesting(Ekperuset al., 2019)

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

containing nitrogen (N) and phosphorus (R)lton et al., 2006) Duckweeds have shown patigal as

15| Page



a low-cost solution for wastewater treatment, efficiently removing excess N g@uP& Cheng, 2015;
Zhouet al., 2018; Zimmet al., 2004) For example, a study Bhouet al., (2018)demonstratedthat

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 théemsive use of agrochemicals, herbicides,
and other toxic substances are increasingly introduced into ecosyg#msiet al., 2023) Duckweeds
generally tolerate low concentrations @grochemicals but can be inhibited at higher levels. For
instance,Wilson & Koch(2013)found that whileL. minorwas 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 plast(Zhanget al, 2023) Studies have shown that bothvé and
inactivated duckweeds duckweeds that have been treated to eliminate their biological activity while
retaining their physical structurecan effectively remove pharmaceuticals such as fluoxetine and
ibuprofen from wetland system@einholdet 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 negatiwvepact their growth(Amy-Sagerst

al., 2017)

Heavy metal contamination is another significant environmental concern, particularly from mining

and industrial activitiegZhouet al., 2023) Traditional remediation methods for heavy metals are

often costly and timeconsuming(Dhaliwalet al., 2020) However, duckweeds have demonstrated
signifi@ant potential in monitoring and remediating heavy metals, effectively absorbing them from
wastewater. For instanceChenet al., (2013)found thattKk S € St R A2y o0t oua0v | Raz
dried powder fromL. aequinoctiali®xceeded 57 mg/g. Similarliie et al., (2015) compared the
NEY2@Ft NIGS 27F dzNIpyhstataind ks2iry powder, finding that £.25fg/A & &ry

L2 5RSNI NBY2@BSR ySIENIe& ez 2F p 3Ik[ 'wa G LI p=
These findings underscore duckweed'stgrtial as an effective tool for environmental cleanup,

particularly in heavy metal remediation.

1.3.3. Production ofBiopolymers Biofactories andVaccines

Duckweed, a small and fagtowing aquatic plant, has gained recognition as a promising bioreactor

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

production(Yanget al., 2021)

One of the key advantage$ 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 straightforwardgssiog requirements
(Liuet al., 2021; Yangt al., 2021) For instance, duckweed has been successfully utilized to produce
recombinant biopharmaceuticalsuch as the hemagglutinin antigen of the H5NL1 virus, demonstrating

its potential for lowcost vaccine productiofThuet al., 2015) Additionally, duckweed has been used

to produce chicken interleukia7B (chltl7B), an immunoadjuvant that significantly enhances

immune responses in chickens against infectious bronchitis (iBY¥§(Tanet al., 2022)

Overall, duckweed holds significant promise as a bioreactor for producing biopolymers, biofactories,
and vaccines. Its rapid growth, ease of genetic tramsfdion, and ability to produce highalue

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 wideange 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 stigsdeafet

al., 2018) Secondary metabolites derived from duckwedd ihinoy have demonstrated significant
potential as biostimulants in agriculture, offering a sustainable means to enhance plant growth,
nutrient uptake, and resistance to environmental stres@ésd et al., 2@1). Duckweed extracts, rich

in bioactive phytochemicals like phenolics and glucosinolates, are particularly effective in promoting

these benefitdDel Buoncet al., 2022; Regret al., 2021)

In practical apptiations, 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 areagpigoontent, and vigour

index in maizgDel Buoncet al,, 2022) Similarly, in olive trees, these extracts improved leaf net
photosynthesis, stomatal conductance, chlorophyll camteand overall plant biomass production
(Regnket 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), daium (Ca), magnesium (Mg), sodium (Na), iron (Fe), and coppef€Buoncet
al., 2022) In olive trees, the extracts facilitated increased absorption of nitrogen (N), pomag#),

calcium (Ca), magnesium (Mg), iron (Fe), and zindRagnket 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
propetties (Del Buoncet al., 2022; Regret al., 2021) Additionally, secondary metabolites in these

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

Duckweed extrat have gained attention as promising biostimulants in agriculture, offering a
sustainable and ecfriendly approach to enhancing crop productivity and resilience. These extracts
are rich in bioactive secondary metabolites, such as phenolics and gluctssatdich 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 &€iency, and overall biomass production in various crops,
highlighting their potential as a versatile tool for sustainable agricultural practiesd et al., 2021;
Panfili et al., 2019)

1.3.5. HumanNutrition and Animal Feed

LemnaandWolffiagenera have been granted Generally Recognized as Safe Status by the US Food and
Drug Administration. In fact, duckweed has been traditionally cored in Southeast Asian countries

such as Thailand, Laos or Cambd@&laanthumnavin & Mcgarry, 1971Duckweed grows very fast

can produce a total biomass of up to 50 g in 7 days with an initial biomassunfdegideal conditions

(Sreeet 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 sou(é@penrothet al., 2017; Duangjarust al.,

2022; Mbagwu & Adeniji, 1988Yhe amino acid profile of duckweed closely aligns withWorld

Health OrganizationV{HO recommendations, featuring substantial levels of essential amino acids
such as lysine (4.8%), methionine + cysteine (2.7%), and/lalti@mine + tyrosine (7.7%\ppenroth

et al., 2017) Notably W. globosaprovides all nine essential amino acids, making it a complete protein
source (Kaplanet al, 2019) Similarly,L minor, when cultured with different fertilizers, has
demonstrated high levels of lysine ankdgmylalanine, with essential amino acids comprising 44.8% to
50% of the total amino acid©piyo 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 raficbair lesgAppenrothet al.,

2017) Furthermore, while the starch content in duckweed typically ranges from 4% to 10% per dry
weight under normal conditionfAppenrothet al., 2017) L punctatahas been shown to achieve a
remarkable starch content of 72.2% under conditions of nutrient limitation and €€vation
treatment (Fanget al., 2023) Some duckweed genera likepirodela Landoltiaand Lemnahave
significant levels of calcium oxalate which can cause health issues like kidney stone¥§Velfiite

andWolffielladoes not prodice calcium oxalaté_andolt, 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(gaiasmadet

al., 2003; Hausteipt al., 1992, 1994; Kabat al., 2005) For laying hens, duckweed inclusion improved
feed conversion ratios and egg quality, indicating its potential as a protein sGnckersonet al.,

2011; Chowdhury & Akter, 2011; Witkowsdtal., 2012) Ducks fedvith diets containing duckweed
exhibited improved growth performance compared to controls, albeit with variatiepeshding on
supplementation levelgKhanumet al., 2005; Ngamsaergf al., 2004) In pigs, duckweed inclusion in
diets showed promising results,itv higher levels positively impacting body weight ggins, 1998;
Gutiérrezet al, 2001; Moss, 1999; Roja&t al, 2014; Varet al, 1997) Similarly, in ruminants,
duckweed demonstrated potential as a protein source, improving nitrogen retention and showing
comparable nutritional value to soybean mdgBlabayemet al,, 2006; Damnet al.,, 2001; Huqueet

al., 1996; Reid, 2004 aquaculture, duckweed inclusion in fish and shrimp diets showed potential
for growth enhancement and improved protein efficiency, suggesting its suitability as a feed
ingredient(Effionget al., 2009; EEhafaiet al., 2004; Floredirandaet al., 2014; Flore-Mirandaet

al., 2015; Tavarest 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 &Plant-BasedProtein 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
(Fasolinet al., 2019) Plantbased proteins, insects, algae, and fungi offer a lower environmental
footprint compared to traditional animabased proteins, making them more sustainable choices
(Fasolinet al., 2019; Grossmann & Weiss, 2021; LéWextinezet al, 2022; Mouraet al., 2022;
Sawickeet al., 2020; Van Der Heijdez=t al., 2023) Given its rapid growth rate and significant protein
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accumulation, duckweed stands out as a promising candidate fgglmpootein sources in this evolving

landscape.

Over the last decades, several companies have suggested that products derivetdenomaand
Wolffia species could be used as a protein soufoe food due totheir high protein contens
(Appenrothet 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
can increase the growth rate and protein content of theckweed, while redungnutrients and water

lost during irrigation and reduce the subsequent contamination of ground and surface Watezag

& Stomp, 2009)In addition, duckweed can accumtdaup to 50% starch on a dwyeight 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 feedsock for bioenergy productioifMa 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 medigy. Yin et al., 2015)nder favourable cultivation conditions, starch
content can be reduced up to 4% whereas protein concentration can increase up to 45% on a dry
weight basis ir. minor, being rich in polyunsaturated®riatty acids and phytosterol@Appenrothet

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 recommen(tadieinsan &

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 iamal feed and human consumption, based on data from various
studies. Specifically, the amino acid profiles lof gibbaand L. minorwere compared with various

legumes, cereals, and green leaves, as detaild@biel.1.

The comparison focused on amino acids that are typically limiting in grains and legumes, such as lysine
and methionine, respectivel{K. J. Appenroth et al., 2017, 2018; Cheng & Stomp, 2009; Edelman &
Colt, 2016; Jahreis et al., 20183ditionally, threonine was included due to its common deficiency in
poultry diets (FAQ 2004) and histidine was considered because it is often present in low
concentration in many feed sources. The amino acid requirements for chicken at differer{Faggs

2004) tilapiafish (FAO, 2020; Santiago & Lovell, 1988) humangWHO, 2007)vere then compared

with the amino acid concentrationg amino acid per 100g proteiir) Lemna legumes, cereals and

green leaves as shown igurel.8.
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The results of the comparison indicate that batemnaspeciesneetthe nutritional requirementdor
threonine, histidingand lysine fomnimalsand humans.However,the concentrationof methionine
in Lemna like thatin legumes,may be insufficientf used asthe solefeedstock.The observed
differencesin amino acid profilegan beattributed to the predominant types of proteins in these
sources. Irgrains and legumeshe most abundant proteins are seed storage proteins (S8Rgh
are typically low in lysin@nd methionine. In contrastgreen leavesontain Rubisco (ribulose 1,5
bisphosphate carboxylase/oxygenases the major protein, which has a better balamfeessential
amino acidgEdelman & 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 fedith 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 dibtasbalanced amino acid profile
(Tesserauet 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 (#egdtban

et al, 2009; Duarteet al,, 2012. While duckweed haa lower histidine concentratiosompared to

other food sources, itstill meets all nutritional requirements.Furthermore, the methionine
concentrationin duckweeds higher tharthat found inlegumes(Figurel.8), which isbeneficial since
methionine islimited in some specieMethionine iscrucialfor protein synthesiglue to its sulphur

content, makingt an essential aminacid(Baker, 2006; Finkelstein, 1990)

Rubiscdribulosel,5-bisphosphate carboxylase/oxyges®) is the main protein found in green leaves.
It retainsits structureacrossall green leafy plantand fulfilsessential amino acid requirementas
recognizedby the Food and Agriculture OrganizatioRXQ (Kung & Tso, 1978Rubisco ipresentin
cyanobacteria, chemoautotrophic bacteri@and eukaryotessuch asalgae and higher plants,
comprising up td0% of the total soluble proteiim the plant leaf or inside the microb&llis, 1979)

It playsa crucialrole in photosynthetic carbon reduction and photorespiratory carbon oxidation.
However, is catalytic functions can bhafluencedby abiotic factorsFor instancehigh levels obxygen
and low levels otarbon dioxide stimulatéhe photorespiratory pathway, leading to the production
of glycolatea precursor for amino acid synthegi¢ofmannet al., 2013) Furthermorethe availability

of nitrate enhancesitrate assimilation and photorespiration rateshich in turn supportRubisco
carboxylation highlightng the significant impact afitrogen availabilityon Rubisco activity and overall

plant growth(Guilhermeet al.,, 2019)
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1.5. NitrogenAssimilation

The nitrogen assimilatiom plants involveseseral key steps and enzymdddurel.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. Nitrdtansporters (NRTs) and ammonium
transporters (AMTSs) facilitatdne uptake of tlese iongKrapp, 2015; MasclatRaubresset al., 2010)

Once absorbeghitrate is transported to the shoots, wherelihdergoes reduction taitrite by nitrate
reductase in the cytoplasnsubsequently, nitrite further reduced sammonium by nitrite reductase

in the plastids and ammonium is assimilated vigutamine synthetase (GSpresent in boththe

plastids and cytoplasrfLamet al., 1996)

Ammonium either taken up directly through AMTs or producdém nitrate reduction, is
incorporatedinto amino acidghrough the GS/glutamine-oxoglutarateaminotransferasg( GOGAT)
cycle.The GSsoenzymesGSland GS2 function in different cellular compartments: cytosoSlis
primarily involved ilfNH" assimilationin roots, especiallgduring protein degradation and amino acid
catabolism while chloroplasti@gGS2assimilatesNH;" released during photorespiration drom NGy
reduction duringNGOs conversion. GOGAT enzynaso vary, witlferredoxindependent GOGAT (Fd
GOGAT) utilizing ferredoxin felectrontransfer, andNADHdependent GOGANADHGOGAT) using
NADH(Zhouet al., 2022)
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Tablel.1. Comparison ofmethionine, threonine, lysine, and histidineomposition (%Total Protein)
acrossLemng legumes,grains, andgreen tissues.The table presents a comparison of amino a
composition sourced from various articles, as indicated in the species column with studfe
Appenrothet ., (2017)? Jahreit al., (2016)* Edelman & Colt, (2018)Cheng & Stomp, (2009)

Groups

Lemna

Legumes

Grains

Green
tissues

Species

L. minor*
L. gibbal#
Soya3*
Chickpeé&?®
Lupin?
Green pe&
Lentil®
Peanut*
Wheat?
Corn3#
Rice4
Spinach?
Broccol®

Green gras$

Methionine
1.6
1.6

1.31.7
1416
0.7
0.9
0.9
1
1.6
2.1-2.35
2.33
2.1
1.8
2.5

Threonine
4
4
3.94.1
3.83.9
4.2
4.2
3.9
1.6
2.7
3-3.8
3.63.8
4.9
3.9
5.4

Amino acid (%total protein)

Lysine
5
4.2
6-6.8
6.97
4.9
7.2
7.6
3
2.2
1.852.8
3.2-3.6

7.4
5.5

Histidine
1.5
1.6

2.62.9
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 nutritiona
requirements in different animals and humang\mino acids concentration is represented as
amino acids per 100 g total protein while the nutritional requirements are measured like g ¢
acids per day required by that diet. Each amino acid is explained in different graphs. A) Meth
B) Threonine, C) Lysine and D) Histidivéite bars represent four different food groupsemna

legumes, cereals, and green tissues. The differentucetblines are nutritional requirements fc
different animalsiightbrown line with square dotdor meat chickens from O to 3 weeks, grey li
for meat chicken from 3 to 6 weeHgght blueline for meat chickens at 8 weeks otthrk brownline

for layinghens(FAQO, 2004)ark blue line for tilapia (fisffFAO, 2020; Santiago & Lovell, 198&)

light brownline with triangle dotsfor humans over 18 yeadd (WHO, 2007)
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Aminaransferases 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 theeseence stage of leaves,
nitrogen is stored within their structure, but as senescence progresses, nitrogen is remobilized to
support the development of new seedlsamet al., 1996) Notably up to 95% ofhe seed protein is

derived from amino acidseleased from protein degradation in senesciegves(Tayloret al., 2010)

Unlike many higher plants, duckweed does not frequently produce seeds. Primarily consistiafy of
structures, it contains a significant amount of Rubisco (ribulose 1;Bisphosphate
carboxylase/oxygenaseyhich makes up about 50% of its protein content. This enzgamplexis

crucialfor its photosynthetic activitKawashima & Wildman, 1970)

In duckweed, nitrogen assimilation occurs in both roots and leaves, where NRAMARdre present
(Zhouet al., 2022) This duaiite uptake enhances nitrogen use efficiency (NUE), enabling up to 68 kg
of biomass per kg of nitrogen absorbé@uo 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 famors and growth conditions significantly impact the nutritional composition of
duckweed, affecting itsontents ofproteins, lipids andcarbohydrate. For instance Stewartet al.,

(2021) demonstrated thatL gibba could maintain a high growth rate across a broad range of
LK2G2488yGKSGAO LK2G2y FfdzE RSyaArAidirasSa o060t C5a0% FNP
kY2t LIK202ya Yshizawa d, (A017)fo0r@l §hat détubivitifg L. minowith bacterial

communities from various aquatic environments resulted in significant variations in duckweed

growth, with changes ranging fror24% to +14% compared to aseptic controls.

Additionally, environmental stressors such as heavy reétapact duckweed's nutritional profil&ree

& Appenroth,(2014)reported that cadmium ions induced starch acauation in duckweed after four
days of treatment at concentrations that almost completely suppressed grovdi.et al., (2007)
observed thaexposure to copper and cadmium ions led to a decrease in soluble protein content, with
more pronounced effects at higher concentrations. Simil&@lyet al., (2019)noted that the presence

of aluminium in the growth medium reduced protein content by 48¥%npared to duckweeds grown

without aluminium.
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Figurel.9. Simplified diagram of the nitrogen assimilation pathway in plantditrate enters the cell
via Nitrate TransportersNRT3, while ammonium is taken up through Ammonium Transpori
(AMTS9. Nitrate Reductase (NR) converts nitrate into nitrite, which is then transported into plasti
HistidineProlineProline HPB. Indde the plastids, Nitrite Reductase (NiR) reduces nitrite
ammonium. The resulting ammonium is assimilated by cytosolic glutamine synthetase isd&8ng
andGS1;2 and chloroplastic glutamine synthetaseS2, along with Ferredoxidependent glutamad-

oxoglutarate aminotransferase FGGOGAYT and NADHlependent glutamateoxoglutarate
aminotransferase NADHGOGAY, to form glutamate (Glu) and glutamine (GIn), which serve
precursors for amino acid biosynthesis. Excess nitrate is stored in the varubteansported acros:
the membrane via the chloride chann€ll(¢.
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Furthermore,Ullahet 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 waneecobat
moderate salt concentrations, whereas higher salt levels resulted in significant reductions in both

growth and carbohydrate content.

I ONXzOALFf FFO0O2NJ Ay RdzO1 4SSRQa ydzi NR i N2yahdf LINE F A
NG; are commonlyused asiitrogen fertilizers in agricultur€Coskuret al., 2017) Researh byZhou

et al. (2023 indicates a preference for NHover NQ'. Nitrate assimilation is more energytensive

because N©@must be converted to NFibefore it can be used for protein synthesis. However, excess

NH;* accumulation can lead to toxicity, causing chlorosis and reduced growth (Biéso &

Kronzucker, @13), primarily due to the increase of reactive oxygen species (ROS), which triggers
oxidative damage and results in cell degiwanget al, 2016) Regardless of this, duckweed
demonstrates higher resistance to Nidtress compared tother plants(Huanget al., 2013; Tiaret

al., 2021)

1.7. DuckweedResponsdo Heat Stress

A positive environment isrucialfor plant development, as plantare sessile organismmableto

move or relocate. Themgrowth rate, yieldandoverallevolution areintricately tied to environmental
conditions(Lippmanret 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 healtand productivity(Hedhlyet al., 2009)

Heat stress disrupts criticplant processesuch agrowth, germination, development, reproductipn
andyield (Hasanuzzamaat al., 2013) since high temperatures can damage essential physiological
functions including photosynthesis, respirationanispiration, and cell structuréBenAsheret al.,
2008) Tocombat these challengeplants havesvolved intricate and multifaceteslystems known as
Heat Stress Responses (H&R)ong the kexomponents othese responses afgeat shock proteins
(HSPs) and reactive oxygen species (R€SEenging enzymewhich play crucial roles in mitigating

heatinduced damage and maintaining cellular stability under stress conditi@hamaet 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 (shiShese proteins are essential for renaturing denatured

proteins caused by heat stress, ensuring proper protein folding and funi@€iataket al., 2007; Quet
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al., 2013) They are welkstablished targets of Hi®sponsive transcription factors (TFs) and are

upregulated during heat stress responses.

In addition to HSPs, reactive oxygen species (R€&vEenging enzymes such as ascorbate peroxidase
(APX) and catalase (CAT) play a critical role in mitigating oxid@image during heat stress. ROS,
including hydrogen peroxide §&), superoxide anions &), and singlet oxygen (&) are generated
under stress conditions and can enhancerel§ponsive pathways as well as contribute to cell death

if not adequately managk(Baxteret al., 2014; Suzuki & Mittler, 2006)

As presented irthe Figure1.10, heat stress transcriptional networkavolve a complex array of
transcriptional regulatorsHEAT SHOCK TRANSCRIPTION FACTOR Als (HsfAls) serve as 'master
regulators' in these networks, crucial for activating various heat stresgonsive genefliuet al.,

2011; Mishreet al., 2002) HsfAls are known tdirectly regulate the expression of genes encoding

other important H&esponsive TFs, such as DEHYDRARESPONSIVE ELEMENT BINDING PROTEIN
2A (DREB2A), HsfA2, HsfA7a, HsfBs, and MULTIPROTEIN BRIDGING FACTOR(YGs(iieetlC)

al.,, 2011) DREB2A itself indes the expression of HsfA3 as a direct target gene with a coactivator
complex of NUCLEAR FACTOR Y, SUBUNITW22)INRFB3, and DNA POLYMERASE Il SUBUNIT B3

1 (DPB3L)/NFYC10 DREB2A, in particular, induces the expression of HsfA3 as a direajearget

often in coordination with a coactivator complex that includes NUCLEAR FACTOR Y, SUBUNIT A2 (NF
YA2), NFYB3, and DNA POLYMERASE Il SUBUNITDBB3L)/NFYC10(Satoet al., 2014) These
transcriptional regulators collectively enhance thermotolerance or {tamgh adaptation to heat

stress(Ohamaet al., 2017)

Research on higtemperature stress has been extensively documented for vegetaihlest al.,
2021) fruits(Almeidaet al., 2021) andother crops worldwid¢Sah & Sherpa, 2020)n aquatic plants,
exposure to high temperatures triggers varg physiological and molecular mechanisms that help
them survive under stress. For examglgymoea aquaticahows that heat stress negatively affects
photosynthesis and increases oxidative stress, activating specific genes involved in thermal adaptation
(Guoet al., 2020) Similarly, studies iPotamogetonspecies highlight how thermotolerant species
produce heat shock proteins (HSR$) transcription factors, offering protection against thermal
damage (Amano et al, 2012) Invasive species lik&racilaria vermiculophyllalso exhibit heta
resistance traits, which have been key for their colonization in new thermal environr{téasmann

et al, 2016) Research orklodea nuttallifurther supports the idea that gradual heat exposure
enhances plant protective mechanisms more effectively than abieat shocks, demonstrating the

diversity of responses in aquatic spegibe Silva & Asaeda, 2018)
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A transcriptomic study orfPyropia haitanensisound that a heatiolerant stran expressed genes
related to HSPs, antioxidant defences, and energy metabolism more efficiently thaisdresative
strains, protecting its cells from heat damad@anget al., 2018) These insights are crucial for

improvingPyropiacultivation under rising global temperaturé#/anget al., 2018)

In the case of duckweedshanget al., (2022) focused on the physiological and transcriptional
responses ofS polyrhizaunder heat stress. The researchers observed that superoxide dismutase
(SOD) levels initially increaskeéfore 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 frot8h&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 researcBpoondela
polyrhizahas shown that heiestress 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.9pirodela heatresponsie 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 heatests specifically influences protein content across multiple
Lemnaclones, shedding light on the genetic factors controlling protein synthesis and degradation

underenvironmental stresses

To achieve stable, proteirich duckweed production for human andiaral consumption, it is crucial

to investigate the effect of abiotic stresses, particularly heat stress and nitrogen sources, on
RdzO1 4 SSRQa& LINRPGSAY O2y(iSyildo wSadzZ 6a 2F LINBJA 2 dza
influence duckweeds biochemicabmposition, including protein leve(Shanget al.,, 2022)and the

nitrogen removal efficiency and protein yield of duckweed are influenced by nitrogen [@relset

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 factan lead to more consistent and higher

guality 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 responsdseat stress
induces the generation of reactive oxygen species (ROS), triggering a cascade of regulatory
HSFAL proteins act as central regulators, activating transcription fadtedld8FA2, HSFA3, HSF
HSFBs, and DREB2A, which regulate downstream-rég@abnsive genes. Proteins such
HSP70/90 stabilize HSFA1s and assist in maintaining protein homeostasis. Additional trans
factors, including NAC019, MBF1C, andYNEBmilymembers, integrate stress signals to enhar
thermotolerance by activating chaperones and enzymes. This network highlights the int
interplay between transcription factors, heat shock proteins, andegulators in acquiring hea
tolerance in plants.
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1.8. Aims andObjectivesof the Projed

This project aims to investigate the impact ligat and nitrogen sourcen duckweed growth and
protein content By exploring these two critical environmental factors, this reseaitihhelp us to
understand how nitrogen availability and temperature variatiomspact both the biochemical
composition and overall productivity of different duckweed clones. The fgelinill contribute to
optimizing duckweed's use as a sustainable protein source for human and animal consuffip&on.

projecthasthree objectives each corresponding to a dedicated experimental chapter:

1 Objective 1:To explore the influence of differentitrogen sources on protein yield across
distinct clones of.emna minoandLemnagibbaandexamire the differences irexpression of
nitrogen assimilation genes in these spediebapter3).

1 Objective 2:To distinguish heatolerant and heatsensitiveLemnaclones 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(Chapterd).

1 Objective 3: To assess changes in protein contenbngheattolerant and heat-sensitive
clones under different temperature conditions and identify differential gene expression

patterns among the clones through transcriptomic analysis (Ch&pter
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2. Chapter 2: GenerdWlaterials and Methods
2.1. PlantMaterials
2.1.1. Establishment oDuckweed Collectiomat University of Hertfordshire (UH)

To maintain the collection, standard operating procedures (SOPs) fortmmilegrowing, 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 $etjibla clones were purchased from
Rutgers Duckweed CooperativStock (Rutgers Duckweed Stock CooperativeRetrieved on
18/12/2024). The number of clones maintained at itds 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 Cooperdtheclones were listed ohable2.1,

where ID number, species and location is explained.

2.1.1.1 FieldSampling ProcessingandMorphological Identificationof Duckweed

Duckweeds were collected from the pond surface with a net, trying to not distiiebaquatic
environment. Other vegetative or animal organisms were removed from the sample and then
duckweed samples were saved in labelled plastidadfgbags. BesideqH of the pond waterwas
measured with a portable pH meter and ammonia, nitrate aitdta concentration were measured
with a test kit gNW Direct, 9 in 1 Aquarium Test Styig2ond location was noted to trail different

duckweed clones collected for geographic analysis.

Promptly, samples were transported to the lab for a deep clean p&smvere placed on a 2mm mesh

strainer where duckweed were cleaned with tap water until allooickweed materials (small sticks,

leaves, etc.) were removed. Then, it was finally washed with deionized watz(DIf mp Ym0 &@ | | £ 7
the samples were dried @0 C for 48 hours for protein quantification analysis, and the remaining

samples were stored at € in 50 ml Falcatubes until further use.

To visualise duckweed morphological features for duckweed identification, chlorophyll was removed
from duckweed tisues by hour incubation series from 50 to 100% ethanol at room temperature in
dark condition{Miazek & Ledakowicz, 2013fterremovingchlorophyll, samples were stored in 75%

ethanol at 4C in dark conditions.

32| Page



Table 2.1. List ofduckweed species aUH duckweed collection It is composed by clone
purchased at Rutgers Duckweed Stock Cooperative and collected in local phasti®ight
Lemnasamples were not taxonomicallgentified by barcoding identification

ID
5615
6861
7021
7245
7263
7532
7537

7641/7582
7705
7749
7763
7784

7796/G3
7798
7805
8124
8428
8655
8678
8682
8703
8738
9248
9255
9435
9481
9532
9583
9591
9619
Manor

SD

DG4/7868

DGB8/9441

DG9/8292

DG10/7766
DG12

Colour
Jen Young
O. Wood
S Grove
The pond
Pinetum
Hatfield
HG
Ashridge
Cambridge
Tewimbury
D. Lake
D. Pond

Specis
L gibba
L. gibba
L. gibba
L.gibba
L. gibba
. gibba
. gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
gibba
minor
minor
minor
minor
minor
. minor
. gibba
.gibba
L. gibba
L. gibba
L. gibba
Lemna
Lemna
Lemna
Lemna
Lemna
Lemna
Lemna
Lemna

L e e e N

Continent
Asia
Europe
Europe
Africa
Europe
Europe
Africa
Asia
Asia
Europe
Europe
Africa
Europe
America
Europe
America
Europe
America
Asia
Asia
Asia
America
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Asia
Pacific
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe

Country
Israel
Italy
Spain
South Africa
Greece
Eire
Spain
Israel
India
Belgium
UK
Ethiopia
Italy
Peru
France
USA
Switzerland
Argentina
India
SaudiArabia
Japan
Argentina
Italy
Finland
Albania
Denmark
Germany
Poland
Hungary
Albania
UK
UK
Ireland
Germany
Iran
NZ
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK

City

Soreq National Park, Palmachim
Toscana, Lagodi, Massaciuccoli
Andalusia, Cordoba

Cape, Stellenbosch, Jonkershoek
Thessalia, Trikala

Carlow Co., Barrow R.

Tenerife, Puerto de la Cruz
Hadera, Kirket Batih

Guijarat, Khaira, Anand

Liege, Terwagne

Wales, Cardiff, Wentlooge level
Shoa, 30 km E of Addis Abeba
Sicilia, Catania, Bot. Garden
Lima, Laguna de Villa
Camargue, La Tourdu Vallat
Arizona, Pima Co., Arivaca
AargauKoblenz

Cordoba, Rio Cuarto, Gigek#ena
Kashmir, Srinagar

AsirBaha, 2020m

Honshu Aichi

RioNegro, General Roca

Alto Adige, Trento

Uusimaa, Pukila

Lashnja, Distr. Lushnjy, Saveri
Mon

Marburg

Topilo

Szarvas, Arboretum, river Koros
Pogradeci

Harpenden

Harpenden

Dublin,Ballsbridge

Marburg St.

Mazandaran, Ghassem Abbath
Southern Island

Hackney Wick, London

Clifton Road, London

Hatfield, Hertfordshire

Hertford, Hertfordshire

Hatfield, Hertfordshire

Hertford, Hertfordshire

Hatfield, Hertfordshire

Hertford, Hertfordshire

Welwyn Garden City, Hertfordshire
Cambridge, Cambridgeshire
Welwyn Garden City, Hertfordshire
Welwyn Garden City, Hertfordshire
Welwyn Garden City, Hertfordshire
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2.1.1.2 DuckweedSterilization

To store the clones under aseptic conditions, duckweed plants were sterilised following the method
established byAppenrothet al. (2015. Plants were washed 4 times with 7.5% NaOCI{of35 and
6-min. Fronds were rinsed gently with water after each blehath. After bleach bath, samples were
transferred into 50 ml Falcon Tubes containing stexiliSchenk and Hildebrandt (SH) mediwith

the following composition 0.68 mM Ca@HO, 12.4 mM KN 0.81 mM MgS©7HO, 1.3 mM
(NH)HPQ, 30 pM MNS®@HO, 40 uM HBQ, 1.74 pM ZnSH7THO, 3.0 uM K, 0.4 pM CuBSBHO,
0.21 pM NaMoQy-2H0, 0.21 uMCoGJ-6H0, 27.0 UM FeNaEDTA, 2.74 pMBRITA- 250 (Schenk &
Hildebrandt, 1972; Ziegleat al., 2015) containing sugar (50 mM glucose or 25 mM sucrose) for 2
weeks. The pH was adjusted to WBh 0.5 mM HCIAfter sterilization processhe mother frond diel

but sevendays later, the daughter grom from the meristematic pockets in completely aseptic
conditions as shown iRigure2.1. After 14 days, if the medium remadil clear, the sterilization was
successful. Afterwards, clones were stored in CE cabinets ‘@ i6t5300 ml Erlenmeyer flasks
containing 100 ml sterile SHutrient medium, with continuous white light at 3Qmol-m2.s?
(photosynthetically active radiation) frorfluorescent tubes TLD 36W/86 (Philips, Eindhoven, the
Netherlands)

2.1.1.3.Precultivation andCultivation

For precultivation phase, plants were acclimatéor two weeks keeping the plant young with a high
relative growth rate to ensure reproducible resul®hen samples were cleaned, they were cultivated
in Controlled Environment (CE) cabinets at@ih magenta vessels containing 300 ml sterile nutrient
medium under continuous white light at 1Q6nol-m2-s* (photosynthetically active radiation) from
fluorescent tubes TLD 36W/86 (Philips, Eindhoven, the Netherléolttsying theprotocolISO 20079,
(2005. To avoid nutrient limitationmedium was refreshed every week. Schenk and Hildebrandt

medium was employed with the composition explained in sedfion
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Figure2.1. 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 femNeasy

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 (Tigserelll) at 12,000 rpm for 30 seconds, ensuring

complete homogenization.

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

rpm for 5minto separate proteins from nucleicals.

The supernatant was transferred into a QlAshredder spin column and centrifugedniara2 14,000
rpm. The flowthrough was collected into a new tube, and 1.5 volumes of Buffer AW1 were added and
mixed thoroughly. The mixture was then transferrecat®Neasy 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 ul of Buffer AW2
was added, followed by centrifugatioria »xy Znnn NLIY FT2NJ m YAyod | asSoz2y
an additional 500 pl of Buffer AW2, centrifuged at 14,000 rpm fanir2to ensure complete removal

of contaminants.

To elute the DNA, the spin column was transferred to a new 1.5 ml microcentriibge and 100 pl
of Buffer AE was added. The column was incubated at room temperatu¢24iG) for 5nin before
centrifuging at 8,000 rpm for 1 min. The purified DNA was subsequently stor2d°a for future use

in downstream applications.

2.2.2. RNAExtraction

RNA extraction from duckweed plants was carried out using a modified protocol from the E.Z.N.A.®
Plant RNA KiProtocol (Norcros, Georgia, USAFresh 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 Il) at 12,000 rpm for 30
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followed by thorough vortexing to ensure complete mixing and prevent clump formation.

To remove cell debris and homogenize the lysate, the samples were centriftid2,000 xrpm 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 bimdj during a imin centrifugation at 1,000 rpm. DNA
contaminants were eliminated by adding a DNase | solution directly to the column membrane and
incubating at 37°C for 3@in. The column was then washed with RNA Wash Buffers | and II, followed
byadryingi LAY (2 NBY20S NBAaAARdAzZ f SiKIFIy2fd CAylLffes wt

free water, and the purified RNA was stored &2°C for further analyses.

2.3.  NucleicAcid Quantificationand Quality Control Checks
2.3.1. Electrophoresis an/isualizaton of Nucleic Acidsn Agarose Gels

Nucleic acid samples were visualised through an agarose gel with TAE buffer (40 mgetais;

1mM EDTA; pH 8) with GelRed® Nucleic Acid Gel Stain 0.1 %(p/v) from Bittuagarose gel
concentration varies depending dhe 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 fragmeifst nucleic acids size determinatidikb 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 ninto denature the RNA. Aftdreating, samplesvere placedn ice for 2minto ensure

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

2.3.2. DNAContamination Analysis ThrougACRTechniqies andVisualiation in Agarose Gel

To check for DNA contamination in the RNA ghkas, a polymerase chain reaction (PCR) was
conducted using primers specific to the reference gene Glyceraldebytsphate dehydrogenase
(GAPDH). The primers used for this assay are listédbite2.2. 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 &in, followed by 30 cyclesf 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 1in.
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Subsequently, a final extension step was conducted at 72°C fomihOto ensure thorogh
amplification. The PCR reaction setup included 2.5 yL of 10x PCR buffer containing 0.75 pL of 50 mM
MgC}, 0.5 pL of 10 mM dNTP Mix, 1.25 uL each of 10 uM forward and reverse primers designed using
Benchling Table2.2), 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 mplification, the products were analysed via gel electrophoresis fgegioussection

2.3.1). The presence of bands corresponding to the expected size of the GAERIdroduct (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 conentration 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 rati8-2f0lindicates 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@ signifies high nucleic acid purity;
deviations from these values mauggest 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 coatient measurement) was
selected. With the sampling arm open, 1.5 yL of nucldese water was pipetted onto the lower
measurement pedestal to establish a blank baseline. Following this, 1.5 pL of the RNA sample was
applied to the lower pedestal, and theampling 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 openedand both the upper and lower pedestals were carefully cleaned with a soft

laboratory wipe to prevent crossontamination.

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

instrument's cleanliness and nmain its integrity for subsequent uses.
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Table2.2. List ofprimers ugd for end-point PCR.

Marker

GAPDH

atpFatpH

psbkpsbl

Primer sequence
C 2 N¥ | ICBTCCACQATTGACTCCTIC@T

wS @S NEACCCGTDGACTGTATCECERA
C 2 N¥ | MBTCG@ACACACTCCCTIT®C
wS 7S NBSTYTTATEGAAGCTTTAAQAE
C2 N | -NIRGQADTTGTTTGGGAAG
w S 7S NAMABTTHGAGAGTAAGOAD

Amplicon size T?optimum

98 bp 62°C
675 bp 53°C
544 bp 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
Solutionfor Broad Rangby diluting the Qubit@&RNA BR Assay ketagent in Qubit® buffer at a 1:200

ratio. For each standard and user sample, 200 yL of the Working Solution was prepared. Specifically,
190 pL of the Working Solution was combined with 10 pL of the standard kit, and 198 uL of the Working

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

The samples were then vortexed foBseconds to ensure thorough mixing. Following this, they were
incubated at room temperature for 2nin in the dark to protectthe 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. TapeStationAnalysis

The Agilent TapeStatiogystem is an automated electrophoresis solution for the sample quality
control of DNA and RNA sampl8&amples quality was measured us#igh0 TapeStation Systefinom

Agilent. The diluted ladder solution was prepared by adding 10 pL of Rideseater tothe High
Sensitivity RNA Ladder vial. Solution was mixed thorou@heuL of High Sensitivity RNA Sample
Buffer with 2 pL of RNA ladder was mixed. RNA samples were mixed 1 pL of High Sensitivity RNA
Sample Buffer with 2 uL of RNA sample. Samples weralepin, then vortegd using an IKA vortexer

and adaptor at 2000 rpm for 1 mi Samples were centrifuged to ensuresthwere collectedat the

bottom of the tube. Ladder and samples were heated at 72°C fioin3o ensuredenaturation Then,

the ladder and amples were placed on ice forr@in. Prepared samples were loaded into the 2200

Agilent TapeStation instrument for analysis where data were obtained.

2.4. DNABarcodng ¢ Clone Genotyping

Onlythe clones used for future experimentom the UH duckweed colldcin were taxonomically
classified by DNA barcoding, following the method describe@tgnget al,, 2010) These clones
were SD, DG4 and DG8 which were classifiedmamorl Yy R al y2NE / 2t 2dzNJ FI OG 2 NB .
2 22RY { I Af 2PNddcioneVNiBh@&e diagsiRed aggibba Twochloroplast markers, atpF

atpH and psb¥psbl, were amplified using specific primefalle2.2) based on reference sequences

40| Page



from duckweed. Clones obtained from the Rutgers collection were not subjected to DNA barcoding,

as they had already been classified.asnna gibbay the provide.

2.5. DuckweedGrowth Rate Measurements

To measure growth ratef 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 dlikigéhe time

(Ziegleret al., 2015)
Relative growth rate (¢) for two-point measurementgday 0 and day 7)

1 RGR = (InX- InXyo) / (t7 - to)

X = Weight, t = time.

2.6. SamplePreparationfor Total Nitrogenand Nitrate Measurementswith FT-MIR Model
2.6.1. PlantMaterialsfrom Different Cultivation Treatments

Duckweed samples from different treatments were collected with a sieve whilst excess of water was
removed with tissues. Leaves wenemediately put into a 2nl Eppendorf tubes and dried in an oven

at 60°C for 48 h. When samples were completely drigdlee stainless steel ballsf 0.5 cmwere

added into the tube and samples were milled using Tissuelagsk?,000 rpm for 3nin (Tissuéyser

I1). Subsequently, samples were centrifuged emplo@ifga K S NEiddcsAtRfuges, 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 sohufior reuse. 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 Peaksin the FTMIRSpectra

Two sesof samples were prepared to identify organic and inorganic nitnqueaks (i.e. nitrate, nitrite
and ammonium). One set was composed by 1 g of cellulose aliquots with 1 mk€fl Ntandard
solutions (Nitrate standard solution, 1198110500, Merck Millipore) prepared to give final
concentrations of 100, 5000, 1000 ard 100 mg/kg N@ N in the plant sample after drying. The
second set was composed by bf duckweed standard sample calledH8aD, collected in Harpenden,

United Kingdom, with the same sample preparation. Both the amount of sample and the volume of
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the NQ: 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 6 for 48 h and thoroughly mixed befdr@IR scanning.

2.6.3. TotalNitrogen Determinationby DumasCombustion

TotakN (TN) in food is traditionally measured by Dumas combugtinet al., 2025)~or that reason,

TN was determined according to the procedure of Dumas using a LECO CN628 CorAnasfgear

(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 theofummganic, nitrate, nitrite and ammonium
nitrogen. Quality analyses were done with the addition of plant references standards of certified Total

N content(NISTSpinach, NISTomato, NISPeach, Wepal IPEO, Wepal IPE 154) and arhouse

grass standat. Besides, one repeat sample was included every ten samples for additional quality

analysis.

2.6.4. TotalNitrate Determinationby Salicylic Nitrationwith Spectrophotometric Determination

Nitrate nitrogen (N®N) measurement was developed byCataldoet al (1975. This method

determines nitrate content in plants based on nitration wgalicylic acid. Dried 25 mg sample was

used to extractNGENg A G K M Y 2F wmy ami @&Yor 62f minNSainjpeNderes I G S NJ
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 conog¢rated HSQ. After 30 min of reaction, 9.5 ml of 8% NaOH was added developing

I &8Stt2¢ O2f2dzNJ GKIFd ¢l a YSFadNBR aLISOGNRLIK2EG2)
Spectrophotometers). Standard calibration set was prepared with 0.7 mivs 8&dl@ion wih 0, 10,

20, 30, 40, 60, 80, 100 and 120 mg/L ozNxoncentration. Each sample was analysed in triplicate

and each batch of samples included blanks and different plant IPE standards of known reference NO

N value(Zhao & Wang, 2017)

2.6.5. FTIRSpectra Collection

ff &l YL S& 6SNB Fdz2NIHKSN) aASOPSR (2 LI aa GKNRdAAK
subsamples of approximately 0.1 g each were scanned. Reference samples -dlfoaisenstandard

Lemnasample (MaSTD) and blank&lean holes)vere measured in &h run for quality control.
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Analysis was conducted with a TENSOR Il benchtdR EHouriefTransform Infrared) spectrometer

(Bruker, Berlin, Germany). This has a spectral range ok®00n OYbL wm> | Y. -Bdit@rNR I Ro | y
and window, and an MCT (memgucadmium telluride) midand detector cooled by liquid nitrogen.

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were collected. A background
spectrum was taken with a gefalated reference cap. The high throughput screening accessory (HTS

XT), which scans 95 samples in one plate, was used. The spectral resolution Wwaantisoan time

was 32 s per sample. Absorbance data in the spectral rangec800@nt* were obtained. All the

data were obtained and processed using the Bruker GRBUANT Il software (Bruker, Berlin,

Germany). Corrections of the raw data were made using the first derivative, with 8 smoothing points

using the Savitskysolay algorithm and mean centred vector normalization, @aks at 2361 and

2339 cnit were removed fromthe data.

Mid-infrared chemometric models were built using PLS (partial {eqsares) 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 PL&omthm 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) systen is used to calculate the optimum rank by looking at the root mean square error of
prediction (RMSE) with the minimum potential for oMgting. Assessments of model predictive
performance are made with calculations of the correlation coefficient (a oreasf relative precision

and closeness to the line of best fit), the coefficient of determinatioh gRes the percentage of
variance present in the true component values, which is reproduced in the prediction), the RMSECV
(root mean squared errors ofass validation), the residual prediction deviation for the rank (RPD =
SD/SECV), which allows comparison of model performance across different data sets, and the bias
OYSIY @FtdzS 2F RSGAFGA2Yy>S Ftaz2z OFfttSRwith&h@ adSYl

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

2.7.  StatisticalAnalysis

Statistical analyses were performed on data collected fdiffierent experimentsData were analysed
using RStudio software (R versi®i.0+) (RStudio Team, 2022 mploying appropriate statistical tests
to evaluate differences betweedtifferent treatments. For data visualization, including the creation of
plots and gaphs, GraphPad Prism software (versiism 10.2.2was used. This ensured clear and

accurate representation of the results.
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3. Chapter3. Impacts of Different Nitrogen Sources on Growth Rate, Protein Content,
and Gene Expression of Genes Involved in Nitnogessimilation in Different Duckweed

Clones
3.1. Introduction

Nitrogen, which constitutes about 78% of the Earth's atmospl{Bteom, 2015)undergoes various
transformations into organic nitrogen, ammonium (NK and nitrate (NQ@) through natural
processes, which plants utilize for growth and metabol{8ntto & Kronzucker, 2013This element

is essential to the formatin of macromolecules such as proteins, nucleic acids, and hormones, playing
a pivotal role in plant development and signall{ikgapp, 2015)However, nitrogen is one of the most
limiting nutrients in agriculture, directly influencing crop yieldgghariet al, 2016; Robertson &
Vitousek, 2009) To address this, nitrogen fertilizers are widely used to enhance productivity, yet their

overuse has contributed to serious environmental challer§aset 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 ledBhiiaget

al., 2013) This nitrogen loss contributes to several environmental issues, including soil acidification,
air pollution, and water eutrophication, primarily due to nitrate (NCand ammonium(NH;")
(Camargo & Alonso, 2006; MartinBalmauet al., 2021) There is a growing need for sustainable
solutions that can mitigate these negative impacts, and @nemising approach ishe use of

duckweedfor nitrogen detoxifiation.

Duckweed is increasingly recognized for its ability to absorb excess nutrients like nitrogen and
phosphorus from water, making it a promising candidate for wastewater treatrf@néng & Stomp,
2009; latrovet alb = 1 n mebdl, 2919) #h éddition 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 consumptiOhppenrothet 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 theémportance 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 ammamiuitrate can influence
duckweed's physiological responsdsor instance, certain nitrogen sources may alter protein
accumulation rates and overall growth performan@evlamynclet al.,, 2020; Peterseet al., 2021,

Ullah et al., 2022) These nitrogen sources may alsllangegene expression patternselated to
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nitrogen metabolism and protein synthesis, further affecting overall growth performandeprotein

accumulation(Zhouet al., 2022)

As illustrated inFigure 1.9, in terrestrial plants, nitrate and ammonium from the ground are
transported into the cell by nitrate transporterflRE) or ammonium transportersAMTs). Nitrate
undergoes reduction to nitrite through the action of cytosolic nitrate reise NR), after which the
YAGNRGS Aa (NI yaLR2NISR (2 HRPKRSspoders(Magdad? al, 2018) KA & G A F
Within the plastids, nitrite is further reduced to ammonium by plastidic nitrite reductiié@ (Liuet

al., 2022) Ammonium assimilation involves the conversion of inorganic nitrogen to organic nitrogen
through the glutamate synthas&s@/glutamine-2-oxoglutarate aminotransferasgGOGATJ cycle. In

this cycle GScatalyses the incorporation of a molecule of ammonium into glutamate (Glu) in an ATP
dependent manner, whil&OGATenerates two molecules of Glu through the transfer of the amide
group from glutamine (GIn) to-@xoglutarde (2-0OG)(Liuet al., 2022) GSexistsin different cellular
locations, including cytosoliéSland plastidicGS2 while two types ofsOGA Tnicotinamide adenine
dinucleotide(NADH)GOGABN ferredoxin(FdYGOGATare presentin plastids(Krapp, 2015; Liet

al., 2022; Zhoet al., 2022)

In the shoot of a plant, nitrate is first converted to nitrite ByRin the cytoplasm, and then further
reduced to ammonium biXiRin the plastids. Glutamine synthetasé$ plays a vital role in nitrogen
assimilation, with two major enzyme classes encoded in plant nuclear genomes: cytopk&iaia
chloroplasticGS2(Krapp, 2015; Xet al, 2012) Most plants possess a small family of three to five
genes encoding cytosoliéSlisoforms and a single gene fG&iS2(Bernard & Habash, 2009; Janets

al., 2018) The two isoforms dBOGATFdGOGABNdNADHGOGA Tfunction across different cellular
compartments, with chloroplastiEdGOGApredominantly involved in leaves, while cytos™NiaDH
GOGATparticipates in various tissues including roots, vascular bundles, and reproductive organs,

enabling efficient nitrogen utilizatio(Kojimaet 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 glutamade to keto acids, producing various amino acids and ak#taglutarate(Crumpet al.,

1990) Mechanistically, the ansamination reaction proceeds through the transfer of an amino group

to pyridoxal phosphate, forming a-Ketoacid byproduct and an enzymbound pyridoxamine
phosphate intermediate, which then transfers the amino group tek@®acid acceptor, regenerai

the pyridoxal phosphate cofact¢€rumpet al., 1990)

Nitrate can also be transported into the vacuole throu@horide Channels CL(Q, with Chloride

Channels £LCacting as a 2N§gJ1H" exchanger involved in vacuolar nitrate storgeang & Zhang,
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2020; Zifarelli & Pusch, 200utations in theCLCaene disrupt water homeostasis and nitrate
accumulation, adversely affecting nitrogen use efficiency and plant develdpfHedinet al., 2023)
For example, plants witiAtCLEG mutations exhibit lower nitrate storage and impaired growth,
underscoring the role dELCén maintaining optimal nitrate level&eeleret al., 2000) InArabidopsis
sevenCL@enes havdeen identified, includin€LCand CLCbhwhich function as N§£YH; antiporters

in vacuolar nitrate storagéDe Angelet al., 2006; Von Der Fecltartenbactet al., 2010)

Nitrate is a key nutrient for plants, and its accumulation and transport are fundamental for growth
and nitrogen use efficiecy. Proper function oNRE, AMTs, GS/GOGATand CLCchannels enables
plants to effectively assimilate and store nitrogen, ensuring resilience under varying environmental

conditions(Liang & Zhang, 2020)

Understanding the imact 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 sonfagence
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 source®sac different clones and species is
necessary to gain valuable insights into genetic basis of nitrogen assimilatiofihis understanding

can aid in identifying strains with favourable traits for protein production and environmental
remediation. This amprehensive understanding highlights the significance of duckweed as a versatile
and sustainable plant species with multifaceted applications in environmental remediation and

protein synthesis.

This study airad to investigate how different nitrogen sourc@sitrate, Nil, AmmoniumNitrate, and

UreaNitrated0 | FFSOU0 Rdz01 6SSRQ&a LIKeaAzf 23A Olarfdnitdded L2y & S:
accumulation and growth rate. In addition to these physiological assessments, the studguaibo s

to explore the apression patterns of eight homologous genes involved in nitrogen assimilation. These

genes, identified through in silico analysislingibbaand L. minor were analysed via gPCR 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 mittonal applications.
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3.2. Materials and Methods
3.2.1. PlantMaterial and Treatments

Clones used for this study were 9D iinoy, DG4 I(. mino), DG8 I{. minoy, and 7796 1(. gibba,

sourced from the University of Hertfordshire collection. The selection ofetltdsnes 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 requed the collaborating company, who expressed specific interest

in these particularL. minorvariants. The 7796 clone &f gibbawas selected as it serves as the
reference clone widely recognized in duckweed research, providing a standard point of csonpari

for the study.Clones were treated and sterilised as explained in $etion 0. The taxonomic
classification of the UH duckweed collection was performed uBINg\ barcoding, following the
method described byvanget al., 2010 Two chloroplast markerstpFatpH and psbkpsbl were

amplified with specific primerexplained inSection2.4.

Experiments were carried out i Controlled Environment (CE) cabinet at Q) continuous white

light at 100pmol-m2-s? (photosynthetically active radiati from fluorescent tubes TLD 36W/86
(Philips, Eindhoven, the NetherlandBor the acclimation process, 50 mg of fresh weight from each
clone was cultivated in 400 ml beakers with transparent lids. A modified Rorison médieitt,
1966)was used for this experiment, as showrnTible3.1. 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 contol), AmmoniumNitrate, and UreaNitrate. 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 descritgmdtion 2.5 (Ziegler

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

¢c20GFf YAOGNRIASY oO0¢CbU I YjlRntfed usiNg FoBierrangfdm inidinfraredd S @St &
(FFMIR) spectroscopy, following the protocol outlined3action2.6 (Espinosavontiel et al., 2022)

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

2 Total protein (%) = 6.25 x (TRNTNQ)
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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), AmmoniunNitrate (4 mM N) andJreaNitrate (4 mM N).

Stock

RQoow>r»

S3

S4

Chemicals

Ca(NQ@.-4H0
CaS®2H0
NHING;
CHN,O"
MgSQ-7H0

FeNaEDTA
NaEDTA
MnSQ-4H0
H:BQ
Kl
ZnSQ7HO
CuS®@5H0
NaMoO;,-2H0
CoGl-:6HO
KHPQ

g/l
23.616
1.7212

8.004
3.0028
24.65
1.98
0.204
1

0.5

0.1

0.1

0.02

0.01

0.01
22.77

Nitrate (4
mM N)

ml/|
20
0

10
10

10

Nil (0 mM N)

ml/|

200

10

10

10

Ammonium
¢ Nitrate (4
mM N)
ml/l

100

20

10

10

10

Ureag
Nitrate (4
mM N)
ml/|

10
100

10
10

10

10
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3.2.2. Characterizatiorof Major LemnaGenesRelated to N Assimilation

The genes involved iNitrogen assimilatiorin L. gibbaand L. minor(described irError! Reference s
ource not found) include, nitrate reductase IR, nitrite reductase NiR, glutamine synthetasedS,
NADHdependent glutamate synthaseNADHGOGAY), and ferredoxirdependent glutamate
synthase FdGOGAJ These genes were identified usitite referencesequencesrom Spirodela
polyrhizaas the initial queries in tBLASTn searches againdt.thdbaandL. minorgenomes obtained
from CoGe(Lyonset al, 2008; Lyons & Freeling, 2008he reference sequences includSg\NR
(OL421561), iR (OL421562), SpS1;1(MZ605906), SBS1;2(MZ605907), SpGS1;3 (MZ605908),
SEGS2AMZ605909), SFHGOGATMZ605910), SPADHGOGATOL421563)as reported byhouet

al.,, 2022 Additionally, for theCLCagene, two reference sequences froArabidopsisthaliana -
AtCLCailNP_198905.1and ACLCaXNP_001031990)1c were retrieved from the NCBI database

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

The intron/exon structureof the geneswas determined by comparintpem with the homologous
genes ofS polyrhizaavailable inGenBankNational Center for Biotechnology Informatjond.) The
exonintron structures were designedand visualized usingenchling [Biology Software{2024) and

further andysedand modelledusingWormWeb.Org

3.2.3. PhylogeneticAnalysis

Mature protein sequences from monocots and dicots species were obtained from public libraries

hosted by theNational Center for Biotechnology Informati@atrievedon 12/08/2024. The monocot

species included in thstudy were Brachypodium distachyorHordeum vulgare Oryza sativa

Sorghum bicolgrand Spirodela polyrhizavhile the dicot species includeflrabidopsis thalianand

Nelumbo nuciferaAccession numbers of the prote used in the phylogenetic tree can be found in

Table S.1.Protein alignment were created usimthylogeny.Erm.d.a ! [/ FNISé |ylftearj
employing MUSCLBr multiple alignmentGblocks for alignment curation, ProtDist/FastDist + BioNJ

for distancebased phylogeny. The resulting phylogenetic tree was customised usirigténactive

Tree Of Lif¢iTOL) platform.

3.2.4. GeneExpressiorAnalysis by RGPCR

The expression levels eight target genesNR, NiIRGS1;1GS1;2GS2 CLCal, FBOGATandNADH

GOGAVJin the four clones were quantified using reverse transcription quantitative PCRPEH).
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Genespecific primers were designed based on deduced exon sequences (as detdikdnlaB.2).
These primer design process was conducting uBergchling [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 theE.Z.N.A.® Plant RNA Kit prota®ibrcross, Georgia, UpA he qualityand integrityof the

isolated total RNA ware evaluatedusing a Nanodrop® ND 1000 Spectrophotometer (Thermo Fisher
Scientific, USAR Qubit 4 Fluorometer, and 1.5% agarose gel electrophoresis. tiftating the RNA
sampleswittb b!  aSX wmnn Yy Ivassused Bréversedransciiptiomwhich was carried

out with 0 KS  { dzLJS NI ONX LJ{Kit 0 IL ¥ SAWICNR @Sl QG Al2{y! 0= F2ff 28R4

instructions

The gPCR reactions were performed using the Agilent Technologies Stratagene Mx30005P instrument
(Agilent, USA), with SYBR Green-tiesaé PCR master mix (Thermo Fisher Scientific, USA). The cycling
conditions consisted of an initial denaturation at 95 6C1f0min, 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 uniqug@roduct amplification was validated through a thermal denaturation cycle,
ensuring only sigle-peak results were included®rimer amplification efficiency was calculated using

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

3 E = (16/s°Pe ¢ 1) * 100

where the slope was obtaineddm the standard curve generated from the serial dilutigR$affl,
2001)

Relative expression levels were determined using th@12* i Y S (i KRARPHsewihglak the
housekeeping gendPfaffl, 2001) All samples were run in three replicates. Dataalgsis was
performed using the MxPro QPCR program (Agilent, IMi&)psoft® Excel® for Microsoft 365 MSO

(Version 2402software and GraphPad Prism 10.1.2 for representation.

3.2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Ra$mware ¢ersionPrism 10.2.2)Aone-way
ANOVAanalysisvere employed to evaluate potential statistically significant differences between the

Nitrate treatment(control) and the alternative treatment#il, AmmoniumNitrate, andUreaNitrate.

The analysi encompassed two primary sets of variables, the physiological values and the qPCR
expression{f G+ GAaGAOlIE AAIYATFAOFYOS 41L& RSTFAYSR a4 LI >
deviation (SD).
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Table3.2. RFgPCRorimers for nitrogen assimilation gene expression analysid. gibbaand L

minor clones.
Product Efficiency
Gene Sequence size (bp) (%)
NR Fw p GSTGCTGGTGCTTCTGGTCEGGIC 113 98.2
Rv p AGATGAGCTTGTCGGGCTGGGT '
NIR Fw p €CTACTCGTGGAGCGCTTTGGGG 85 94.6
Rv p SSTCAAGAGCGAAGGCGTCIHGGC '
. Fw p CGCGAGACAGAGCAAAACGEQA
GSLit Rv p CCAAAGGATGGTGGTCTCGQGGA 108 105.3
_ Fw p CTCTCGTTGCACCCCAAGGCAA
GSL2 Rv p SCLATCCGGCACCGTTCCAGICAC 119 100.1
Fw p IGTTGCCAACCGTGGTTGGTZC
GS2 Rv p CGGGGCGGCGATCTTCCADGTA 83 106.1
Fd Fw p SSCACAAAGGGGGCCACCADTZT 99 109.7
GOGAT Rv p €GCTGGCTTCGGGAGTGIETIC '
NADH Fw p ATGAGAACGGCGCGGTCAAARG 92 98.9
GOGAT Rv p SSCCAGCGACTTCCTGGAAGTGG '
Fw p SSAGGGCGGAAAACATTCTGAQC
Clcal  ry b OTCTGCAGCATCGTGATGAGQIA 0% 9.1
Fw p CCTCCACCATTGACTCCIC®@IT
GAPDH Rv p CACCCGTTGACTGTATCCEEGCAT 98 98.3
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3.3. Results
3.3.1. Duckweedldentification

Before setting up the experiment, four differehémnaclones were sterilised and identified by DNA
barcoding. The identification was achieved by sequencing the-apf and psbkosbl intergenic
spacers and comparing the resulting sequences with those compiled in the CoGe sequence database.
The analysis rewaed that clones DG4, DG8 and SD belongddetona minorwhile clone 7796 was
identified ad_emna gibbgFigure3.1). The detailed sequence data used fdentification are provided

in theappendicegFigure S andFigure ).

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 Conten{TN) Nitrate Level{TNQ), and Protein
Concentration(TP) were studied. Measurements were conducted on both Day 4 and Day 7 of the
experiment. The results from Day #wvere represented in the main text, as they providemore
comprehensive understanding of the longarm effects of the treatments. Data from Day 4, which
representthe initial responses of duckweed to the treatmentgre presentedin AppendicesRGR

(Figure ), pH Medium Eigure 1), TN Figure &), TN@ (Figure $) and TPRigure S.)).
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Figure3.1. Images of thd_.emnaclones used in this studyBased on theequene of the atpFatpH
and psbkpsblintergenic spacerslones SD, DG4, and DG8 identified.@sina minorand clone
7796 ad_emna gibbaThe scale baepresents 1 cm.
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3.3.2.1RelativeGrowth Rate (RGR)

Different medium compositiongor four different nitrogen treatments (Table 3.1) significantly
affected the growth rate of duckweed clonesSidure3.2). The results show that RGR varied across

clones and treatments, reflecting thembined 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 signifidaritigher 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 iparticularly wellsuited for environments where these forms of nitrogen are prevalent.

In contrast, the clone DG8 demonstrated no significant differences in RGR between nitrogen
treatments, althoughNil consistently resulted in significantly lower growtbnepared to the control
Nitrate treatment(Figure3.2). This indicates a uniform growth response when nitrogen is present,
with minimal variation in groth 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.

Clone7796displayed uniformly low RGR across all treatments, with Urea yiefdadinally higher

values. This suggests that96has limited responsiveness to different nitrogen sources and maintains
I NBfFrGA@Ste O2yaradaSyd aINRgGK NFXdiSz NB3IIFNRfSaa
a similar rate in both nitrogn-supplemented andNil conditions suggests a degree of nitrogen

independence or an inefficient nitrogen uptake mechanism.

54| Page



0.5- .
**** B Nitrate

0.4- *** Nil
- Ammonium - Nitrate
3 0.3+ I I I I _
o I Z Urea - Nitrate
2 0.2-

0.1+

0.0- T

SD DG4 DG8 7796

Clones at day 7

Figure3.2. Relative Growth Rate (RGR) diickweed clonegSD, DG4, DGS8, 779%)own under
different Nitrogen sourcesat day 7. Bars represent the mean RGR of three biological replic:
with standard errors shownAsterisks denote significant differences compared to the con
(Nitrate), as determined bypneway Anova*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001
The four nitrogen conditions tested weltrate (control),Nil (negative control with no nitrogen)
AmmoniumNitrate, andUrea Nitrate.
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3.3.2.2 Medium pH

The pH of the medium was carefully mongdrthroughout the experiment, witl initial pHof 6 at

the startof the experiment ThepH measurements were taken on Day 4 and Day 7, with only the Day
7 values presented ifigure3.3. Across all clones, similar trends in pH changes were observed in
response to different nitrogen treatmentdFigure 3.3), indicating a general pattern that holds

regardless of the specific genetic background of the clones.

Notably, treatments with Nitrate (controls) and Urdatrate resulted in an increase in pH by Day 7.
This pH rise coulthe associated with the uptake of these nitrogen forms, possibly due to the
production of hydroxide ions during nitrogen assimilation or the depletion of acidfrdgucts. In
contrast, NHnitrogen and AmmoniunNitrate treatments led to a decrease in pWijth the pH
dropping significantly to 4 by Day 7 in the Ammonibilitrate 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 acidnvironment.

The observed pH reduction could have influenced the growth responses of the clones. As seen in
Figure3.2, clones exposed to Ammoniuhtitrate treatment showed growth rates similar to those in

the Niknitrogen treatment, where nitrogen supplementation was absent. This suggests that the lower
pH in the AmmoniunNitrate medium could have had an inhibitory effect on growth, possibly due to

the increased acidity impeding optimal nutrient uptake or enzymatic activity.

While AmmoniuraNitrate and Nil treatments resulted in a significant pH reduction by Day 7, the
control and UreaNitrate treatment resulted in a more stable pFigure3.3). The pH decline was most
pronounced in the Nihitrogen and AmmoniunNitrate treatments, with a more moderate decrease
observed under the Ureblitrate 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 clonegSD, DG4, DG8, 779jown under
different Nitrogen sources onday 7.Bars represent the mean pH values of the growth medi
from three biological replicates, with standard error (SE) shosterisks denote significar
differences compared to the contrdNifrate), as determined bYpneway Anova*p < 0.05, **p <
0.01, ***p < 0.001, ***p < 0.0001. The four nitrogen conditions tested whlirate (control),Nil

(negative control with no nitrogeppAmmoniumNitrate, andUreaNitrate.
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3.3.2.3.Total Nitrogen Content (TN)

Total nitrogen content (TN%) was quantified usingEEpeatoscopy atDay 4 and Day. At Day 4,
differences in TN% were observed among all clairégure %), 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 nitrogeakg 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 clbips€3.4). Forclone SD, there were no
significant differences between nitrogen treatments, although tNé treatment consistently
exhibited much lower TN%. This suggests,thdtile SD may be less responsive to changes in nitrogen
sources, it still requires supplementation for optimal nitrogen content. Similddpe DG4 showed a
comparable pattern, with nitrogen treatments yielding similar TN% values by Day 7, excet ik th
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 DGS8 presented a slightly different pattewith AmmoniumNitrate treatmentresulting in a
marginally but significant higher TN% thiitrate treatment suggesting a shift in nitrogen uptake
efficiency in response to Ammonium. This implies that DG8 may prefer Ammonium under certain

conditions, ortimay 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 denatesta 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 sustaiealthir 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 nitrogenntent across various nutrient conditions compared

to other clones. In contrast, other clones exhibited relatively stable nitrogen content across
treatments, with reductions observed under nitrogeeficient conditions and variability in response

to Ammornium-Nitrate.

58| Page



Fekkk

Fkkk

*kkk

*

****

ml

i
1L

Clones at day 7

7796

B Nitrate
Nil
Ammonium - Nitrate
Urea - Nitrate

Figure3.4. Total Nitrogencontent (%) induckweedclones (SD, DG4, DGS8, 773$pwn under
different Nitrogen sourceson day 7.Bars represent the mean total nitrogen content from thr
biological replicates, with standard error (SE) showWasterisks denote significant differenc
compared to the controlNitrate), as determined b@neway Anova*p < 0.05, **p < 0.01, ***p <
0.001, ***p < 0.0001. The four nitrogen conditions tested weNgrate (control), Nil (negative

control with no nitrogen)AmmoniumNitrate, andUreaNitrate.
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3.3.2.4.Total Nitrate Content (TN@)

Total nitrate content (mg/kg DW) was measured usingfESpectroscopy day 4 and Day. 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 differemtrogen sourcesKigure $%). By Day 7, however, as

the plants adapted to the nutrient conditions, differences in nitrate accumulation patterns became
more consistentacross the clonesF{gure3.5), reflecting the plants' adjustment to the nitrogen

sources and their ability to optimize nitrate uptake

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

influenced in their capacity of nitrate storage.

Clone DG8 exhibited similar nitrate accumulation betwé#an Nitrate andUreaNitrate treatmens,

while bothNil and AmmoniumNitrate treatmens 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 souce becomes available. It highlights DG8's flexibility in nitrogen utilization, particularly

under varying nutrient conditions.

Clone 7796 showed the lowest nitrate accumulation in Miktreatment at both Day 4 and Day 7,
reinforcing the importance of triogen supplementation for optimal nitrate content. However, by Day
7, theUreaNitrate treatmentled to the significative highest nitrate content in 7796 when compared
with the nitrate source controlRigure3.5), indicating a dynamic response to nitrogen sources like that
of DG8. This suggests that 7796 can effectively utlizeaNitrate for nitrate accumulation,

showcasing its ability to adapt tifferent 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 #hnitrogen source. While SD exhibited the highest nitrate affinity, other
clones like DG4 showed reduced nitrate accumulation whennitsate sources were provided,
highlighting the importance of specific nitrogen forms for different genetic backgrouidses like

DG8 and 7796 demonstrated more flexibility in utilizing different nitrogen sourcesUsitaNitrate
leading to higher nitrate accumulation in 7796 by Day 7. These results underscore the importance of
considering both the genetic variability the clones and the available nitrogen sources for optimizing

nitrate uptake and growth.
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Figure 3.5. Total Nitrate content (mg NQ/kg DW) in duckweed clones (SD, DG4, DGS8, 779
grown under different Nitrogen sources at day 7Bars represent the mean total nitrate contel
from three biological replicates, with standard error (SE) shofsterisks denote significar
differences compared to theontrol (Nitrate), as determined bYpneway Anova*p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. The four nitrogen conditions tested whligate (control),Nil

(negative control with no nitrogeppAmmoniumNitrate, andUreaNitrate.
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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 dignificant variability in protein content was observed

across different clones and nutrienonditions(Figure S0 X € A1 St & RdzS G2 GKS LI I
to the nitrogen sources. However, by Dayprotein levels stabilizedcross clonegFigure3.6). 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.

Fa Clones SD and DG4, similar protein content values were observed in the Ninateoniun:
Nitrate, andUreaNitrate treatment, with a significant decrease in protein content for the treatment
without nitrogen (il). This suggests that nitrogen supplematinin is essential for maintaining
protein accumulation in these clones. Clone DG8 showed similar protein values between the Nitrate
and UreaNitrate treatmens, but significantly highervalues when comparing Nitrate with
AmmoniumNitrate sources. This indates 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 aafer adaptability or inherent advantage in protein synthesis
under different nutrient conditions. The negative contrdNilf consistently exhibited the lowest
protein content across all clones, reinforcing the necessity of nitrogen supplementation fionadpt

protein accumulation.

Interestingly, while 7796 had lower protein content at Day 4 uridittreatment, statistical analysis
revealed no significant differences in the values obtained for this clone compared to the nitrogen
forms of other clones. Thiinding 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 nutrietitmited environments, potentially higighting its adaptive

capabilities under nitrogedeficient conditions.

Additionally,total protein (Figure3.6) and total nitrogen conten(Figure3.4) exhibited similar trends
across different nitrogen sources and clones. Notably, higher nitrate content in the plants did not
correspond to a decrease jimotein content, suggesting that the plants were able to efficiently convert

available nitrogen into protein, regardless of nitrate levels.
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Figure 3.6. Total Proteincontent (%) induckweed clones (SD, DG4, DG8, 779#pwn under
different Nitrogen sources at day 7Bars represent the mean total protein content from thre
biological replicates, with standard error (SE) showsterisks denote significant difference
compared to the controlNitrate), as determined bpneway Anova*p < 0.05, **p < 0.01, ***p <
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control with no nitrogen)AmmoniumNitrate, andUreaNitrate.
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3.3.3. In Silicoldentification, Genomic Location and Evolutionary Insights of N Assimilation Genes

in Duckweed

The results ofanalyss to characterize the genomic features and functional domains of nitrogen
assimilation and transpottelated genegNR, NIiR, GS1;1, GS1GE2, RGOGAT, NADBOGAT and
CLCain Lemna gibbaandLemna minokvere presentedn Table3.3. For each gene, thformation

on gene structure, sth as the number of amino acids, exons, and introns, as well as chromosomal
location and genomic start and finish positipmgs presentedThe catalytic domaingere identified
through InterPro analysis, accompanied by their functional descriptibmisinformation provides a
comprehensive overview of the genetic architecture and potential functional roles of these genes in

nitrogen metabolism.

3.3.3.1.Structural andEvolutionaryAnalysis ofNitrate and Nitrite ReductaseGenes

To explore the evolutionary dynamics of duckweed species, the genomic locatibrike Nitrate
Reductas€NR andNitrite ReductaséNiR genes irL.gibbaclone 7742a (7796 in USA collection) (Lg)
andL minorclone 7210 (Lpywere analysedTheNRandNiRgenes in bottspecies were found to be
co-localized orchromosome 11. Tik co-localization suggests that tee genesnay haveoriginated
from a common ancestor following a duplication event, potehtiakplaning for their conserved

genomic positions across these twoakweed species.

The genomic organizatiasf NRgenes irL. gibbaandL. minowascompared with thevell-annotated
duckweedspeciesS polyrhiza(Sp, as shown inFigure3.7. TheNRstructure is consistent across all
three species, consisting of four exons and three introns. However, differences were observed in

amino acid sequence length and chromosomal positigrilable3.3):

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

- LgNRs located on chromsome 11 (positions 9,613,697 to 9,617,305) and encodes 882 amino
acids.

- LmNRs 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 hightgoaed, including key
domains such as the cytochrome -l&e heme/steroid binding domain (IPR001199) and
oxidoreductase FAD/NAD{Binding domain (IPR001433). This conservation suggests a crucial role in

maintaining nitrate reductase functionality acrogsesies.
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TheNiRgenes inL gibbaand L. minor also share a similar genomicganization withS 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 positionin@lable3.3):

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

- LgNiRis located on chromosome 11 (positions 10,714,277 to 10,716,247) atnlles a
protein of 586 amino acids.

- LmNiRs 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 thee NiR proteins contain a chloroplast transfer peptide with differing confidence
scores (0.8323 foB. polyrhiza0.7625 forlL. gibba and 0.5527 fok.. minoj. Additionally, essential
functional domains, such as the nitrite/suphite reductase -4Bedomain(IPR006067) and the

nitrite/sulphite reductase ferredoxitike domain (IPR005117), are preserved across species.

To explore the phylogenetic relationships of tN&Rand NiRgenes in different species, the protein
sequences fronL. gibbaclone 7742aand L. minorclone 7210 were compared with those frog
polyrhiza(a well characterized duckweed species), monocot specieBlikehypodium distachyon
(Bd), Oryza sativa(Os), Sorghum bicolor(Sb) and dicot species likerabidopsis thaliangAt) and

Nelumbo nucifergNn).

The phylogenetic treeR{gure3.8) revealed two distinct clusters of orthologous genes, corresponding
to NiR and NR The NiR sequences fromL gibba and L minor grouped together within the
monophyletic clade of monocdiRs,indicating their evolutionary affinity with monocots. In contrast,
the NRsequences fronk.. gibbaandL. minoraligned more closely with thidRclade of dicotyledonous

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

The phylogenetic analysis also revealed that only a siBlgene sequence is present in the three
duckweed species analyseld. @gibba L. minor and Spirodela polyrhiza This differs markedly from
other monocot and dicot species included in stedy, which have two or more copies dRgenes.

Notably,Oryza sativaand Sorghum bicolohave three distincNRgene copies.
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Figure3.7. Exonlintron structuresof Spirodela polyrhizdSp) Lemnagibba (Lg, andLemnaminor
(Lm) Nitrate ReductaseNR and Nitrite ReductaseNiR) genes The exorntron structures ofL.
gibba and L. minorNR and NiR genes were compared w&h polyrhizaNR OL421561 NiR
0OL421562)Thecoloured boxesre mding sequenceandthe black linesare introns. The Xmarks
the primer binding sites used for RPCR gene expression analysis. The scale bar represent
of DNA sequence.
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Figure3.8. Phylogenetidree of NiR and NRroteins inLemna gibbaand Lemna minomith other
representative speciesThe phylogenetic tree highlights the relationships of nitrite reductase (
and nitrate reductase (NR) proteins frdm gibba(LgNiR, LgNR) aihd minor(LmNiR, LmNR) wit
those from other monocot and dicot specieBranch lengths are proportional to ewionary
distances, with the mean branch length scale indicated at the bottom of the tree. Numbers ¢
nodes represent bootstrap values, providing statistical support for the clustering of the prote
NiR proteins: AtNiR(A. thaliana- NP_17916% BANiR(B. distachyorn XP_003570563 NnNiR(N.
nucifera- XP_0102635470sNiRO. sativae NP_001388488)1SbNiRS. bicolor XP_002454602
SpNIRS. polyrhizasequence translated from Acc.@42156 LgNiRL. gibba Chr1); LmNIiRL.
minor_Chr1).

NRproteins: AtNR1 and AtNRA (thaliana- NP_177899.1 and NP_174901.1); BANR1 and Bt
(B. distachyonXP_003570548.1 and XP_003574607NMjiNR1 and NnNR2 K. nucifera -
XP_01024647&nd XP_010245911 OsNR1 OsNR2and OsNR3(O. sativa- XP_015622710.1
XP_015650300,1- XP_015650643)1 SbNR1 SbNR2and SbNR3 . bicolor- XP_002454625,1
XP_002444490.and XP_002454083)1 SpNR(S. polyrhiza sequence translated from Acc.
0OL42156); LgNRL. gibba Chrl), LmNRL. minor Chrl).
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3.3.3.2.Structural andEvolutionaryAnalysis ofGlutamine Synthetas&enes

In contrast toS polyrhiza which possesses thrégSlisoforms L. gibbaandL. minorexhibit only two
GSlisoforms designated a$&5S1;1and GS1;2This difference indicates a reduction @S lisoform

diversity inLemnaspecies.

The GS1;1gene inS. polyrhizaSpGS1)lspan 13 exons and 12 introrfBigure 3.9), locatedon
chromosome 7 (position 630667%309664) It encodes th&dutamine Synthetase, catalytic domain
(IPRO08146) and -términal domain (IPR008147). In contrast, gibba(LgGS1;1 and L. minor
(LmGS1;L have a more conserved gene structure witl2 exons and 11 introns, located on
chromosome 15 (positions 1385796@.3861284 and 1046292210466358, respectivelyDespite
these structural and genomic differences, all three species share the same fundiomalins,

suggesting conservation of key enzymatic functioriseimnaspecies Table3.3).

The GS1;2gene inS. polyrhiza(SpGS1) maintainsa structue of 13 exons and 12 introns on
chromosome 18 (position 1351522353850)Figure3.9). SimilarlyL. gibba(LgGS1;RandL. minor
(LmGS1;g exhibitidenticalexorrintron structures (13 exons, 12 intron$dcatedon chromosome 11
(positions 5789297579124 1for L. gibbaandand 532048¢ 5322507for L. mino}. These structural
similarities across species and the retention of consecatdlytic and Nerminal domains highlight

evolutionary conservationf@able3.3).

Both Lemnaspecies and. polyrhizahare a singl&S2isoform, whichis consistent with other plant
species. Th&S2gene comprised3 exons and 12 intronand it islocated on chromosome ih all
three species. The catalytic andt&minal domains are also conserved, underscoring functional

stability across these specidsspite genomic differencggigure3.9, Table3.3).
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Figure3.9. The Exorntron structures of Spirodelapolyrhiza, Lemnagibba and Lemnaminor

Glutamine Synthetase (G8gnes The exorintron structures of the.. gibbaandL. minorGS genes
(GS1;1GS1;2and GS2 are compared with those @pirodela polyrhiz€5S1;1MZ605906GS1;2
MzZ605907, andsS2 MZ605909).Coding sequences are represented B$1;1 GS1;2and GS2
coloured boxesandintrons aredepicted aslack linesThe Xmarks the primebinding sites sed

for RFgPCRbased gene expression analyditie scale baepresentsl kb of DNA sequence.

70| Page



The phyogenetic tree of glutamine synthetad&3 genes revead distinct evolutionary patterns
among different plant speciegarticularly in the duckweed lineagek. (gibba L. minor and S.

polyrhiza Figure3.10).

The GS1;1sequence from duckweed species cluster closely with those from monocot species,

includingO. sativaS. bicoloandB. distachyonThis grouping suggests a common ancestralrofagi

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 incomplateage sorting within this group, reflecting

complex evolutionary dynamics.

TheGS1;Zequences from duckweed species forms an external node, signifying a distinct evolutionary
trajectory compared to other species. Interestingly, these cluster withbidopsis thalianaGS1;4
(AtGS1;4, highlighting a unique genetic compositidrhis pattern suggests that th@S1;4dsoform in
duckweed has a separate evolutionary history, potentially driven by specific ecological adaptations or

selective pressures unique their aquatic environment.

The GS2sequences from duckweed appear to diverge earlier than G#2sequences of both
monocots and dicots, clustering before the major monediatot split. This early divergence indicates
that the genetic differentiation 06S2an duckweed species occurred prior to the evolutionary split of
these plant groups. Such clustering suggests that significant evolutionary chanG&2aet the
duckweed linage apart early on, potentially reflecting unique functional adaptationstriogan

metabolism specific to the duckweed ecological niche.

The phylogenetic tree highlights both conserved and divergent evolutionary pathw&ySganes
among duckweed and other plant species. The patterns observed suggest that while duckweed shares
some ancestral genetic features with monocots, unique evolutionary pressures have shape@$heir

isoforms, particularhGS1;2and GS2 leading to distinct adaptations in the duckweed lineage.
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Figure 3.10. Phylogenetictree of GSproteins in Lemna gibbaand Lemna minorwith other

representative species The phylogenetic tree highlights the relationships of nitrite reduct
GS1;1GS1;2andGSZrom L. gibbaLgGS1;1LgGS12 andLgGS2andL. minoLmGS1;1LmGS1;2
and GS2 with those from other monocot and dicot speci&ranch lengths are proportional t
evolutionary distances, with the mean branch length scale indicated at the bottom of the
Numbers on thenodes represent bootstrap values, providing statistical support for the cluste
of the proteins.

GSlproteins: AtGInl;1 AtGInl1;2 AtGInl;3 AtGInl;4and AtGIn1;5(A. thaliana- NP_198576.1
NP_176794.JNP_188409.INP_001331815,landNP_175280.t BdGS1;1BdGS1;2ndBdGS1;3
(B. distachyon XP_010236151,XP_003560727.2nd XP_003558466)1NnGS1;1NnGS1;2and

NNnGS1;3N. nucifera XP_010271383,XKP_010271347.dndXP_010250142)104S1;10S51;2
and OsGS1;30. sativa- XP_015626102,1XP_015631679.5nd XP_015628694)1 SKGS1;1
SGS1;2and SbGS1;3S. bicolor- XP_021313946,1XP_002465624..and XP_021306978)1
SpEGS1;1 SpEGS1;2and SpGS1;3(S. polyrhiza sequence translated from Acc. M2Z605906
Mz605907and MZ605908; LgGS1;1Lg5S1;AL. gibba Chrl5 and. gibba Chrl); LmGS1;land

LmGS12 (L.minor_Chrl5 and. minor_Chrl).

GS2proteins: AtGS2(A. thaliana¢ NP_001031969)1 BdGS2(B. distachyorg XP_003580719)1
HVWGS2(H. vulgare¢ P13564.2 NnGS2(N. nucifera - XP_010255852)1 OS2 (0. sativa-

XP_015635322)1SGSAXP_021319069)1SpESAS. polyrhizasequence translated from Acc.

MZ605909; LgGSAL. gibba Chr); LnGSZAL. minor Chr).
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3.3.3.3.Structuraland Evolutionary Analysis o&lutamine Oxoglutarate Aminotransferaséenes

TheFdGOGATene inS. polyrhizédSpFBGOGAJspans 33 exons and 32 introffidgure3.11), located
onchromosome 1 (positions 4454784484474) Itencodesa protein of 1623 amino acigdsontaining
critical catalytic domains including the glutamine aminotransferase type 2 dam@PR01793R
glutamate synthase alpha subunitt€minal domain PR00248p and glutamate synthase domain
(IPR002932). Ihemnagibba (LgFBGOGAY andLemnaminor (LmFBGOGAY), the FdGOGATgene

shows an identical exeimtron structure, preserving theseatalytic domainsTable3.3).

The NADHGOGAT enemaintains a consistergxornintron structureof 22 exons and 21 introns across
the species It is located on chromosome 8 B polyrhizfSpNADH4978991- 4990379 bp) and
chromosome 6 irL. gibba(LgNADH 16377495 16386050 bp andL. minor(LmNADH 11803706
11812244 bp). Theatalytic domains shrad across species include the glutamine aminotransferase
type 2 domain IPR01793p glutamate synthase alpha subunitt€minal domain (IPR002489),
glutamate synthase centrdl domain (IPR006982), FAD/NAE{PMing domain (IPR023753), and
glutamate syntlase domain (IPR00293Q)able3.3).

Both FAGOGABNdNADHGOGATenes display strong structural conservation aci®gsodelaand
Lemnaspecies, withshared catalytic domains emphasizing their functional importance. However,
differences in genomic length and chromosomal positioning highlight evolutionary nuances within the

duckweed lineage.

The conservation of exeimtron structures and catalytic domasnacross these genes underscores
their essential role in nitrogen assimilation and suggests evolutionary stability with adaptations

specific to the aquatic environmefEigure3.11).
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Figure3.11. The Exon-Intron structures of Sirodela polyrhiza, lemna gibba and lemna minor

Glutamine oxoglutarate aminotransferaséerredoxin dependent FdAGOGAT and Glutamine
oxoglutarate aminotransferasdNADH dependent genes (NADHGOGA]). The exorntron

structure of theL. gibbaandL. minoiFdGOGABNdNADHGOGA T enesare compared with those
of Spirodelapolyrhiza(FdGOGATMZ605910 andNADHGOGATOL421563)Coding sequences ar
represented bycoloured boxesand introns aredepicted asblack linesThe X markshe primer

binding sites sedfor RFqPCRbased gene expression analydibe scale baepresentsl kb d DNA
sequence.
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The phylogenetic tree comparing the amino acid sequencdsl@0OGATand NADHGOGATenes
acrossvarious plant species, including duckweed species dibbaand L. mino), revealsdistinct
evolutionary relationshipgFigure 3.12). Two welldifferentiated cluster were observed, with Fd
GOGAT and NABBIOGAT genes forming separate groups. Each cluster reflects odhelog

relationships among the analysed species.

The FAGOGATcluster contains a single gene copy in all species studied, exceptrétwdopsis
thaliana, which possesses two copies. Within this cluster, two majorchusters were identified. One
sub-cluster groups crop such asSorghum bicolqrOryza sativa(rice), and the closely related
Brachypodium distachyornterestingly, despite being classified as monocots,RB&SOGATenes
from duckweed speciesncludingL. gibbaand L. minoj group within the diot cluster, alongside
species such a&&. thaliana Similar clustering patterns were previously reported by Zéioal. (2022)

in their analysis oFdGOGATenes fromSpirodelaThis clustering suggests thattkGOGATenes in
duckweed species share a closvolutionary relationship with dicots than monocots, indicating

possible functional or evolutionary convergence with dicot species.

In theNADHGOGATIuster, most species analysed, except duckweedfmathidopsis thalianghave

two copies of the gene HEse copies form sublusters in different groupi® monocots indicating that

the gene duplication occurred prior to the diversification of the monocot species included in this study.
Like theFdGOGATIuster, theNADHGOGAT enes from duckweed species growpre inthe dicot
cluster, alongside species suchAaghaliana and N. nucifera However,N. nuciferahad two gene
copies that cluster together, suggesting a recent duplication event within the spéldieshigh
similarity in NADHGOGATgenes between duckweed and dicot species underscores strong

evolutionary onservation, likely due to the critical role of this gene in amino acid biosynthesis
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Figure3.12. Phylogenetictree of FAGOGAT and NADBOGATproteins in Lemna gibbaand

Lemna minowith other represengativesspecies.The phylogenetic tree highlights the relationshi
betweenFdGOGAT and NABBOGAT fak. gibbaLgFdGOGAaAndLgNADHGOGAYandL. minor
(LmFdGOGATand LmNADHSOGAY with those from other monocot and dicot speci&ranch
lengths areproportional to evolutionary distances, with the mean branch length scale indicatt
the bottom of the tree. Numbers on the nodes represent bootstrap values, providing stati
support for the clustering of the proteins.

FdGOGAT proteins: | 4§ CRmtDhabd & #C Rt D h(® ! thaliana - NP_850763.1 and

NP_181655) . R C R 1 D BDdistachyon- XP_003559858)1 b y C R 1t D (ND hutifera -

XP_010276670 h & C R 1t D IfCD !sativa - XP_015646712)1 { 6 C R 1t D kSD Ibi¢olor -

XP_002463318)2 SpFdGOGA(. polyrhiza sequence translated from Acc. M¥605910; LgFd

GOGATL. gibba Chr) andLmFdGOGATL. minor Chr).

NADHGOGATproteins: ! (i b ! 51 1 [h Daligna- NP_200158)2 . Rb ! 5| mamdr
BANADHGOGATB. distachyon XP_003566997.and XP_024315185)1b y' b ! 5| 1 Ddnd
byb! 51 mR2HDhugifera- XP_010261570.and XP_010266511)X h ab! 51 mardl
hab! 51 mD(@Ddatwai XP_015649242.nd XP_015640407)1{ 6 b ! 51 1 Dandmnt
{ob! 51 nmD(Dbicdler- XP_002458326.1and XP_02130649.0), { LIb ! 51 G
polyrhiza- sequence translated from Acc. ML421568 LgNADHGOGAT(L. gibba Chr§ and

LMNADHGOGATL. minor Chr§.
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3.3.3.4 . Structural andEvolutionaryAnalysis ofChloride Channel &ene

The Chloride Channebene CL¢ encodes Chloride Channel ACLCa showed evolutionary
conservation and structural similarities amofg polyrhizal. gibba and L. minor, despite slight
differences in amino acid length and chromosomal locatitatb(e3.3). In all three species, the gene
is composed of four exons and three introns, highlighting a highly conservedirgxom structure

(Figure3.13).

This gene irL. gibba(LgCLCQais located on chromosome 21 (positions 63786884350 bp) and
encodes a protein of 822 amino acitisL. minor(LmCLCal, thisgene is also situated on chromosem
21, spanning positions 4,939,808 to 4,943,394 base paig,encoding a slightly longer protein of 848
amino acids. In comparisavith S. polyrhizd8SpCLQathis genedslocated on chromosome (Bpanning
positions4,214,6640 4,218,179 base pairandprodudnga shorter protein of 732 amino aci@Bable
3.3).

Despite these minor variations in size and genomic locatiothrak species shatkthe same critical
catalytic and voltaggated domains essential for chloride channel function. These domains include
the chloride channel voltaggated domain (IPR001807), theGplant domain (IPR002251), and the
voltagegated chlorile channel/antiporter domain (IPR051280). The conserved presence of these
domains underscores the functional importance of @&Cagene in ion transport and its role in

maintaining chloride ion balance within plant cells.
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Figure3.13. TheExon-Intron structures of Soirodelapolyrhiza, lemnagibba and lemnaminor of
Chloride Channel Agenes.The exorntron structures ofCLCén L. gibbaandL. minorare compared
with those ofSirodelapolyrhiza Coding sequences are representeccbjoured boxesandintrons
are depicted asblack lines.The X markshe primer binding sites sed for RFqPCRbased gene
expression analysighe scale baepresentsl kbof DNA sequence.
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The evolutionary relationshipsetween differentplant speciesvere shown in thephylogenetic tree
for comparing amino acid sequences ©LCagenes fromLemna gibbalLemna minor Spirodela

polyrhizaand other speciedHgure3.14).

Duckweed specied_( gibba L. minor andS. polyrhizaform a cohesive cluster, underscoring their
close evolutionay proximity and shared lineage. Within the duckweed grdupgibbaand L. minor
cluster together more closely, indicating greater similarity between these two species compa®ed to
polyrhiza Interestingly, the tree reveals a closer relationship betwdankweed 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 revea two major clusters. One cluster incled Lemnaspecies, which

are distinctly separated from all other species analysed, suggesting specialized evolutionary
adaptations within thedeemnagenus. IrL.. minort two copies of th&CLCabenewere observed, similar

to the gene duplication seen #rabidopsis thalianaThis duplication may represent an adaptation to

the specific physiological needs of these species.

The second major clustencludednon-aquatic plants, with a clear division between monocot and
dicot speciesS. polyrhizavas placed wiin this cluster but forrad a distinct subgroup, separade
from both monocot and dicot plants. This placement suggests that v@#hilgolyrhizashares some
evolutionary characteristics with nemquatic plants, it retains unique features likely shaped by its

aguatic habitat.

The phylogenetic tree highlights the robust and conserved nature ofCh€agene across plant
species, maintaining essential functions while adapting to diverse ecological contexts. The clear
separation of Lemna species and the distinctlustering of S. polyrhizareflect evolutionary
diversification among aquatic plants, likely driven by their specialized environments and physiological

demands.
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Figure3.14. Phylogenetictree of CLCaroteins in Lemna gibbaand Lemna minorwith other
representativespecies.The phylogenetic treshowsthe relationshipsetweenL. gibba(LgCLCa
andL. minor(LmCLCa) with those from other monocot and dicot spani€d Caroteins.Branch
lengths are proportional to evolutionary distances, with the mean branch length scale indica
the bottom of the tree. Numbers on the nodes represent bootstrap valuesyiging statistical
support for the clustering of the proteins.

CLCa proteins: AtCLC&AL thaliana- NP_198905.1), AtCLCa&. (thaliana- NP_001031990.1)
BdCLCdB( distachyon XP_003576525.1), NnCLBarucifera XP_010276208), OsCLCagativa
-XP_015620662.1), SbCLGaljicolor XP_002438781.1), SpCLEapolyrhiza Spipo7G0046500)
LgCLC4d ( gibbaChr21), LmCLCh. (minor Chr21).
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3.3.4. Expression oNitrogenAssimilation Genes in Duckweed Under Different Nitrogen Sources

The genes analysed irhis study were:NR (nitrate reductase),NiR (nitrite reductase),GS11
(glutamine synthetase 1)S12 (glutamine synthetase 2)5S2(glutamine synthetase 2)CLCal
(chloride channelkdGOGATferredoxindependent glutamate synthase), ahlARDHGOGATNALH-

dependent glutamate synthase)

The expression of th&lR gene exhibited a clear trend across the four clones. In all cloNBs,
expression level was very low (downregulated) unéiermoniumNitrate treatment(NR Figure3.15),
which is consistent with a reduced need for nitrate reduction when ammonium, a form of nitrogen
directly available for assimilation, isgsent. Statistically significant reductionsNRexpression under
AmmoniumNitrate were observed compared to the contrdlifrate) treatment, with pvalues < 0.05.
These results indicate that ammonium as a nitrogen source potentially reprédéBe® limit

unnecessary nitrate reduction.

In contrast, under théNil treatment (absence of nitrogen), clones DG4 and 7796 displayed significant
upregulation of NR expression, especially when compared to tNérate treatment (p < 0.01),
suggesting that these clonesay mobilize internal nitrate reserves to support growth under nitrogen
starvation. Clone DG8, however, exhibited less responsiveness overall, showingN\Resgression

underAmmoniumNitrate, which may reflect its more efficient use of ammonium agm@géen source.

TheNiRgene, which encodes nitrite reductase, showed considerable variability, particularly in clone
7796 (iR Figure3.15). This clor exhibited upregulation under botilandUreaNitrate treatments,
with statistically significant increases in expression (p < 0.01) compared Mittiage treatment This
suggests that 7796 adjusts its nitrite reduction capacity based on the nitrog@mrces with Urea

Nitrate and nitrogen starvation prompting a higher expressioiNd®

For clone DGS, significant upregulatiom\bRexpression was observed unddreaNitrate (p < 0.05),
indicating a preference for organic nitrogen sources in this cldhese 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 fordamzed

nitrogen.

The GS11 gene showeddownregulation undelAmmoniumNitrate treatmentin SD, DG4, and DG8
(GS11, Figure3.15), suggesting that these clones reduce the activity of glutamine synthetase 1 when
ammonium is available. In 7796, howev&$1l was upregulated under bothil and Ammonium
Nitrate treatmens (p < 0.05), indicating that this clone may rely more @611 for nitrogen

assimilation, even under conditions of nitrogen starvation. Despite its lower overall expres&8&1 of
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1, 7796 was able to achieve high protein content, suggesting that othersgeng@athways may

compensate for this reduced expression in nitrogen assimilation.

Similarly GS12 was generally downregulated unddmmoniumNitrate andUreaNitrate treatmens

in SD and DG&S 12, Figure3.15), consistent with reduced reliance on glutamine synthetase activity
when nitrogen is readily available. By contrast, 7796 exhibited upregulati@5ad2 under Nil and
UreaNitrate conditions (p< 0.05), indicating thaGS12 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 clguessibly favouring

organic nitrogen sources like urea when nitrate is not available.

TheGSZyene was downregulated in DG8 under batmmoniumNitrate andUreaNitrate treatments
(GS2Figure3.15), which may indicate a reduced reliance on glutamine synthetase 2 activities in these
conditions. In contrast, DG4 showed increagsefi2expression undetJreaNitrate, suggesting an

enhanced capacity for assilating organic nitrogen. This differential expressiorG82reflects the

Ot 2ySaQ Q@FNBAY3I FoAtAGeE (2 dziAft AT S yAGNRISY TFTNRBY

The expression dfLCala chloride channel, was upregulated in thigtreatment for DG4, DGS8, and
7796 CLCAIFigure3.15), suggesting its role in maintaining ion balance during nitrogen starvation.
However, DG8 exhilitl a significative downregulation GL.CalinderAmmoniumNitrate andUrea
Nitrate treatmens, which could indicate its sensitivity to these nitrogen treatments. Statistically,
these changes were significant (p < 0.01) when compadihggeatment to othernitrogen sources,

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

The expression dFdGOGAWwas significantly reduced in DG8 under urea treatment (p < OFb) (
GOGATFigure3.15), reflecting a lower need for ferredoxotependent glutamate synthesis when
organic nitrogen sources, like urea, are abundant. Simill\DHGOGATwas downregulated in SD
and DG4 under bothmmoniumNitrate and UreaNitrate treatmens, suggesting that this pathway
plays a lesser role under these nitrogen conditions. The statistical analysis showed that the reductions

in expression were significant, withyalues < 0.05 fdooth 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 outin particular, showed high protein content despite lowgE11l expression, possibly relies
more onNiRand other pathways to compensate for reduced glutamine synthetase activity. These
findings underscore the importance of nitrogen source in regulatitr@gen assimilation pathways

and emphasize the flexibility of duckweed in adapting to various nitrogen conditions.
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Figure3.15. Relative expression ofNR NiR GS11, GS12, GS2 CLCalFdGOGAT and NADH
GOGATenes infour duckweedclones. The clones analysed wekt&mna minoiSD,Lemna minor
DG4,Lemna minoiDG8, and_emna gibbar796. These clones were grown under fdNitrogen
treatments: Nitrate (control), Nil, AmmoniumNitrate, and UreaNitrate, with gene expressiot
assessedt Day 7. The relative gene expressietative toGADPHvas determined by RGPCR anc
is presented as fold change relative to the nitrate control. Bars represent the mean expressio
from three biological replicates, with standard error (SE) shown. Asterisks (*) indicate sign
differences compared tthe control (nitrate) based o®neway ANOVA(p < 0.05).
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3.4. Discussion

The study aimed to investigate the effects of four nitrogen sourdésage, Nil nitrogen,Ammonium
Nitrate, andUreaNitrate) on the growth and nitrogen assimilation of four duckwedéshes three
Lemna minor(SD, DG4, and DG8) and ohemna gibba(7796). Comparative genorsicand
phylogenetic analyses of nitrogen assimilation gemese done to investigatdéhe evolutionary
relationshipsbetweenduckweedandother monocot and dicot specse 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 aag 7). Additionally, the expression of eight
nitrogen assimilation geree(\NR, NiR, GSll, GS12, GS2, FGEOGAT, NADHOGATandCLCajlwas
analysed via RGPCR to understand the regulatory mechanisms underlaying nitrogen metabolism in

these clones.

The growth patterns observed in response to different nitrogen sources demadedtclear clone

specific preferences. Relative growth rates (RGR) varied significantly among the clones, with SD and
DG4 showed a strong preference fditrate treatmentsince they showed the highest RGR under this
condition. This aligns with previousdiings that nitrate supports optimal growth in plants, as it serves

as a major nitrogen source for many spedieeviamynclet al., 2020) On the other hand, clone 7796,
Lemna gibba exhibited better growth undereaNitrate 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 benefiémlcertain aquatic plant species, potentially

due to its rapid uptake and assimilation by the roots and froj@rniceet al., 2010)

AmmoniumNitrate treatmens 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 acidanditions that can inhibit plant growtKorneret

al., 2001) These findings are consistent with those of previous studies, which reported that
ammoniumbased fertilizers, especially when not properly buffered, carmpsegs plant growth due

to acidification of the surrounding environmefi$vanget al, 2016) In addition, theNil 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 indicataf 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, particuat®y 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 assimilatiorfXuet al., 2023; Zhowet 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 fitrogen 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 withich 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 nitreg availability is limited or varied. Clones SD and DG4, which
exhibited high growth rates undd\itrate treatment also demonstrated efficient protein synthesis,

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

Nitrate accumulatiorvaried across clones and nitrogen treatments. Clones SD and DG4 accumulated
the highest levels of nitrate when grown undditrate treatment which is consistent with previous
reports showing thalitrate treatment directly increase nitrate levels in pta(Bassionét al., 1980;

h OK A & §1.32021) On the other hand, clones DG8 and 7796 showed comparable nitrate levels in
nitrate andUreaNitrate treatmens. This suggests that these clones may possess enhancedgyathw

for nitrate uptake and assimilation, particularly in the presence of urea, which can stimulate nitrate

assimilation in some plant syster{Sarnicaet al., 2010)

Interestingly, clones SD and DG4 demonstrated the highest nitrate accumulation Nitdaie
treatment, highlighting their preference for this nitrogen source. This suggests that these clones may
have evolved efficigmitrate uptake systems, allowing them to thrive in environments rich in nitrate.

In contrast, clones DG8 and 7796 displayed comparable nitrate levels under both nitratéresad
Nitrate treatmens, indicating that they may have developed more versatiteogen 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 insigbtsts evolutionary
history. Key genes involved in nitrogen metabolism, such as Nitrate Redutt&ser{d Nitrite
ReductaseNiR), exhibited distinct patterns of evolutionary alignment when compared to other plant
species. Th&liRgenes fromL gibbaand 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 evolujiona

alignment in other aquatic species, such&grodela polyrhizéZhouet al., 2022) TheNRgenes,
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however, aligned more closely with dicot clades, suggesting a divergence withicetheoicae

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 @38 isoform in
Lemnaspecies, a characteristic that distinguishes them fri8npolyrhiza another member of the
Lemnoideaesulfamily (Zhouet al., 2022) This divergence highlights how different species within the
same family have adapted to their unique ecological niches. Whipmlyrhizaretains the GS13
isoform, Lemnaspecies rely on th&S11 and GS12 isoforms for efficient nitrogen assimilation. This
absence ofGS13 in Lemnamay reflect a more streamlineddaptation to specific environments,
where nitrogen metabolism is optimized for efficiency and rapid growth in nutdieht aquatic

systems.

Further analyses of the amino acid sequences of these genes suggest divergence in nitrogen
assimilation strategi®among these species. The divergence ifGBisoforms and other key nitrogen
metabolism genes supports the hypothesis that evolutionary divergence is driven by ecological
demands. The ability dfemnaspecies to utiliz&5S11 and GS12 isoforms for nitogen assimilation
enables them to thrive in a variety of aquatic environments, further emphasizing their specialized

adaptation to nutrientrich waters.

However, the conservation of other nitrogen assimilation genes, suckRdd3OGATand NADH
GOGATacrossmonocot 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 serim 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 nutrientrich 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 consation 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 Netet 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 aedvironmental applications.

86| Page



The expression of eight key nitrogen assimilation gemdR, (NIR, GS&ll, GS12, GS2, FG&OGAT,
NADHGOGATandCLCallwas analysed to understand the molecular basis of nitrogen metabolism in
the four duckweed clones undelifferent 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
AmmoniumNitrate treatment across all clones. This downregulation reflects a reduced need for
nitrate reduction when ammonium is available, as ammonium can directly provide @itrf@g amino

acid synthesis and other metabolic processes. Clone 7796 exhibited incid&segbression under
nitrogen starvation Nil treatment), suggesting a strategy of mobilizing internal nitrate reserves to
support metabolic activity under nitrogetheficient conditions. This strategy is commonly observed in
nitrogenstarved plants, where nitrate reserves are remobilized to sustain essential metabolic
processegX. M. Yin et al., 201MNiR the gene encoding nitrite reductase, displayed variability across
clones. Clone 7796 exhibited significant upregulationNaR under both Nil and UreaNitrate
treatments, suggesting a preference for organic nitrogen sources, which is consistent with other

reports in aquatic plantéAzab & Soror, 2020)

The expression of glutamine syntheta&(genes, includinGS11, GS12, andGS2revealed a highly
dynamic &ad complex regulatory network that varied across different clones and treatment
conditions. In generalGS11 was downregulated in response #mmoniumNitrate treatmentin
clones SD, DG4, and DG8. This downregulation under nusiigfitient conditions gggests thaGS1

1is primarily involved in nitrogen remobilization, a process that becomes more critical when nitrogen
availability is low. Notably, under nitrogen starvatidtilfreatment), GS11 showed upregulation in
these same clones, indicating 82 f S Ay NBY20AfATAY3I | YY2VAdzY
degradation during nitrogen stress. This pattern aligns with the findingdtofensteiner & Feller
(2002 andMasclauxet al., (2000)who proposed thatGS11 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 secence.

Clone 7796 displayed an interesting deviation from this pattern, exhibitingG8A&1 expression
despite maintaining high protein content across all treatments. This observation suggests that clone
7796 may rely on alternative nitrogen assimilatipathways 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 toGS11, the expression 0f5S12 was more variable across the different clones and
treatments. In SD and DG8BS12 expression was downregulated und@&mmoniumNitrate andUrea
Nitrate treatmenss, suggesting that its role is less prominent under conditions where ammonium and
nitrate are readily available. HowevésS12 was upregulated undeXil and UreaNitrate conditions

in clone 7796, pointing to its critical involvementnitrogen assimilation when nitrate or ammonium
availability is limited. This observation supports the idea tB&#2 plays a central role in the nitrogen
assimilation network, particularly under nitrogdimiting conditions, possibly by facilitating eh

assimilation of ammonium released during photorespirati@houet al., 2022)

GS2expression, which is typically involved in supporting the nitrogen assimilation process in
chloroplasts, also demonstrated varying patterns across the clones. In828/as downregulated
under both AmmoniurNitrate and UreaNitrate treatments, while inDG4,GS2expression was
enhanced under Uredlitrate conditions, suggesting a clospecific regulation o5S2activity. This
variation in GS2expression further supports the hypothesis that different clones exhibit unique
strategies for nitrogen assimilath depending on their environmental conditions. The regulation of
GS2 particularly in response to Urdditrate, might indicate an adaptation that allows certain clones

to more effectively utilize available nitrogen sources.

These findings are consistenitiv studies on other monocot crops, such as bar&podallet al.,

2013)and rice(Yamaya & Kusano, 2014yhere GS12 plays a dominant role in primary ammonium
assimilation in roots, complementin@S2activity in greentissues by assimilating ammonium

produced during photorespiratiof-erreiraet al.,, 2019) The results of this study suggest that a similar
mechanism in duckweed, witBS12 and GS2working in tandem to optimize nitrogen assimilation
andsupportK S LJ F yi Q& NI LIAR 3INRGGK NI G-SpedifiyrBgulatibroly | a4 & |
theseGSgenes reflects the diverse strategies employed by duckweed to manage nitrogen assimilation

in response to varying environmental conditions, highlighting theyli Q& NBYF NJ F6f S | R |

Overall, the differential expression patterns®8genes across clones and treatments emphasize the
complexity of nitrogen metabolism in duckweed and its ability to-fumee its nitrogen assimilation

pathways based on engnmental cues as has been described in other pléBtsanoset al., 2024)

¢CKAA |RFELIWGFOATAGE Aa | Seévariade aguddO ¢ngirSricnBnAenablugdtOS & &4 )
to maintain high growth rates angiomass accumulation even under nitrogen stress.

The expression &FdGOGABNANADHGOGAgenes involved in the assimilation of ammonium into
glutamate, revealed further diversity in nitrogen assimilation pathw&sGOGATWwas significantly
downregulatel in DG8 under Urehlitrate treatment, suggesting a reduced need for ferredexin

dependent glutamate synthesis under these conditions. SimilABDHGOGATexpression was

88| Page



downregulated in SD and DG4 under AmmoniNitrate and UreaNitrate treatments, suggsing 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 (NuEluckweed 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 overallitrogen 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 abitibckiveed 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 duckweseskd systems can be significantly

enhanced.

Duckweed, da to its remarkable adaptability and high nitrogen uptake potential, serves a dual
purpose as both a nutrient remediator and a protein soufbevlamynclet al., 2020) Its ability to
thrive in nutrientrich 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, especitilsir differing preferences for nitrogen sources like
nitrate orUreaNitrate, further highlights their potential for targeted applications. For instance, clones
with a high capacity for nitrate uptake, such as SD, are particularlyswigdd for wastewasr
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 suppatistainable 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 applicationdn sustainable agriculture. Integrating duckweed into nutrient management

systems could help recycle nitrogen in agricultural runoff, thus minimizing the environmental impact

2F SEOSaa yAGNRISYyd 5dz01 6 SSRQaA | mlyjnieans idcouldplayl 6 & 2 ND
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 vafing levels of nitrogen assimilation efficiency and growth traits, further
KAIKEATIKGa GKS LA IydQa LRIGSYGALFE G2 YSSG RAGSNEAS
Utilizing these traits not only enhances sustainability but also supportsteftor 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 systeers 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 Bgations, 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 ackmnadedged. 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 tuithe a broader range of nitrogen forms, such as
organic nitrogen compounds or commonly used agricultural fertilizers, could provide a more
O2YLINBKSYyaA@dS dzyRSNRGIFIYRAY3I 2F RdzO14SSRQa YSialo
duckweed cultivatiorior 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 insighis 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 themnoideaesulfamily, such asSpirodelaor Wolffia,

could furtherexpand our understanding of nitrogen metabolism in these plants and provide insights

into how evolutionary divergence has shaped their nitrogen assimilation strategies.

Fieldbased studies will be essential for evaluating the adaptability of duckweed<ianealworld

conditions, such as those found in wastewater treatment systems or agricultural runoff environments.
Longterm experiments could also help determine how sustained exposure to varying nitrogen
treatments influences duckweed biomass qualitytrient 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 gernedds
greatpotg/ G A f F2NJ SyKIFIyOAy3a (KS LI IFyaQa dziaAftAdGe Ay

systems.
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This study explored the impact of four nitrogen sourddigréte, Nil nitrogen,AmmoniumNitrate, and
UreaNitrate) on the growth and nitrogen assimilatiai four duckweed clones, revealed significant
clonespecific 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
UreaNitrate and Nitrate treatmens. 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 ided dlifferent 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 amising 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. Physiologic#issessrants onLemnaGrowth Under Heat Stress
4.1. Introduction

Dudweeds, known for their small size and incredibly fast grovetbentlyhave become quite popular

in plantresearchTheir unique growth characteristics make them ideal for experiments requiring quick
results and serve as a valuable model for studyingtpkesponses to environmental stress@lahet

al., 2010; Schertalb> HAn T T { ( NJ.Anid&glthese strésseE, Siéabstrassstand®out due
to its increasing prevalence with rising global temperatures. Heat stressicignly affects plants at
multiple levels(Figure4.1): it reduces photosynthetic efficiency by degrading chlorophyll, Rubisco,
and other photosynthetic pigments and impairs the function of photosystdiMdsanuzzamaet al.,
2013; Perdomaeet al, 2017; Songt al, 2014) Growth and development are also affected, with
smaller leaf eeas, reduced plant growth, and changes in seed germination and nutritional quality
(Zhanget al., 2013) On a cellular level, heat stress triggers the overprtiducof reactive oxygen
species (ROS), causing oxidative dam@&fsaka & Nosaka, 2017} also interferes with nutrients
uptake (Mishraet al., 2023)and reduces water uptake efficiency, further exacerbating plant stress
(Liuet al, 2020) Additionally, it weakness cellular integrity by increasing membranes fluidity and
permeability(Wanget al., 2016) Given the challenges posed by climate change, understanding plant

responses and adaptations to heat s&ds more critical than ever.

Researchers have explored various strategies to help pleope with heat stress ranging from
protective chemicals to selective breedifoy heattolerant crop varietiegAkter & Islam, 2017; Wahid
et al., 2007) Despite these efforts, high temperatures continuedisruptessential plantprocesses,
such asgrowth and proteinsynthesis, by breaking down proteingestabilizng membranes and
impairing enzymdunctions(Huang & Xu, 2008ivyaet al., 2023. These effects result in reduced
biomass, lower crop yields, and declined protein content, although streksced proteins such as

heat shock proteis are often upregulate(Huang & Xu, 2008)
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Figure4.1. Heat stress on plant physiological change:Jé | NR | NNB & O mL
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Not all plantgespondto heat stress in the same way, as genotypic differences within species influence
their tolerance. Foexample in Creeping Bentgrasédrostis stoloniferg heattolerant genotypes
showed higher expression of genes associated with chlorophyll metabafishantioxidant activity,
reducingoxidative damage and delmg leaf senescencélLi et al., 2021) Similarly, heatolerant
Cucurbita moschatautperformed heatsensitiveCucurbita maximay showing lower oxidative stress
and increased activity of antioxidaenzymes such as SOD, APX, CAT, andA&&# al., 2013) Wild

rice species lik®ryza australiensidemonstratedheat tolerancethrough stable of Rubisco activase,
which preserved Rubisco actiwvéind sustained photosynthesis under high temperatui®@safarcet

al., 2016) Aquatic plants such aBotamogetonspecies showa speciesspecific heat tolerant

strategiesunderscoring the importance @icquiredheat acclimatior{Amanoet al., 2012)

In Spirodela polyrhizaa common dckweed 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 (8beargee al.,

2022) These adaptations enabl8. polyriza 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 (é.ggibbaand L. minoy remains poorly

understood. This study aims to address this knowledge gap.

It is hypothesized that heat streggenerally reducegrowth rates and protein contentof Lemna
species, but some clonesay demonstrate greater resilience due to their genetic adaptatidngest

this hypothesis, His studyinvestigatedthe impact of heat stress on the growth rate and protein
content of 42Lemnaclones, focusing on two specids, gibbaand L. minor The42 clones selected
from a geographicallydiverse collection, represent varied environmental conditionsflecting
potential differences imeat stress responses due to evolutionary adaptations and genetic variability.
By comparing physiological respons@sler control (20°C) and heat stress (35°C) conditions, the study

aimedto identify heattolerant or heatsensitive clones.

The identified heattolerant or heatsensitive clones werdurther tested across a broader
temperature range (15°C, 20°C, 25°C,C308nd 35°C) tivestigateat which temperature their
growth will be significantly affectedheidentified heattolerant or heatsensitive clones werkirther

investigated to understand the molecular mechanisms underlyinthe different temperatures

respanses in Chaptes.
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Results of lis investigatiorwill enhance our understandingf plant stressrelated to physiological
changes thatenable certainLemnaclones towithstand high temperatures contributing valuable

knowledge to the development of heagsiliercein plant systems.

4.2, Materials and Methods
4.2.1. PlantMaterials

A total of 42 duckweed clones from five continents were selected for this study, comprising 36 clones
identified as.. gibba(black points ifrigure4.2) and 6 a&. minor(red points irFigure4.2) as illustrated

in Figure4.2 and detailed data were explained TrableS2. Clones classified &sminorwere SD, DG4,

DG8, DGY9, DG10 and DGRAchclone was cultured in Schenk and Hildebrandt (SH) medium (nutrient
composition provided inSection 0) under constant light conditionsat 100 pmol-m2-sl
(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
Section2.1. Fresh weight samples (50 mg per clone) were plagéddgenta vessels containing 300

ml of SH medium.

Based on the results of 42 clones tested?@8fCand 35°C five cloneswere selectedManor, 6861,
7763, 7796 and 8703)nd were regrown at temperatures 13220, 25, 30 oB85°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 detail&&ation2.5 (Ziegleret al., 2015)

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

4.2.3. Nitrogen andNitrate Quantification

Total nitrogen (TN) and nitratefNQ) levelswere quantified using Fouridgransform midinfrared
(FFMIR) spectroscopy, as outlinedSection2.6 (EspinosaMontiel et al., 2022) A minimum of three

biological and three technical repates were used for the analysis.
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4.2.4. Degree ofHeat Tolerare

The degree olfieat tolerantwas investigated by measuring chlorophyll contéaliowing the method
described byAmanoet al., (2012) Hundredmg of fresh weight were immersed in 1 ml of 100%
methanol after heat treatment. Samples were stored at 4624 hin darkness, thechlorophyll
extracted from the leaves was measured using a spectrophotometer at 665 nm and 652 nm. Total

chlorophyll contat was calculated using the following formula:

4, Total chlorophyll (ug/mL) = 1.44 xeés+ 24.93 X As2

4.2.5. StatisticalAnalysis

Statistical data analysis was conducted using R S{iRfstudio Team, 2022NI experimentswere
donein triplicate to ensure reliability. The data were summarized with independent variables being
the clone and temperature, while the dependent variablesluded chlorophyll content, relative
growth rate (RGRand total protein content Samples were categorized into control and treatment
groups, with contrad grown at 20°Cand treatedgrown at 35°C for one week. A ratio was then
calculated for RGR, chloroghgontent, andtotal protein content to differentiatemore heat tolerant
clones(ratio > 1) fromthose less heat tolerant (heat sensitivatio < 1). Various statistical analyses,
including analysis of variance (ANOVA), principal component analysis @a@Aggression analysis,
were performed to evaluate the effects of heat stress on growth rate, protein content, and chlorophyll
content across the 42 emnaclones. Visualizations, such as plots, were generated to facilitate

interpretation of the resultaising R Studi(RStudio Team, 2022)

4.2.5.1.Comparative Physiological Responses ladmna gibbaand Lemna minorClones Under

Control and Heat Stress Conditions

To assess differences in cldphyll 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 ofLemna gibbaand 6 clones of.emna minor(SD, DG4, DGS8, DG9, DG1Q Bx:12).
Statistical significance was determined using @y ANOVA to analyse speciasd temperature

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

Principal component analysis (PCA) was conducted to explore tition 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 Evaluaton 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, nitt@igen, 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.

4.2.5.3Correlation 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 amongr&€&R, and
chlorophyll content under control and heatress 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 theesigth 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 vaks were identified as potential he&tlerant (high RGR, protein, and

chlorophyll) or heasensitive (low values for these parameters).

4.3. Results
4.3.1. Growth RateAnalysis

The impact of heat stress on the growth rate ofl&2nnaclones was assessed by analgdime 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 illustratdelgared.3.

Under control conditions, most clones exhibited RGR values exceeding 0.2, with cléfasad2583
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 reductiom growth rate when subjected to heat stress, with
RGR values dropped by approximately Haifjre4.3). This decrease was particularly pronounced in
certain clones, such as 9583 dPahd, which experienced the most drastic declines from 0.27 to 0.07
(d1) and 0.25 to 0.05 (Y respectively. Conversely, clo6861demonstrated resilience, maintaining
an RGR above 0.15 under heat stress conditions,ngatkthe only clone to exhibit this level of growth

under the applied thermal stress.

4.3.2. Analysis of theDegreeof Heat Tolerance

Chlorophyll content in plants is closely related to their responsedat Istress as heat stress can

directly impact orchlorgphyll biosynthesisind disrupt photosynthesis procesqgdeemet al., 2021,

Duttaet al., 2009 Fahadet al.,, 2017. This sedbn aims to explore if chlorophyll content can be used

as predictor of heat tolerance ibemnaOf 2y Sa o0& Fylfeaiay3da OKFIy3aSa Ay

growth under control and headtress conditions.

The degree of heat tolerance bémnacloneswas irvestigated by measuring the chlorophyll content.
Under optimal conditions (ZC), chlorophyll content in all clones ranged between 500 to 600 pg/mL,
indicating consistent chlorophyll levels in a remessful 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 such7/d38 and 8703 showed the most pronounced
reductions in chlorophyll leveBs20.65 to 96.6 (p value<0.001) and 546.34 to 61.09 (p value<0.0001)
(ng/ml) respectivelyjndicating & increasesensitivity to heat stress in these genotypBy. 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 temperatur@sgure4.4).

This variation in chlorophyll degradation suggests that chlorophyll content could serve as an indicator
of heat stresgoleranceamongLemnaclones, with lower declines potentially correlating with higher

heat tolerance.
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4.3.3. TotalNitrogen 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 dnessential compounds, ultimately impacting
overall nitrogen metabolisn(Giriet 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 shownin Figure4.5, total nitrogen ranged from 6% to 7.3% under optimal conditions across the
analysectlones, with clon@763having the lowest levels (61 %) and clon®591the highest (726%).

Under heat gtess, 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 eititained consistent

nitrogen levels or exhibited slight increases under elevated temperatsinesving no statistically
differences p value=ns) These clones demonstrated supertwat tolerantcompared to the restBy

contrast, clones such a&84 DG10 7705 and 8703 exhibited the most significant declingotal

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, includimgteiaccumulation, 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 assiration, leading to a notable reduction in nitrate contefRuet al.,

2022)

Under control conditions (20°C), the nitrate contgaf the 42 clones ranged from 3000 to 5700 mg/kg
DW, as showin Figure4.6. However, after one week of heat stress (35°C), most clones exhibited a
marked decline in nitrate levels. Clon8532, SD, DG4, and Jerperienced the most dramatic
decreases in nitrate acowlation from 5733.4 to 2006.47p( value<0.00), 5152.27 to 1111.06p(
value<0.000), 5009.8 to 1233.1p(value<0.00)Land 4373.02 to 512.9% (alue<0.00)L(mg/Kg DW)
respectivelysuggesting a higher sensitivity to heat stress in these genotByesntrast, clone$615
(2935.13 to 2207.9mg/Kg DW))and 7798 (3165 to 2586(mg/Kg DW))showed no significant
reductions in nitrate content under heat stressdicating a degree of resilience in nitrate assimilation

pathways.
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4.3.5. Total Protein ContentAnalysis

As can be seeim Figure4.7, there werechanges in total protein levels in duckweed cloae20°C
comparedto one wed at 35°C(heat stress) without accounting for nitrate levels. Unaemntrol
conditions (20 °Q, most clones exhibited total protein content ranging betweerg8%, with an
average 0f39.33%. However, upon exposure to 35 °C for one week, the clones dispifiyerse
responses. Some clones, such as 7784, D&dilyr Pond, 7705, and 8703, experienced a dramatic
decline in protein levels below 259y contrast, other clones, such &263(38.67 to 37.25
value=ns)(%))and 7805 @39.28 to 37.97{ value=ns) (%), showedho significanthanges, while a few,
including 686%140.24 to 41.1 value=ns) (%), 9619(39.68 to 39.87{ value=ns) (%), 7796(38.48 to
41.21 p value=ns) (%)) and 7763(35.02 to 38.37 [ value=ns) (%)) exhibited increased ptein

accumulation under heat stress. These latter clones were identifiégeastolerant

Overall, significant differences in protein accumulation were observed among the clones. As
illustrated in Figure4.7, the heat tolerantclones maintained or even increased protein levels after

seven days of heat stress, demonstrating higher resiliembeat stressompared to the other clones.
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4.3.6. Comparative PhysiologicalResponses olLemna gibbaand Lemna minorClones 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 &estress (35°C) conditiorsscomparison wagerformedbetween

36 clones ol.emna gibbaand 6 clones oLemna mino(SD, DG4, DG8, DG9, DG10, and D@%2)
summarized inTable4.1. No significant differencesvere foundbetween the two species for most

physiological parametergdHoweversome notable trends emerged.

At 20°C, both species displayed similar chlorophyll levels,lwigibbaaveraging 553.2ag/ml andL.
minor553.5 pug/ml Table4.1). Under heat stress (35°C), chlorophyll content declined substantially in
both speciesy value<0.0001) but.. minorretained marginally higher levels (316.83 pg/ml) compared
to L. gibba(282.59 ug/ml).

Growth rates showed a similar trend. At 20BCminorandL. gibbademonstrated comparable relative
IANRPgGK NIGSa owbwo 2F noduHn Reéuy YR ndHo Reéeuyx N

&
(e} V4

35°C, both species experienced a pronounced decline in growth (p < 0.0001), gtidtistically

significantdifferences were observed between them.

For total nitrogen and protein content, both species demonstrated reduction under heat stress, with
L. gibbamaintaining slightly higher levels at both temperatures but the differences were not
significantly different. The ngt pronounced difference betweeln gibbaandL. minorwas observed

in total nitrate content. Under heat stress (35°C)minorclones displayed significantly lower nitrate
levels (734.77 mg/kg DW) thdn gibba(1565.23 mg/kg DW)Table4.1). These results suggest a
potential speciespecific difference, though the limited. minorclones analysed (n=6) may have

influenced these findings.

In summary, whe most physiological traits showed no significant differences betvegibbaandL.
minor, the marked disparity in nitrate content under heat stress warrants further investigation.

Expanding the sample size farminorclones could provide more conelve insights.
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Table 4.1. Physiological responses df. gibbaand L. minorclones at 20°C and 35°Chlorophyll
content, relative growth rate (RGR), total nitrogen (TN), total nitrate, and protein content are incli

Species* T?(°C)

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

20
20
35
35

Chlorophyli RGR (d)

(Hg/ml)
553.26 + 53.87 0.23 + 0.02

5535+21.9 0.24+0.01
282.59 £ 104.8 0.09 +0.02
316.83 +64.22 0.08 £0.01

TN (%)

6.7 +0.23

6.64 +0.12
5.09+0.9
4.8 +0.63

NGs (mg/kg DW)  Protein (%)

3965.23 £ 768.13 39.4 +1.37
4145.27 +832.45 38.88 + 0.7
1565.23 + 528.38 30.83 £ 5.52
734.77 £453.21 29.51 + 3.99

*Measurements folL. gibbavere mean of 36 clones and fbr minorwere mean of 6 clones.
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4.3.7. Evaluation ofHeat Toleramwe and Heat Sensitiity Duckweed Clones UsingCAanalysis of

Physiological Parameters

ThePCAanalyses conducted amal to rank the clon@ responseto elevated temperaturg35°C). To
determine whetherclones treated at the same temperature are grouped together, a PCA plot was
utilized using the value®r RGRFigure4.3), chlorophyll(Figure4.4), total nitrogen(Figure4.5), total

nitrate (Figure4.6) and total protein (Figure4.7) . In thisPCA plot, a distinct separation between the
clones treated at 20°C and those at 358@s observed Rigure 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 minimnstess. This suggests these clones are-well
adapted to the optimal growing conditions provided by 20C@nversely, 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 diesss, 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 ofRGR Chlorophyll, and Protein in Duckweed Clones Under

Temperature Stress to Identifideat Sensitive andHeat TolerantClones

For the RGR against theprotein content (Figure4.9A), the R2 value is 0.553, indicatinggaod
correlation between RGR armtotein. Clones6861, 7763 and7796are positioned in the top right,
indicating high RGR ariotein values. This suggts that these clones maintain or increase their
growth rate and protein synthesis under heat stress, showing stheag tolerarce. Converselypther
samples were located at the bottom lefihaking it less clear to identifyheat sensitive clonbased

solely on this plot.

Forthe RGR against thehlorophyll content(Figure4.9B), clones6861, 7763 and7796again show

high RGR andahlorophyll values, wygesting that these clones maintain good growth rates and
chlorophyll content, indicative of efficient photosynthesis under heat stress and skreaigtolerant
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 beinigeat sensitive

Forthe protein content against thehlorophyll content(Figure4.9C),clones6861, 7763 and 7796

showed high values for botlprotein andchlorophyll, indicating that these clones can maintain or
increase these critical components under heat stress, signifying robust stress response mechanisms
and strongheat tolerant The clone 870% again positioned alone in the bottom left, confirming it

inability to cope with heat stress.

From the analysis of the thremrrelations clones6861, 7763 and7796exhibited highheat tolerant
maintaining or increasing their growth rate, protein synthesis, and chlorophyll content under heat
stress.Becausedhere wasa good correlation between RGRand Protein (R2= 0.553 andthe dones
6861, 7763 and7796were positionedin the top right of the plo(Figure4.9A). In contrastthe clone
8703 wasconsistently positioned alone in the bottom left of thelationships foRGR vshlorophyll

(Figure4.9B) or protein vschlorophyll(Figure4.9Q) , indicating high heat sensitty.
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Figure4.9. Correlationanalysis betweerRGR¢hlorophyll, and protein in duckweed clones unde
20°C ¢ontrol) and 35°CHeatstress). These plots analyse the relationship between Relative Grc
Rate(RGR), Chlorophyll and Protein conteimt 42 duckweed clones treated at 20°C (control) ¢
35°C (heat stress). Ratios above 1 inditat&t tolerant while ratios below 1 indicatieeat sensitive

A) RGR WRrotein B) RGR vs Chlorophyll C) Protein vs @jitigh.
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4.3.9. Validation of Heat Sensitive and Heat Tolerant ClonesAcross Different Temperature

Conditions

Tofurther investigate the heat sensitivity of the clones basedesultstested at20°C and 35°C, five

L. gibbacloneswere selectedt 6861, 7763 and7796asheat tolerant 8703 asheat sensitive and
Manoras the controlManor was chosen as the control because it was used to establish the duckweed
standard for nitrogen and nitrate FWIIR calibration and exhibited intermediate results in terms of
growth rate and protein contenfThese five clonesere grown atfive differert temperatures (15, 20,

25, 30, and 35°C) for a week to assémschanges iprotein content and growth rate under these

conditions.

In terms of protein contentKigure4.10A), 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 proteirtent 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 highertemperatures, 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 tostness. No
significant differences were observed between the control clones and the rest at 15, 20, and 25°C. At
30°C, the heatolerant clones showed no significant difference compared to the control clones, but
the heatsensitive clone displayed a notabbecrease (p < 0.01). At 35°C, all clones exhibited
statistically significant differences when compared to the control clone Manor. Thetbleaant

clones recorded higher values (p < 0.001 for clones 6861 and 7763, and p < 0.0001 for clone 7796),

whereas the heatsensitive clone showed a marked reduction (p < 0.0001 for clone 8703).

Regarding RGRigure4.10B), all clones reached their peak growth 26°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. TFhensdate clone

8703 experienced a particularhharp decline, with a marked drop at 30 and 35°C, confirming its
sensitivity to elevated temperatures. In contrast, the héalerant 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-twdatant clones, with a gradual

decrease at higher temperatures.
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Notably, at 15€, 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 sensitivithéat 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 impred growth performance at lower temperatures.
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Figure4.10. Protein content (A) and RGR (B) &ife L. gibbaclones (Manor, 6861, 7763, 7796, ar
8703) atdifferent temperatures Clones were treated to 15, 20, 25, 30 and 35 °C.
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4.4, Discussion

The research aimetb determine whether certain.emnaclones exhibit greateheat tolerarce than

others when exposed tmcreasedemperatures. This hypothesis whasedon the assumption that
different genotypes within thdemnaspecies wouldexhibit distinct responsesto heat stress, as
observed in other plant speci€bluet al., 2021; Let al., 2021; Scafaret al., 2016) Thescreening of
42 clonesunder control conditions (20°C) and heat stress conditions (38&ff€gtively distinguished

heattolerant clonesand heat sensitiveones.

This study has identified heat tolerant and heat sensitigmnaclones Both the protein content and
relative growth rate (RGR) of the clone 8703 decreased significantly when the temperaitgased

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 stref#/ahidet 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 amore heattolerant 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 stresklgang & Xu 2008 manoet al., 2012; Heet 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 iy NJ | O S 0239, arf elzipt§izEs the diverse

responses oLemnaclones to environmental stress.

This study highlights the importance of understanding the physiological mechanisms driving heat
tolerance inLemnaThe heat tolerance observed in clones 6861, 7763, and 779®enaitributed 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 protainlike Rubisco activase contribute to maintaining

photosynthesis under heat stregBita & Gerats, 201Scafarcet al., 2016.

Results of this studguggest that environmental exposure alot@uldnot determine heatolerance

For example, dspite diffeent climatic backgrounds, clones such as 686d 779&rom Italy and 763

from the UK both demonstrated significant heat tolerance. Similar patterns have been documented
in other aquatic plants lik®otamogetonspp., where heat acclimation varies widely among species

and is not strictly tied to geographic or climatic orig{Asnanoet al., 2012) Such genetic plasticity
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not only supportsLemnd &volutionary 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 irlriass production, nutrient cycling, and water
purification systems. These traits not only underscore the adaptabilitgwfnabut also position it as

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

Moreover, this researth 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 careexplovative
solutions such as breeding programs for stressistant crops, optimizing cultivation strategies to
improve growth under extreme temperatures, and developing biotechnological approaches to
enhance plant resilience. These strategies can hedlate the impacts of climate change while

enhancing productivity and ecological sustainability.

Thevariationin heat tolerance among clones highlights the critical rolelofediversity in shaping

plant responses tdieat stress. InLemna genetic vambility 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 dEmnd& desilience and adaptabilityto
environment Bothcloneand geographic factors are shown to play complementary roles in defining
plant) NBalLlRyasSa (G2 Ot AYIGS OKI yS&edincClanss 686y, 7168,y OS =
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 importancectiinediversity in plant science. It demonstrates that even

within a single species, physiological aridne factors can vary widely, allowing for differential

responses to heat stress. These findings align wiisting research that highlights the need for

genetic and adaptive diversity to ensure resilience to climate stress@ask 2 12 A 3. BB G | f &3
shedding light on mechanisms such as protein stabilitygaodith 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, thee arelimitationsin this study Whilestable protein content and growth rate aesa
potential mechanism foheat tolerarce, molecular validation is necessary. Future research should
include transcriptomic studies to identify differentially expressed genes and confirm the roles of
specific stresselated genes or transcription factors. $ualidation will provide deeper insights into
the moleculamechanismsinderpimingheat tolerance and support efforts to translate these findings

into practical applications.

In conclusion, this study demonstrates significant variation in heat toleranoengLemnaclones,

with 6861, 7763, and 7796 exhibitihgatresilience under higlbemperature conditions. These clones
maintained higher protein content and stable growth rates at 35°C, unlikehéae 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 betweelone diversity, and heat tolerance, this research
improvesour understanding of plant resilience atttkir adapbility to climate change. The findings

also lay a foundation for future studiés 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 alemnaGrowth 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, facilitatingts use in experimental studigg\costaet 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 pphorus (P), affect its starch and protein content
(Liet al., 2016) Additionally, recent investigations have highlighted its potential for studying variations

in growth rate under different environmental conditiofBasosPanqueveet al., 2024)

Heat stress impacts plants at all stages of their life cycle, from seed germinati@atuatyn 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
photosynthesig¢B. Huang & Xu, 2008; Wahid et al., 208figh temperatures damage key components

of photosynthesis, including chlorophyll and Calvin cycle enzymes, while also disrupting respiration
pathways, leading to metabolic imbaland®8anget al., 2018; Yt al., 2017) Protein netabolism is
similarly affected, with heat shock proteins (HSPs) protecting damaged proteins and preventing the
accumulation of dysfunctional onéB. Huang & Xu, 20Q8%trategies to mitigate heat stress include
developing heatolerant crops through geneti@pproaches like markeassisted breeding and

transgenic technologie@Vahidet al., 2007)

Comprehending how plants physiologically respond to elevated tempegats essential, particularly
as climate change continues to intengi@kamotoet al., 2022) These responses can involve intricate
interactions, including hormonal regulatighiet al., 2021) molecular adaptatios(Haideret al., 2021)
and symbiotic relationships with microbe$he effects are also observable at the ecosystem level,
where broader interactionamplify the consequences of heat strgkset al., 2021) Such complexity

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

Transcriptomic analyses have played a vital role in uncovehiagyénes and pathways involved in

plant stress responses, including thermotolerance. For exampleArabidopsis the protein
phosphatase RCF2 and its partner NAC019 were identified as key regulators of heat shock factors
(HSFs) and heat shock proteins P which are essential for thermotoleran@uanet al., 2014)

Similar transcriptomic studies on tomato seedlings revealed genegpeeific changes in mRNA levels

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

that regulate variability in thermotolerance across plant genotypes.

Heat stresprofoundly impacts photosynthesis, a process essential for plant growth and productivity.
It alters key components such as Photosystem II, the Calvin cycle, and photosyattiesiza
proteins responsible for light capture and energy producti@nen & Li, 2017; Wargg al., 2017)
Studies in maize an8rachypodium distachyohave shown that genes likBsaDand PsaNare
sensitive to highemperature, highlighihg the vulnerability of photosynthetic pathways to heat stress
(Jagtapet al., 2023) Zinc ion binding also plays a pivotal role in stress responses, suppbitiogical
processes through proteins with zinc finger domains, which act as transcription factors regulating
stressrelated genegChaddackt al., 2023) Additionally, zinébinding proteins contribute to protein
stability during the unfolded protein response (UPR) and enhance antioxidant adsfdn heat
tolerant clones, genes linked to photosynthesis and zinc ion binding are notably upregulated, enabling
adaptation to hightemperature environments. Genes encodi ATP synthase proteins, crucial for
photosynthetic efficiency and energy production, show increased expression under heat stress
(Hozairet al., 2012; Liet al., 2021; Zhat al., 2023) Similarly, zinc ion bindingelated genes, such as
Pentatricopeptide repeat protein, Ubiquitin carbostgkminal hydrolase, andthe general
transcription factor IIH subunit 2, are significantly upregulated, supporting transcription regulation,

protein stability, and cellular stress respongkesiet al., 2019; Youseét al., 2022; Zhangt al., 2019)

Five duckweed clonesere 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
heattolerant, displaying higher growth rates and ISk protein content under elevated
temperatures. In contrast, 8703 exhibited hesgnsitive traits, with significant reductions in growth
rate and protein content when subjected to the same conditions. Clone Manor served as the control,
showing intermediad responses that did not indicate pronounced thermotolerance or sensitivity.
These distinct physiological adaptations indicate underlyifferences ingenetic and molecular
mechanisms, making tise clones ideal candidates for transcriptomic analyseslaniify key genes

and pathways associated with thermotolerance.

This chapter aimd to explore the genetivariationswithin Lemna gibbaspecies,with a focuson
differences in gene expression between héalerant and heatsensitive clones. By identifyirand
interpreting the functions of these genes, the study investigated their roles in heat stress responses
and their broader implications. Ultimatelgutcomes othis workwill contribute toour understanding

of the genetic mechanisms underlying thermadnce 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. PlantMaterials

For this chapter, five duckweed clones were seledteded on the temperature screening results
presented inChapter4. These included threbeat-tolerant clones 6861, 7763 and7796), oneheat-
sensitiveclone 8703, and one control cloneManor). The heattolerance of theclones were
characterized by their ability to maintain higher growth rates and stable protein content under
elevated temperatures, while thdeat sensitiveclone exhibitel 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 (SHpedium (nutrient composition detailed iBection2.1.1.3 under constant light

100 umol-m2-s1 (photosynthetically active radiation) from fluorescent tubes TLD /86V{Philips,
Eindhoven, the Netherlandg)t 20°C (control) or 35°C (heat stress) for seven days, following the
protocols outlined in Sectio@.1. All clones werggrowth in three biological replicateéfter seven

days of growth under the assigned temperature conditions, 100 neaoffibiological samples were

frozen and stored at80°C until RNA extraction.

5.2.2. RNAExtractionand Quality Control

RNA was extracted frothe five different clones grown at 20°C (control temperature) and 3béat(
stresg following the protocols outlined irfection 2.2.2 Quality control measurements were

conducted toensurethe quality of the RNA samptmploying methods described 8ection2.3.

- Nanodrop spectrophotometry was used to measure the concentration and pbiaged on
absorbance readings at 260 nm and the 260/28@ 260/230nm ratics.

- Agarose gel electrophoresis was performed to visualize the integritysize distribution

- Qubit fluorometryprovidedaccurate quantification of RNA concentration.

- TapeStation analysaffered detailed information on RNA integrity and size distribution.

The RNAamples weresequened usinglllumina platforms at Novogenemployingthe sequencing

by-synthesis (SBS) mechanism.
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5.2.3. LibraryConstruction and Sequencing

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

undertaken by the sequencing provider.

5.2.3.1.SampleQuality Control

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

5.2.3.2 LibraryConstructon, Quality Controland Seqiencing

Total RNAvaspurified to isolate messenger RNAingpoly-T oligeattached magnetic bead#fter
fragmentation, firststrand cDNA synthesigas performedwith random hexamer primersfollowed
by secondstrand cDNA synttss Directional library constructiomseddUTR whereashon-directional

library employeddTTP.

For nondirectional libraries, the proce$scludedend repair, Atailing, adapter ligation, size selection,
amplification, and purification. Meanwhile, dirégbal libraries underwentan additional USER

enzyme digestiostep aftersize selectionfollowingamplification and purification.

Library quality was assessed through quantification using Qubit andtimeal PCR, with size
distribution determined via aibanalyzer. Once quantified, libraries were pooled based on effective

concentration and data requirement before sequencing.

Sequencing was performed on the lllumina NovaSeq platform using a maiced50 bp (PE150)
sequencing strategy, generating shorads. The sequencing depth for each samplewasn YA f f A 2 Y

read pairs ensuring sufficient coverage for downstream transcriptomic analyses.

5.2.4. BioinformaticsAnalysisPipeline
5.2.4.1 DataQuality Control

Thefirst step of the bioinformatics analysis pipeline involved processing raw data (raw reads) in FASTQ
format using irhousePerl scripts. This process aimed to obtain clean data (clean reads) by filtering
out reads containing adapters, lyeN sequences, and loguality reads from the raw datets

Simultaneously, metrics such as Q20, Q30, and GC content were calculataluatedata quality.
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Qean, high qualitydata were then used for subsequent analysassuring the accuracy and reliability

of downstreamprocesses

5.2.4.2 MappingRead to the Reference Genome

The reference genomased for mapping wasemna gibb&742a from Lemna.orErnstet al., 2023)
The reference genome was constructed using HISAT2 varlZhe pairedend clean reads were
aligned to the reference genomeith the same HISAT&rsion.TheHISATZMortazaviet al., 2008)
was selectedas the mapping tool due to itgbility to generate a splice junction databagem the
gene model annotation fileproviding superior mapping results compared to neplice mapping

tools.

5.2.4.3 Prediction ofNovel Transcripts

Mapped reads from each sample weasssembled using StringTvd.3.3b(Perteaet al., 2015)in a
referencebased manner. StringTigsesa novel network flow algorithnecombinedwith an optional
de novo assembly step to assemble and quantifyléubth transcripts representing multiple splice

variants for each gene locus.

5.2.4.4 Quantification of Gene ExpressionLevel

FeatureCounty1.5.0p3 (Liaoet al., 2014)wasusedto count the number of reads mapped to each
gene.Gene gpression levels were then quantified usitige Fragments Per Kilobase of transcript
sequence per Millions base pairs sequenced (FRréic. FPKM accounts fdroth sequencing depth

and gene lengthmaking it avidely adopted for estimating gene expregssievels.

5.2.4.5 Differential ExpressionAnalysis

For analyses involving biological replicates, DES&@®.0(Loveet al., 2014)wasused TheDESeq2
performs differential expressioanalysisusing a model based on the negative binomial distribution
(Anders & Huber, 2010)o control the false discovery ratehe resultingp-values were adjusted using
the Benjamini and Hoclarg method(Benjamini & Hochberg, 1995kenes with an adjustegotvalue

X n @ n ponsid& s differentially expressed.
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5.2.4.6 Ehrichment Analysisof Differentially ExpressedGenes inGOand KEGG@Pathways

The clusterProfiler R package wasedfor Gene Ontology (G@nrichment analysis of differentially
expressed genes, witldjustmentscorrection for gene length big¥ounget al., 2010) GO terms with
corrected p-values < 0.05 were considered significantly enriched Additionally, KEGG pathway
enrichment analysis wagerformed using the clusterProfiler R package dvaluatethe statistical

enrichment of differentially expressed genes in KEGG path{@rsehisa & Goto, 2000)

5.3. Results
5.3.1. RNAGontrol Checks

A total of 30 RNA extractions were performed, with each sample assigned a unique identifier for
simplification Teble 5.1). The quality and quantity of RNA were assessed using Qubit and Nanodrop
measurements, with additional evaluation of RNA integrity through the RNA Intéduimber (RIN).
These analyses revealedriationin 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 contientrahen 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 catidl in our
measurements. Despite this limitation, subsequehécking by Novogereonfirmed 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 preparatioms lownstream applications.

The RIN values further validated RNA integrity, ensuring the suitability of the extracted RNA for
sequencingTable 5.1 provides a comprehensive summary of the RNA quality and quantity metrics for
all samples, categorized by sample number, clone identity, temperature treatm®na(itl analytical

method.
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The integrity of the RNA samples vasoassessed using agarose gel electrophoresis, with the results
shown inFigure5.1. The gel images demonstrate consistent RNA quality across all samples, as
evidenced by the presence of distinct and wdgfined bands corresponding to the 28S and 18S rRNA.
However, RNA extracted from clone 8703 grown at 35°C exhibited the lowest caxtammamong

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 thecemtration was reduced, the overall RNA quality was

still suitable for downstream applications.
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Figure5.1. RNAquality assessment of duckweed samples groah35°C (Apnd 20°C (Blising
agarose gel electrophoresig€ach gel includes a 1Kb ladder on the left side and a 100bp ladd
the right side for size reference.
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In addition, theRNAsamples were run on a TapeStation to confirm their quality and intedfityre

5.2 presents the TapeStation analysis results for RNA sarepteacted from duckweedgrown at

20°C and 35°C. The profiles demonstrate good overall RNA qualityhotiéemperature 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 showdkein the image confirm that the RNA was not degraded, and the
bands were clearDespite this exception, the remaining samples produced reliable RIN values,
reinforcing the overall integrity and quality of the RNA samples. These results confirm the syitabil

of the RNA samples obtained from both temperature treatments for downstream applications,

providing confidence in the experimental outcomes.

5.3.2. RNASquencingQuality Control
5.3.2.1RNASequencindata Generation and Quality Control for Accurate Gene Expresaioalysis

The initial step in data processing invalveonverting original image data files obtained from Righ
throughput sequencing platforms, such as Illumina, into sequenced reads, tdRaedData or Raw
Reads, using CASAVA base recognflibimina, 2024)These raw dataverethen saved in FASTQ (fq)
format files, containing sequences of reads and associated base quality information. Bdevase

represented by four descriptive lines:

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

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

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

1 Line 4: Provides quality values for each base, corresponding to the des@nped in Line 2.

To ensure the accuracy and reliability of gene expression analysis, several quality control measures
were applied using FastQ@ndrews, 2020and TrimmomatigBolgeret al., 2014) to assess the
sequencing data and mitigate potential biases or errors. These analyses confirmed that the results

accurately represented the biological conditiosfshe study.
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Figure 5.2. RNAquality assessment of duckweed samples groai20°C and 35°®anel A display:
the RNA integrityfor samples grown at 35°C, whianel B presents thRNA integrityfor samples
grown at 20°C. Each analysis features a ladder in the first column for size reference, followec
sample identification number&fNA Integrity Numbers (RIN) are indicated below each sample
RNA Integrity Numbers (RIN) are indicatezlolv each sample line, with coleoded rankings:
green for higHj dzI £ A (i & 8, lyellowdowrhoderasequality RNA (RINGB), and red for poor
guality RNA (RIN < 5).
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The sequencing error rate was first examined, calculated using the Btweel (Qphred =10log10(e)),
where "e" denotes the error rate. As shown Table5.2, Phred scores remained consistently high

across all basesyith 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 ante#®T co

showed a balanced distribution overall, with slight variation at the initial bases, as s€ahlab.2.

A final data filtering step was applie eliminate lowquality 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 seenTiable5.2, ensuring a robust dataset for downstream analysis.

5.3.3. Mapping ofSequencingdata

Alignments were performed usj HISAT2, a fast and sensitive alignment program for mapping next
generation sequencing reads to a reference gendMertazaviet al., 2008) HISATZ2, which succeeds
HISAT and TOPHAT2, employs a gladed alignment method. It utilizes a global FM index along
with a large set of sall FM indexes, collectively covering the entire genome. These small indexes, or
local indexes, combined with multiple alignment strategies, allow for effective alignment cERINA

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

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

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

To assess the quality and efficiency of Rid4data, the reads from all samples were aligned to the
reference genomé.. gibbar742a(Evan Ernst et al., 2028%ing HISAT@ortazaviet al., 2008) The
total number of reads and mapping percentagesRNA from clones grown abntrol (20°C) anteat
stress(35°CYemperaturesare simmarizedin Table5.3. Acrossall RNAsamples, the total number of
reads ranged from approximately 40 to 60 million per sample, with alignment vatgghgdepending

on the clone and temperature condition.
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ForRNA samples from clones growrtla¢ control condition (20°C), the mappipgrcentages of reads
ranged from 8.24% to 91.14% hose RNA samples from clones grown under heat s{BE<),
mapping percentages varied from 4.45% to 93.5Ktably, RNA samples frorhd heat tolerance
clones, particularly 7796 exhibited the highest grcentage of mapped reads compared to the
reference genome, with values exceeding 98%oth temperature conditionsRNA from clone6861
and 7763 also showed high mapping percentages, further supporting thelassificationas heat
tolerant clones. In aatrast, the RNA from the control Manaoas well as the clone classified lasat-
sensitive 8703 showed significantly lower mapping percentages, particulahgn those clones grew

under heat stres$35°C), indicating a greater genetic divergence from #ierence 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 clone7796showed the highest uniqumapping percentages, followed closely by RNA from
clones7763and 6861 On the other hand, the RNA from the clones Manor 8@@3showed lower

unique mapping percentages, particularly when they grew at under heat stress conditions (35°C).
Multi-mapped read (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 heansitive cloes have more genetic divergence, which may explain
their reduced capacity to handle heat stress compared to the daatant clones. This genetic
divergence becomes more evident at higher temperatures, highlighting the relationship between the

referencegenome and the heatolerant clone in genetic similarity.

5.3.4. GeneExpressiorProfile Analysis

Gene expression level analysis is a fundamental aspect oEBINEXperiments, as it provides insight
into the biological activity of genes by quantifying the levktheir expression. This was determined
based on the number of reads that successfully mapped to the reference gdnagiidar742a(Ernst
et al.,, 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. lseRNA
experiments, gene expression is estimated by the number of sequencing reads mapped to the genome
or exons(Goldsteinet al., 2016) This counts influenced by factors such as gene expression level,
gene length, and sequencing depthiao et al., 2014) To account for these variables, FPKM
(Fragments Per Kilobase of transcript sequence per Million base pairs sequenced) is commonly used
(Trapnellet al., 2010) FPKM corrects for differences in sequencing depth and gth, providing

a more accurate estimate of gene expression le{idisrtazaviet al., 2008)

To compare gene expression across different conditions, the distribution of gene expression levels,
represented, by FPKM valu@rayet al., 2016) is displayed using boxplots as shawkigure5.3. 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 samptesssdistinct patterns between heat
tolerant and heatsensitive clones under different temperature conditions. For the Helgrant

clones (e.g., 7796, 7763, and 6861), there is a noticeable higher median gene expression, particularly
in the samplegrownat 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 moreestafdl robust gene

expression profile in response to heat stress.

In contrast, the heatensitive clones (e.g., Manor and 8703) show a lower median gene expression,
often approaching 0, suggesting reduced overall expression levels. Thedresitive clonesippear
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 hedérant clones.

Overall, the boxplot provides clear evidence that htsérant clonesmaintain higher and more
consistent gene expression levels, whereas fstsitive clones exhibit more variability and lower
expression. This could suggest that haaderant clones have more efficient or regulated

transcriptional responses toeatstress.
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Figure5.3. Distribution ofgene expression levels across clones and temperature conditidings
boxplot illustrates the distribution of gene expression levels, representddggdFPKM+1), acros
different clones (Manor, 6861, 7763, 7796, and 8703) under two temperature cond{énsnd
35°C) Each colour corresponds to a distinct clone. The boxplots show the median, interqt
range, and overall distribution of gene expsion levels within each sample group.
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5.3.4.2 Evaluation of Sampl€onsistencyJsing Pearson Correlation Analysis

In RNAseq experimentsanalysingthe correlation of gene expression levels between samjdes
crucial forconfirmingthe experiment's reproducibility and asséss samplesuitability for differential
expression analysisHigh correlation coefficients suggestrong agreement betweensampes.
According toENCODIguidelines,a squared Pearson correlation coefficient above 0.92 and an R2

greater than 0.&re recommended benchmafkr quality replicationFeingoldet al., 2004)

In this study, correlation coefficients were calculated using FPKM values across all genes in each
sample. The results were visualized as a heat(fégure5.4), where the darker blue areas indicate

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

For most samples, particulgrkeplicates from heatolerant clones, strong intrgroup correlations
were observed. This consistent pattern suggests the-Bd¢pexperiment was reliable, as biological
replicates demonstrated similar expression profiles within each group. These finaliggswith

“

9b/ h59Q4 ljddt tAGe &aGFYRFINRAE NBAYF2NDAY3I (GKS Ot A

However, one sample, s60, displayed an anomalous correlation pattern. Unlike other replicates, s60
exhibited an unexpectedly uniform correlation level across allp@as) 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 behavim of s60raises concerns about its reliability and suitability for downstream
analyses. While other samples meet the quality benchmarks recommended by ENGQD&, 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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Figureb.4. Pearsorcorrelation heat map of gene expression leveldhe heat map displays Pears:
correlation coefficients between samples based on gene expression levels (FPKM values)
shades of blue indicate higher correlatigalues, with coefficients closer to 1 reflecting stronc
similarity in gene expression profiles between samples. Lighter shades represent lower corr
values, suggesting greater differences in expression.
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5.3.4.3Principal Component Analysis (PCA)for Assessing Sample Variation and Group

Differentiation

PrincipalComponentAnalysis (PCA) is a robust method used to evaluate intergroup differences and
assess the consistency of samples within each group. By reducinditighsional genexpression
data into principal components, PCA simplifies complex patterns and highlights the primary sources

of variation across samples.

As shownn the Figure5.5, the first two principal component$CA and PCA2, explain 68.94% and
5.08%of the variance, respectively. The plot reveals a distinct separation betweerskaaitive and
heat-tolerant clones: the heasensitive clones cluster on the lefide 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 0BIp8%of the variance, it capired a clear grouping of the heat
tolerant samples by treatments (temperature), reflecting their differential responses to heat stress. In
contrast, the separation of heatensitive clones (Manor and 8703) was driven by genetic variance
rather than by tretments, emphasizing inherent differences between these samples not from

treatment effects.

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

downstream analysis.
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Figure5.5. Principal Component Analysis gene expression profilesThe PCA plot illustrates th
variance in gene expression profiles across samples, with PCA1 and PCA2 accounting fo
and 5.08% of the variance, respectively.

139| Page



5.3.4.4 Coexpression VenBbiagram

The coexpression Venn diagram illustrates the number of genes uniquely expressed within each clone
under each temperature condition, with overlapping regions representing the genespressed

across different groupsn this Venn diagram analysisach 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 seenTmable5.4, each clone displaddistinct patterns of gene expression across

the two temperatures. Notably§861, 7763and7796exhibit a high percentage of genes expressed at
both 20°C and 35°C, with over 80% of their total expresse@g shared across conditions. This high
overlap suggests a stable expression profile under temperature stress, which may relate to their
thermotolerant behaviour. Conversel8703 stands out for having a substantial portion of its gene
expression uniquehat 20°C, with fewer genes shared between the two temperatufagther
indicating a more temperaturgensitive responseHowever the s60 sample exhibited unusual
behaviourin the previous quality controJswhich may have contributed to this variatiolhese
RAFFSNBYyOSa LINPOPARS AyaAadakKd Aydaz SIFOK Of2ySQa
After this individual analysis, a global Venn diagram was created to compare all clones under both
temperature conditions, allowing us to identify genes that wemmmonly expressed across all
samples at 20°C and 35°C. This comparison revealed differences in gene expression among the clones,
suggesting possible mechanisms of hedérance based on the unique and shared genes expressed

under heat stress.

The Venn diagram analysis for the five clones at 20°C and @4¢Qre5.6) reveakd some key
observations. Firstly, gene expression was generally highdéhenheattolerant clones at both
temperatures.Alarger number of genes expressidthe areawhere the three heatolerant 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 convged, 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 $enbitige

clones (8703and Mano) overlagped with the heattolerant clones, a significant dropas doserved:

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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Table5.4. Summary ofgene expression across individual clon@danor, 6861, 7763, 7796
and 8703) at 20°C and 35°The total number of genes expressed, the number of genes
expressed at both temperatures, and those uniquely expressed at either 20°C or 35°C.

TotalN° of N° of genes
N° of genes N° of genes
Clones genes expressed at both
expressed at 20C  expressed at 35C
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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Figure5.6. Venndiagram displaying thedistribution of gene expression across five duckwet
clones under two temperature conditiongA) the number of genes expressed at 20°C, and (B
gene expression at 35°C. Overlapping areas indicate genes teapoessed 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. T
ensure accuracy, -palues were calculated, and multiple testing corrections were performed to

determine false discovery rate (FDR) val(Asders & Huber, 2010)

The differential gene expression analysetween 35°C and 20°C in the five clones revealed a higher
number of differentially expressedenesin heattolerant clones compared to heaensitive ones

(Figureb.7). This greater level of differential expression is likely due to the superior mapping quality
in the heattolerant clones, facilitating more precise detection of gene expression changes under

temperature variations.

Among the heatolerant 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 dowrneeyuiahile

clone 6861 showed 3,376 differentially expressed genes (1,690 upregulated and 1,686
downregulated) Figure5.7).

In contrast, the heatensiive 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 betweerdiesnt

and heatsensitive clones, the proportion of upregulated and downregulated genes remhain
remarkably similar across both groups. Bwe heattolerant clones, clone 7796 shed 55.6% of its
differentially expressed genes upregulataad 44.4% downregulated. Similarly, clone 7763 disptay
53.1% upregulated and 46.9% downregulated gendsle the clone 6861 hd an almost even split,
with 50.1% upregulated and 49.9% downregulated. A comparable pattasrobserved in the heat
sensitive clones: clone 8703d4d1.3% of its differentially expressed genes upregulated and 58.7%

downregulated, and the Manor clortead47.8% upregulated versus 52.2% downregulated.

This consistency in the proportion of upregulated and downregulated genes across botiolecait

and heatsensitive clones suggests that, while the magnitude of transcriptional response (number of
genes) dfers significantly, the overall balance of changegene expression remains stable between
the groups. Thisouldindicate a fundamental similarity in the regulatory mechanisms governing gene

expression under heat stress, irrespective of the clohed tolerance levels.
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compare groups

Figureb.7. Differential gene expression counts across clones betweé&1C and 20°The bar graph
illustrates the number of differentially expressed genes (DEGS) acrosefivea gibbalonesgrown

at 35°Cvs 20°C. The “axis represents the total DEG counts, while thaxis displays the clone
analysed. Each bar is divided intotal (green),upregulated ¢rey) and downregulatedhlue) gene

counts.
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