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ABSTRACT

Increasing Zn content of cereals, particularly rice, is an approach for
combating global Zn malnutrition. This project aimed to investigate the use
of CNPs as a Zn carrier to increase rice Zn content. CDs bound with Zn were
used as a foliar spray in the study to determine their effectiveness in
delivering Zn to rice plants. The CNPs utilized in the study neither had
detrimental effect on the growth nor showed deleterious effect on physiology
of the rice plants tested. The possible physiological and molecular
mechanism of a Zn efficient rice variety (IR36) and a Zn inefficient variety
(IR26) were also studied under CNP. ZnCD application significantly increased
shoot and seed Zn content of the IR36 variety, and this response was not
seen in the IR26 variety. In contrast, the Fe content of IR 36 seeds increased
significantly compared to the bulk Zn application. This validates prior
research that found a positive relationship between Zn and Fe uptake in rice.
Nonetheless, the responses of the two rice varieties revealed differences in
Zn uptake and grain loading demonstrating varying Zn utilization efficiency.
Comparative transcriptome and proteome analysis were used to determine
the molecular mechanism by which rice responds to CNP-under contrast Zn
utilization genetics. RNA-Seqg-based transcriptomic analysis found 251
upregulated genes in IR36 in response to ZnCDs that were not upregulated
in IR26. These set of activated IR36-specific genes implicated in Zn uptake,
grain filling, auxin signalling, and abiotic stress signalling pathways. Our
finding clearly demonstrates that the genetics of Zn use efficiency is further
amplified by ZnCDs. The comparative proteomics analysis showed ZnCD
application to IR36 upregulated 38 proteins, while IR26 upregulated 210
proteins, with just 2 similarities between the two groups. These IR36-specific
proteins were heavily implicated in pathways like glucose metabolism, and
photosynthesis. Findings of this study could be successfully used in
formulation of a CNP based nano-fertilizer which could be used to address
the global Zn malnutrition. In addition, greater understanding of the genetic
mechanism of Zn utilization efficiency will open up new avenues for breeding

and engineering cereals to increase their grain Zn content.
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Figure 6.13:

Figure 6.14:
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CHAPTER 1: INTRODUCTION

1.1. Zinc biofortification of rice

Enrichment of rice grains with zinc (Zn) is a current global need to resolve
problems arising from consuming food with low mineral nutrients. Nearly
two billion people in the developing world suffer from Zn deficiency, leading
to serious health issues (Corbo et al., 2013, Deshpande et al., 2013, Myers
et al., 2014). Consumption of cereal-based, diets especially wheat and rice
that are particularly low in Zn are the main cause of Zn deficiency (Singh
et al., 2005). Enhancing the Zn content of cereals, especially wheat and

rice, is a strategy to increase Zn uptake.

Agronomic biofortification achieved through the application of Zn-enriched
fertilisers and the genetic biofortification attained through plant breeding
strategies are widespread methods of Zn biofortification (Cakmak, 2008).
Narrow genetic variation for Zn content in plants makes breeding for new
varieties rich in Zn a difficult task (Cakmak, 2008). Further, since many soil
types (calcareous, sandy, saline etc.) in agricultural lands are zinc deficient
and soil factors such as pH, organic and clay content control the amount of
Zn in the soil solution (Alloway, 2008), simply adding fertiliser to soil will
not universally increase grain Zn content. Foliar application of Zn at an
appropriate plant growth stage and to the correct plant organ brings about
more positive results (Habib, 2009, Boonchuay et al., 2013, Zhao et al.,
2014), but foliar application may cause scorching of leaves (Deshpande et
al., 2017) and there is a financial cost for the chemical and application.
Further, these traditional approaches take much time and are less efficient
too. Thus, the necessity of introducing new techniques for biofortification is

of significance.



1.2. Use of Carbon nanoparticles in rice biofortification

In the recent past, researchers have focussed on novel techniques such as
nanotechnology to deliver products to both plant and animal cells. Carbon
nanoparticles (CNPs) such as single-walled carbon nanotubes (SWCNTSs),
multiwalled carbon nanotubes (MWCNTSs), Fullerene Ceo, carbon nanodots
(CDs) and others have been successful in chloroplast-selective gene
delivery, drug delivery, biological imaging, and many other applications in
biology (Kim et al., 2015, Tripathi et al., 2015, Kwak et al., 2019).
Importantly, CNPs including CDs have been successful in agriculture,
enhancing seed germination, promoting growth, water absorption of cereals
(Tripathi et al., 2011, Nair et al., 2012, Anita et al., 2014, Tiwari et al.,
2014, Lahiani et al., 2015, Joshi et al., 2018, Wang et al., 2018).

Therefore, CNPs could be successfully used in tissue-selective micronutrient
delivery in cereal crops. This project aims to investigate using CDs as a Zn
carrier material to increase Zn content in rice plants. CDs bound with Zn
(ZnCDs) will be used as a foliar spray in the study to deliver Zn ions to rice

plants and then to improve grain Zn level.

1.2.1. Effect of CDs on physiology of rice plants

The introduction of CDs to a plant system may change routine plant
physiological processes. Any possible changes in photosynthesis, gaseous
exchange, plant growth and grain development may cause significant
impacts on plant productivity. It is therefore necessary to measure common
physiological processes like photosynthesis and nutrient uptake in order to
assess the effectiveness of CD application to plants and investigate any
potential adverse effects. The effect of CNPs and many other metal-based
Nanoparticles (MNPs) and engineered nanoparticles (ENPs) on plant
physiology has been widely studied (Mondal et al., 2011, Giraldo et al.,
2014, Tiwari et al., 2014, Jalali et al., 2017, Zhang et al., 2017, Hussain et
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al., 2021, Sahoo et al., 2021). Few studies have been conducted to study
the responses of food plants such as wheat and mung bean on CD
application (Wang et al., 2018, Xiao et al., 2019, Swift et al., 2021) but
such experimental information on rice is limited (Li et al., 2018). Thus, we
decided to investigate the physiological responses of rice plants towards the

application of different concentrations of ZnCDs.

In subsequent experiments, the dose-dependent response of ZnCDs and
CDs (without the Zn component) on physiological, agronomical responses,

Zn uptake and Zn accumulation in the grains were investigated.

1.2.2. Effect of CDs on rice transcriptome and proteome

The transcriptome, proteome, and gene expression of plants treated with
nanomaterials have not been extensively studied. Most research has been
restricted to studying the effect of MNPs such as silver nanoparticles (Ag
NPs), Zinc oxide nanoparticles (ZnO NPs) or Titanium dioxide nanoparticles
(TiO2 NPs) on the transcriptome and the proteome of the model plant
Arabidopsis thaliana (Landa et al., 2012, Kaveh et al., 2013, Qian et al.,
2013, Syu et al., 2014). Xun et al. (2017) have reported the results of
transcriptome profile analysis of maize exposed to ZnO NPs but information
on gene expression, transcriptomics, and proteomics studies of CNP

application on cereals is rare.

Therefore, this study will examine the effect of ZnCD application on the
expression of a small number of Zn uptake and translocation-related genes,
the entire transcriptome, and the proteome of rice. A comparative and
integrative analysis of rice transcriptomics and proteomics data will provide
critical information for the use of CNP bound with Zn in for one of the world’s

most economically important plants.



1.3. Objectives of the study

Carbon nanodots are potential nanocarriers which could be used in
agronomic nutrient biofortification of plants. Zinc complexed chitosan
nanoparticles have been successfully used as a Zn nanocarrier (Deshpande
et al., 2017). However, there is no evidence of the use of CNPs as
micronutrient nanocarriers. Although a few studies have been conducted on
the effects of CDs on the physiology of rice, a more comprehensive set of
molecular-level data is lacking. Thus, this study focuses on establishing a
novel method of micronutrient delivery into plants using CDs. In particular,
Zn is used as delivery material to facilitate Zn biofortification. This research

was divided into four studies with four specific objectives.

1. Effects of carbon nanoparticles on physiological process and

zinc uptake of rice (Chapter 3)

It has been established that CNPs and metal NPs treated rice exhibit dose-
dependent responses (Ghasemi et al., 2017, Zhang et al., 2017, Itroutwar
et al., 2020). The effective dose of applied NP depends on the physico-
chemical properties of the NP, method of application, uptake process of the
plant, and presence of other nutrients in the growing medium, (Lin et al.,
2009, Koelmel et al., 2013, Li et al.,, 2016, Akmal et al., 2022).
Consequently, the primary objective of this study was to establish the
optimal concentration of ZnCDs to be applied to rice plants. A subsequent
study was designed to assess the physiological responses and Zn uptake
efficiency of rice plants treated with ZnCD (using the effective dose). This
second experiment examines the impact of applied CNPs on growth and

physiology of rice plants during a selected growth period.



2. ZnCD’s effect on the physiology and micronutrient content of
two different rice varieties having contrasting Zn use

efficiency (Chapter 4)

Several studies have demonstrated the impact of MNPs on the physiology,
agronomy, and Zn uptake of rice (Ghasemi et al., 2017, Itroutwar et al.,
2020, Akmal et al., 2022). However, there is little information available on
the effects of CNP application on physiology of rice plants. Therefore, the
second goal of the research is to investigate how ZnCDs moderate the Zn
utilization efficiency of rice using two cultivars that differ significantly in

their Zn utilization efficiency.

3. Comparative transcriptomic analysis of zinc efficient rice

variety IR36 against zinc inefficient variety IR26 (Chapter 5)

Lettuce treated by TiO> NPs and ZnO NPs (Wang et al., 2017) and
Arabidopsis thaliana treated with Ag NPs expressed hundreds of
differentially expressed genes (DEGs) (Landa et al., 2012, Zhang et al.,
2019). However, little is known about variations in the transcriptomics of
CNP-treated cereals. Xun et al. (2017) reported that genes (DEGs)
expression in Maize after treating with ZnO NPs was altered. Another study
carried out with rice treated with CDs (Li et al., 2018) reported increase in
the thionine gene expression, but data on transcriptomics are absent. Thus,
the third objective of the research project is to determine the transcriptome
response to CDs in two cultivars that differ significantly in their Zn utilization

efficiency.



4. Comparative proteomics analysis of Zinc efficient rice variety

IR36 against zinc inefficient variety IR26 (Chapter 6)

Sawati et al. (2022) reported significant alterations in the proteomics profile
with respect to the proteins associated with photosynthesis, transport,
glycolysis, and stress response in Brassica plants exposed to Zn NPs.
Application of CDs may also have a significant effect on the proteome of
rice. This objective was to obtain knowledge of the molecular level effect of
CD application on rice by comparing the proteomic profile of the ZnCD

treated rice to an untreated control.



CHAPTER 2: LITERATURE REVIEW

2.1. Rice, Zinc, and human health

Cereal grains play a major role in the diet of humans around the world. Rice
in particular is the staple food for Asians and Africans and is the most
important cereal crop for more than 3.5 billion people and provides more
than 20% of the daily calorie intake for primary rice consumers (Seck et
al., 2012, Muthayya et al., 2014). Though rice is a good source of
carbohydrates, it does not provide adequate levels of proteins and
micronutrients such as Fe and Zn, compared to other cereals; wheat, corn,

barley, millet, and sorghum (Muthayya et al., 2014).

Out of all micronutrients, Zn is vital for eukaryotes. Thus far, around 300
Zn enzymes have been identified having Zn as co- factor (Coleman, 1992).
In plants Zn only exist as Zn (II) and involved in many key metabolic
processes as a cofactor. The ability of Zn to act as a cofactor is due to its
non-redox property (Bashir et al., 2012). Metabolism of biomolecules such
as proteins, lipids, carbohydrates and nucleic acids, DNA transcription are
some of the key pathways where Zn is critical as a cofactor (Coleman, 1992,
Bashir et al., 2012). Additionally, Zn is crucial to the ‘Zinc-fingers’ such as
TFIIIA and GATA type, LIM and RING finger type which are involved in gene
transcription, and in protein-protein interaction (Takatsuji, 1998, Bashir et
al., 2012). In addition to most of the Zinc-fingers found in eukaryotes, few
new motifs such as "WRKY’ and ‘Dof’ motifs have been identified in plants
recently (Takatsuji, 1998). Apart from these, Zn metalloenzymes such as
RNA polymerase, reverse transcriptase, and transcription factors play an
essential role in DNA and RNA synthesis (Bashir et al., 2012).

In a human body Zn is the second most abundant micronutrient and

approximately 2.3 g of Zn is detected in an average adult male body



(Coleman, 1992). Micronutrient deficiency in humans is well documented in
rice-based diets. This causes severe health problems including impaired
immunity, brain functionality and physical development (Cakmak, 2008,
Cakmak et al., 2010). The RDI for Zn is 8 and 11mg/day for women and for
men respectively (National Institutes of Health, 2019) while 100g of rice
provides only around 1.7 mg of Zn (The International Rice Commission,
2002). Concentration of Zn in brown rice varies widely; the germplasm
collection at International Rice Research Institute (IRRI) reports between
13.5 - 58.4 mgkg!, with an average of 25.4 mg Zn kg (Welch et al., 2002,
Boonchuay et al., 2013, Nakandalage et al., 2016). Zn content in rice grain
decreases in the order of bran > hulls > whole grain > brown rice > polished
rice (Lu et al., 2013). Due to its large mass, endosperm contains nearly
75% of the grain Zn content but Zn concentration in the bran is much higher
than in the hull and endosperm. Dehulling and polishing removes Zn from
grains and finally only 20% of the daily Zn requirement is provided by the
polished rice (Nakandalage et al., 2016). For these reasons, increasing

micronutrient concentration in grains, especially Zn is priority research.

2.2. Approaches to increase Zinc content in rice

Zn bio-fortification of crops can be achieved through either an “agronomic
approach” or “genetic approach”. Out of these, agronomic biofortification is
carried out through Zn fertilization and genetic biofortification is carried out
through plant breeding strategies and transgenic approaches (Cakmak,
2008). To support genetic biofortification of plants, new breeding
techniques such as gene silencing, genome editing (using systems like
TALENs, ZFNs, CRISPER-Cas), overexpression, gene transfer from other
species has been introduced recently (Shahzad et al., 2021). Hussain et al.
(2018) reported a successful attempt of a field study to enhance Fe/Zn
nutritional targets in rice using transgenic events and Vasconcelos et al.

(2003) reported manipulation of soybean ferritin gene expression could be
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used in enhancing Fe and Zn levels in transgenic rice variety. However, use
of other new genetic breeding techniques is rare in Zn biofortification of

cereals.

Alternatively, the interaction between environmental (E) and genetic factors
(G) on Zn homeostasis is largely unknown thus, understanding of ExG
interaction is essential for Zn biofortification. Very limited amount of
research has been carried out with rice in this aspect which is important as
most of rice plants grown anaerobically where the nutrient assimilatory

process is different to their aerobic counterparts (Nakandalage et al., 2016).

2.2.1. Agronomic approaches to increase Zn content in rice

Many studies have been carried out to improve growth, yield and Zn content
of rice grain using different agronomic strategies. The success of the
strategy depends on the form of application, type and the condition of the
soil and the type of fertiliser used (Cakmak, 2008). Soil application of Zn
fertiliser is very convenient method and deliver positive results as well.
Ghoneim (2016) details the success of the soil Zn application with compared
to foliar and root soaking methods. Zn fertilization is recommended as a

rapid solution to mitigate the Zn deficiency in plants (Cakmak, 2008).

Synchronization of N and Zn fertilization could deliver better results than
individual application and soil P application may slow down the uptake of
Zn by increasing Zn adsorption to soil particles (Alloway, 2008). ZnSQOg, is
the most common Zn fertiliser, but its efficiency is not as high as ZnO,
ZnCO03, Zn(NO3)2 or ZnCsHeO4 forms (Nakandalage et al., 2016).

Besides, soil application of Zn fertiliser has many drawbacks. Dissolved
humic substances can complex with Zn in soil solution, and either make Zn
less available to plants (in aerobic soils) or more available (in anaerobic

soils) (Nakandalage et al., 2016). Additionally, only a small portion of



applied fertiliser is absorbed by the plant and the excess causes serious
environmental hazards like micronutrient leaching and ground water
contamination. Further, applied nutrients could be lost due to runoff,
evaporation, phytolysis and microbial action (Gogos et al., 2012). Thus, soil
fertiliser application should be practiced with care and thorough knowledge

of the soil conditions in the field.

Boonchuay et al. (2013) and Mabesa et al. (2013) reported, foliar
application of Zn fertilisers at early grain filling increased grain Zn content.
Compared to soil fertilization of micronutrients, foliar application has many
benefits. Foliar application at the right plant growth stage and to the correct
plant organ brings about more positive results (Habib, 2009, Boonchuay et
al., 2013, Zhao et al., 2014). However, foliar application may cause
scorching of leaves (Deshpande et al., 2017). If these issues can be
resolved, foliar intervention is the ideal strategy for micronutrient
management in plants. Recently, there has been interest in novel
techniques such as nanotechnology to deliver micronutrients to plants

avoiding the above disadvantages.

2.2.2. Uptake, translocation and grain loading of Zinc

Rice genetically controls Zn uptake from the root, transportation through
Zn transporters, Zn ligands and phytosiderophores. These factors regulate
the total Zn content of plant and its grains (Nakandalage et al., 2016). Zn
uptake from rhizosphere and transportation of absorbed Zn is mainly
governed by members of The zinc-regulated, iron-regulated transporter-
like proteins (ZIP) family genes such as OsZIP1 and OsZIP3 (Grotz et al.,
2006, Ishimaru et al., 2011).

Besides, low molecular weight phytosiderophores (PS) with high affinity to
Zn?* such as malate, mugineic acid family too play a critical role in

enhancing Zn uptake from the soil (Ishimaru et al., 2011, Nakandalage et
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al., 2016). Genes such as OsNAS1, OsNAS2, OsNAS3, OsDMAS1, and
OsHMA2 are involved in genetic control of Zn transportation from root to
shoot (Suzuki et al., 2008, Satoh-Nagasawa et al., 2011, Takahashi et al.,
2012).

In rice, Zn is directly transported through the xylem into the rachis and
grain vascular bundles from the stem (Jiang et al., 2008, Nakandalage et
al., 2016). The apoplastic pathway plays a key role in transporting Zn from
the nucellar epidermis and aleurone cells to the endosperm of the rice grain
(Jiang et al., 2008). Further, a higher proportion of grain Zn is deposited on
the outer aleurone layer (Jiang et al., 2008). Two key genes involved in
grain Zn loading are OsZIP4 and OsZIP8 (Nakandalage et al., 2016). As
exposure to NPs may generate unexpected changes in the gene expression
and the transcriptome of the plants, a detailed transcriptomic analysis

would reveal such changes in the rice transcriptome.

Zinc speciation plays an important role in Zn homeostasis. Zn makes ligands
in the cytosol with low molecular weight compounds such as nicotianamine
(NA), histidine, malate, citric acid etc. and these compounds help in Zn
solubility and mobility (Ishimaru et al., 2011, Sinclair et al., 2012). NA act
as the dominant Zn ligand in the cytosol, xylem and phloem (Clemens et
al., 2013). In grains, phytic acid act as the major chelating molecule to bind
with Zn and this produces an insoluble compound called phytate (Cakmak,
2008, Sperotto, 2013). Zn content in rice grains is largely depends on Zn
allocation between different organs of the plant. Nutrient status and the
physiological growth stage of the rice plant governs this allocation. During
the vegetative phase, Zn is primarily supplied to the leaves and during the

reproductive phase it is supplied to the grains (Nakandalage et al., 2016).
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2.3. NPs in agriculture

2.3.1. Use of NPs in enhancing crop productivity

Use of NPs in plant research is an emergent field of natural science dealing
with nano-scale materials. Incorporation of nanotechnology to plant biology
has given rise to a new fields of science called “Plant Nanobionics” and
“Phyto-nanotechnology” which aims to employ nanotechnology to improve
plant growth, development and productivity (Khatri et al., 2018, Li et al.,
2020a). As a result, NPs have been successfully used in the areas of nano-
fertilisers, nanoparticulate plant growth enhancers, crop protection
(herbicide, pesticide delivery), chemical compound detection (especially for
heavy metals) in biological and environmental entities, gene transfer, bio
labelling, development of nanobionic light emitting plants (Torney et al.,
2007, Liu et al., 2014, Kashyap et al., 2015, Liu et al., 2015, Kwak et al.,
2017, Tuerhong et al., 2017). In many of these applications NPs act as
carriers to transport a gene, molecule, or an ion to the biological material.
In the plant cell model, Nicotiana tabacum “bright yellow cells (BY-2)"
exhibited the ability of CNTs to penetrate cell walls and membranes to
deliver molecular cargoes (Liu et al., 2009). Use of NPs as transporters has
advantages over the gene gun, electroporation, and microinjection
methods, due to its high efficiency and the capacity to deliver molecules
other than nucleic acids (Liu et al., 2009). Kwak et al. (2019) demonstrated
that NPs can be used to deliver molecules not only to the cell interior but

also to the interior of the subcellular organelles such as chloroplasts.

Several studies have reported successful attempts at using NPs as
micronutrient carriers (chitosan, zeolite, carbon NPs) (Kashyap et al., 2015,
Liu et al., 2015, Ashfaq et al., 2017) as well as micronutrient NPs (such as
Fe, Mn, Zn, Cu, Mo) themselves to supply micronutrients to plants (Liu et
al., 2015, Hong et al., 2016). Zn bound chitosan NPs have been used
successfully to deliver Zn to wheat plants and to increase grain Zn content
(Deshpande et al., 2017, Deshpande et al., 2018) and water-soluble CDs
enhanced growth of both root and shoot of wheat plants (Tripathi et al.,
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2015). Foliar applications of CeO> and CuO NPs to cucumber negatively
affected photosynthesis and uptake of Zn of immature leaves but not on
mature leaves (Hong et al., 2016). Nanoparticulate ZnO foliar applications
on maize plants reported significant increases in plant height, leaf area, dry

weight, chlorophyll index, and grain yield (Subbaiah et al., 2016).

Many researchers reported enhancements in agronomical traits, agro-
morphological characteristics, and stress tolerance of rice due to the
application of NPs such as ZnO, CNPs etc., (Ghasemi et al., 2017, Panda,
2017, Zhang et al., 2017, Itroutwar et al., 2020, Singh et al., 2022).
However, studies on the use of NPs to increase the Zn uptake and grain Zn
content of rice is limited. Study done by Yang et al. (2021) confirmed the
efficiency of ZnO NPs with compared to the inorganic Zn salts and recorded
significant increase in grain yield, NPK uptake, and grain Zn content resulted
due to the NP application at panicle stage. Bala et al. (2019) and Akmal et
al. (2022) also have confirmed the effectiveness of foliar applied ZnO NPs

as a method of Zn fortification compared to soil and bulk applications.

Other than being micronutrient suppliers, NPs exhibit many roles in rice.
Application of nano chelated iron fertiliser has increased yield by 1/4t, and
protein content by 1/8% of the total (Itroutwar et al., 2020), whereas Ag NP
application displayed nearly 15 - 30% increase in rice yield (Ikhajiagbe et
al., 2021). Applications of CNPs such as SWCNTs, MWCNTSs, Ceo, Graphene,
SWCNHs confirmed that they could enhance plant growth, seed
germination, root and shoot growth in rice plants effectively (Nair et al.,
2012, Lahiani et al., 2015, Yan et al., 2016).

2.3.2. Uptake and translocation of NPs in plants

Nanomaterial uptake, translocation and final fate depends on the plant and
the properties of the NP. Carbon based NPs such as fullerene C7 and

fullerols (functionalized fullerenes) and most of the metal-based NPs
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accumulate inside the plant cells (Rico et al., 2011). The primary use of
NPs in agriculture is to reduce the concentration of phytochemicals,
optimise fertiliser applications and increase yield and quality of the plant
products through maximum usage of nutrients (Gogos et al., 2012). High
surface area to volume ratio and appropriate sorption properties of NPs help
to reduce runoff and minimize losses due to release kinetics (Gogos et al.,
2012). Smaller NPs can pass through the pores on the cell wall and
membrane while others enter via carrier proteins (transmembrane proteins
which allow transportation of molecules), aquaporins (specialized channel
proteins for water molecules), and ion channels (transmembrane proteins
with pores specialized for ion transportation) or by endocytosis (cellular
uptake via engulfing and fusing with cell membrane) (Rico et al., 2011,
Tripathi et al., 2017). However, Kwak et al. (2019) report that traversing
subcellular organelles’” double lipid bilayers (in chloroplast) is governed by
NP size and surface charge (C potential) employing a specific method called
lipid exchange envelope penetration (LEEP) model (Wong et al., 2016, Kwak
et al., 2019). Studies utilized water-soluble SWCTs have revealed, larger
NPs mainly enter plant cells through endocytosis (Rico et al., 2011).
However, information on uptake of CDs by plant cells and their fate inside

the cells is limited.

Concentration of the NP also plays a critical role in uptake. In soybean,
maize, and wheat NP solutions such as water-soluble CDs, ZnO of moderate
concentrations i.e., 200 - 500 ppm were more effective in absorption (Rico
et al., 2011, Tripathi et al., 2015, Subbaiah et al., 2016). Higher
concentrations of NPs (more than 1000 ppm) tend to agglomerate which
increases their size and makes it harder to traverse the membrane via pores
(Rico et al., 2011). Once NPs are absorbed by the cells, they either follow
a symplastic or apoplastic mechanism. Also, NPs can be transported from
one cell to another through plasmodesmata. Following integration with the
apoplast of the endodermis, the vascular system serves as the main

pathway for translocating NPs to primary sinks in the leaves or grains.
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Detection of carbon-based NPs in plant material has been done using many
techniques. Lin et al. (2009) used bright field microscopy to detect MWNT
and fullerene 70 in seeds, roots and leaves of rice plants. Fluorescence and
confocal 3D mapping have also been used with fluorescent SWCTs in
spinach chloroplasts (Giraldo et al., 2014). Fluorescence has also been used
in determining root uptake of water-soluble CDs in wheat seedlings (Tripathi
et al., 2015). Uptake and translocation of fluorescent CDs in mung seedlings
has been successfully studied using laser scanning confocal microscopy
images (Li et al., 2016a, Wang et al., 2018). In addition, TEM and SEM have
been utilized in studies of carbon-based NPs applied to plant cells (Chen et
al., 2010, Tripathi et al., 2015, Li et al., 2016a, Wang et al., 2018).

2.3.3. NP toxicity to crops

The use of NPs including CNPs, and metal-based NPs have been
documented as depicted above. However, studies done with some NPs
exhibit toxicity towards rice plant growth. Tan et al. (2009), Begum et al.
(2014), Zhang et al. (2020), Guo et al. (2022) provided information on
toxicity of CNPs such as MWCNTs and graphene oxide. Rice plants at
seedling stage showed phytotoxicity at higher concentration levels of
MWCNTSs such as 1000, 2000 ppm (Begum et al., 2014), but decreased cell
viability of rice cell lines (Oryza sativa C5928) was observed at low
concentration of MWCNTs (20 ppm) as well (Tan et al., 2009). However,
application of MWCNTs at 100 ppm level at the atmospheric pressure has
not affected physiological factors and growth of rice seedlings but the same
application has affected the growth factors of rice seedlings highly under
low pressure conditions (Guo et al., 2022). Rice protoplast treated with
SWCNTs of 5 - 100 ppm levels exhibited dose dependent survival and
oxidative stress (Shen et al., 2010). Moreover, application of Graphene
oxide at 100 and 250 ppm levels showed oxidative damage in the 3 weeks

old rice seedlings due to enhancement of iron (Fe) translocation and
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accumulation in shoots. Nevertheless, application of reduced graphene
oxide at same concentrations did not result any toxicity, proving that the
reduced forms of graphene-based nanomaterials are less toxic (Zhang et
al., 2020).

In addition to the toxicity of Carbon-based NPs, MNPs have displayed
toxicity towards rice plant growth. Boonyanitipong et al. (2011) reported
application of ZnO NPs at early seedling growth of rice caused detrimental
effects. Yet, application of TiO2 NPs of same concentration did not result
same outcome. A similar study carried out by, Wu et al. (2017) reported
decrease in biomass, disturbances in antioxidant defence system and in
carbohydrate metabolism whereas, increase in crop quality related
metabolites such as fatty acids, amino acids and secondary metabolites

demonstrating a mixed effect of TiO> NPs application.

CDs have been reported as relatively less toxic nanoparticle (Li et al.,
2018a). Studies carried out with Petunia axillaris seedlings and mung bean
plants treated with different levels of CDs reported less or no phytotoxicity
(Li et al., 2016b, Kim et al., 2018). Plants treated with higher doses (such
as 2000 ppm and 1000 ppm) of other CNPs; namely MWCNTs, graphene
oxide showed phytotoxicity (Lin et al., 2007, Chen et al., 2017).
Additionally, higher doses of Zn NPs also reported to have genotoxic effects
on soybean germination (Lopez-Moreno et al., 2010a). Nevertheless, Du et
al. (2019) reported that, toxicity of higher concentrations of Zn NPs are
comparatively less toxic than that caused by the bulk Zn source. Toxicity of
CeO> NPs application at 2000 ppm was reported in studies carried out with
plants including corn and soy (Lopez-Moreno et al., 2010a, Lopez-Moreno
et al., 2010b). Toxicity of the widely used ENP, Ag has been studied in many
instances. (Qian et al., 2013, Song et al., 2013, Vannini et al., 2014, Wang
et al., 2017a) reported Ag NP toxicity of plants at varying concentrations
from 10 to 5000 ppm.
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Outcome of these toxicity studies proves that the toxicity of NPs gets varied
significantly. The effect is totally dependent on the type of NP, concentration
of the application, size of the material and the species/variety and the

growth stage of the plant used for the study.

2.4. Carbon nanodots (CDs)

2.4.1. CDs: Properties, and characterization

Besides popular members of the carbon nanomaterial family such as
graphene, SWCTs and MWCTs used in agriculture, CDs have recently gained
much attention. CDs are nano sized 0D, luminescent, surface passivated
carbon based NPs with a size range of 1 — 10 nm in diameter (Kim, 2015).
Inexpensive production methods, ease of bio-conjugation, luminescence
emission and low toxicity make CDs appropriate for use with biological
material (Baker et al., 2010). Due to the presence of oxidized moieties such
as carboxyl on the surface of the dot, CDs display exceptional water
solubility and possibility of making new bonds for further functionalization
with desired molecules (Baker et al., 2010, Kim, 2015). These properties of
CDs are principally governed by the synthetic approaches and the materials
used. Arc discharge, laser ablation, electrochemical oxidation, pyrolysis,
plasma treatment and hydrothermal or microwave pyrolysis can be used to
synthesize CDs (Kim, 2015).

It is vital to determine the CDs physio-chemical properties since bioactivity
of an NP depends on its size, shape, aggregation state, surface charge and
functionality. UV-Vis and fluorescent spectroscopy are used to determine
the fluorescence of CDs. Functionality, purity, and structure can be
determined by NMR and FTIR. TEM can be used to define particle size
distribution and shape. AFM provides information on topography of the
materials and particle size. Optical spectroscopy is used to detect emission,

reflection, and absorption of the photoluminescence of CDs. Zeta ()
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potential analysis determines the surface charge which provides a good

estimate of the CD’s ability to traverse biological membranes (Kim, 2015).

2.4.2. Use of CDs in crop improvement

CDs are widely studied for its capabilities in the fields of bioimaging, drug
delivery and fluorescence; while limited research has been carried out on
CDs in plants. A nearly 15% increase in yield and resistance to diseases
have been resulted following application of CDs of 200 ppm to rice plants
(Li et al., 2018a). A study done by Tripathi et al. (2015) reported water
soluble CDs (150 ppm) enhanced productivity of wheat plants but did not
speculate on the mechanisms involved. Another study done by Li et al.
(2016b) showed positive trend in root and shoot growth with the application
of 400 ppm of CDs in mung bean seedlings. Further, mung bean sprouts
grown with CDs showed dose-dependent response in terms of root, stem
elongation and increase in biomass. Further this application reported nearly
20% increase in plant carbohydrate content. Capability of CDs to enhance
the electron transfer rate could improve the photosynthesis rate of the plant
and thereby raise the carbohydrate level (Wang et al., 2018). Application
of glucose-functionalized carbon dots to wheat plants displayed nearly 20%
increase in yield, photoprotection and pigment production (Swift et al.,
2021) but no evidence was found on the application of CDs bound with
micronutrient such as Zn. Magnesium-nitrogen co-doped CDs were capable
of improving the photosynthesis capacity of the rice plants considerably
resulting a substantial increase in height and fresh biomass of rice plants
(Li et al., 2021b).

Being a benign molecule, CDs can easily be loaded with bioactive molecules
or trace elements. A compound like Zn acetate could be bound to CDs via
its carboxylic functional group. Zn acetate is widely used in obtaining ZnO

nanoparticles via thermal decomposition (Yang et al., 2004). CDs bound
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with Zn acetate will be used in the proposed study to increase the Zn
content in rice plants. Bonding pattern and the exact structure of the
developing NP (CD with Zn acetate) can be elucidated with the NP

characterization methods described above.

Information on the effects of Zn acetate on plant growth and development
is limited. However, a number of commercial products based on Zn acetate
(e.g.: CultivAce Zinc, MicroSolutions® MicroMark™ RGS®, Zn-Ac at
Custom Agronomics etc.) are available in the agrochemical market
(Cultivacegrowth.com, 2019, Custom Agronomics, 2019, The Andersons,
2019). The effect of CDs alone and Zn acetate bound CDs on plant growth
processes are not well understood. Therefore, characterisation of CD along
with its impact on plant physiological processes should be further studied
to determine the physiological mechanisms that drive the Zn transport via
CDs. Findings of these experiments will be important for Zn biofortification
programs in rice in future. Further, these techniques can be adapted to

other trace nutrients for nutrient biofortification for other crops.

2.4.3. Effect of CD application on plant physiology

CDs effect on plant growth has been studied in many instances but their
specific effect on plant physiological aspects such as photosynthesis is rare
to be reported. Wang et al. (2018) and Hu et al. (2022) showed that the
application of CDs 20 ppm and 30 ppm respectively enhanced the
photosynthesis rate considerably and there by increased the fresh biomass
of mung beans and lettuce plants. CDs are excellent electron donors and
acceptors thus it fosters electron transfer of photosystems. Further,
supplement of CDs enhanced the chloroplast activity, Rubisco and other
enzyme activities, light absorption, and energy conversion efficiency of the
plant (Chandra et al., 2014, Li et al., 2018b, Wang et al., 2018, Li et al.,
2020b). All these amendments boost the photosynthesis rate of the plants
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and thereby increase the carbohydrate content and the growth of the plant.
A similar pattern of observation was made with rice plants seedlings treated
with Mg-N co-doped CDs at 300 ppm concentration (Li et al., 2021b).
Additionally, application of nontoxic orange CDs (0-CDs) at 1 ppm and 5
ppm levels in maize seedlings showed increased in gas exchange
parameters such as photosynthetic rate and transpiration rate and also
increased the photosynthetic pigments concentration such as chlorophyl a,
b, and carotenoids (Milenkovi¢ et al., 2021). The same application has also
enhanced the plant antioxidant as well as the total phenolics (Milenkovic et
al., 2021).

Incubation of isolated chloroplast from lettuce plants with 300 ppm CDs
exhibited quantum yield effect of CDs. Chloroplasts supplemented with CD
converted UV radiation to photosynthetically active radiation (PAR). This
light conversion of CDs were evidenced by the reduction of ferricyanide in
photosynthesis under pure UV radiation (Li et al., 2021a). Therefore, the
detrimental effect of UV radiation in the sunlight to the plant photosynthesis
(due to the production of reactive Oxygen species (ROS)) could be resolved
by the application of CDs. Further, this study confirmed substantial increase
of the photosynthetic activity of chloroplasts due to the conversion of toxic
UV radiation (300 - 370 nm) to PAR (370 nm - 500 nm) (Li et al., 2021a).
Additionally, foliar applied CDs (300 ppm) to rice plants recorded increased
electron transport rate, photosynthetic efficiency of PS II and enhanced
RuBisCO carboxylase activity in the same study. As a result, rice seedlings
reported significant increase in growth (Li et al., 2021a). In addition to the
improvement of photosynthetic rate, CDs report adjustments of
rhizospheric properties and drought tolerance in plants as well. Foliar
applied CDs (5 ppm) to 25 days old maize seedlings under drought stress
increased the contents of root exudates such as succinic acid, pyruvic acid
etc, and the relative abundance of soil microbiota such as Pseudomonas,
Sphingomonas, Nitrospira etc. These changes improved plant water uptake

and improved soil available N and P allowing the plant to increase the

20



biomass (Yang et al., 2022). Thus, it is proved that CDs have positive
approach in terms of augmenting the plant physiological processes specially

the photosynthesis.

2.4.4. Effect of CDs on transcriptome and gene expression

Much research carried out all over the world have proved that the
application of NPs in agriculture could bring about many positive impacts.
However, the molecular and transcriptional changes behind these impacts
were hardly understood. Particularly, limited research has been carried out
to discover the changes in the transcriptome and proteome level response
to NP application. Several studies have been conducted on rice to reveal
expressional changes in the genes of interest in response to NP treatments,
but this is the first comprehensive study on how the whole genome and

proteome respond to NP in any species.

Chen et al. (2018) reported the molecular level changes of the rice seedlings
following ZnO NP application with respect to the gene expression of three
antioxidant enzymes. Another study done by Song et al. (2021) revealed
that foliar application of ZnO NPs upregulated chilling induced gene
expression of the antioxidant genes as well as the chilling response
transcription factors of rice seedlings under chilling stress. Further, a study
carried out by Nair et al. (2014), reported rice seedlings treated with Ag
NPs had significantly reduced root elongation, shoot and root fresh weights,
total chlorophyll contents and demonstrated differential transcription of
genes related to oxidative stress tolerance of rice seedlings. Rice seedlings
treated with CuO NPs as well exhibit shifts in the gene expression. Weedy
rice grown for several months with CuO NPs at 150 ppm level upregulated
the auxin associated genes substantially (Deng et al., 2022). Rice seedling
roots treated with 5 ppm CuO NPs suspension upregulated the expression

level of two genes associated the root growth (Wang et al., 2015).
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A very few recent studies reported transcriptomics analysis of rice due to
treatments other than NPs. Studies of Bao et al. (2021) revealed changes
in the rice transcriptome with respect to upregulation of pyrroline related
genes and transcriptional factors following foliar Zn applications. Further,
Baldoni et al. (2021) described comparative transcriptomic changes
between drought tolerant and susceptible genotypes of rice, barley, maize
and Brachypodium. The results exposed 69 conserved drought tolerant-
related genes in all species tested and specific transcriptional factors that

regulate photosynthesis and senescence.

Nevertheless, hardly any research reported effect of transcriptomics
following application of NPs plants other rice. Effect Ag NPs in transcriptome
of model dicot plant Arabidopsis was reported (Zhang et al., 2019). This
study revealed that nearly 60% of genes were alters in their expression and
302 genes out of those were particularly regulated due to the Ag NP
application. Use of TiO2 and ZnO on lettuce plants exposed significant
changes in the transcriptomics. More than 3500 differentially expressed
genes (DEGs) were identified in shoots of plant including genes related to
photosynthesis, carbohydrate and nitrogen metabolism, and antioxidant
pathway (Wang et al., 2017b). A study carried out by Garcia-Sanchez et al.
(2015) reported transcriptomic changes in Arabidopsis thaliana treated with
different NPs such as TiO, Ag and MWCNTs. This study revealed, NP
exposure repressed transcriptional responses to microbial pathogen
infections and exhibited transcriptional patterns characteristic of phosphate
starvation. A transcriptomic profile analysis of ZnO NP treated maize plants
exhibited differences in DEGs and enrichment of gene ontology (GO) terms
in roots and shoots. Out of all, genes involved in nitrogen compound
metabolism and cellular component were highly up regulated in roots
treated with ZnO NPs (Xun et al., 2017).

Additionally, few more studies have been carried to unravel the
transcriptomic changes of the plants due to different treatment types other
than NP application (Mohammadi-Dehcheshmeh et al., 2018, Shiri et al.,
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2018, Nezamivand-Chegini et al., 2023). Several studies have been carried
out to explore the changes on expression level of genes of interest following
metal-based NP applications in various plants. The model dicot plant
Arabidopsis has been used widely in these investigations. In Arabidopsis
treated with TiO2 and CeO2 NPs altered the regulation of 204 and 142 genes,
respectively (Tumburu et al., 2015). Other research with Arabidopsis
treated with to AgNPs found upregulation of 286 genes and downregulation
of 81 genes including genes involved in plant defence (Kaveh et al., 2013).
Burklew et al. (2012) reported, tobacco plants treated with Al;O3 NPs show
increased expression of some microRNAs resulting in reduced growth and
development of the seedlings. Wheat seedlings treated with zinc loaded
chitosan NPs also demonstrated changes in the gene expression level
including ZIP family genes, phloem transporters, genes involved in metal

homeostasis and leaf senescence (Deshpande et al., 2018).

Outcome of all these experiments demonstrate that the possible changes in
the molecular level and in the transcriptome of the plants is highly
subjective to the physiological state, type of treatment application of plant.
Thus, use of CDs and Zn bound CDs on rice plants as well would result in

unique changes in the transcriptome.

2.4.5. Effect of CDs on proteome

Much attention has received on the field of proteomics recently. However,
information on effect of NP application on plant proteomics is limited. Li et
al. (2018c) reported alteration in the proteomic profile due to the
application of graphene oxide NPs into the rice seedlings. Proteins such as
ascorbate peroxidase, aquaporins, proteins involved in ATP synthesis,
oXidative stress and transmembrane transport were detected with altered

synthesis. Another quantitative proteomics experiment carried out with rice
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seedlings treated with CuO NPs showed substantial increase in differentially
expressed proteins compared to the control treatments (Peng et al., 2022).
Few recent studies reported the results of quantitative proteomics analysis
of rice plants subjected to various stress conditions including salinity, cold
and defence response (Cui et al., 2005, Neilson et al., 2011, Feng et al.,
2022, Nguyen et al., 2022). These results suggest that stress condition
triggered due to abiotic or biotic factors could lead to changes in the protein
profile of rice plants. Thus, application of NPs (which may be a possible
reason for an induced abiotic stress condition of rice plants) could also

prompt changes in the proteomic profile.

In addition to rice, several other plants also have expressed proteome
changes due to the application of MNPs. Brassica napus treated with Zn NPs
exhibited a significant increase in photosynthesis, transport, glycolysis, and
stress response proteins (Sawati et al., 2022). Similar type of results was
showed in a proteomic study done with tobacco plants treated with Ag NPs.
Ag NP treatment has affected the photosynthesis, by up regulating the
proteins involved in primary metabolism including photosynthesis and
energy production (Stefanié¢ et al., 2018). Soybean roots treated with Al,Os3
NPs also showed changes in the abundance of 211 common proteins
including proteins related to stress conditions, cell wall synthesis, and cell

signalling (Yasmeen et al., 2016).

Consequently, it is evident that NP application would alter the rice plant
proteome. The combination of proteomics and transcriptomics data will
provide a comprehensive understanding of the molecular regulation of a

plant system in response to NP application.
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CHAPTER 3: EFFECTS OF CARBON
NANOPARTICLES ON PHYSIOLOGICAL PROCESS
AND ZINC UPTAKE OF RICE

3.1. Introduction

Several studies have investigated the effect of MNPs, ENPs, and CNPs on
rice biology. Application of ZnO NPs, Fe NPs, SWCNTs, MWCNTs, Ceso
graphene were successful in promoting growth, rate of seed germination,
Zn/Fe uptake, grain yield, water uptake and improving many more
agronomic traits (Nair et al., 2012, Ghasemi et al., 2017, Zhang et al.,
2017, Li et al., 2018, Bala et al., 2019, Itroutwar et al., 2020, Yang et al.,
2021, Akmal et al., 2022). Nevertheless, most plant responses towards
applied NPs are dose dependent (Ghasemi et al., 2017, Panda, 2017,
Itroutwar et al., 2020). On contrary, applications of CNPs of higher doses
and MNPs such as Ag NPs depicted negative effects on plant biology (Begum
et al., 2012, Begum et al., 2014, Thuesombat et al., 2014, Hao et al,,
2018).

The presence of ligands, complexed molecules and functionalization of NPs
determine the uptake and effect of NPs. Glucose bound CDs, Zn complexed
chitosan CNPs exhibit improved NP uptake and Zn uptake in cereals
respectively (Deshpande et al., 2017, Swift et al., 2021) and gold NPs (Au
NPs) functionalized with short ligands of cysteine, cysteamine and
thioglycolic and AuNPs charged as positively, negatively, and neutrally
showed differences in their amount and rate of uptake in rice plants
(Koelmel et al., 2013, Li et al., 2016). NP application to plants has been
accomplished in a number of ways, including soil application, foliar

treatment, root dip technique, and so on. Out of all, Hussain et al. (2018),
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Hussain et al. (2019), Akmal et al. (2022) confirmed that the foliar

application is much effective than the soil application of NPs.

Out of the NPs used in crop improvement of cereals, CDs become popular
recently due to their unique chemical, physical properties such as tuneable
photoluminescence, low to none toxicity, water solubility, low production
cost etc., (Hao et al., 2016, Li et al., 2018). Application of CDs of 20- 120
ppm showed dose-response on the root/shoot elongation and positive
output on photosynthesis of Mung bean sprouts (Wang et al., 2018). Li et
al. (2018) reported nearly 14.8 % enhancement in rice yield and increased
rice plant resistance to diseases. Additionally, Swift et al. (2021) proves
improved NP uptake, photoprotection and pigment production due to the
application of glucose complexed CDs to Wheat plants. However, studies on
Zn bound CDs have not been carried out yet, and their most effective dose
has not been investigated. Therefore, this experiment was designed to
determine the most effective dose of Zn bound CDs in terms of their
responses to the rice plant physiology and agronomic traits and Zn uptake

at early rice plant growth stages.

A Zn efficient, salt tolerant, late maturing rice variety ‘Pokkali’ was used in
this experiment to accurately determine Zn uptake. The two medium
maturing varieties selected for the whole study; IR 26 (Zn inefficient) and
IR 36 (Zn efficient) those are close relatives of each other according to their
pedigree (Khush, 2005). Those varieties could not be cultivated in a Zn-free
media, indicating that Zn dependency is genetically inherited. Thus, a Zn
efficient rice genotype ‘Pokkali’ which was confirmed by the studies of Naher
et al. (2014), Begum et al. (2016), Kabir et al. (2017) for absence of
significant difference in morpho-physiological parameters due to Zn

deficiency in the growing medium selected for the study.

Zn, an essential micronutrient, regulates many metabolic processes in
plants, including DNA - RNA synthesis, protein, carbohydrate, lipid

metabolism, and Auxin metabolism (Alloway, 2008). Thus, Zn uptake and
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use efficiency was measured during different physiological ages to evaluate
the Zn use efficiency. Agronomic traits such as plant height, total number
of tillers, leaf area of total plant, leaf area of flag leaf, dry weight and
nutritional measurements like Zn content were also measured (Ghasemi et
al., 2017).

3.1.1. Goal of the study

The goal of the study is to test the following hypotheses: 1; ZnCD increase
grain Zn concentration 2; ZnCD promotes plant growth and development
by modifying physiological and agronomic characteristics; 3; Zn utilization

efficiency is critical to grain Zn accumulation.
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3.2. Materials and methods

3.2.1. Experimental site and design

The experiment was conducted at the Centre for Crop Health, University of
Southern Queensland, Toowoomba, Australia from September 2019 -
January 2020. The 'Pokkali' rice variety, which can withstand a Zn-free
growing medium for up to three months, was chosen for this dose
determination experiment. The nine treatments included four different
concentrations of CDs (50 ppm, 100 ppm, 250 ppm, 500 ppm), four
different concentrations of ZnCDs (50 ppm, 100 ppm, 250 ppm, 500 ppm)
and Control (without NP addition).

The experiment was carried out in a glasshouse using a randomized
complete block design at 5 replicates level. The experimental ‘unit” will be
a pot with single rice plant, where as ‘block” will be a tank set up for the

sand culture.

The temperature of the glasshouse was maintained at 25°C (day) and 22
°C (night) and relative humidity was maintained at 60 - 75% throughout

the experiment.

3.2.2. CNPs: characterization and preparation for treatments

The carbon nanomaterials used for the study ‘carbon dots’ (CD), and ‘Zn
bound carbon dots’ (ZnCD) are proprietary material obtained from
Queensland Micro- and Nanotechnology Centre & Environmental
Engineering, Griffith University, Brisbane, Australia. Characterization of
CNPs has been done using Analytical X-ray Photoelectron Spectroscopy
(XPS), UV-Vis Spectroscopy and Dynamic Light Scattering (DLS). Working
concentrations of 50, 100, 250 and 500 ppm CD and ZnCD were prepared

by dispersing known amounts of NPs in deionized water (w/v). Tween 20
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(0.2% V/V) was added to each solution to facilitate effective spraying of
CNPs.

3.2.3. Plant material and growing conditions

A highly tolerant rice variety to Zn deficiency ‘Pokkali’ (Naher et al., 2014,
Begum et al., 2016, Kabir et al., 2017) selected for the study as they need
to be grown in a zero Zn medium. Seedlings were cultured using sand

culture technique described in (Mae et al., 1981).

Coarse double washed river sand from Downs Sand Gravel & Landscape
Supplies, Drayton, Australia was initially washed several times with tap
water to remove clay particles and impurities. Next, sand was acid washed
using 5% HNOs3 (v/v) and washed again for five times with reverse osmosis
(RO) water. Air dried acid washed sand was filled into plastic pots (50 mm

Black square tube pot).

Nutrient media was prepared as per the method described in (Mae et al.,
1981). Separate macro-nutrient stock solutions KNO3, NH4NOs3,
NaH2P04.2H>0, K>S04, CaCl.2H,0, MgCl,.6H>0, Fe-EDTA were prepared
with deionized water as mentioned in Table 3.1. Micro-nutrient stock
solution was prepared by dissolving all micronutrients H3BO3, MnS04.5H-0,
CuS04.5H,0, NaMo004.2H>0 in deionized water (Table 3.1). To ensure
precise determination of Zn absorption from CNPs, a Zn free nutrient
medium was used in the study. Thus, ZnS04.7H>0 was not added to the
micro-nutrient stock solution. One ml of each macro and 0.1 ml of micro-
nutrient stock solution were diluted with 1 L of deionized water to prepare

growing solutions. Growing solution pH was maintained at 5.5 1.

The method described in Nair et al. (2012) was slightly changed to surface
disinfect the Rice seeds. First RO water was used to wash seeds three

times. The seeds were then sterilised double by soaking in 70% ethanol for
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2 minutes with gentle agitation and then in 1% Sodium hypochlorite for 5
minutes with gentle shaking. In the end, the seeds were rinsed with RO

water for four times and air dried on a sterile tissue paper.

Rice seeds were dispersed on a clean saran net and the net was allowed to
float on RO water until the seeds were germinated. Seedlings with 2 - 3

leaves were used to transplant in pots in sand culture.
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Table 3.1: Micro and micro-nutrient composition of growing solution

Macro-nutrient solutions

stock solution

Volume
Concentration Concentration
Macro- Chemical needed to
_ in stock in growing
nutrient formula used _ _ prepare 1L of
solution (M) solution (M) _
growing
solution (ml)
N, K KNOs 2.0 2.0 x 103 1
N NH4NO3 1.0 1.0 x 103 1
P NaH>P04.2H>O 0.6 0.6 x 103 1
K, S K2S04 0.3 0.3 x 103 1
Ca CaCl,.2H20 0.3 0.3 x 103 1
Mg MgCl,.6H.0 0.6 0.6 x 1073 1
Fe Fe-EDTA 45 x 102 45 x 10> 1
Micro-nutrient solution
stock solution
Volume
Concentration Concentration
Micro- Chemical needed to
in stock in growing
nutrient formula used prepare 1L of
solution (M) solution (M) _
growing
solution (ml)
B HsBO3 4.87 x 101 5.0 x 10°°
Mn MnS0O4.5H,0 9.0 x 1072 9.0 x 10® 0.1
Cu CuS04.5H.0 3 x 1073 3 x 107 '
Mo NaMo04.2H,O 1 x 103 1 x 107
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3.2.4. Crop growth and maintenance

Acid washed sand were filled into square tube pots (up to 1cm below the
pot surface) and nine pots were kept inside a black plastic container
(volume 06 L). To accommodate all 5 replicates according to the RCBD
model 5 tanks were prepared and pots inside the tanks were randomized to
minimize the spatial effect. Five litres of 1/8t strength of growing solution
were added to each container as the solution level was 1 cm above the pot
surface. Rice seedlings with 2 - 3 leaves were transplanted in sand-filled

pots as each pot has one rice plant.

To avoid algal growth inside the tanks, surface of the tank was covered with
black polythene keeping sufficient space for rice plants growth. The growing
solution's strength was doubled every week (1st week - 1/8th strength; 2
week - 1/4t strength; 3 week -half strength; 4t" week - full strength) until
the concentration is in its full strength. While waiting for plants to grow for
6 weeks, the growth solution was renewed in every 4 days to supply

nutrients in consistent manner.

3.2.5. Treatment application

Six weeks old rice plants were subjected to nine different treatments, which
included CD concentrations of 50, 100, 250, and 500 ppm, ZnCD
concentrations of 50, 100, 250, and 500 ppm, and a control. Each treatment

was applied for all 5 replicates.

A Paasche® VL 0908 sprayer coupled with Dynavac® pump was used to
spray NPs. Each plant was removed from the growing solution tank and kept
inside a front open cardboard box to prevent contamination while spraying.
Plants were sprayed with designated treatment solution for 3 times in 4 hrs
intervals. In each round, 7 ml of solution was sprayed onto leaves of each

replicate. The pot's surface and the stem's base were covered with Al foil to
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avoid mixing treatment solution with the wet soil. Plants were treated as all
leaves are evenly wet without dripping. Once all the droplets have been
dried, the plants were returned to the growing solution tank. Plants were
grown further one month period after the application of treatments and

used to collect data.

3.2.6. Growth, Physiological and Zn uptake parameters of rice

Following one month of the treatment, plant growth, physiology, and Zn
uptake data were collected. Plant height, Number of tillers, Number of
leaves were also recorded at each sampling stage. Leaves of a plant was
detached at their leaf blade base. Total area of all leaves of a plant was

measured using a LI-3100 Area Meter.

Whole plants were uprooted and washed with tap water and finally with RO
water to remove adhering sand particles. Samples were then dried at 65°C

to constant weight. Dry weights were measures and recorded.

Photosynthesis and gas exchange measurements such as Photosynthesis
rate (Pn), Stomatal conductance (Gs), Intercellular CO2 concentration (Ci),
and Transpiration rate (Tr) were measured using a portable photosynthesis
system (LI-6400xt, LI-COR, USA) coupled with a LI-COR transparent conifer
chamber to determine the physiological response of rice plants to CNPs (LI-
COR, Lincoln, NE, USA 6400-05). Photosynthesis and gas exchange
measurements of the last fully expanded leaf were carried out as Evans et
al. (2014) described between 9.00 am and 2.00 pm. The LI-COR system's
leaf chamber temperature and air flow rate were maintained at 25°C and
500 pmol S respectively. Leaf chamber [CO2] was controlled by the [CO2]
mixer and reference [COz] in the chamber was maintained at either 400
HMmol mol-1 under ambient [CO2] and elevated [CO;], respectively. Relative
humidity of the leaf chamber was maintained between 50-70%. Prior to

starting gas exchange measurements, the leaf was allowed to reach a
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steady state of photosynthesis. The steady state of photosynthesis was
achieved between 10-15 min and then spot measurements of the Pn, Gs,

Ci and Tr were recorded for each treatment.

All plants were sampled, and their leaves and stems were separated before
grinding them for biochemical examination. Dried harvested plant parts
were finely ground using a Foss CT193 Cyclotec (Midland scientific, USA)
and a Tissue Lyser (Qiagen, USA) grinder. The concentrations of Zn were
measured on plant samples using AAS (Shimadzu Atomic absorption
Spectrophotometer — AA 7000 series) as described by Elmer (1996). One
(01) g of each ground samples were ashed at 500°C in a muffle furnace.
The ash was dissolved in 2.5 ml of 20 % (w/w) HCI, and filter through acid
washed filter papers into 25 ml volumetric flask. The filtrate was diluted up
to 50 ml using RO water. Known Zn standards (1000 ug mL! were included

in each assay to determine the Zn concentrations.

3.2.7. Determining the effect of selected CNP doses on growth,
Photosynthesis, gas exchange and Zn uptake of rice plants

for a duration of one month following their application

Dose of ZnCD which was exhibiting the highest positive significant impact
on the rice plant growth parameters, Photosynthesis and gas exchange
parameters and Zn uptake was determined using the results of the first set
of experiments. The selected ZnCD dose together with its nano counterpart
(CD), bulk counterpart (ZnAc - used as a starting material in producing
ZnCD) and the control (without any application) was used in this experiment
to determine how these treatments would change the above measured
parameters throughout a period of one month. Following application of
treatments, the growth, Photosynthesis and gas exchange and Zn is

developmentally regulated. Therefore, data for all the parameters were
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collected on weekly intervals throughout a period of one months. Together

5 different set of data were collected as follows:

1. One day after treatment application (S + 1D)

2. One week after treatment application (S + 1W)

3. Two weeks after treatment application (S + 2W)
4. Three weeks after treatment application (S + 3W)
5. Four weeks after treatment application (S + 4W)

Same Zn free nutrient sand culture technique (Table 3.1) was used to raise
Pokkali rice plants. Experiment was conducted in RCBD model with three
(03) replicates. Each tank with growing medium contained all four
treatments (CD, ZnCD, ZnAc and Control) and 15 tanks (three tanks per
each sampling time) were maintained throughout the period. Plants were
re-randomized within tanks to minimize the spatial effects, and weekly

between tanks to minimize confounded tank effect.

3.2.8. Statistical analysis

The statistical differences between the variables (Plant height, Total leaf
area, Dry weight, Photosynthesis and Gas exchange measurements, and Zn
content) were determined by using the Minitab statistical analysis system
(Minitab 17) in conjunction with analysis of variance (ANOVA). Significant
differences were assessed at P < 0.05 and standard error was calculated.
Non-parametric parameters (Number of tillers) were assessed using Kruskal
Wallis and Friedman non-parametric tests accordingly and significant

difference in average were calculated.
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3.3. Results

3.3.1. Characterization of CNPs used for treatment

Successfully prepared the ZnCD for this study using (NP prep method).
Changes in the UV-Vis absorption was measured for both CDs and ZnCDs
as presented in Figure 3.1 (a) which show two strong absorption peaks at
288 and 294 nm in the UV-Vis absorption spectra. ZnCD sample exhibited
an extra obvious absorption peak at 355 nm. Kim et al. (2015) has reported
a similar pattern of absorption peak at 310 nm for amine-rich carbon
nanodots. They have reported another slight shoulder peak at 350 nm,
similar to the peak observed for ZnCD at 355 nm. These absorption peaks
could arise due to the n-r* and m-1* transition corresponding to C=0 band
and sp? respectively. Photoluminescence (PL) emission spectra in Figure 3.1
(b) presents two strong emission peaks at 445 and 488 nm for both CDs
and ZnCDs. The emission peaks may result due to the much narrow size of

the CNPs as well as due to purer chemical composition (Kim et al., 2015).

The chemical nature of CNPs was examined using XPS as depicted in Figure
3.1 (C) and (d). The following XPS spectra were obtained for Zn 2p3/2, O
1s and C 1s and binding energy of 1021 eV, 533 eV, and 288 eV
respectively. Interpretation of the XPS analysis suggested that the Zn(II) is
incorporated in the nano-formulation; and the Zn(II) appears to be bound
with O, rather than directly with C. The elemental percentage (by weight)
obtained from XPS is Zn: 5.49%, O: 61.19%, and C: 33.34%. The low
carbon content in the nano-formulation suggests that the formed

nanoparticles are likely to a kind of Zn-complexed Carbon dots.

The narrow size range of the two synthesize CNPs are confirmed by DLS
characterization as depicted in Figure 3.1 (e) and (f). As per the DLS
spectrum for CDs, in Figure 3.1 (e) the mean particle size of CD sample is
140 nm. Figure 3.1 (f) confirms the mean particle size of synthesized ZnCD
is 142 nm.
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Figure 3.1: (a) UV-Vis absorption spectra for synthesized CDs and Zn
incorporated CDs (ZnCDs), (b)Photoluminescence emission spectra of prepared
CDs and ZnCDs, (c) XPS full survey spectra of ZnCDs, and (d) Zn 2p3/2, Zn 2p1/2
spectra of ZnCDs, (e) DLS spectra of prepared CDs and (f) ZnCD sample showing
relevant particle size of the CNPs.

37



3.3.2. CNPs on plant growth and Zn concentration

All four growth parameters used to determine the effect of different
concentrations of CD s and ZnCDs do not show any significant difference in
pairwise mean comparisons of treatments. However, the highest response
was recorded with the control treatment for all four parameters tested:
plant growth, total leaf area of plant, number of tillers in plants, and dry

weight of plants (Figure 3.2).

Pokkali rice plants treated with different doses of CDs have reported 3% to
9.6% reduction in their height compared to control, where CD 500 ppm
dose exhibit the lowest % reduction in height (3.1%) among them (Table
3.2). ZnCD treatments show more height reduction, ranging from 8.4% to
15.5%. ZnCD 500 ppm depicts the highest decrease in height compared to
control which is 15.5% (Table 3.2). Among all CNP treatments, the highest
difference in height was recorded with CD 500ppm and ZnCD 500 ppm
doses. However, the variation for plant height for all treatments only ranged
between 3.2% to 18.3% (Table 3.2).

Similar patterns of variation in the mean values of treatments have also
been observed for total leaf area of plants. Though the mean differences
are not significant, the set of plants did not treat with CNPs (control),
showing the highest value in mean leaf area compared to other treatments
(Figure 3.2 C). The second highest response was marked for CD 500ppm
dose (mean of 387.47 cm?) and the lowest response for total mean leaf was
recorded for ZnCD 500ppm treatment (154.57 cm?). All the CD treatments
show higher total leaf area with compared to ZnCD treatments except for
ZnCD 100ppm (Table 3.2).

The pattern of variation retained same with the growth parameter dry
weight as well (Figure 3.2 d). Control set of plants exhibit the highest dry
weight of 5.7 g compared to all other CNP treatments (Table 3.2). However,

this increase is not statistically significant. The second highest and the
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lowest dry weight was observed with CD 500 ppm and ZnCD 500 ppm
treatments respectively. The percentage decline recorded for treatments

from the highest to the lowest dry weight ranged from 7.5% to 69.1%.

In addition, the control group of plants were found to have the highest
average tillers number, which was 5.4 tiller per plant (Table 3.2). Second
and third highest tillers number per plant were observed for CD 250 ppm
and CD 500 ppm treatments, respectively (Figure 3.2 b). ZnCD 500 ppm
showed the lowest number of tillers per plant (2.8 average tillers). Average
number of tillers recorded for CD treatments exhibit higher average number
compared to ZnCD treated plants. However, these variations are not

statistically significant.

The total Zn content showed large variation between treatments (Figure
3.3). Plants treated with ZnCD 500 ppm had higher Zn content than all
other treatments in the study. Compared to other growth parameters, mean
Zn content of all treatment’s reverses (Figure 3.3). Plants treated with CD
500, CD 100 ppm and control treatments record significantly lower mean
Zn content (Table 3.2). For example, the difference between treatments —
ZnCD 500 ppm, CD 500 ppm, control, and CD100 ppm—ranged from 48.3
percent to 65.5 percent. All the ZnCD treated plants showed higher Mean
Zn content than CD treated plants except CD 250 ppm.

Overall, there is a clear distinction between Control, CD 500 ppm, and ZnCD
ppm treatments in all growth and Zn uptake parameters. However, only the

Zn content of rice plants makes this demarcation statistically significant.
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Table 3.2: Mean comparison of growth parameters and Zn content of
Pokkali rice plants treated with different concentrations of foliar applied
CDs, ZnCDs and control (without CNP).

Plant Total leaf Dry Zn
Treatm | yejght area Number | yeight |content
ent of tillers

(cm) (cm?) (9) (mgKg)

102.2 + 424.6 £ 5.4 % 5.7 £ 48.5 *
Control

3.06° 75.22 0.752 1.342 3.68P

92.4 + 234.0 4 + 3.1 + 52.3 +
CD 50

3.32° 46.32 0.552 0.772 2.852b

95.5 £ 291.5 = 3.8+ 4.1 £ 45.3 &
CD 100

3.732 56.42 0.82 1.162 2.12P

98.9 + 321.4 = 5.0 + 4.4 + 68.2 +
CD 250

6.642 95.22 0.972 1.312 8.272b

99.0 £ 387.5 = 4.4 + 5.3+ 50.6 £
CD 500

5.752 78.22 0.752 1.112 4.42b

89.1 + 212.5 £ 3.0 £ 3.0 £ 62.6 £
ZnCD 50

7.702 65.02 0.62 0.992 4,393
ZnCD 93.6 + 345.0 3.4 % 4.3 + 63.4 +
100 8.252 128.02 0.932 1.722 7.452b
ZnCD 86.4 + 219.3 = 3.2 £ 2.6 £ 59.9 £
250 6.452 52.92 0.49? 0.762 6.563b
ZnCD 86.4 = 154.6 £ 2.8 = 1.8 + 75.0 +
500 3.762 21.42 0.37° 0.282 2.382

Data are the mean of three replicates £ 1SE and the means followed by
different letters indicate a significant difference between the treatments at
P < 0.05 based on Tukey’s multiple comparisons. Whereas data on number
of tillers column show the comparison between the average value of three
replicates =+ 1SE and the significant difference of average among the
treatments at P < 0.05 based on Kruskal Wallis test.
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Figure 3.2: Effect of different concentrations of foliar applied CDs, ZnCDs
and control (without CNP) on (a) mean plant height(cm), (b) average
number of tillers, (c) mean total leaf area (cm?), (d) mean dry weight (g)
of 10 weeks old ‘Pokkali’ rice plants. Columns show the mean values of
three replicates and the bars show the standard error at P < 0.05. Mean
sharing the similar letters are not significant with each other.
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Figure 3.3: Effect of different concentrations of foliar applied CDs, ZnCDs
and control (without CNP) on Mean Zn content (mgKg) of whole ‘Pokkali’
rice plants (10 weeks old). Columns show the mean values of three
replicates and the bars show the standard error at P < 0.05. Mean sharing
the similar letters are not significant with each other.

3.3.3. Variation in photosynthesis and gas exchange parameters

of rice plants treated with different concentrations of CNPs

Pn, Gs and Ci do not exhibit any significant change due to the application
of CNPs (Table 3.3). However, highest Pn and Gs were recorded for CD 500
ppm treatment followed by the blank treatment (control). The ZnCD 500
ppm treatment had the second- and third-lowest rates for Pn and Gs,
respectively, while the lowest Pn and Gs were recorded with the CD 50 ppm
treatment (Figure 3.4). Again, the control treatment showed the highest Ci
value (285.2 pmol CO; molt). ZnCD 500 ppm treatment reported the

second highest value for the Ci which is only a 0.3% decrease from the
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control treatment (Figure 3.4). The difference between mean Pn for all the
treatments range between 0 - 30% where this range lies between 0 - 45%
for Gs. However, Ci's mean difference only ranges from 0 to 6%.
CD500ppm, Control, CD 50ppm, CD 250 ppm and ZnCD 500 ppm
treatments for Pn and Gs showed highly positive relationship, but the rest
do not. Ci does not exhibit any kind of a noticeable relationship together

with responses of Pn and Gs.

The CNP application had a considerable impact on the mean Tr, which
differed significantly from the mean Pn, Gs, and Ci. CD 500 ppm recorded
the highest Tr, where the CD 50 ppm recorded the lowest significant Tr. The
ZnCD 500ppm treatment exhibited the second highest Tr. Both CD 500 and
ZnCD 500 ppm treatments have marked more than 50% increase in Tr with
compared to the lowest recorded. Tr for the Control treatment was recorded
as 3.04, nearly a 28% reduction compared to the highest Tr. Though Gs
and Tr of a plant has a positive relationship, there is no evident relationship
expressed between Tr and the other factors of gas exchange in the results

of our experiment.
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Table 3.3: Mean comparison of gas exchange parameters of Pokkali rice

variety treated with different concentrations of foliar applied CDs, ZnCDs

and control (without NP).

Stomatal Intercellular

Photosynt Transpiration

hesis rate conductance CO: rate
Treatments to H20 concentration

(pmol CO2 (mmol H20

m-2 §1) (mol H20 (pmol CO: m-2 §1)

m=—=2 S1) mol-1)

Control 14.7 £

0.692 0.3 £ 0.012 |285.2 +4.142 | 3.0 £ 0.172b
CD 50 115+

1.407 0.2 £ 0.012 |270.8 £ 9.412 | 2,5 £+ 0.26P
CD 100 13.2

1.672 0.2 £ 0.052 | 277.0 £ 8.922 | 2,7 £ 0.432b
CD 250 12.5 +

1.862 0.2 £ 0.032 |275.4 = 7.632 | 3.6 £ 0.362
CD 500 16.5 +

1.553 0.3 +£0.042 |277.2 +£5.032 4.2 +£ 0.39°
ZnCD 50 12.6 +

0.622 0.2 £ 0.022 |280.4 + 6.622 | 3.4 + 0.302b
ZnCD 100 14.1 £+

1.112 0.2 £ 0.012 |271.6 = 7.352 | 3.3 £ 0.262
ZnCD 250 13.4 +

1.312 0.2 £ 0.032 | 268.0 £ 5.522 | 3.4 £ 0.432b
ZnCD 500 11.7 £

1.342 0.2 £ 0.032 |284.4 +1.722 | 3.8 £ 0.45%

Data are the mean of three replicates £ 1SE and the means followed by
different letters indicate a significant difference between the treatments at
P < 0.05 based on Tukey’s multiple comparisons.
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Figure 3.4: Effect of different concentrations of foliar applied CDs, ZnCDs
and control (without NP) on (a) Mean Photosynthesis rate (umol CO; m2 S
1), (b) Mean stomatal conductance (mol H,O m2 S1), (c) Mean Intercellular
CO> Concentration (umol CO2 mol?), (d) Mean Transpiration rate (mmol
H>0 m2 S1) of 10 weeks old ‘Pokkali’ rice plants. Column shows the mean
value of three replicates and the bars show the standard error at P < 0.05.
Mean sharing the similar letters are not significant with each other.

Overall, the data on growth, Zn uptake, photosynthesis, and gas exchange
indicated that there was a noticeable difference between the effects of
control, CD 500ppm, and ZnCD 500ppm when compared to one another. In
the subsequent stage of the experiment, which was created to ascertain the

impact of these doses on the same growth, Zn uptake, photosynthesis, and
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gas exchange parameters over a month, 500ppm doses of both CD and

ZnCD were chosen to be used.

3.3.4. CNPs on early growth and Zn uptake

This experiment was carried out to determine the effect of selected doses
of CNPs on the growth, Zn uptake, photosynthesis, and gas exchange
parameters over one month period. The selected 500 ppm doses of CD and
ZnCD were applied together with control treatment and inorganic bulk Zn

source (ZnAc) to determine the effectiveness of CNP application precisely.

All plant growth related parameters (plant height, total humber of tillers,
total leaf area and dry weight) showed significant difference over the
sampling time and a positive relationship with the sampling time (Table
3.4). Except plant height other parameters did not show any significance
difference for the four treatments (CD, ZnCD, ZnAc and control) used
(Figure 3.4).

Plant height of the ZnAc treated plants were significantly higher than the
control set of plants. Further, ZnAc and ZnCD treatments recorded higher
plant height than CD and untreated plants. The total leaf area and dry
weight showed a similar pattern of response, though there was no
statistically significant difference between treatment. There were similar
numbers of tillers overall for all four treatments, with no detectable patterns
of distribution (Table 3.5).

Zn content of rice plants show significant difference in mean values for
sampling times as well as for treatment types (Table 3.4). Zn contents of
the plants gradually decreased with the progress of plant development. Zn
content of S+1D is significantly higher than all sampling times. Sampling
times S+1W and S+2W show significant decrease of 26% and 39% Zn

content compared to S+1D respectively. Further, variables S+3W and
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S+4W do not show significant difference between each other, whereas they
show significantly lower Zn content compared to all other sampling times
(Table 3.5).

All four growth parameters and the Zn content show significant interaction
effect between sampling time and treatment at P< 0.05 level (Table 3.4).
Pairwise mean comparisons show significantly high Zn content for ZnAc and
ZnCD treatments at S+1D, S+1W and S+2W sampling times (Table 3.5).
However, these Zn contents drastically decreased over the course of the
growth period, resulting in a total drop of 27% and 23% for ZnAc and ZnCD
treatments, respectively (Figure 3.5). Zn content of CD and Control
treatments gradually decreases over the course of the five sampling times.
However, the reduction in ZnAC and ZnCD treatments were steep during
last two weeks than the first two weeks of growing. From S+1D to S+2W,
Zn content was reduced for nearly 25% for both ZnAc and ZnCD. But this
reduction has been increased up to 78% and 66% for ZnAC and ZnCD
respectively during the last two weeks from S+2W to S+4W (Figure 3.5).

Plant height, number of tillers, total leaf area and dry weight were increased
throughout the growth period from S+1D to S+4W (Figure 3.6 a-d). As per
the Pairwise mean comparisons, responses for all the treatments at S+4W
and S+3W level show significant increase than the responses for S+1D and
S+1W sampling levels. All treatments exhibit positive relationship

throughout the tested period (Figure 3.6 a-d).
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Table 3.4: Summarizing analysis of variance results for plant growth parameters of Pokkali rice plants throughout

one month duration following foliar application of CDs, ZnCDs, ZnAc 500 ppm and control (without NP).

Average :
Plant Height Total leaf Dry weight Zn content
(em) (cm?) number of (mgKg™)
cm area (cm mgKg-
tillers (9)
Sampling time * * * *
Treatment * ns ns *
Sampling time * Treatment * * * *

Abbreviations: ns - not significant, * P < 0.05
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Table 3.5: Mean comparison of growth parameters and Zn content of Pokkali rice plants throughout one month

duration following foliar application of different concentrations of CNPs and control (without NP).

Plant Height Total leaf area Mec_lian number Dry weight (g) Zn content

(cm) (cm?) of tillers (mgKg?)
Sampling time
S+ 1D 79.4 = 1.674 176.3 + 9.0d 3.0 £ 0.11d 1.9 £ 0.1¢ 62.5 £ 7.11°
S+ 1W 83.8 £ 1.16¢ 250.3 £ 17.0« 4.0 £ 0.11¢ 3.7 £ 0.23b 45.4 + 6.37P
S + 2W 90.1 £ 1.01¢ 316.8 £ 17.1bc 5.0 £ 0.13P 5.1 £ 0.33% 38.3 £ 7.41°
S + 3W 97.2 £ 1.09P 392.5 + 27.13b 5.0 £ 0.113b 8.2 £ 0.612 12.6 £ 3.09¢
S + 4W 103.6 £ 1.392 482.2 + 24.2°3 5.50 £ .015? 9.9 +£ 0.592 11.0 £ 2.57¢
Treatment
Control 88.3 £ 2.80° 311.8 £ 32.5° 5.0 £ 0.27° 5.6 £ 0.763 19.2 + 4.70P
CD 89.4 + 2.88aP 308.9 + 32.52 5.0 £ 0.27° 5.5 + 0.83% 18.4 + 3.96P
Zn Ac 93.4 £+ 2.41° 356.7 + 34.8°2 5.0 £ 0.242 6.3 £ 0.932 48.3 + 7.952
ZnCD 92.2 + 2.012 317.2 £ 32.9°2 5.0 £ 0.242 5.6 = 0.912 50.0 £+ 6.802
Sampling time * Treatment
S+ 1D * Ctrl 74.7 £ 4.69" 146.0 £ 14.9f 3.0 £ 0.0¢ 1.6 £ 0.099 46.0 £ 11.00¢bc
S+1D*CD 76.4 £ 2.799" 162.1 + 16.1f 3.0 £ 0.0¢ 1.8 £ 0.25 39.3 + 9.48b«
S+ 1D * ZnAc 83.1 £ 0.33f9n 201.8 + 14,24def 3.0 £ 0.33de 2.2 £ 0.13f9 82.9 + 2.80°
S+ 1D *2ZnCD 83.5 + 0.87¢foh 195.2 + 5.2¢f 3.0 £ 0.33de 2.1 £ 0.06f9 81.9 £ 9.422
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Plant Height Total leaf area Mec_lian number Dry weight (g) Zn content

(cm) (cm?) of tillers (mgKg)
S+ 1W *Ctrl 80.9 + 1.7fdh 224.2 + 23,89 4.0 £ 0.33¢cde 3.5 £ 0.45f9 24.1 + 2.16¢de
S+1W=*CD 81.5 + 2.7fdh 228.2 + 42 .449¢f 4.0 £ 0.0Qbcde 3.3 £ 0.60f 26.4 + 3.01¢cde
S+ 1W*ZnAc |86.1 % 2.4defgh 284.0 + 49.65def | 4,0 £ 0.0Qbcde 4.0 £ 0.639f9 66.6 + 6.543
S+1W*ZnCD |86.5 % (0.5defgh 264.8 £ 16.6¢def 4.0 £ 0.33cde 3.7 £ 0.23¢f9 64.9 + 4,213
S+ 2 W * Ctrl 89.1 + 1.0¢defg 330.6 + 28.13bcdef | 5,0 + 0.003b¢C 5.4 + 0.55bcdefg 17.7 £ 5.22¢de
S+2W*CD 88.7 + 3.3defg 347.5 £ 17.73bcdel | 5.0 + (,333bcd 5.5 + (0.58bcdefg 13.0 + 2.35¢9%
S+ 2W*ZnAc 92.3 + 1,9abcdef 330.4 + 48.33bcdel | 5,0 + (,333bcd 5.2 + 1.02¢defg 63.0 = 10.303%°
S+2W*ZnCD |90.3 + 1,7bcdef 258.9 + 26.2¢def 5.0 £ 0.33abcd 4.1 £ 0.259f9 59.3 + 3.542P
S + 3 W * Ctrl 94.3 + 1, 5abcdef 397.1 £ 31.13bcde | 5.0 £ (0.332b 8.6 + 0.58abcd 4.9 £ 2.49¢
S+3W*CD 97.0 + 3.112abcde 309.8 + 21.4abcdef | 5.0 £ 0,332b 6.3 + 0.58abcdef 5.7 £ 2.01¢
S+ 3W*ZnAc 99.6 + 0.463b 452.0 + 63.23bc 5.0 £ 0.003bc 9.7 + 1.713bc 15.2 + 5,18¢de
S+3W*2ZnCD |98.0 + 2.513bcd 411.3 £ 73.13bcd | 5.0 £+ 0.003bc 8.3 + 1.2]3bcde 24.6 £ 6.63%€
S+ 4 W * Ctrl 102.5 £ 2.94abc 460.9 + 43.83bc 5.0 £ 0.33¢%b 8.7 £ 0.283bcd 3.3 £ 3.71¢
S+4W*CD 103.6 + 3.1523b 496.8 + 40.12P 6.0 £ 0.332 10.4 £ 1.23° 7.5 £ 6.06¢°
S+4W *ZnAc 105.6 + 4.40° 515.2 £ 35.8° 6.0 £ 0.332 10.4 £ 0.16° 13.7 + 2.81¢de
S+4W*2ZnCD 102.8 + 1.302P 456.0 + 82.8abc 5.0 £ 0.33@b 10.0 + 2.24ab 19.6 + 3.19¢de

Data are the mean of three replicates £ 1SE and the means followed by different letters indicate a significant
difference between the treatments at P < 0.05 based on Tukey’s multiple comparisons. Whereas data on number of
tillers column shows the comparison between the average value of three replicates £ 1SE and the significant
difference of average among the treatments at P < 0.05 based on Kruskal Wallis test.
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Figure 3.5: Effect of foliar application of CDs, ZnCDs, ZnAc 500 ppm and
control (without NP) over one month period on Mean Zn content (mgKg1)
of 10 weeks old ‘Pokkali’ rice plants. Each data point shows the mean value
of three replicates and the bars show the standard error at P < 0.05.
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Figure 3.6: Effect of foliar application of CDs, ZnCDs, ZnAc 500 ppm and
control (without NP) over one month period on (a) mean plant height(cm),
(b) average number of tillers, (c) mean total leaf area (cm?), (d) mean dry
weight (g) of 10 weeks old ‘Pokkali’ rice plants. Each data point shows the
mean value of three replicates and the bars show the standard error at P <

0.05.
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3.3.5. Influence of CNPs plant gas exchange parameters

Gas exchange parameters demonstrated no significant differences between
treatments, whereas sampling time varies significantly between levels of
sampling (Table 3.6). Pn and Gs show similar type of pairwise mean
comparison grouping for different sampling times where S+1D s
significantly higher than S+4W (Table 3.7). both Pn and Gs do not have
significantly different pairs of means for interactions. Further the data
distribution pattern is much similar in both parameters of Pn and Gs (Table
3.7).

The distribution pattern of Ci data does not resemble that of other
parameters, but the value of Ci for S+1D was significantly greater than that
of S+3W and S+4W. Compared to ZnAc treatment at S+4W level, Ci of
control plants at S+1D level is significantly higher. All the other treatments
do not show any significant difference between means (Table 3.7). Total
decrease for Ci throughout the studying period (from S+1D to S+4W) has
marked (Figure 3.7 ¢) 5.8%, 6%, 8.9% and 5.7% for Control, CD, ZnAc
and ZnCD respectively. Treatments of Pn and Gs have, in most cases,
shown declines of more than 20%, despite the fact that all treatments of Ci
have reduced by percentages less than 10%. (Figure 3.7 a,d,c). As a result,

the Pn and Gs parameters have experienced greater reductions than the Ci.

Variation of the Tr is not similar to any of Pn, Gs or Ci. Tr of S+1W and
S+1W are significantly higher than S+1D. While all the other parameters
Pn, Gs, and Ci decrease over time, Tr of the plants increases gradually
throughout the 4 weeks period (Figure 3.7 d). This has recorded 57%, 31%,
27% and 23% increase in Tr from the treatment application time (S+1D)
to end of the reporting period (S+4W) for Control, CD, ZnAc and ZnCD

respectively.
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Table 3.6: Summarizing analysis of variance results for gas exchange parameters of Pokkali rice varieties treated

with different treatments of nanoparticles.

Photosynthesis

rate

(pmol CO>2 m2 S1)

Stomatal
conductance to
H2>0

(mol H20 m2 S*1)

Intercellular CO>

concentration

(pmol CO2 mol-?t)

Transpiration rate

Seeds

(mmol H20 m2 S-1)

Sampling time

Treatment

Sampling time *

Treatment

ns

ns

ns

ns

ns

ns

ns

Abbreviations: ns - not significant, * P < 0.05
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Table 3.7: Summarizing analysis of variance results for gas exchange parameters of Pokkali rice plants throughout

one month duration following foliar application of CDs, ZnCDs, ZnAc 500 ppm and control (without NP).

Photosynthesis
rate
(pmol CO2 m2 S1)

Stomatal
conductance to H>0
(mol H20 m™2 S1)

Intercellular CO2
concentration
(pmol CO2 mol?t)

Transpiration rate
Seeds
(mmol H20 m"2 S*1)

Sampling time

S+ 1D 15.6 = 0.55? 0.3 £ 0.017° 293.1 £ 2.442 4.0 £0.17°
S+ 1W 14.0 £ 0.50%b 0.3 £ 0.0163 279.5 + 3.882 5.8 £ 0.25°
S + 2W 14.9 + 0.693b 0.3 £ 0.015%P 278.9 + 2,732 6.3 £ 0.252
S + 3W 12.8 + 0.882b 0.2 £ 0.019° 269.1 + 4,18°P 5.3 £ 0.453%b
S + 4W 12.7 + 0.69b 0.2 £ 0.019° 273.7 £ 3.64°P 5.4 + 0.443b
Treatment

Control 14.4 £ 0.64? 0.3 £ 0.021° 282.8 + 3.942 5.7 £ 0.412
CD 13.7 £ 0.75? 0.3 £ 0.0172 279.0 £ 3.522 5.3 £ 0.37°
Zn Ac 13.7 £ 0.59° 0.2 £ 0.016° 273.6 + 3.982 5.0 £ 0.312
ZnCD 14.2 £ 0.68? 0.3 £ 0.018¢° 280.0 + 2.96° 5.4 £ 0.312
Sampling time * Treatment

S+ 1D * Ctrl 15.8 £ 1.31° 0.4 £ 0.05° 299.0 + 4.512 4.2 £ 0.562
S+1D*CD 14.1 + 0.46? 0.3 £ 0.027 293.0 + 5.512b 3.8 £ 0.282
S+ 1D *ZnAc |16.1 £ 0.65° 0.3 £ 0.02° 286.3 + 2.60%b 3.8 £ 0.212
S+1D*zZnCD |16.5 £ 1.67° 0.3 £ 0.05? 294.0 + 5.693%b 4.3 £ 0.30°
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Photosynthesis
rate

(pmol CO2m2 S'1)

Stomatal
conductance to H>0
(mol H20 m™2 S1)

Intercellular CO>
concentration
(pmol CO2 mol?t)

Transpiration rate
Seeds
(mmol H20 m2 S'1)

S+ 1W*Ctrl 12.9 £ 0.59° 0.2 = 0.032 280.3 + 8.973b 5.5 +£ 0.50°
S+1W*CD 15.8 £ 1.14? 0.3 + 0.022 284.3 + 4,182 6.5 + 0.432
S+1W*ZnAc |13.3 £ 1.10° 0.2 + 0.042 269.7 £ 12,213 5.2 £ 0.70°
S+1W*2ZnCD | 14.2 £ 0.41° 0.3 £ 0.012 283.7 £ 4.10% 5.8 £ 0.09°
S+ 2W*Ctrl 17.0 £ 0.957 0.3 = 0.022 285.7 £ 1.763 7.2 £0.389
S+2W*CD 14.8 £ 2.34? 0.3 £ 0.032 275.7 £ 6.573 6.2 £ 0.622
S+2W*ZnAc |14.1 £ 0.52° 0.3 £ 0.012 281.7 + 3.532P 6.2 £ 0.01@
S+2W*2ZnCD |13.7 £ 0.59° 0.2 £ 0.032 272.7 £ 7.312 5.8 £ 0.56°
S+ 3 W *Ctrl 12.3 £ 0.97° 0.2 £ 0.052 267.3 £ 12.70% 5.2 £1.00°
S+3W*CD 12.3 £ 1.542 0.2 = 0.039 267.0 £ 7.002P 4.7 £ 0.732
S+3W*ZnAc |12.7 £ 2.02° 0.2 £ 0.242 269.7 + 12.8032b 5.2 £ 0.87°
S+3W*2ZnCD |13.9 £ 2.93° 2.2 £ 0.06° 272.3 £ 1.45% 5.9 £ 1.342
S+ 4W* Ctrl 14.1 £ 1.56° 0.3 £ 0.05° 281.7 + 4.632 6.6 £ 1.18°
S+4W*CD 11.4 £ 1,982 0.2 = 0.05° 275.0 £ 9.852P 5.0 £ 1.07°
S+4W*ZnAc |12.4 £ 1.28° 0.2 = 0.032 260.7 + 3.18°P 4.8 £ 0.71°
S+4W*2ZnCD |12.7 £ 0.75° 0.2 = 0.022 277.3 £ 6.17a° 5.2 £ 0.342

Data are the mean of three replicates £ 1SE and the means followed by different letters indicate a significant

difference between the treatments at P < 0.05 based on Tukey’s multiple comparisons.
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Figure 3.7: Effect of foliar application of CDs, ZnCDs, ZnAc 500 ppm and
control (without NP) over one month period on (a) Mean Photosynthesis
rate (umol CO2 m2 S1), (b) Mean stomatal conductance (mol H,0 m2 S1),
(c) Mean Intercellular CO2> Concentration (pmol CO2 moll), (d) Mean
Transpiration rate (mmol HoO m2 S1) of 10 weeks old ‘Pokkali’ rice plants.
Each data point shows the mean value of three replicates and the bars show
the standard error at P < 0.05.
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3.4. Discussion

3.4.1. CNDs application promote plant growth and shoot Zn
content

There were no significant differences in plant growth and physiological traits
between rice plants treated with various doses of CDs and ZnCDs. However,
control plants exhibited better growth particularly in plant height, total leaf
area, number of tillers and dry weight. Yet, these parameters did not exhibit
dose-dependent response whereas responses for treatments of CD doses
were higher compared to those of ZnCDs most of the time. Many studies
have reported positive impact of carbon dots on plant growth parameters.
Tripathi et al. (2015) reported increased shoot and root growth of wheat
plant after exposing seeds to water soluble CDs. Application of ZnO NPs has
increased rice yield and nutrient uptake significantly (Yang et al., 2021),
while application of Zn NPS on germinating rice reported an increase in
radicle and plumule length (Panda, 2017). Similar type of observation of Zn
NPs applied rice plants were made in the studies of Panda (2017), Ghasemi
et al. (2017) and Singh et al. (2022). CNTs and CDs applied rice plants too
reported positive impact of CNPs on plant growth parameters (Zhang et al.,
2017, Li et al., 2018).

Nevertheless, some studies have reported the negative effects of NPs
specially CNPs on rice plants and other cereal crops. Studies carried out by
Begum et al. (2012) and Hao et al. (2018) reported negative effects of
MWCNTs, C60 fullerene, and graphene oxide on rice plant growth and
development. Not only CNPs, but MNPs too have exhibited their negative
effect on rice plant growth (Nair et al., 2014, Thuesombat et al., 2014).
Therefore, the highest recorded growth parameters for control treatment of
our study may be due to either suppression of cell division or inhibition of
cell expansion by CDs and ZnCDs applied. Further, these results suggest
that effect of NPs on plant growth and physiology is totally dependent on

the type and the characteristics of the NMs and also on the species. Our
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findings, however, don't indicate either a noticeably positive or negative
impact. This may be due to close range of doses selected, which should be
more elaborated in order to obtain positive/negative results. Furthermore,
the timing of the application could have been a factor. However, Cd500 ppm
application resulted comparatively higher responses for all the growth
parameters, while ZnCD 500ppm illustrated comparatively lower response.
It makes sense to choose both CD and ZnCD 500 for the subsequent studies
in light of the growth parameters. By using these two, the application of

CDs with and without Zn was distinguished for subsequent experiments.

The majority of the research findings are in agreement with the Zn uptake
reported in Pokkali, the rice variety use in this study. ZnCD 500 which
provides Zn and the CDs to rice plants have significantly increased the Zn
concentration in the plants. Significantly lower Zn content was reported in
Control, CD 100and CD 500 treatments. Application of ZnO NPs on rice and
other cereals have reported increase in Zn content of plants/grains on many
occasions. A study carried out by Yang et al. (2021) reported nearly 20%
increase in Zn content of rice plants with Zn NP application at their tillering
stage. These findings are very consistent with our findings, which showed
that most ZnCD doses increased Zn content by between 15 and 25% when
compared to the control. The choice of these parameters for the ensuing
experiment is justified by the fact that ZnCD 500 is the highest and CD 500
and the control are the second and third treatments with the lowest Zn

content.

3.4.2. CNPs influence gas exchange of rice plants

To determine the effect of CNPs on gas exchange, the dose dependent
experiment was carried out and measured the Pn, Gs, Ci, and Tr. Gs which
estimates the rate of gas exchange through stomata and Tr which quantifies

the leaf water balance have direct linear relationship with the Pn (Ding et
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al., 2020). Ci determines the flux of CO; into the chloroplast via stomata
apertures and increase the activity of photosynthesis enzymes Rubisco and
thereby increase the Pn (Moss et al., 1963). Higher the Ci, always promote
the photosynthesis of the plant. On other hand, Gs, Tr and Ci become
limiting factors of the Pn. Accumulation of photosynthetic products inside
the chloroplast also inhibits the photosynthesis (Luo et al., 2019, Liu et al.,
2020).

Our study clearly demonstrated a direct relationship between Pn and Gs for
various CNP doses. However, Ci and Tr does not show such similarity in the
variation of data. These finding suggest that the variation in the Pn observed
in this study is due to the non-stomatal factors (Ding et al., 2020). In
addition, there was a strong correlation between Pn and the dry weight of
the plant, which suggests that the products of photosynthesis are directly
contributing to the growth and development of the plant. Furthermore, the
total leaf area of rice plants, which is directly proportional to the area of the
plant that is available for photosynthesis, agrees with the findings of Pn.
Similar trend has been reported in a study with different upland rice
varieties in China in which effect of Se application on photosynthesis has
been evaluated (Ding et al., 2020). Control set of plants have the better
gas exchange characteristics including Pn, Gs and Ci while ZnCD 500 show
lowest. Further highest Pn and Gs were recorded for CD 500 ppm suggest
that perhaps CDs would improve the stomatal conductance and thereby
increase the photosynthesis rate of the plant. And this indicates the positive

use of NPs on plant physiology as well.

The Tr data, on the other hand, have completely invalidated the above-
mentioned pattern. Tr shows a dose dependent response for the NP
concentration where control set of plants have lower Tr. Li et al. (2018) has
explained the presence of hydrophilic groups (OH and COOH) on the surface
of the CD combines with the water molecules and support the transportation
of wate molecules throughout the plant. Further, they report that the
increased 02% which is higher than 29% would accelerate this process. XPS
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full survey data of ZnCD synthesizes for our study revealed that the O% is
nearly 60% which would help in absorbing more H>O to the plant. This has
been proved in a study carried out by Tripathi et al. (2015). The results of
the CD 500 and ZnCD 500 treatments were clearly different when the
photosynthetic and gas exchange parameters were measured. Results thus
supported the choice of CD500 and ZnCD500 for the subsequent

experiments.

3.4.3. CNPs influences the growth and Zn uptake at latter part of

plant development

The experiment with selected CNP doses (CD 500 ppm and ZnCD 500 ppm)
in conjunction with a bulk Zn source (ZnAc) and a control yielded some
interesting results. Though Hao et al. (2018) and Begum et al. (2012) have
reported negative effects of applying CNPs on rice plants, our study reveals
that applying CDs and ZnCDs at 500 ppm concentration does so not signify
any negative effect. Instead, all the four treatments have resulted a %
increase ranged from 23% to 37% for plant height, from 60% to 89% for
total number of tillers after the whole one-month growing period.
Additionally, there is a nearly two-fold increase in the total leaf area and
three-to-four-fold increase in the dry weight of the plants at the end of the
one month growing period. Highest recorded plant growth parameters such
as height, total leaf area and dry weight for ZnAc treatment explains the
positive impact of Zn treatment on cell division and expansion. Many studies
have reported positive effect of CNP and MNP application on rice and other
cereal growth (Tripathi et al., 2011, Saxena et al., 2014, Tripathi et al.,
2015, Ghasemi et al., 2017, Panda, 2017, Lee et al., 2018, Li et al., 2018,
Itroutwar et al., 2020, Yang et al., 2021) However, data on sequential
analysis is hard to come by. This study is the first to present data on a
weekly basis for up to one month to describe the behaviour of growth

parameters following NP application.
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Zn content of the rice plants treated with ZnCD, CD, ZnAc and control show
a decline over the time of four weeks. Since plants were grown on a Zn free
medium, only seed Zn is available for rice seedlings for their growth and
development. Zn is an indispensable micronutrient for plants which affects
many metabolic process including carbohydrate, protein, auxin and many
enzyme synthesis pathways at its deficiency (Castillo-Gonzalez et al.,
2018). The total available Zn (seeds + Zn from ZnCD and ZnAc) will be
used in subsequent weeks for the growth and development of the plants.
In general, all four treatments show a decline in their Zn content throughout
the reporting period. ZnCD and ZnAc treatments of S+1D, S+1W, S+2W
show significantly higher Zn contents than their counter treatments (CD and
Control). Subsequently, reduction in Zn content gets more steeper from 2"
week to 3™ week. This is more prominent with the ZnCD and ZnAc
treatments which records reduction of 34.8 mg/Kg and 47.8 mg/Kg
respectively. Yet, CD and control treatments reports decrease in 7.3 mg/kg
and 12.8 mg/Kg respectively from S+2W to S+3W. However, at the end of
the reported time, both set of plants treated with ZnCD and ZnAc contain
nearly 5 times of Zn than the control and nearly 2 times of Zn content
compared to CD treatment. This enhancement is totally due to the supply
of Zn externally as bulk, and nano incorporated. It's interesting to note that
plants treated with ZnCD have a Zn content that is almost 1.5 times higher
at the end of the reporting period than plants treated with bulk Zn. This
gives an insight that the supplements of nutrients through nanomaterials
would be more beneficial than through bulk material. This was supported
by many studies including Deshpande et al. (2017), Dimkpa et al. (2017),
Sahoo et al. (2021) and Subbaiah et al. (2016). Deshpande et al.
(2017)further explain the possibility of NPs like chitosan in using as

nanocarriers to translocate Zn through plants.
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3.4.4. CNPs affect during plant development

Throughout the reporting period, the behaviour of Pn, Gs, Ci, and Tr in
plants treated with ZnCD, ZnAc, CD, and control is not comparable. All Pn,
Gs, and Ci parameters have decreased over the reporting period with the
exception of Tr. Multiple pairwise comparisons show that there are no
significant differences between the interaction groups, indicating that the
parameters have not decreased significantly despite a pattern of declining.
However, this visible reduction is also not steady for all treatments.
Interestingly, the two treatments without NPs, show relatively similar
pattern throughout the period for parameters Pn, Gs and Ci. On contrary,
ZnCD and ZnAc treated plants demonstrate a random pattern for Pn, Gs
and Ci implying a novel physiological role of NPs in plants. Li et al. (2018)
explains with the help of experiment that carried out with rice in which
plants treated with CDs showed that these molecules could enter cells at
the subcellular level and even alter metabolism at the level of plant gene
expression. However, no study has been conducted to demonstrate the
effect of NPs on plant gas exchange over selected period. Zhang et al.
(2017) reports the exposure time of CNT to rice plants will exhibit a
significant change in the photosynthetic rate but the effect through a period

has not been found.

Similar data distribution patterns for CD and Control treatments for Pn, Gs,
Ci, and Tr has been observed with positive linear relationship with
parameters (Ma et al., 2012, Ding et al., 2020). The pattern of data
distribution for ZnCD and ZnAc is random, however suggesting the impact
of NPs on key plant physiological process. These results suggest that the
different chemical and physical properties of CNPs would cause a alters the

physiological process that could be used in a positive way.
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3.5. Conclusion

The effective dose determination experiment revealed that CD500 ppm and
ZnCD 500 ppm had mutually distinct effects on plant growth, Zn uptake
parameters, and gas exchange parameters compared to the other
combinations of treatments. Thus, these two doses were selected for the
subsequent experiments with CNPs. Further, results revealed that the CNPs
have a marked effect on Zn uptake and transpiration rate. ZnCD 500
supports the highest uptake of Zn, while higher concentrations of CNPs also

significantly increase Tr.

The evaluation of plant growth, Zn uptake, and gas exchange characteristics
indicates that Zn supplied via CNPs is a promising way Zn biofortification of
cereal. Alternatively, both CDs and ZnCDs do not have any negative effect
on plant growth, and gas exchange. Consequently, the results of these two
experiments indicate that CNPs could be used effectively with plant systems
to deliver micronutrients such as zinc in an effort to address global zinc

malnutrition.
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CHAPTER 4: ZnCD'S EFFECT ON THE PHYSIOLOGY
AND MICRONUTRIENT CONTENT OF TWO
DIFFERENT RICE VARIETIES HAVING
CONTRASTING Zn USE EFFICIENCY

4.1. Introduction

The international rice research institute (IRRI) has identified a vast
difference in rice genotypes for Zn efficiency. Genotypes that can grow well
in Zn deficient soil and yield better than a standard genotype are identified
as a zinc-efficient genotype (Hajiboland et al., 2005). Genotypes that do
not grow well in a Zn deficient soil are labelled as zinc-inefficient genotypes.
IR36 is a Zn efficient and IR26 is a Zn inefficient rice genotype which were
widely used in Zn use efficiency related studies (Navarro et al., 1980,
Welfare et al., 1996, Hajiboland et al., 2001, Hajiboland et al., 2003,
Hajiboland et al., 2005, Hajiboland et al., 2006, Meng et al., 2014,
Nakandalage et al., 2023). These two popular genotypes were selected for
our study, to determine the effect of ZnCD NP application on rice plant

growth, physiology and micronutrient uptake.

The effects of Zn and carbon-based NPs as plant growth promoters are well
known. Enhanced growth, seed germination, increase in biomass and yield
are common outcome of Zn and carbon based NPs (including CDs)
application to rice plants (Nair et al., 2012, Yan et al., 2016, Ghasemi et
al., 2017, Li et al., 2018, Bala et al., 2019, Yang et al., 2021, Akmal et al.,
2022). CNMs such as graphene oxide and MWCNTs successfully delivered
micronutrients, agrochemicals and pesticides to the plant systems
(Ghasemi et al., 2017). However, although CDs are well known for their
carrier properties (Wang et al., 2013, Wang et al., 2014, Ding et al., 2015)

no studies were found for CDs used as micronutrient delivery carriers for
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plants. This experiment was undertaken to find out the efficiency of a zinc
bound CD (ZnCDs) in enhancing rice plant growth, physiology and
micronutrient uptake. Using two genotypes with different Zn use efficiency
further demonstrates the mechanistic insight into Zn delivery into the plant.
Many studies have compared the effect between nano and bulk particle
application in rice and other cereals. Previous studies have shown that the
impacts of NP and bulk material on cereals are determined by the chemical
nature of the NP and the bulk material utilised as well as the size and
concentration of the material (Dimkpa et al., 2012, Subbaiah et al., 2016,
Bala et al., 2019, Yang et al., 2021, Akmal et al., 2022). Our experiment
was included zinc acetate (ZnAc) the bulk inorganic source of Zn which is

used as the source of Zn when preparing ZnCDs.

4.1.1 Goal of the study

The goal of the experiment was to compare the effects of ZnCDs (zinc bound
NP), CDs (NP without zinc), ZnAc (inorganic bulk source of zinc) and control
(absence of NP and zinc) on the growth, physiology and micronutrient

uptake of two rice genotypes of different Zn use efficiency.
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4.2. Materials and methods

4.2.1. Experimental site and design

The experiment was carried out at the same location described in chapter
3 from January to August 2020. A Zn efficient variety IR36 and Zn inefficient
variety IR26 were used for the study. Four treatments namely - CD 500
ppm, ZnCDs 500 ppm, ZnAc (Zinc Acetate) 500 ppm and control was
utilised in the experiment. Sand culture nutrient medium with low Zn

content was used for plant growing inside a glasshouse.

The glasshouse temperature was maintained between 25°C (day) and 22
°C (night) and relative humidity was retained at 60 - 75% throughout the
experimental period. The experiment was conducted using a randomised
complete block design with 3 replicates. The experimental ‘unit” was a pot
with a single rice plant, whereas ‘block’ was a tank set up for the sand

culture.

4.2.2. Treatments for the experiment

The CD and ZnCDs NPs wereprovided by the Queensland Micro- and
Nanotechnology Centre & Environmental Engineering, Griffith University,
Brisbane, Australia. The results drawn from the experiment described in
chapter 3 revealed that the most effective dose of ZnCDs and CD NP in
terms of their impact on growth and physiology of rice plants is 500 ppm.
Therefore, the four treatments used for the study are CD 500 ppm, ZnCDs
500 ppm, ZnAc 500 ppm (as the bulk Zn source) and control (without any
treatment). The solutions of above treatments were made by
dispersing/dissolving a known amount of NPs and bulk ZnAc in deionised
water (w/v). To facilitate effective spraying, Tween 20 (0.2% v/v) was

added to each solution.
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4.2.3. Plant material and growing conditions

The study used two medium maturing varieties IR36 and IR26 with high
and low Zn use efficiency, respectively (Khush, 2005). Germinated rice
seedlings of both varieties were grown using the sand culture technique
described in (Mae et al., 1981). However, since both varieties cannot grow
in a Zn free medium, the culture medium was modified to include a low Zn
(0.1 x 103 mM) concentration. Seed germination and the establishment of
the sand culture with nutrient medium was similar to the method described

in Chapter 3.

4.2.4. Crop growth and maintenance

Four acid washed sand filled pots (up to 1cm below the pot surface) were
kept inside a black plastic container (volume: 54 L) and 20 L of growing
solution was filled into each container. Three tanks were prepared according
to the CRBD experimental design to accommodate all 3 replicates. Pots were

randomised weekly to minimise the spatial effect.

At the establishment of the sand culture, 20 L of 1/8% strength of growing
solution was added to each container with the solution level 1 cm above the
soil surface. A single rice seedling was transplanted into each pot. The
growing solution's strength was doubled every week (1st week - 1/8t
strength; 2" week - 1/4th strength; 3™ week -half strength; 4t week - full
strength) until the concentration reached its full strength. The growing

solution was renewed every 4 days to supply nutrients in constant manner.

As described in the chapter 3 containers were covered using black polythene
(while keeping sufficient space for rice plant growth) to avoid algal growth

inside the tanks. Plants were grown until maturity.
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4.2.5. Treatment application

Rice plants at the stage of ‘heading’ were sprayed with the relevant
treatment using a Paasche® VL 0908 sprayer coupled with Dynavac® pump
as described in Chapter 3. All 3 replicates were sprayed with the appropriate
procedures, with minimal contamination between treatments. Following the

treatments, plants were grown until maturity and harvested to collect data.

4.2.6. Measurement of growth, physiological and nutritional

parameters

The physiological maturity stage of the rice plants was used to collect data
for their growth, physiology, and nutritional uptake. Plant height, number
of tillers, total number of panicles, panicle lengths, humber of spikelets per
panicle was recorded before harvesting. Average panicle length and

average number of spikelets per panicle were also calculated.

Seeds, shoots and roots were harvested manually at physiological maturity
of the plant. Seeds, shoots and roots were oven dried separately at 60 °C
for 72 h. Dry weight of seeds, straw and roots were recorded and dry weight
of total plant (summation of dry weight of seeds + shoots + roots) were
calculated. Above ground biomass was calculated using dry weight of seeds
and shoots and recorded. Thousand grain weight (at 13% moisture
content) was calculated by randomly selecting and weighing 3 samples of
100 seeds from each plant (Amini et al., 2016, Ghasemi et al., 2017). Brown
rice was obtained by manually threshing seeds, and the total harvest was
recorded by weighing threshed brown rice with a computerised balance
(Rehmani et al., 2014). Harvest index was calculated by dividing the total

harvest weight from the total above ground biomass.

Gas exchange parameters namely, Photosynthesis rate (Pn), Stomatal

conductance (Gs), Intercellular CO2 concentration (Ci) and Transpiration
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rate (Tr) of IR36 and IR26 plants subjected to different treatments were
made using a portable photosynthesis system (LI-6400xt, LI-COR, USA)
coupled with LI-COR transparent conifer chamber (LI-COR, Lincoln, NE, USA
6400-05) as described in chapter 03. To obtain measurements, flag leaves
were selected as they are the most efficient functional leaf at grain filling
stage, contributing to yield related traits (Wang et al., 2011, Zhang et al.,
2015). Dried, harvested plant parts: shoots, roots and de-husked grains
were finely ground using a Foss CT193 Cyclotec (Midland scientific, USA)
and a Tissue Lyser (Qiagen, USA) grinder. The concentrations of Zn, Fe, Mn
and Cu were measured on plant samples using AAS (Shimadzu Atomic

absorption Spectrophotometer — AA 7000 series) as described in chapter 3.

4.2.7. Statistical analysis

Multivariate analysis of data was performed using Mintab version 20

(www.minitab.com), including Principle Component Analysis (PCA) and
Multivariate analysis of variance (MANOVA) (O'Brien et al., 1985). MANOVA
was performed using the following models: Wilks', Lawley-Hotelling, and
Pillai's. MANOVA performed the analysis of variance for multiple dependent
variables by the employed Zn treatment groups. For physiological features
of flag leaf and agronomical features, the data was Z-standardised before
running MANOVA. Absolute values of coefficients derived from PCA
(multivariate analysis) were used as a criterion of feature importance
(feature selection), as described previously (Malhi et al., 2004, Song et al.,
2010, Ebrahimie et al., 2018).

Univariate analysis was performed using Minitab version 20 to compare the
Zn treatments (ZnCDs: Zn carbon dots, ZnAc: Zn acetate, CDs: carbon
dots, and control) inside each variety: IR36 (Zn efficient variety) or IR26
(Zn inefficient variety) by Analysis of Variance (ANOVA). Normality of data

was tested based on Ryan-Joiner approach (also called Shapiro-Wilk)
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method. When the data were not normally distributed, the data was
transformed, or the non-parametric Mann-Whitney test was applied. The

figures were created using Minitab version 20 and GraphPad Prism Version

o.
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4.3. Results
4.3.1. Nutritional analysis in grain and shoot

Multivariate analysis was performed on 12 features of nutritional contents,
including: Zn content of shoots, Zn content of roots, Zn content of grains,
Fe content of shoots, Fe content of roots, Fe content of grains, Mn content
of shoots, Mn content of roots, Mn content of grains, Cu content of shoots,
Cu content of roots, and Cu content of grains. The MANOVA results are
presented in Table 4.1, comparing the effects of ZnCDs, ZnAc, CDs, and
control on 12 nutritional features (n=12) in shoots, roots, and grain two
studied varieties of IR36 (Zn efficient variety) and IR26 (Zn inefficient
variety). As it can be inferred from Table 4.1, the treatments are

significantly different (p=0.01) between the employed Zn treatments.

Table 4.1: Multivariate results of the effects of Zn carbon dots (ZnCDs), Zn
acetate (ZnAc), carbon dots (CDs), and control on a range of nutritional
features (n=12) in IR36 (Zn efficient variety) and IR26 (Zn inefficient

variety).
Criterion Approx F P
Wilks' 4.706 0.000
Lawley-Hotelling 7.373 0.000
Pillai's 2.152 0.000
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Figure 4.1 presents the results of PCA analysis on nutritional features and
(A) Visualising groups. PCA 1 and PCA 2 together represent 55.9% of
variation in data. IR36 control samples group together and are separate
from the other treatments, including IR36 CDs. It can be concluded that the
effects on control and CDs on nutritional features in IR36 are not similar as
they locate far from each other. The largest distance was the IR36 group
from IR36 ZnCDs group. It can be inferred from Figure 4.1 that PCA1l
discriminates IR36 ZnCDs from both IR36 Control and IR36 CDs. In
contrast, PCA2 separates IR36 variety from IR26 variety.

Absolute values of coefficients in PCA1 and PCA2, as index of importance in
PCA analysis is presented in Table 4.2. As ranked in Table 4.2, the important
features in PCA 1 are: Mn Grains, Cu Grains, Mn Shoots, Mn Roots, Zn
Grains, Fe Shoots, Fe Roots, Zn Shoots, Cu Shoots, Zn Roots, and Cu Roots.
In contrast, the ranked important features in PCA2, distinguishing IR36
from IR26, were; Fe Grains, Zn Roots, Cu Roots, Cu Shoots, Mn Shoots, Zn

Grains, Mn Roots, Cu Grains, Zn Shoots, and Fe Roots.

Table 4.3. compares the effect of Zn treatments on important nutritional
features derived from PCA1 coefficients, in IR26 and IR36 varieties. In the
IR36 variety, there were remarkable increases in the contents of Mn in
grains, Cu in grains, and Zn in grains in response to ZnCDs and ZnAc
treatments. Also, Mn in roots showed a noticeable increase in response to
ZnCDs in IR36 compared to the other treatments (ZnAc, CDs, and control).
The effect of Zn treatment on the Zn content of shoots (p=0.0001), Zn
content of roots (p=0.0001), Zn content of grains (p=0.001), Mn content
of shoots (p=0.008), Mn content of grains (p=0.0001), and Cu content of
grains (p=0.0001) was significant in the IR36 variety. However, it was not
significant for Fe content of shoots (p=0.058), Fe content of roots
(p=0.094), Fe content of grains (p=0.054), Mn content of roots (p=0.123),
Cu content of shoots (p=0.256), and Cu content of roots (p=0.15). Mean
comparison using Tukey test is presented in Table 4.3 where ZnCDs
outperformed the other Zn treatments. In particular, ZnCDs significantly
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(p=0.05) increased the contents of Mn in grains, Cu in grains, Mn in shoots,

and Zn in grains compared to the control.

As demonstrated by the PCA2 coefficient in Table 4.2. and visualised by the

boxplot in Figure 4.3., IR26 has a higher content of grain Fe in all treatments

compared to IR36.

Table 4.2: PCA-based selection of nutritional features responding to Zn

treatments (Zn carbon dots, Zn acetate, carbon dots, and Control)

PCA1 PCA2
Nutrition Coefficie Absolute Nutrition Coefficie Absolute
al nt value of al nt value of
variable coefficie variable coefficie
nt nt
Mn Grains 0.428 0.428 Fe Grains -0.467 0.467
Cu Grains 0.391 0.391 Zn Roots -0.405 0.405
Mn Shoots 0.361 0.361 Cu Roots  -0.387 0.387
Mn Roots 0.36 0.36 Cu Shoots 0.366 0.366
Zn Grains 0.277 0.277 Mn Shoots 0.29 0.29
Fe Shoots 0.267 0.267 Zn Grains  -0.257 0.257
Fe Roots 0.245 0.245 Mn Roots 0.234 0.234
Zn Shoots 0.242 0.242 Cu Grains 0.222 0.222
Cu Shoots 0.215 0.215 Zn Shoots -0.211 0.211
Zn Roots 0.214 0.214 Fe Roots -0.187 0.187
Cu Roots 0.213 0.213 Mn Grains -0.024 0.024
Fe Grains 0.018 0.018 Fe Shoots 0.005 0.005
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A PCA plot of nutritional features
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Figure 4.1: PCA plots of nutritional features. (A) Visualising groups. (B)
Visualising varieties. ZnCDs: Zn carbon dots, ZnAc: Zn acetate, CDs:
carbon dots, IR36 (Zn efficient variety), IR26 (Zn inefficient variety).
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Figure 4.2: Comparison of the effect of Zn treatments on nutritional features in IR26 and IR36 varieties. ZnCDs:
Zn carbon dots, ZnAc: Zn acetate, CDs: carbon dots, IR36: Zn efficient variety, and IR26: Zn inefficient variety.
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Table 4.3: Comparison of some nutritional features (selected based on PCA analysis) between Zn treatments in
IR36 variety (ZnCDs: Zn carbon dots, ZnAc: Zn acetate, CDs: carbon dots, and control) using Tukey pairwise method

at 95% Confidence. Means that do not share a letter are significantly different. Mean values are based on mgKg-.

Mn Grains Cu Grains Mn Shoots Zn Grains
Zn Mean Grouping Mean Grouping Mean Grouping Mean Grouping
treatment
IR36_2ZnCDs 17.8 A 109 A 423.7 A 16.2 A
IR36_ZnAc 17.3 A 10.2 A 236.4 B 15.7 B
IR36_CDs 16,9 A 9.4 A 401.6 A 145 A
IR36_Control 9.7 B 5.5 B 232.1 B 6.4 B

77



Fe content of grains
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Figure 4.3: Comparison of the Fe content of grains between IR36 and IR26
variety in different Zn treatments (ZnCDs: Zn carbon dots, ZnAc: Zn
acetate, CDs: carbon dots, and control).
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4.3.2. Physiological features of flag leaf in response to ZnCDs

Multivariate MANOVA analysis was conducted on 4 physiological features,
including photosynthetic rate (umolCO,m=S1), stomatal conductance to
H>0O (molH.0Om=S1), intercellular CO2 concentration (pmolCO2mol air?t),
and transpiration rate (mmolH.Om=2S1) (Table 4.4). MANOVA showed that
there is no significant effect on the physiological features of the flag leaf
among the applied Zn treatments (ZNCDs, ZnAc, CDs, and control). The
means of each comparison in IR36 and IR26 are presented in Table 4.5 and
Table 4.6.

PCA analysis also confirmed the MANOVA result where PCA was not able to
discriminate Zn groups using physiological traits of flag leaf (data not

shown).

Table 4.4: Multivariate analysis of the effects of Zn carbon dots (ZnCDs),
Zn acetate (ZnAc), carbon dots (CDs), and control on four physiological

features in IR36 (Zn efficient variety) and IR26 (Zn inefficient variety).

Criterion Approx F P

Wilks' 0.731 0.000
Lawley-Hotelling 0.664 0.000
Pillai's 0.789 0.000
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Table 4.5: Comparison of physiological features of flag leaf in IR36 variety.

ZnCDs: Zn carbon dots, ZnAc: Zn acetate, CDs: carbon dots, and control.

Physiology Data- IR36
Flag Leaf (After |P-value and mean
treatment CDs vs|ZnAc vs|ZnCDs |ZnCDs |ZnCDs
application) Control | Control |vs vs CDs | vs
Control ZnAc
Photosynthetic NS NS NS NS NS
rate (pmolCO2m | (10.8 vs| (6.7 vs|(8.1 vs| (8.1 vs|(8.1 vs
26-1) 7.9) 7.9) 7.9) 10.8) |6.7)
Stomatal p=0.08 |NS NS NS NS
Conductance to|(0.18 vs|(0.09 vs|(0.39 vs|(0.39 (0.39
H20 (molH20m™2S- | 0.3) 0.3) 0.31) Vs Vs
1) 0.17) |(0.43)
Intercellular CO2 | NS NS NS NS NS
concentration (268.7 vs | (256.7 (259.6 (259.6 | (259.6
(umolCO2molair?) | 263.3) VS VS VS VS
263.3) 263.3) 268.7) |256.7)
Transpiration rate | NS NS NS NS NS
(mmolH20m2S1') ((5.7 wvs|(3.4 vs|(4.14 vs|(4.14 |4.14 vs
4.1) 4.1) 4.17) VS 3.46)
5.75)
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Table 4.6: Comparison of physiological features of flag leaf in IR26 variety.

ZnCDs: Zn carbon dots, ZnAc: Zn acetate, CDs: carbon dots, and control.

Physiology Data- IR26
Flag Leaf (After |P-value and mean
treatment CDs vs|ZnAc vs |ZnCDs |ZnCDs | ZnCDs
application) Control | Control |vs vs CDs | vs
Control ZnAc
Photosynthetic NS NS NS NS NS
rate (pmolCO2m | (12.2 vs|(11.4 vs|(10.1vs|(10.1 (10.1
281) 9.03) 9.0) 9.0) VS VS
12.2) 11.4)
Stomatal NS p= 0.08 [NS p= p=
Conductance to 0.08 0.08
H20 (molH20m™2S | (0.17 vs|(0.18 vs|(0.13vs|(0.13 (0.13
1) 0.13) 0.13) 0.13) Vs Vs
0.17) 0.18)
Intercellular CO2 | NS NS NS NS NS
concentration (251.3 vs | (261 vs | (241 vs|(241.3 |(241.3
(umolCO2molair?t) | 256) 256) 256) S vs 261)
251.3)
Transpiration rate | NS p= 0.08 [NS p= p=
(mmolH20m2S1) 0.08 0.08
(5.6 vs|(56 vs|(4.4 vs|(4.4 vs|(4.4 vs
4.5) 4.5) 4.5) 5.6) 5.6)
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4.3.3. Agronomical important trait response to CDs

Thirteen agronomic features including dry weight of seeds, straws, roots,
and total plant, as well as harvest index and 1000 grain weight were
subjected to multivariate analysis by PCA (Figure 4.4). Figure 4.4 shows the
PCA1 and PCA2, which explain 54.8 percent and 22.3 percent of the
variation in data, respectively. PCA successfully distinguished control
samples in IR26 from the rest of groups using agronomic traits. Dry weight
of the total plant, above ground biomass, dry weight of straw, dry weight
of seed, and total harvest had the higher importance in PCA1 (Table 4.7).

As shown in Figure 4.5, the IR26 control samples had significantly higher
dry weights of seed, straw, root, and total plant than the Zn treatments. In
IR36, however, there was no substantial difference between the mentioned

traits.
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Figure 4.4: PCA plot based on agronomical features. ZnCDs: Zn carbon
dots, ZnAc: Zn acetate, CDs: carbon dots, IR36: Zn efficient variety, IR26:
Zn inefficient variety.
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Table 4.7: Coefficients of PCA1 of Agronomical features. The higher weight

demonstrated the higher importance in PCAL.

Agronomical features PC1 Absolute
coefficient PCA weight
Dry weight Total plant 0.372 0.372
Above ground biomass 0.371 0.371
Dry weight - Straw 0.366 0.366
Dry weight - Root 0.351 0.351
Dry weight - Seed 0.348 0.348
Total harvest 0.333 0.333
Average number of branches per panicle 0.238 0.238
Total number of tillers 0.235 0.235
Plant Height 0.211 0.211
Number of panicles 0.208 0.208
Harvest index -0.142 0.142
1000 grain weight -0.125 0.125
Average Panicle length 0.005 0.005
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Figure 4.5: Comparison of dry weight of seed, dry weight of straw, dry weight of root, and dry weight of total plant
between Zn treatments in two varieties. ZnCDs: Zn carbon dots, ZnAc: Zn acetate, CDs: carbon dots, IR36: Zn
efficient variety, IR26: Zn inefficient variety.
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4.4. Discussion

Conducting multivariate analysis on 30 measurements in three categories
of 12 nutritional traits, four physiological traits, and 14 agronomical traits
provided a comprehensive view on the effect of foliar application of Zn
nanoparticles (NPs). Furthermore, comparing the response of Zn efficient
(IR36) and Zn inefficient (IR26) offered the chance of evaluating the effect

of variety (genotype) with a distinguished level of Zn processing to ZnCDs.

Nano particles (NPs) have opened a new opportunity to increase the quality
and yield of grains. However, previous results are contrasting. A reduction
in the quality of rice grains was observed after the treatment of soil with
cerium oxide nanoparticles (CeO2 NPs) (Rico et al., 2013). In contrast,
treatment of soil with CeO> NPs improved the plant growth, shoot biomass,
and grain yield of wheat by 9.0%, 12.7%, and 36.6%, respectively,
demonstrating the high potential of NPs to influence crop physiology and
food quality (Rico et al., 2014). In a recent study, soil-amended copper
oxide (CuQ) NPs increased the Fe content in cultivar rice, highlighting the
potential application of CuO NPs as nano fertiliser (Deng et al., 2022). In
another study, adding silver NPs to soil was beneficial for rice and bacteria
in soil microbiota (Yan et al., 2022). Species-dependent manner is reported

in response to CeO2 NPs for nutritional quality (Gui et al., 2023).

Recent studies are accumulating evidence on the beneficial effects of Zn
NPs on tolerance against abiotic stresses such as drought and salinity. In
sorghum, adding Zinc NPs to soli showed remarkable beneficial effects by
increasing the level of drought tolerance, nutrient acquisition (total K, grain
K, shoot P, grain Zn) and grain protection (Dimkpa et al., 2019).
Interestingly, in the mentioned study (Dimkpa et al., 2019), Zinc NPs were
able to reverse and improve the effect of drought at late emergence of flag
leaf and grain head. In comparison, with conventional Zn fertiliser, the
amendment of Zinc oxide nanoparticles (ZnO NPs) to soil reduced salinity
stress in wheat (Adil et al., 2022). Plants treated with ZnO NPs retained
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higher chlorophyll contents and yield under salinity stress than conventional
fertiliser (Adil et al., 2022).

Most studies have analysed the effect of NPs amendment to soli, and there
are few studies on foliar application of NPs. Foliar application of silica NPs
alleviated arsenic in rice grain (Ghasemi et al., 2017). Our study is the first
study on foliar application of ZnCDs. We found that there is a remarkable
difference between the response of nutritional features to ZnCDs treatment
between the Zn efficient (IR36) and Zn inefficient varieties (IR26). ZnCDs
led to a significant promotion of the contents of Mn, Cu, and Zn in grains as

well as Mn in roots.
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4.5. Conclusion

The results of the study revealed that application of ZnCD resulted in
distinct changes in the Zn content of the Zn efficient rice variety. Further,
NP applications did not cause any negative changes to the physiology and
the agronomy of the rice plant regardless of the Zn use efficiency status of

the cultivar

Thus, the outcomes of this chapter highlight the implications of foliar
application of ZnCDs in nutrient management and improving grain
nutritional contents for human health. The findings of this study suggest
considering the foliar application of ZnCDs as an efficient nano fertiliser in

improving nutrient quality of rice.
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CHAPTER 5: COMPARATIVE TRANSCRIPTOMIC
ANALYSIS OF ZINC EFFICIENT RICE VARIETY IR36
AGAINST ZINC INEFFICIENT RICE VARIETY IR26

5.1 Introduction

The mechanisms mediating higher Zn efficiency and the effect of Zn
nanoparticles (NPs) have not been fully elucidated. Nevertheless, gene
expression after exposure to different metal NPs has been studied in
Arabidopsis. In Arabidopsis, exposure to TiO, and CeO. NPs altered the
regulation of 204 and 142 genes, respectively (Tumburu et al., 2015). In
another study, exposure of Arabidopsis to AgNPs resulted in the upregulation
of 286 genes and the downregulation of 81 genes, including genes involved in
plant defence (Kaveh et al., 2013). Tobacco plants treated with AloO3 NPs
showed an increased expression of some microRNAs, resulting in reduced
growth and development of the seedlings (Burklew et al., 2012). Few studies
have been carried out to explain the effect of carbon-based NPs. Application
of Multi-walled carbon nanotubes (MWCTs) up-regulated the water-channel
LeAgp2 gene and stress-related genes of tomatoes (Khodakovskaya et al.,
2011).

Little information exists for rice response to NPs. A study carried out by Garcia-
Sanchez et al. (2015) reported transcriptomic changes in Arabidopsis thaliana
exposed to different NPs such as TiO2, Ag and MWCNTs (Garcia-Sanchez et
al., 2015). This study revealed NP exposure repressed transcriptional
responses to microbial pathogen infections and exhibited transcriptional
patterns characteristic of phosphate starvation. Few studies have been

conducted on NPs in rice. Significant reduction in root elongation, shoot and
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root fresh weights, total chlorophyll contents as well as differential
transcription of genes related to oxidative stress tolerance has been reported

in rice seedlings exposed to AgNPs (Nair et al., 2014).

A recent study demonstrated that Copper oxide nanoparticles (CuONPs)
impact yield, nutritional quality, and upregulation of auxin-associated genes
in the grains of both weedy and cultivated rice in a dose-dependent manner
(Deng et al., 2022). High doses of CuONPs (=300 mg/kg) prevented grain
production. In contrast, CuONPs in the doses of 75 mg/kg and 150 mg/kg led
to an increased Fe content, a promising result for the use of CUONPs as a

potential nano-fertiliser (Deng et al., 2022).

The above-mentioned studies suggest that exposure to different types and
doses of NPs can affect the changes in transcriptome and gene expression
profile. To clarify the effect of Zn bound carbon nanodots (ZnCDs) on cereal
functional genomics, it is important to carry out gene expression studies and
a transcriptomic analysis following NP application to the rice plants.
Transcriptome analysis is an important step in understanding the molecular
mechanism of response to Zn and its nano carrier (He et al., 2015,
Bandyopadhyay et al., 2017, Muvunyi et al., 2022). However, most previous
studies have focused on the response of one type of genotype against Zn
stress or Zn deficiency (Song et al., 2014, Zeng et al., 2019, Song et al.,
2021), rather than transcriptomic comparison of genotypes with different

levels of Zn uptake and metabolism.

Having two rice cultivars with different levels of Zn efficiency (IR36 and IR26)
provided an opportunity for comparative transcriptomic analysis between Zn
efficient variety against inefficient variety, leading to the discovery of genes
and associated mechanisms involved in higher Zn efficiency in efficient
variety. To best of our knowledge, no studies have profiled the transcriptomic
responses of Zn efficient variety against inefficient one.
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5.1.1. The goals of this chapter

The goal of this chapter was to discover a transcriptomic signature of response
to Zn bounded carbon nanodots (ZnCDs) in Zn efficient variety (IR36),
compared to Zn inefficient variety (IR26). Unraveling the underpinning key
molecular pathways and mechanisms involved in higher Zn efficiency and
response to nanoparticles by computational systems biology analysis was the

second goal of this chapter.
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5.2 Material and methods
5.2.1 Plant material, sampling, Zn treatment, and RNA extraction

Zn efficient IR36 and Zn inefficient IR26 were grown in low Zn (0.1 x 1073
mM) sand culture nutrient medium as described in chapter 3. Plants were
grown until maturity, and at heading stage were treated with two treatments,
namely, ZnCD 500 ppm and control. Treatments were applied using a Paasche
sprayer, as described in chapter 3. The experiment was conducted under
glasshouse conditions using a randomised complete block design with 3
replicates. Experiments ran from September 2020 to February 2021. The
maximum and the minimum temperatures were maintained at 25 °C and 22

°C, respectively.

Three days after spraying, flag leaves were collected from the main tiller of all
three replicates at the heading stage. Sampling was done between 9.00 -
11.30 am and samples were placed in storage tubes and were immediately
frozen in liquid nitrogen. Samples were then stored at -80 °C until total RNA

extraction.

TSP buffer (pH 10) was prepared using EDTA 10mM, KCI 1 M, TRIS-HCI 10mM,
and autoclaved. RNase free, sterilised mortars and pestles were stored at -80
°C at least 12 h prior to the extraction. Hundred (100) mg of the flag leaves
were ground to a fine powder using liquid N2 in a pre-chilled mortar and pestle.
Total RNA was extracted using Trizol® reagent (Invitrogen by Thermo Fisher
Scientific, USA) according to the manufacturer's instructions. Extracted RNA
was quantified using a DS-11 Series Spectrophotometer/Fluorometer

(DeNovix, USA) and concentration of the RNA samples was adjusted to 1

Hg/HL.

92



Total RNA (1ug) was treated with DNase 1, amplification grade (Invitrogen by
Thermo Fisher Scientific, USA) according to the manufacturer's instructions to
avoid genomic DNA contaminations. RNA samples were reverse-transcribed
using SensiFAST™ cDNA synthesis kit (Catalogue NO-Bio-65054, Bioline, UK)
as per the manufacturer's instructions. Twenty (20) pL were introduced into
the thermal cycler with the program set at 25 °C for 10 min for primer
annealing; 42 °C for 15 min for reverse transcription; and 85 °C for 5 min for

inactivation of the process. cDNA was stored at -20 °C until further use.

5.2.2 Plan of experiment

The variables of this study were Zn treatment [in two levels of Zn bound
carbon nanodots (ZnCDs) and control] and variety [in two levels of Zn efficient
(IR36) and Zn inefficient (IR26). In total, 12 samples were sequenced in RNA-
Seq experiments (Two varieties * Two treatments * 3 replications = 12

samples).

5.2.3 High-throughput RNA-sequencing and expression profiling

RNA-seq sequencing was performed using NextSeq machine of Illumina at
Genomics Research Platform of La Trobe University (Victoria, Australia) as
single read sequencing with an average length of 76bp (after removal of
adaptors and indexes). After sequencing, adapters were removed by

BaseSpace, a cloud-based Illumina software.

Rice (Oryza sativa) reference genome and its gene annotations (FileVersion =
IRGSP-1.0, Date = 2022-03-17) were downloaded from Ensembl genome

browser (ftp.ensemblgenomes.org/pub/current/plants) and used for mapping
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and expression profiling. Quality control, trimming, mapping to reference
genome, and differential expression analysis were performed using CLC
Genomics Workbench Version 22 (QIAGENE). Trimming was performed using
the following parameters: (1) Quality score limit = 0.05; (2) Trim ambiguous
nucleotides = Yes;and (3) Maximum number of ambiguities = 2. Mapping was
performed using the following parameters: (1) Mismatch cost = 2, (2)
Insertion cost = 3, (3) Deletion cost = 3, Length fraction = 0.7, and Similarity
fraction = 0.7. Reads per kilobase of exon model per million mapped reads
(RPKM) (Mortazavi et al., 2008) was employed for measuring and visualising
of gene expression. RPKM is a normalised form of the mapped reads,
normalising different depth of sequencing and gene length.Heatmap was used
for visualising of differential expression, based on the following parameters:
(1) Distance measure = Euclidean distance and (2) Cluster linkage = Average
linkage. Also, for creating a heatmap using CLC Genomics Workbench, TMM
normalisation was employed to adjust library sizes, and 'log CPM' (Counts per
Million) values were calculated for each gene. The CPM calculation used the
effective library sizes as calculated by the TMM normalisation. After the above
normalisation, the counts for each gene were mean centred, and scaled to
unit variance. The generated heatmaps show expression profiles, rather than
expression values, by colouring each row relative to the average expression

of that row, using the normalisations.

Differential expression analysis was performed using read counts and
Generalized Linear Model (GLM), an approach similar to edgeR(Robinson et
al., 2010). GLM fits curves to expression values without assuming that the
error on the values is normally distributed. The assumption is that the read
counts follow a Negative Binomial distribution. GLM fit and dispersion estimate
provides the chance to calculate the total likelihood of the model given the
data and the uncertainty on each fitted coefficient. Using GLM allows us to fit

curves to expression values without assuming that the error on the values is
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normally distributed. Here, we assume that the read counts follow a Negative
Binomial distribution. GLM fit and dispersion estimate allows us to calculate
the total likelihood of the model given the data and the uncertainty on each
fitted coefficient. The Negative Binomial distribution can be understood as a
“Gamma-Poisson' mixture distribution, the distribution resulting from a
mixture of Poisson distributions, where the Poisson parameter is itself
Gamma-distributed. In an RNA-Seq context, this Gamma distribution is
controlled by the dispersion parameter, such that the Negative Binomial
distribution reduces to a Poisson distribution when the dispersion is zero.
Then, the tool calculated the TMM (trimmed mean of M) values for every
sample and then calculates the TMM-adjusted log CPM counts (Robinson et
al., 2010).TMM can be considered as normalisation step for correcting the
effect of different sequencing depth between samples. TMM normalisation
adjusts library sizes based on the assumption that most genes are not
differentially expressed. The p-values were corrected with FDR statistics. Fold
changes were calculated from the GLM, which corrects for differences in library
size between the samples and the effects of confounding factors. The Wald
test was applied to calculate the p-values and FDR p-value for the comparison
of all group pairs. Differentially expressed genes in each comparison were
filtered based on the following two criteria: (1) FDR p-value < 0.05 and (2)
Absolute fold change > 2.

5.2.4 Comparative transcriptomic analysis between Zn inefficient
(IR26) and efficient (IR36) varieties in response to ZnCDs

The workflow of comparative transcriptomic analysis is presented in figure 5.1

and includes the following steps:
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1- Transcriptomic profiling of ZnCDsresponse in Zn efficient variety (IR36+2Zn
vs IR36_control)

2- Transcriptomic profiling of ZnCDs response in Zn inefficient variety
(IR26+Zn vs IR26_control)

3- Comparative transcriptomic analysis: (IR36+ZnCDs vs IR36_control) vs
(IR26+Zn vs IR26_control)]. This important step filters the genes that were
solely (specifically) upregulated/downregulated in IR36 in response to ZnCDs
and not in IR26.

Specific ZnCDs-responding genes in IR36 were used for enrichment analysis
in various classification systems (Gene Ontology, KEGG, Pfam and InterPro),

employing a Fisher's exact test followed by a correction for multiple testing.
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IR36 IR26
ZnCDs vs Control ZnCDs vs Control

[ (IR36: ZnCDs vs Control) vs (IR26: ZnCDs vs Control) ]
Up-regulated genes Down-regulated genes
IR36 IR26 IR36 IR26
ZnCDs vs Control ZnCDs vs Control ZnCDs vs Control

ZnCDs vs Control

= =

Figure 5.1: Flowchart of the performed comparative transcriptomic analysis
between Zn inefficient (IR26) and efficient (IR36) varieties in response to Zn
bounded carbon nanodots (ZnCDs). The arrows highlight the genes that were
solely (specifically) upregulated/downregulated in IR36 in response to ZnCDs
and not in IR26.
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5.2.5 Transcriptomic signature of discovery of ZnCDs efficiency by

multivariate analysis

Multivariate analysis was employed to find the genes that can discriminate the
ZnCDs-treated IR36 efficient variety from the rest of groups. Analysis was

performed using Minitab Statistical Software (www.minitab.com, Product

version: 20.2).

Selection of key genes in transcriptomic signature was performed based on
the coefficient (weight) each gene received in the separation of groups
(IR36+ZnCDs, IR36 Control, IR26+ZnCDs, and IR 26 Control) in PCA analysis.
Gene/feature selection based on the coefficients in Discriminant Function
Analysis (DFA), and Principle Component/Coordinates Analysis (PCoAAnalysis
(PCA/PCoA) is one of the most employed approaches for gene selection and
signature discovery (Shih-Yin et al., 2012, Mahdi et al., 2014, Singh et al.,
2018, Yip et al., 2021).

5.2.6 Gene Ontology (GO) enrichment analysis

GO enrichment analysis is a computational systems biology tool to extract
biological infirmation from a bulk of differentially expressed genes
(Fruzangohar et al., 2013, Ebrahimie et al., 2015, Ebrahimie et al., 2017). GO
classification classifies genes/proteins based on the controlled universal
vocabulary in leading groups of biological process (BP), molecular function
(MF), and cellular component (CC), support to achieve a universal functional
annotation language and understanding (Consortium, 2004, Consortium,
2019).
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5.2.7 The Kyoto Encyclopedia of Genes and Genomes (KEGG)

enrichment analysis

The KEGG database (Kanehisa et al., 2000) was used for identification of the
significantly enriched pathways by IR36 specific genes (responding to ZnCDs)
using the String webtool (https://string-db.org/) (Mering et al., 2003). The

statistical significance of each KEGG pathway was determined by Fisher's

exact test followed by a correction for multiple testing (Mering et al., 2003,
Szklarczyk et al., 2016, Szklarczyk et al., 2021).

5.2.8 Gene interaction network analysis

The String webtool (Szklarczyk et al., 2021)was used for the extraction of
possible gene-gene interactions based on a range of relations, such as co-
expression, literation mining, and functional annotations. String visualises the
interaction network with the help of the integrated Cytoscape tool (Szklarczyk
et al., 2016).

5.2.9 Domain enrichment analysis

Protein sequences of IR36, specifically up-regulated genes in response to
ZnCDs were extracted. Then, domains of each protein sequence were
extracted from the pfam database (http://pfam.sanger.ac.uk/) using the CLC
Genomics Workbench. For domain prediction, an E-value =0.0000001 was

used to identify the significant domains.
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5.2.10 Signature discovery based on significant pathways

Identifying the ng the key GO groups and selection of genes based on the
significant GOs are novel and reliable approaches in gene discovery as the
selected genes are central in meaningful biological processes (Ebrahimie et
al., 2015). Furthermore, the comparison of GO enrichment of a given sample
verses GO distribution of the whole genome (as reference) by Fisher exact
test (hyper-geometry approach) illustrates the differential functional groups
in a particular sample. Furthermore, recent developments in constructing GO
networks provide a unique possibility to investigate the transcriptome in the

context of functional interactions between different GO classes.
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5.3 Results
5.3.1 Quality and quality of RNA-Seq data

The sequence reads were high quality, according to both per-sequence quality
criteria as well as per-base analysis criteria. In the per-sequence category,
the following items were measured: uniform length distribution, GC-content,
ambiguous base-content, quality distribution (based on average PHRED
score). In per-base category, the following criteria were analysed: Coverage,
nucleotide contributions, GC-content, quality distribution (based on the
PHRED score in each position). Also, over-representation analyses (enriched
5-mers) and sequence duplication levels were considered. The results of the
quality of samples are presented in Supplementary (Appendix) files. The

samples had a relatively uniform depth of sequencing.

5.3.2 Transcriptomic response of Zn efficient variety (IR36) to ZnCDs

treatment

The list of differentially expressed genes in IR36 variety in Zn vs control
comparison is provided in the Supplementary (Appendix) files. In total, 681
genes were differentially expressed in response to ZnCDs treatment: 253 were
up-regulated by IR36 variety and 428 genes were downregulated. Figure 5.2
represents highly abundant genes (n=43), selected for heatmap, based on:
(1) FDR p-value < 0.05, (2) Absolute fold change > 2, and (3) Mean RKPM
=>50.
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Figure 5.2: Heatmap of expression profiles of highly abundant genes (n=43)
genes in Zn efficient variety (IR36) in response to Zn Carbon dots (ZnCDs).
Genes were selected for heatmap based on: (1) FDR p-value < 0.05, (2)
Absolute fold change > 2, and (3) Mean RKPM =>5. The counts for each gene
were mean centered and scaled to unit variance.
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5.3.3 Transcriptomic response of Zn inefficient variety (IR26) to
ZnCDs treatment

Based on the employed criteria for the selection of differentially expressed
genes, 313 genes were up-regulated genes in IR26 in response to Zn, and 41
genes were downregulated (354 differentially expressed genes in total).
Highly abundant genes (n=44) are presented in figure 5.3 with FDR p-value
< 0.05, Absolute fold change > 2, and (3) Mean RPM =>50.
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Figure 5.3: Heatmap of expression profiles of highly abundant genes (n=44)
genes in Zn inefficient variety (IR26) in response to Zn Carbon dots (ZnCDs).
Genes were selected for heatmap based on FDR p-value < 0.05, Absolute fold
change > 2, and Mean RKPM =>5. The counts for each gene were mean
centered and scaled to unit variance.
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5.3.4 Genes that solely upregulated in efficient IR36 variety in

response to ZnCDs

Efficient IR36 up-regulated 251 genes in response to ZnCDs that inefficient
IR26 variety did not up-regulate (Figure 5.4). Supplementary (Appendix) files

provide the list of those genes.

IR36 IR26
ZnCDs vs Control ZnCDs vs Control

Figure 5.4:Comparative transcriptomics analysis between efficient IR36
variety and the inefficient IR26 variety in response to Zn Carbon dots (ZnCDs).

IR36 solely (specifically) up-regulated 251 genes that IR26 variety did not up-
regulate.
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5.3.5 Genes that solely downregulated in efficient IR36 variety in
response to ZnCDs

Efficient variety IR36 down regulated 421 genes in response to ZnCDs that
the inefficient variety IR26 did not downregulate (Figure 5.5). The list of genes
is provided in the Supplementary (Appendix) files.

IR36 IR26
ZnCDs vs Control ZnCDs vs Control

Figure 5.5: Comparative transcriptomics analysis between the efficient IR36
variety and inefficient IR26 variety in response to Zn Carbon dots (ZnCDs).
IR36 solely (specifically) downregulated 251 genes that the IR26 variety did
not downregulate.
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5.3.6 Transcriptomic signature of high Zn efficiency in IR36 in
response to ZnCDs

Principle Component Analysis (PCA) of 251 genes that were significantly up-
regulated by IR36 (efficient variety) in response to ZnCDs but not in the
inefficient variety of IR26, is presented in figure 5.6. PCA analysis highlights

the power of the developed signature of ZnCDs efficiency.

The first PCA (PCA1) was able to describe 69.8% of variation in the data,
separating IR36+ZnCDs samples from the IR26 Control, IR26+ZnCDs, and
IR36 Control samples.
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Figure 5.6:PCA plot of 251 genes that were significantly up-regulated
inefficient IR36 variety in response to Zn Carbon dots (ZnCDs). PCA analysis
approved the power of the developed ZnCDs efficiency signature,
discriminating the IR36+ZnCDs from the rest of groups [IR 36 Control, IR26
(inefficient variety)+ZnCDs, and IR26 Control].
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The top 25 genes with highest absolute coefficients in PCA1 were selected as
top genes in the overall transcriptomic signature of ZnCDs efficiency,
discriminating IR36+ZnCDs from the rest of groups (IR26 Control,
IR26+ZnCDs, and IR36 Control) (Table 5.1), including 0s01g0723100,
0s10g0203000, OsGT43G, 0s03g0116300, Os04g0523100, Os05g0453300,
OsDof2, OsFbox203, OsKANADI1, OsPP2C02, and OsPP2C32.
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Table 5.1: The top 25 genes with the highest absolute coefficients in PCA1 were selected as top genes in
overall transcriptomic signature of the ZnCDs efficiency, discriminating IR36+2ZnCDs from the rest of the
groups (IR26 Control, IR26+ZnCDs, and IR36 Control)

PCA analysis IR36: ZincCDs vs IR26: ZincCDs vs
Control Control
Gene Chr Region PC1 Absolu Fold P- FDR Fold P- FDR
coffici te chan val p- chan val p-
ent PCA1 ge ue val ge ue val
value ue ue
0s01g0723 1  30155680..30157642 0.075 0.075 6.62 0.00 0.00 -1.06 0.89 1.00
100
0s10g0203 10 complement(7334820..733 0.075 0.075 3.02 0.00 0.01 -1.07 0.80 1.00
000 8831)
OsGT43G 10 complement(7499511..750 0.075 0.075 3.01 0.00 0.01 -1.06 0.80 1.00
3453)
0Os03g0116 3  922684..928190 0.074 0.074 3.02 0.00 0.01 -1.11 0.63 1.00
300
0s04g0523 4  complement(26168660..26 0.074 0.074 3.93 0.00 0.01 -1.19 0.63 1.00
100 173714)
0s05g0453 5 complement(22238995..22 0.074 0.074 498 0.00 0.00 -1.30 0.37 1.00
300 241632)
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PCA analysis IR36: ZincCDs vs IR26: ZincCDs vs
Control Control
Gene Chr Region PC1 Absolu Fold P- FDR Fold P- FDR
coffici te chan val p- chan val p-
ent PCA1 ge ue val ge ue val
value ue ue
OsDof2 2 complement(27435303..27 0.074 0.074 3.42 0.00 0.05 -1.03 0.92 1.00
438545)
OsFbox203 4  complement(18602681..18 0.074 0.074 3.21 0.00 0.03 -1.08 0.78 1.00
609094)
OsKANADI 2  28653055..28657883 0.074 0.074 4.12 0.00 0.02 -1.10 0.81 1.00
1
OsPP2C02 1  complement(10805527..10 0.074 0.074 2.77 0.00 0.01 -1.06 0.78 1.00
808077)
OsPP2C32 3 10163441..10165442 0.074 0.074 3.07 0.00 0.01 1.23 0.39 1.00
ERF3_1 1 33766984..33768044 0.073 0.073 4.41 0.00 0.00 -1.47 0.10 1.00
HSFC2A 2  7464028..7465505 0.073 0.073 3.90 0.00 0.01 -1.02 0.94 1.00
0s01g0687 1  28345842..28350882 0.073 0.073 3.01 0.00 0.03 -1.29 0.24 1.00
300
0s03g0119 3  1080801..1081326 0.073 0.073 8.19 0.00 0.00 -1.01 0.99 1.00
900
0s04g0419 4  20734444..20735342 0.073 0.073 4.11 0.00 0.00 -1.19 0.58 1.00
550
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PCA analysis IR36: ZincCDs vs IR26: ZincCDs vs
Control Control
Gene Ch Region PC1 Absolu Fold P- FDR Fold P- FDR
r coffici te chan val p- chan val p-
ent PCA1 ge ue val ge ue val
value ue ue
0s04g0669 4  34142529..34143723 0.073 0.073 3.85 0.00 0.00 1.03 0.92 1.00
475
0s07g0571 7  complement(23058800..23 0.073 0.073 493 0.00 0.00 -1.45 0.34 1.00
300 059595)
0s10g0463 10 complement(17089205..17 0.073 0.073 7.51 0.00 0.00 -1.61 0.41 1.00
600 089666)
0s11g0120 11 complement(896134..8972 0.073 0.073 3.90 0.00 0.01 -1.06 0.87 1.00
300 60)
OseXO70F 5 17779880..17781705 0.073 0.073 3.59 0.00 0.01 -1.11  0.78 1.00
X1
OsFbox127 3  942736..944993 0.073 0.073 3.83 0.00 0.01 1.29 0.47 1.00
OsMC8 3 complement(15567899..15 0.073 0.073 3.10 0.00 0.02 -1.12 0.74 1.00
572135)
OsSCR1 11 1119746..1123350 0.073 0.073 2.47 0.00 0.02 -1.21 0.47 1.00
OsSRO1c 3 6895178..6898355 0.073 0.073 5.56 0.00 0.00 -1.12 0.76 1.00
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5.3.7 Computational systems biology analysis of genes that

specifically expressed in IR36 in response to ZnCDs

Computational systems biology analysis of IR36 ZnCDs specific genes, genes
that were differentially expressed in IR36 variety in response to ZnCDs, but
were absent in IR26 (the inefficient variety), was performed based on: Gene
Ontology (GO) enrichment, KEGG enrichment analysis, protein domain
enrichment analysis, and network analysis. A complete list of statistically
significant pathways and functions in enrichment analyses are provided in the

Supplementary (Appendix) files.

5.3.8 GO enrichment

GO enrichment of specific IR36 differentially expressed genes in response to
ZnCDs [(IR36 variety: ZnCDs vs Control) vs (IR26: ZnCDs vs Control)]
showed that these genes are significantly (p<0.05) involved in key functions
such as response to abiotic stimulus, protein folding, and unfolded protein

binding.
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Table5.2: Gene ontology enrichment of ZnCDs specific genes in the IR36 efficient variety, genes that were

differentially expressed in IR36 variety in response to ZnCDs, but were absent in IR26 (the inefficient

variety).
Biological Processes
False
o Observed Background .
Term ID Term description Strength | discovery
gene count | gene count
rate
G0:0009408 | Response to heat 22 187 0.97 1.64E-10
Response to temperature
G0:0009266 25 380 0.72 2.24E-07
stimulus
G0:0009628 | Response to abiotic stimulus | 45 1187 0.48 3.21E-07
G0:0006457 | Protein folding 17 260 0.71 0.00013
G0:0034605 | Cellular response to heat 7 60 0.97 0.0232
GO:0006950 | Response to stress 65 3059 0.23 0.0307
Positive regulation of
transcription  from  RNA
G0:0061408 ~ |5 25 1.2 0.0307
polymerase ii promoter in
response to heat stress
G0:0050896 | Response to stimulus 96 5169 0.17 0.0445
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Molecular Function

False
o Observed Background .
Term ID Term description Strength | discovery
gene count | gene count

rate
G0:0031072 | Heat shock protein binding 11 98 0.95 0.00029
G0:0051879 | Hsp90 protein binding 6 19 1.4 0.00059
G0:0051082 | Unfolded protein binding 12 164 0.76 0.0018
G0:0051087 | Chaperone binding 7 58 0.98 0.0094

114



5.3.9 KEGG enrichment

KEGG enrichment analysis highlighted that the specific ZnCDs-responding

genes in the IR36 variety significantly (p<0.05) enriched pathways such as

protein processing in the endoplasmic reticulum and Legionellosis (Table 5.3,
Figure 5.7, Figure 5.8).

Table 5.3: KEGG enrichment analysis of ZnCDs specific genes in IR36 efficient

variety, genes that were differentially expressed in IR36 variety in response

to ZnCDs but were absent in IR26 (inefficient variety).

KEEG enrichment analysis

Observed False
Term Background )
Term ID o gene Strength | discovery
description gene count
count rate
Protein
processing in
endoplasmic
map04141 | reticulum 20 395 0.6 0.0000559
map05134 | Legionellosis | 5 27 1.17 0.0035
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Figure 5.7: "Protein processing in endoplasmic reticulum" pathway is significantly (p<0.05) enriched by

the specific Zn Carbon dots (ZnCDs) responding genes in IR36 efficient variety.
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Figure 5.8: "Legionellosis" pathway is significantly (p<0.05) enriched by the
specific Zn Carbon dots (ZnCDs) responding genes in IR36 efficient variety.
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5.3.10 Protein domain enrichment analysis

Protein domain enrichment analysis of 251 genes that specifically up-
regulated in efficient IR36 variety in response to ZnCDs, not in inefficient IR26
variety, demonstrated the significance (p<0.05) enrichment of Histone
H2A/H2B/H3 domains in proteomics pool after translation of genes (Table
5.4). The analysis was performed based on the two main databases of protein

domains :Pfam and InterPro.

Table 5.4:Protein domain enrichment analysis of 251 genes that specifically
up-regulated in efficient IR36 variety in response to ZnCDs. The analysis was

performed using both Pfam and InterPro databases.

Pfam Protein domain
Observe | Backgroun False
Term .
Term ID oo d gene|d gene [Strength | discover
description
count count y rate
Core histone
PFO00125 |H2A/H2B/H3/H |5 47 1.39 8.80E-03
4
InterPro. Protein domain
Observe | Backgroun False
Term Strengt .
Term ID o d gene|d gene discover
description h
count count y rate
IPR0O0712 | Histone
5 38 1.48 0.0065
5 H2A/H2B/H3
IPRO0907
5 Histone-fold 6 85 1.21 0.008
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5.3.11 Zn uptake pathway

Expression of 10 genes involved in the Zn uptake pathway were compared
following application of ZnCDs in both IR36 and IR26 varieties (Figure 5.9).
OsZIP7, OsZIP2, OsDMAS1, OsNAAT1, and OsZIP8 showed a high level of
expression in samples (Figure 5.9). The O0OsZIP7, O0sZIP8, and
OsNAAT1showed significant downregulation in IR36 efficient variety providing
the ZnCDs.

Figure 5.9: Expression of genes involved in Zn update pathway following
application of Zn Carbon dots (ZnCDs) in both IR36 and IR26 varieties.IR36T:
IR36+ ZnCDs, IR36C: IR36 Control, IR26T: IR26+ ZnCDs, IR26C: IR26
Control.
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OsDMAS1has overall lower level of expression in the IR36 variety against IR26
(Figure 5.10). After ZnCDs treatment, OsDMAS1 significantly dropped in IR26.

However, its expression remained relatively unchanged in the IR26 variety.

Figure 5.10: Expression profile of OsDMAS1 in response to Zn Carbon dots
(ZnCDs) in both IR36 and IR26 varieties.IR36T: IR36+ ZnCDs, IR36C: IR36
Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.

The PCA analysis of 10 genes in Zn uptake pathway is presented in Figure
5.11. PCA analysis of Zn uptake shows the power of the developed signature
in separation of IR26 control samples where, PCA1 and PCA2 account for
79.3% of variation in data. PCA1 separates control from ZnCDs treatment.
PCA2 separates the IR26 variety from the IR36 variety. PCA2 discriminates

most of (5 out of 6) IR26 samples from IR36 samples. It can be concluded
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that the Zn uptake pathway is one of the main pathways that discriminates

the IR36 efficient variety from the IR26 inefficient variety.

The top gene in PCA2, according to the coefficient, is OsDMAS1 which also has
a good coefficient in PCAl. OsZIP8 is important in PCA1l, in separation of
ZnCDs treatment from control (responding to ZnCDs in both efficient and non-
efficient) variety, but not in PCA 2 in separating the IR26 variety from IR36

variety.

In contrast, OsZIP1, OsZIP2, OsZIP5, OsZIP7 seem to be important in both
PCAs (PCA1 and PCA2).0sZIP2 had high expression in IR26 samples (Figure
5.9); however, its expression decreased in the other groups (IR26T, IR36C,
and IR36T).
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Figure 5.11. PCA plot of 10 genes in the Zn uptake pathway. PCA2 efficiently
discriminates most of (5 out of 6) IR26 samples from IR36 samples.IR36T:
IR36+ ZnCDs, IR36C: IR36 Control, IR26T: IR26+ ZnCDs, IR26C: IR26
Control.

5.3.12 Grain filling pathway

The expression profile of 5 genes of grain filling pathway following application
of ZnCDs in IR36 and IR26 varieties is visualised in Figure 5.12. OsSUT1 and

OsSUT2 is significantly up-regulated in IR36 efficient variety in response to
ZnCDs.
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Figure 5.12: Expression of genes in grain filling pathway following application
of Zn Carbon dots (ZnCDs) in both IR36 and IR26 varieties.

PCA plot of 7 genes in grain filling pathway is illustrated in Figure 5.13. PCA2
efficiently separates the IR26 genotype from the IR36 genotype. PCA analysis
of 7 genes in grain filling shows the power of the developed signature in
separation of the IR26 variety from the IR36 where all IR36 samples have
negative values of PCA2 and all IR26 samples have positive values. PCA1 and
PCA2 describe 79.3% of variation in the data. PCA2 separates the IR26 variety
from the IR36 variety.
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Figure 5.13: PCA plot of 5 genes in the grain filling pathway. PCA2 efficiently
separates the IR26 genotype from the IR36 genotype. IR36T: IR36+ ZnCDs,
IR36C: IR36 Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.

5.3.13 Auxin signaling

Figure 5.14 presents the expression profile of 10 genes in the auxin signaling
pathway in response to ZnCDs in IR36 and IR26 varieties. OsARF16 and
OsARF10_1 are significantly up-regulated in the IR36 efficient variety in
response to ZnCDs (Figure 5.15 and Figure 5.16, respectively). PCA analysis
provided in Figure 5.17 differentiates the IR26 genotype from the IR36.

PCA analysis of 10 genes of the Auxin signaling pathway shows the power of
the developed signature in overall separation of IR26 from IR36 where PCA2
values of all of 12 samples of IR26 are positive and PCA2 values 5 out of 6
IR36 samples () are negative. PCA1 and PCA2 together describe 84.6% of
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variation in data. Altogether, auxin signaling was one of the main pathways
differentiating the IR26 variety from IR36. The top genes in PCA2, possibly
involved in separation of IR26 from IR36, according to the received
coefficients in PCA analysis were OsARF10_1 and OsARF16 (Figure 5.15 &
Figure 5.16).

Figure 5.14: Expression of genes in the auxin signaling pathway following
application of Zn Carbon dots (ZnCDs) in both IR36 and IR26 varieties. IR36T:
IR36+ ZnCDs, IR36C: IR36 Control, IR26T: IR26+ ZnCDs, IR26C: IR26
Control.
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Figure 5.15: Expression profile of OsARF16 in response to Zn Carbon dots
(ZnCDs) in both IR36 and IR26 varieties. IR36T: IR36+ ZnCDs, IR36C: IR36
Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.

Figure 5.16: Expression profile of OSARF10_1 in response to Zn Carbon dots
(ZnCDs) in both IR36 and IR26 varieties. IR36T: IR36+ ZnCDs, IR36C: IR36
Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.
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Figure 5.17: PCA plot of Auxin signaling pathway. IR36T: IR36+ ZnCDs,
IR36C: IR36 Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.

5.3.14 Abiotic stress signaling

PCAplot of the Abiotic stress signaling pathway is presented in Figure 5.18.
OsbZIP72 had upregulation in response to ZnCDs in IR36 which is svisualised
in Figure 5.19. PCA analysis of 24 genes in the Abiotic stress signaling pathway
showed that PCA1 and PCA2 describe 67.9% of variation in the data. The
Abiotic stress signaling pathway data was not successful in separating groups

from each other.

OsbZIP72 (Figure 5.19) has different trends in IR26 and IR36. In IR26, its
expression decreases after ZnCDs treatment. However, in IR36, its expression

increases after ZnCDs treatment.
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Figure 5.18: PCA plot of Abiotic stress signaling pathway. IR36T: IR36+
ZnCDs, IR36C: IR36 Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.

Figure 5.19: Expression profile of OsbZIP72 in response to Zn Carbon dots
(ZnCDs) in both IR36 and IR26 varieties.IR36T: IR36+ ZnCDs, IR36C: IR36
Control, IR26T: IR26+ ZnCDs, IR26C: IR26 Control.
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5.3.15 Comparison of discrimination power of selected RNA-seq

pathways by PCA

Table 5.5 compares the Eigenvalues of PCA analysis in the studied pathways

and their discriminating powers in respect to variety and ZnCDs treatment.

Table 5.5: Comparing Eigenvalues of PCA analysis in the studied pathways.

Pathway PCA | PCA | PCA1+PC | Best discriminated group
1 2 A2 (%)
(%) | (%)
Zn uptake 46.5 | 32.8 |79.3 IR26C
Auxin 65.9 [ 18.8 |84.6 IR26 from IR36
signaling
Abiotic 43 24.9 | 67.9 Not able to separate either
stress groups, treatments, or varieties
signaling
Grain filling | 54.5 |22.3 |76.8 IR26 from IR36
Senescence |65.7 |20.4 |86.1 IR26 from IR36
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5.4 Discussion

NPs has opened a new avenue in increasing nutritional quality of cereals, as
potential nano-fertilisers (Deng et al., 2022). Zinc (Zn) deficiency is a major
health concern worldwide, and increasing the grain Zn content in cereals,
particularly in wheat and rice, is of high importance (Nakandalage et al., 2016,
Perera et al., 2019, Kamaral et al., 2022). However, little information is
available regarding the impact of Zn nanoparticles in rice, particularly in

different genotypes.

Comparative transcriptomic analysis of Zn efficient rice variety (IR36) against
inefficient variety (IR26) against ZnCDs was performed to shed light on
underpinning reasons of high Zn efficiency in rice and their differential
response to ZnCDs. Identifying the significant GOs and pathways groups
(based on Fisher Exact test) and selection of genes based on the significant
GOs/pathways are robust strategies in transcriptomic analysis and selection
of genes that are central in meaningful biological events (Ebrahimie et al.,
2015). Furthermore, in this study, multivariate analysis was employed with
the power of the transcriptomic signature in efficient discrimination of Zn
treated efficient variety. Altogether, Zn-responding specific genes in efficient
variety were involved in key functions such as response to abiotic stimulus,
and protein processing in endoplasmic reticulum. An interesting finding was
the enrichment of genes with histone H2A/H2B/H3 domains by genes that
specifically were up-regulated in response to Zn by the IR36 efficient
variety.Domain enrichment analysis of differentially expressed genes in RNA-
Seq analysis has been recently employed in understanding of wheat leaf rust
feature between resistant and susceptible Aegilops accessions to wheat leaf
rust(Dorostkar et al., 2022).

Functional genomics tools were employed in this study to examine the
underlying molecular mechanisms of better response of IR36 to ZnCDs,
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compared to IR26.Identifying the key GO groups and selection of genes based
on the significant GOs are novel and reliable approaches in gene discovery as
the selected genes are central in meaningful biological processes (Ebrahimie
et al., 2015). Additionally, comparing of GO enrichment of a given sample
versus GO distribution of whole genome (as reference) using Fisher exact test

(hyper-geometry approach) identified the key differential functional groups.

Zn uptake, grain filling, auxin signaling, and abiotic stress signaling were the
main pathways that governed higher efficiency of IR36 in utilizing ZnCD,
compared to IR26. PCA-based gene selection led us to the genes such as
OsDMAS1 and OsbZIP72 in the above-mentioned pathways. KEGG enrichment
analysis highlighted the significance of protein processing in endoplasmic

reticulum and Legionellosis.

The low number of replications in each studied group is a limitation of this
study. Increasing the number of replications in future experiments will
contribute to higher confidence and a stronger experiment. The transcriptomic
analysis was performed at the gene level. Alternative splicing is an important
event in transcriptome response (Panahi et al., 2014, Panahi et al., 2015,
Ebrahimie et al., 2021). Further analysis of sequencing data at the transcript
level (transcript-based mapping and expression analysis) instead of gene-
based mapping/expression will provide novel information on the contribution
of alternative splicing in response to nano particles. The mentioned analysis

can open a new avenue in research and understanding of high Zn efficiency.

The study of activated domains of expressed proteins in addition to traditional
gene expression analysis led to better understanding of efficient systems
biology in response to inefficient systems. The performed analysis highlighted
the role of Histone H2A/H2B/H3 domains in higher ZnCDs efficiency in IR36.
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5.5 Conclusion

Using RNA-Seq technology, comparative transcriptomic analysis of Zn efficient
rice variety (IR36) against inefficient variety (IR26) in response to ZnCDs was
performed to uncover the mechanisms involved in utilising Zn nano particles
in cereals. IR36 up-regulated 251 genes in response to ZnCDs that were not
up-regulated in IR26. Also, 421 genes were downregulated in response to
ZnCDs in IR36 where those genes did not show downregulation in IR26. IR36-
specific genes in response to ZnCDs were involved in key functions including
Zn uptake, grain filling, auxin signaling, and abiotic stress signaling. This
explains the higher performance of IR36 in when treated with Zn

nanoparticles.
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CHAPTER 6: COMPARATIVE PROTEOMICS
ANALYSIS OF ZINC EFFICIENT RICE VARIETY
IR36 AGAINST ZINC INEFFICIENT IR26

6.1. Introduction

There are two main challenges in increasing the nutritional contents and
quality of grains: (1) efficient uptake of nutrients such as Zn from soil or
leaf, and (2) transporting the absorbed Zn into the grain. If the absorbed
Zn does not transfer to the grain, the absorbed Zn cannot contribute to

increasing the nutritional quality of the grain.

Nanomaterial uptake, translocation and final fate depends on the plant and
the properties of the NP. Carbon-based NPs and most of the metal based
NPs accumulate inside the plant cells (Rico et al., 2011). The primary use
of NPs in agriculture is to reduce the concentration of phytochemicals,
optimise fertiliser applications and increase the yield and quality of the plant
products by improving the use efficiency of nutrients (Gogos et al., 2012).
A high surface area and suitable sorption properties in NPs help reduce
runoff and minimize losses due to improved release kinetics (Gogos et al.,
2012). Smaller NPs can pass through the pores on the cell wall and
membrane while others enter via carrier proteins (transmembrane proteins
which allow transportation of molecules), aquaporins (specialized channel
proteins for water molecules), and ion channels (transmembrane proteins
with pores specialized for ion transportation) or by endocytosis (cell uptake
via engulfing and fusing with cell membrane) (Tripathi et al., 2017, Rico et
al., 2011). However, Kwak et al. (2019) report that traversing subcellular
organelle double lipid bilayers (in the chloroplast) is governed by NP size
and surface charge employing a specific method called lipid exchange
envelope penetration (LEEP) model (Wong et al., 2016, Kwak et al., 2019).
Studies employing water-soluble SWCTs have shown larger NPs mainly
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enter plant cells through endocytosis (Rico et al., 2011). However,
information on uptake of CDs into plant cells and their fate inside the cells

is limited.

The concentration of the NP also plays a critical role in uptake. In soybean,
maize and wheat NP solutions such as water-soluble CDs, ZnO of low
concentrations, i.e., 200 - 500 ppm, were more effective in absorption
(Rico et al., 2011, Tripathi and Sarkar, 2015, Subbaiah et al., 2016). Higher
concentrations of NPs tend to agglomerate, increasing their size and
making it harder to traverse the membrane via pores (Rico et al., 2011).
Once NPs are absorbed by the cells, they either follow a symplastic or
apoplastic mechanism. Also, NPs can be transported from one cell to
another through the plasmodesmata. Following integration with the
apoplast of the endodermis, the vascular system serves as the main

pathway for translocating NPs to primary sinks in the leaves or grains.

Uptake and translocation of NPs applied to plants has been widely studied,
but the entrapment of NPs on plant surface after the foliar application has
not. Using Time of Flight-Secondary Ion Mass Spectroscopy (ToF SIMS) and
SEM studies, the entrapment of foliar applied Ag NPs by the cuticle of
lettuce leaves has been observed (Larue et al. (2014). However, the

entrapment of carbon-based NPs on the leaf cuticle has not been studied.

After the foliar application of zinc incorporated carbon dots (ZnCDs) and
penetration of ZnCDs into the flag leaf, activation of transporters can
contribute to Zn transport in the grain. As most of studies on nano particles
(NPs) have been carried out on soil-amended NPs, knowledge of the events
and activated mechanisms of foliar application of CDs and ZnCDs in rice is
very limited. The previous studies suggest that exposure to different types
and doses of NPs can lead to different types of changes in proteome and
protein expression profiles. To clarify the effect of ZnCDs in cereal systems
biology, it is important to carry out protein expression studies and a

proteomic analysis following NP application to the rice plants are required.
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Proteome profiling in response to foliar application of ZnCDs is important
to understand the activated mechanism and functional genomics changes
after foliar application of ZnCDs. Proteomics profiling can also catalogue the
transportation pathways of the absorbed CDs into the plant system.
Comparative proteomics profiling of Zn efficient (IR36) and inefficient

(IR26) will provide genotype effect on response to ZnCDs.

In this study, we compare the proteomic analysis of the Zn efficient rice
variety (IR36) with the Zn inefficient variety (IR26) to determine potential
mechanisms involved in high Zn efficiency in rice and their differential

response to ZnCDs.

Proteome analysis is an essential step in understanding the molecular
mechanism of response to Zn and its nano carrier (Muvunyi et al., 2022,
Bandyopadhyay et al., 2017, He et al., 2015). However, most of the
previous studies have focused on the response of one type of genotype
against Zn stress or Zn deficiency (Song et al., 2014, Zeng et al., 2019,
Song et al., 2021), rather than proteomic comparison of genotypes with
different levels of Zn uptake and metabolism. Therefore, this study has
been carried out to determine the proteomic changes in two different rice
varieties with different Zn use efficiencies in response to Zn incorporated

carbon dot application.

6.1.1. The goals of this chapter

The goal of this chapter was to discover a proteomic signature of response
to Zn-bound carbon nanodots (ZnCDs) in a Zn efficient variety (IR36),
compared to a Zn inefficient variety (IR26). Identifying the critical
molecular pathways and mechanisms, involved in higher Zn efficiency and
response to nano particles, by computational systems biology analysis was

the second goal of this chapter.
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6.2. Material and methods

6.2.1. Plant material, sampling, zinc treatment, and Protein

extraction

Two rice varieties with different Zn use efficiency; IR36 (Zn efficient) and
IR26 (Zn inefficient) were used. The experiment was conducted under
glasshouse conditions with a randomized complete block design with 3
replicates from September 2020 to February 2021. The maximum and the

minimum temperatures were between 25 °C and 22 °C.

Rice plants were grown in low Zn (0.1 x 103 mM) sand culture nutrient
medium until maturity as described in chapter 3. At the heading stage of
rice plants were sprayed with two (02) treatments namely, ZnCD 500 ppm
and untreated control. To spray the plants with ZnCD solution and control,

a Paasche sprayer was used as described in chapter 3.

Ten days after treatment (Wang et al., 2012) flag leaves were collected
from the main tiller of all three replicates. Soon after the sampling they
were placed in storage tubes and were frozen in liquid nitrogen. Samples

were then stored at -80 °C until total soluble protein extraction.

6.2.2. Total protein extraction

To extract of total proteins from flag leaves of the rice plants, 250 mg of
the leaf tissue was ground into a fine powder using liquid nitrogen while
maintaining the samples close to frozen. Total soluble proteins were
extracted from the ground leaf sample using the “Plant Total Protein
Extraction Kit (PE0230-1KT; Sigma-Aldrich)”. Quality of the extracted
proteins were checked using DS-11 Series Spectrophotometer/Fluorometer
(DeNovix, USA).
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6.2.3. Rubisco precipitation and protein purification

Total soluble proteins extracted from leaf samples contain a large amount
of Rubisco which tends to hamper the detection of other important low
abundant proteins in the sample (Gupta and Kim, 2015). As we were
focused on all the critical signalling and regulatory proteins in the samples
which may be low in abundance, the Rubisco factor was depleted from the
sample as suggested by Gupta and Kim (2015). Protamine sulphate
solution (1%) was added to the supernatant fraction of the total soluble
proteins to a final concentration of 0.1%. The mix was incubated in ice for
30 minutes allowing Rubisco to precipitate. The sample was centrifuged at
12,000 g for 5 min at 4 °C to pellet the precipitated Rubisco. The
supernatant was transferred to a clean eppendorf tube. Samples were
further purified using Zeba™ Spin Desalting Columns, (7K MWCO; Thermo

scientific) as per the manufacturer's instructions.

6.2.4. Protein precipitation

To precipitate proteins, 100 pl of a soluble protein fraction was mixed with
400 pl of methanol and mixed thoroughly. The sample was centrifuged for
10 S at 9000 g. A hundred pl of chloroform was added to 100 pl of protein
samples and centrifuged for 10 S at 9000 g. Next, 300 ul of double distilled
water was mixed thoroughly to the 100 pl of protein samples. Sample was
centrifuged again for 1 min at 9000 g. Following this centrifugation step, 3
clear phases were formed (upper H20-Met phase, protein interphase, lower
chloroform phase). The upper phase was carefully removed without
disturbing or touching the protein interphase and 300 pl of Methanol was
added to the remaining phases. The sample was mixed thoroughly and
centrifuged for 2 min at 9000 g to pellet the proteins. The supernatant was

removed carefully, and the pellet was dried until no chloroform smell was
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detected. The pelleted proteins were stored at room temperature until they

were used in the mass spectrometry protein analysis.

6.2.5. Leaf proteome analysis

Leaf proteome analysis was carried out at La Trobe University-
Comprehensive Proteomics Platform (LTU-CPP), La Trobe Institute for
Molecular Science (LIMS), La Trobe University, Melbourne, Australia. The
analysis was carried out using liquid chromatography-mass spectrometry
(LC252 MS/MS) as described in Lowe et al. (2015).

6.2.6. Sample preparation: Reduction, alkylation, proteolysis and

sample clean-up

A hundred pl of urea (8 M urea, 25 mM Tris-HCIl, pH=8.0) was used to
resuspend each protein sample (50 pg). Next, the disulphide bonds of the
samples were reduced for 60 minutes by the addition of TCEP (tris 2-
carboxyethyl phosphine) to 2 mM. This step was followed by the alkylation
of reduced thiols by adding iodoacetamide (IAA) to 38 mM at 25°C in dark
for 45 mins of incubation. Twenty (20) mM of Tris-HCI was used to dilute
the sample and to reduce the urea content less than 1 M. Trypsin digestion
was carried out by addition of mass-spec grade trypsin/Lys-C mix
(Promega, V507A) to a ratio of 1:50 with the original protein amount and
incubated at 37°C, overnight. Desalting and concentrating of tryptic
peptides were carried out using the StageTips as per the protocol described
by Rappsilber et al. (2007).
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6.2.7. Protein identification by LC/MS (nanoLC-ESI-MS/MS
Orbitrap Eclipse)

Protein identification of LC/MS was carried out as per the method supplied
by the La Trobe Proteomics and Metabolomics Platform as follows. “A
Thermo Ultimate 3000 RSLCnano UHPLC system and a Thermo Orbitrap
Eclipse Tribrid mass spectrometer (Thermo-Fisher Scientific, Waltham, MA,
USA) was used to perform LC-MS for purified proteins. Peptides were
reconstituted in 0.1% (v/v) trifluoroacetic acid (TFA) and 2% (v/v)
acetonitrile (ACN), and 500 ng of peptides were loaded onto PepMap C18 5
Mm 1 cm trapping cartridge (Thermo-Fisher Scientific, Waltham, MA, USA)
at 12 yL/min for 6 min and washed for 6 min before switching the pre-
column in line with the analytical column (nanoEase M/Z Peptide BEH C18
Column, 1.7 ym, 130 A and 75 pm ID x 25 cm, Waters). Throughout the
process of analysis, the column compartment was held at 55°C. The
separation of peptides was performed at 250 nL/min using a linear ACN
gradient of buffer A (0.1% (v/v) formic acid, 2% (v/v) ACN) and buffer B
(0.1% (v/v) formic acid, 80% (v/v) ACN), starting at 14% buffer B to 35%
over 90 min, then rising to 50% B over 15 min followed by 95% B in 5 min.
The column was then cleaned for 5 min at 95% B and afterward a 3 min
equilibration step completed at 1% B. Mass-spectra were collected on the
Thermo Orbitrap Eclipse in Data Dependent Acquisition (DDA) mode on the
orbitrap for MS1 and HCD MS2 spectra in the ion trap. MS1 scan parameters
were: cycle time of 3 s, scan range of 375-1650 m/z, 120,000 resolution,
injection time 50 ms max, AGC target 4e5, HCD collision energy 30%. Easy-
IC internal mass calibration was used. MS2 spectra were collected in the
ion trap on rapid mode, with an AGC target of 1e4, and a max IT of 35 ms.
The isolation window of the quadrupole for the precursor was 0.8 m/z.
Dynamic exclusion parameters were set as follows: exclude isotope on,
duration 60 s and using the peptide monoisotopic peak determination

mode, charge states of 2-7 were included”.
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6.2.8. Database search and quantitation

Spectra analysis was performed using the Proteome Discoverer software
(version 2.4). Proteins were identified and quantified using the Sequest HT
peptide search engine and the Oryza sativa proteome downloaded from the
UniProt database. Three biological replicates were used for each of the two
rice genotypes to determine the proteome response to nanoparticle

application.

The protein list with label-free quantitation abundance values for each
protein was exported. These values were normalised to total ion
chromatogram on a per sample basis so that the distribution of abundances

is roughly equivalent.

The DEP R package in Bioconductor was used in the data analysis. The data
was filtered, and data imputation was done. Finally differential analysis in

DEP was carried out and stored separately.

6.2.9. Plan of experiment

The variables of this study were Zn treatment [in two levels of Zn bound
carbon nanodots (ZnCDs) and control] and variety two levels of Zn
efficiency, Zn efficient (IR36) and Zn inefficient (IR26). In total, 12 samples
were submitted for proteomics analysis (Two varieties * Two treatments *

3 replications).
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6.2.10. Comparative proteomic analysis between Zn inefficient
(IR26) and Zn efficient (IR36) varieties responding to
ZnCDs

The employed workflow for comparative proteomic analysis included the

following below steps:

1- Proteomic profiling of ZnCDs response in Zn efficient variety
(IR36+ZnCDs vs IR36_control)

2- Proteomic profiling of ZnCDs response in Zn inefficient variety
(IR26+ZnCDs vs IR26_control)

3- Comparative proteomic analysis: (IR36+ ZnCDs vs IR36_control) vs
(IR26+Zn vs IR26_control)]. This comparison is crucial that filters the
proteins that only upregulated/downregulated in IR36 in response to ZnCDs
and not in IR26.

ZnCDs-responding proteins in IR36 were used for enrichment analysis,
using Fisher's exact test, in the categories of Gene Ontology (GO), KEGG,

Pfam and InterPro analysis.

6.2.11. Proteomic signature discovery of ZnCDs response by

multivariate analysis

Feature selection (attribute weighting) using Principal Component Analysis
(PCA) was used to select the proteins that can separate the ZnCDs-treated
IR36 efficient variety from the rest of groups. Analysis carried out by

Minitab package (www.minitab.com, Product version: 20.2).

To select the key protein biomarkers proteomic signature, each protein’s
coefficient (weight) gained in PCA analysis was considered. Feature

selection based on the coefficients in Discriminant Function Analysis (DFA)
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and Principle Component/Coordinates Analysis (PCoAAnalysis (PCA/PCoA)
is extensively used for signature discovery (Mahdi et al., 2014, Yip et al.,
2021, Singh et al., 2018, Shih-Yin et al., 2012).

6.2.12. Enrichment (computational systems biology) analysis

GO enrichment analysis using String and ComparativeGO was used to find
significant GOs from differentially expressed proteins, as previously
described (Ebrahimie et al., 2015, Ebrahimie et al., 2017, Fruzangohar et
al., 2013). GO classification was performed in the main categories of
biological process (BP), molecular function (MF), and cellular component
(CC) (Consortium, 2019, Consortium, 2004).

The Kyoto Encyclopedia of Proteins and Genomes (KEGG) (Kanehisa and
Goto, 2000) enrichment was applied to find the significant key pathways in
the Zn efficient IR36 proteins in their response to ZnCDs by String web
application (Mering et al., 2003). The String application employs Fisher's
exact test and multiple testing correction in its analysis (Mering et al., 2003,
Szklarczyk et al., 2021, Szklarczyk et al., 2016).

Protein-Protein interaction analysis was conducted using the String tool
(Szklarczyk et al., 2021). A range of relations were employed for
development of interaction network including phylogeny of proteins, co-
expression, literation mining, and functional annotations. String is armed

integrated Cytoscape for network visualisation (Szklarczyk et al., 2016).

Domain enrichment analysis of IR36 specifically up-regulated proteins,
responding to ZnCDs treatment, was performed based on pfam and

Interpro database.
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6.2.13. Protein signature discovery using significant pathways and

functions

Identifying the significant pathways, functions, and GO groups and then
selecting of proteins on the basis of the significant functions/pathways/GOs
are strong and robust and reliable approaches in signature discovery as
the selected proteins are involved in important biological and molecular
functions and processes (Ebrahimie et al., 2015). The mentioned approach

was employed in this study.
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6.3. Results

6.3.1. Comparative proteomics analysis between Zn efficient
variety (IR36) and Zn inefficient variety (IR26) in response
to ZnCDs

The list of differentially expressed proteins in IR36 and IR26 varieties in
ZnCDs vs control comparison are provided as Supplementary files. In IR36,
in total, 163 proteins were differentially expressed in response to ZnCDs
treatment where 38 were upregulated in the IR36 variety and 125 proteins

were downregulated (Figure 6.1).

As presented in Figure 6.1 the Zn efficient IR36 variety upregulated 36
proteins in response to ZnCDs that the Zn inefficient IR26 variety did not
upregulate. Also, 121 proteins solely downregulated in the Zn efficient IR36

variety in response to ZnCD application that were absent in IR26 variety.

[ (IR36: ZnCDs vs Control) vs (IR26: ZnCDs vs Control) ]

Down-regulated proteins
IR36 IR26

Up-regulated proteins
IR36 IR26

ZnCDs vs Control ZnCDs vs Control

ZnCDs vs Control ZnCDs vs Control

Figure 6.1: Comparative proteomics analysis between Zn efficient IR36
variety and inefficient IR26 variety in response to Zn Carbon dots (ZnCDs).
IR36 solely (specifically) upregulated 36 proteins and downregulated 121
proteins that IR26 variety did not alter them.
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6.3.2. Proteomic signature of high Zn efficiency in IR36 in

response to ZnCDs

PCA analysis of 36 proteins that were significantly upregulated by IR36 (Zn
efficient variety) in response to ZnCDs, and not in the Zn inefficient variety
of IR26, is presented in Figure 6.2. PCA analysis highlights the power of the
developed signature of ZnCDs efficiency. The first PCA (PCA1) was able to
describe 76.1% of variation in data, separating IR36+ZnCDs from IR36
Control samples. Great signature was obtained due to efficient

discrimination of ZnCDs treatment from the control (Figure 6.2).

Proteins with the highest absolute coefficients in PCA1 were selected as top
Proteins in overall proteomic signature of ZnCDs efficiency, discriminating
IR36+ZnCDs from the control (data not shown).

Interestingly, rpl33 (peroxidase) was the key upregulated protein in
response of Zn efficient variety to ZnCDs, based on the highest absolute
coefficient (weight) that this protein has received in PCA1. Figure 6.3 plots
the protein expression of rpl33 in response to ZnCDs in efficient and
inefficient varieties. IR36 (Zn efficient variety) had the highest expression

of peroxidase in response to ZnCDs, compared to the other groups.
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Figure 6.2: PCA plot of 36 proteins that were significantly upregulated in
efficient IR36 variety in response to Zn Carbon dots (ZnCDs). PCA analysis
approved the power of the developed ZnCDs efficiency signature,
discriminating the IR36+ ZnCDs from the control.

Figure 6.3: Protein expression of rpl33 (Peroxidase) in response to Zn
carbon dots (ZnCDs) in efficient and inefficient varieties. IR26C: inefficient
variety control, IR26T: inefficient variety + ZnCDs, IR36C: efficient variety
control, IR36T: efficient variety + ZnCDs.
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6.3.3. Computational systems biology analysis of proteins that

were specifically expressed in IR36 in response to ZnCDs

Computational systems biology analysis of IR36 ZnCDs specific proteins
(that were differentially expressed in IR36 variety in response to ZnCDs but
were absent in IR26 (inefficient variety)), was conducted based on GO
enrichment, KEGG enrichment analysis, protein domain enrichment

analysis, and network analysis.

6.3.4. GO enrichment

GO enrichment of specific IR36 differentially expressed proteins in response
to ZnCDs [(IR36 variety: ZnCDs vs Control) vs (IR26: ZnCDs vs Control)],
showed that these proteins are significantly (p<0.05) involved in key
functions such as Hydrogen peroxide catabolic process, Cellular metabolic

process, and Oxidation-reduction process (Table 6.1).
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Table 6.1: Gene ontology enrichment of ZnCDs specific proteins in IR36 efficient variety, proteins that were

differentially expressed in IR36 variety in response to ZnCDs but were absent in IR26 (inefficient variety).

Gene Ontology: Biological Process

Observed False
o Background .
Term ID Term description gene Strength | discovery
gene count
count rate
G0:0009987 | Cellular process 112 16227 0.29 1.13E-14
G0:0008152 | Metabolic process 96 13135 0.31 1.55E-12
G0:0044237 | Cellular metabolic process 83 10621 0.34 2.01E-11
G0:0044249 | Cellular biosynthetic process 39 3118 0.54 6.57E-09
G0:1901576 | Organic substance biosynthetic process 40 3322 0.53 8.35E-09
G0:0055114 | Oxidation-reduction process 32 2167 0.62 8.54E-09
Organonitrogen = compound biosynthetic
G0:1901566 | process 27 1537 0.69 8.86E-09
Cellular nitrogen compound biosynthetic
G0:0044271 | process 25 1431 0.69 4.92E-08
G0O:0006518 | Peptide metabolic process 18 693 0.86 5.87E-08
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Gene Ontology: Biological Process

Observed False
Term ID Term description gene Background Strength | discovery
count gene count rate
G0:0006412 | Translation 16 581 0.89 2.66E-07
G0:0010467 | Gene expression 28 1970 0.6 2.66E-07
Cellular nitrogen compound metabolic
GO:0034641 | process 39 3881 0.45 9.50E-07
G0:0044281 | Small molecule metabolic process 26 1831 0.6 9.50E-07
G0:0071704 | Organic substance metabolic process 71 11363 0.24 4.05E-05
Generation of precursor metabolites and
G0O:0006091 | energy 12 501 0.83 0.00011
G0:0042744 | Hydrogen peroxide catabolic process 7 146 1.13 0.00039
G0:0019725 | Cellular homeostasis 8 240 0.97 0.00086
Cellular component organization or
G0:0071840 | biogenesis 29 3207 0.4 0.00088
GO:0006979 | Response to oxidative stress 9 334 0.88 0.00098
G0:0044238 | Primary metabolic process 62 10297 0.23 0.0012
G0:0034645 | Cellular macromolecule biosynthetic process | 18 1518 0.52 0.0021

149




Gene Ontology: Biological Process

Observed False
Term ID Term description gene Background Strength | discovery

count gene count rate
G0:0045454 | Cell redox homeostasis 5 79 1.25 0.0027

Purine ribonucleoside triphosphate

G0:0009206 | biosynthetic process 4 38 1.47 0.0031
G0:0006108 | Malate metabolic process 12 1.85 0.0033
G0:0044283 | Small molecule biosynthetic process 12 765 0.64 0.004
G0:0006807 | Nitrogen compound metabolic process 52 8709 0.22 0.0093
G0:1901564 | Organonitrogen compound metabolic process | 41 6319 0.26 0.0121
G0:0045333 | Cellular respiration 5 121 1.06 0.0128
G0O:0006082 | Organic acid metabolic process 14 1197 0.52 0.0159
G0:0016043 | Cellular component organization 23 2840 0.36 0.0247
G0:0019752 | Carboxylic acid metabolic process 13 1115 0.51 0.0247
G0:1901362 | Organic cyclic compound biosynthetic process | 13 1112 0.51 0.0247
GO:0006563 | L-serine metabolic process 30 1.45 0.0249
G0O:0009060 | Aerobic respiration 4 81 1.14 0.0267
G0:0022900 | Electron transport chain 241 0.84 0.0276
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Gene Ontology: Biological Process

Observed False
oo Background .
Term ID Term description gene Strength | discovery
gene count

count rate

G0O:0046034 | ATP metabolic process 5 171 0.91 0.0421
Positive regulation of response to oxidative

G0:1902884 | stress 7 1.9 0.0423
G0:0022613 | Ribonucleoprotein complex biogenesis 8 496 0.65 0.0444
G0:0044085 | Cellular component biogenesis 14 1387 0.45 0.0471
Gene Ontology: Cellular Component

Observed False

o Background _
Term ID Term description gene Strength | discovery
gene count

count rate
G0:0005737 | Cytoplasm 104 10706 0.43 1.96E-25
G0:0005622 | Intracellular 119 15886 0.32 2.10E-21
G0:0009536 | Plastid 42 1887 0.79 2.68E-19
G0:0110165 | Cellular anatomical entity 135 21835 0.24 2.68E-19
GO:0009507 | Chloroplast 40 1752 0.81 1.01E-18
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Gene Ontology: Biological Process

Observed False
Term ID Term description gene Background Strength | discovery

count gene count rate
G0:0043229 | Intracellular organelle 99 13056 0.33 9.81E-16
G0:0043231 | Intracellular membrane-bounded organelle 94 12032 0.34 2.36E-15
G0:0005739 | Mitochondrion 25 1308 0.73 1.04E-09
G0:0031975 | Envelope 21 874 0.83 1.04E-09
G0:0032991 | Protein-containing complex 38 3053 0.54 1.04E-09
G0:0005840 | Ribosome 15 391 1.03 1.72E-09
G0:0031967 | Organelle envelope 20 871 0.81 5.22E-09
G0:1990904 | Ribonucleoprotein complex 17 703 0.83 6.64E-08
G0:0044391 | Ribosomal subunit 11 246 1.1 1.55E-07
G0:0070013 | Intracellular organelle lumen 22 1431 0.63 6.78E-07

Intracellular non-membrane-bounded

G0:0043232 | organelle 24 1864 0.56 3.20E-06
G0:0098798 | Mitochondrial protein complex 147 1.18 4.27E-06
GO0:0070469 | Respirasome 99 1.3 4.94E-06
G0:0009534 | Chloroplast thylakoid 11 370 0.92 5.78E-06
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Gene Ontology: Biological Process

Observed False
Term ID Term description gene Background Strength | discovery

count gene count rate
G0:0005829 | Cytosol 26 2271 0.51 6.37E-06
G0O:0005759 | Mitochondrial matrix 8 160 1.15 6.47E-06
G0:0098796 | Membrane protein complex 13 570 0.81 6.96E-06
G0:0005740 | Mitochondrial envelope 11 395 0.89 9.01E-06
G0:0009570 | Chloroplast stroma 11 424 0.86 1.66E-05
G0:0031966 | Mitochondrial membrane 10 375 0.87 4.11E-05
G0:1990204 | Oxidoreductase complex 6 101 1.22 7.22E-05
G0:0009535 | Chloroplast thylakoid membrane 9 317 0.9 8.08E-05
G0:0005747 | Mitochondrial respiratory chain complex i 4 30 1.57 0.00017
G0:0019866 | Organelle inner membrane 9 372 0.83 0.00024
G0:0015934 | Large ribosomal subunit 6 133 1.1 0.00026
G0:0022626 | Cytosolic ribosome 6 177 0.98 0.0012
G0:0015935 | Small ribosomal subunit 5 113 1.09 0.0014

Proton-transporting two-sector ATPase

G0:0016469 | complex 4 56 1.3 0.0014
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Gene Ontology: Biological Process

Observed False
Term ID Term description gene Background Strength | discovery

count gene count rate
GO:0005685 | U1 snRNP 3 20 1.62 0.0015
G0:0005743 | Mitochondrial inner membrane 7 285 0.84 0.0018
G0:0097525 | Spliceosomal snRNP complex 4 64 1.24 0.002
G0:1902494 | Catalytic complex 13 1034 0.55 0.002
GO:0005730 | Nucleolus 8 401 0.75 0.0021

Proton-transporting two-sector ATPase

G0:0033178 | complex, catalytic domain 3 26 1.51 0.0027
G0:0005758 | Mitochondrial intermembrane space 3 27 1.49 0.0029
G0:0048046 | Apoplast 7 322 0.78 0.0032
G0:0045259 | Proton-transporting ATP synthase complex 3 31 1.43 0.004
G0:0005761 | Mitochondrial ribosome 3 35 1.38 0.0054
G0O:0071011 | Precatalytic spliceosome 3 35 1.38 0.0054
G0:0097526 | Spliceosomal tri-snRNP complex 3 36 1.37 0.0056
G0:0009543 | Chloroplast thylakoid lumen 3 43 1.29 0.0089
G0O:0005643 | Nuclear pore 3 49 1.23 0.0123
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Gene Ontology: Biological Process

Observed False
oo Background .
Term ID Term description gene Strength | discovery
gene count

count rate
G0:0031981 | Nuclear lumen 12 1167 0.46 0.0154
G0:0005741 | Mitochondrial outer membrane 3 59 1.15 0.0197

Proton-transporting ATP synthase complex,

G0:0045261 | catalytic core f(1) 2 15 1.57 0.0224
G0:0005682 | U5 snRNP 2 16 1.54 0.0248
G0:0005762 | Mitochondrial large ribosomal subunit 2 18 1.49 0.0303
G0:0022627 | Cytosolic small ribosomal subunit 3 72 1.07 0.0322
G0:0009941 | Chloroplast envelope 6 388 0.64 0.0383
G0:0005686 | U2 snRNP 2 23 1.39 0.0443
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Gene Ontology: Molecular Function

Observed False
Term ID Term description gene Background Strength | discovery
count gene count rate
observed false
gene background discovery
#term ID term description count gene count strength | rate
G0:0005198 | Structural molecule activity 16 458 0.99 4.07E-08
G0:0016491 | Oxidoreductase activity 30 1992 0.62 4.07E-08
G0:0003735 | Structural constituent of ribosome 14 357 1.04 6.12E-08
G0:0005488 | Binding 84 14054 0.22 1.14E-05
G0:0003723 | RNA binding 19 1448 0.57 0.00059
G0:0003824 | Catalytic activity 65 10778 0.23 0.00094
G0:0019843 | rRNA binding 7 161 1.09 0.00094
Oxidoreductase activity, acting on the CH-
G0:0016616 | OH group of donors, nad or nadp as acceptor | 8 250 0.95 0.0012
G0O:0008379 | Thioredoxin peroxidase activity 7 2.08 0.0013
G0:0016615 | Malate dehydrogenase activity 3 17 1.69 0.009
G0:0043169 | Cation binding 32 4436 0.31 0.0147
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Gene Ontology: Molecular Function

Observed False
o Background ]
Term ID Term description gene Strength | discovery
gene count
count rate
Proton-transporting ATP synthase activity,
G0:0046933 | rotational mechanism 3 21 1.6 0.0147
G0:0016209 | Antioxidant activity 6 203 0.92 0.0154
G0:0016651 | Oxidoreductase activity, acting on NAD(P)H | 5 131 1.03 0.0174
G0:0051537 | 2 Iron, 2 Sulphur cluster binding 4 68 1.22 0.0174
G0O:0046872 | Metal ion binding 31 4402 0.29 0.0225
G0:0004601 | Peroxidase activity 5 169 0.92 0.0466
Transferase activity, transferring alkyl or
G0:0016765 | aryl (other than methyl) groups 5 171 0.91 0.0468
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6.3.5. Network analysis

IR36 specific upregulated genes (IR36: ZnCDs vs Control) vs (IR26: ZnCDs
vs Control) interacted according to the network analysis. Rpl33 made a

subnetwork and interacted with the important protein, atpF (Figure 6.4).
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Figure 6.4: Protein-Protein interaction network of IR36 specific
upregulated proteins in response to ZnCDs [(IR36: ZnCDs vs Control) vs
(IR26: ZnCDs vs Control)]
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6.3.4. KEGG enrichment

KEGG enrichment analysis highlighted that the specific ZnCDs-responding
proteins in IR36 variety significantly (p<0.05) enrich pathways such as
Carbon fixation in photosynthetic organisms that can contribute to higher
yield (Table 6.2).
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Table 6.2: KEGG enrichment analysis of ZnCDs specific proteins in IR36 efficient variety, proteins that were

differentially expressed in IR36 variety in response to ZnCDs but were absent in IR26 (inefficient variety).

KEEG Pathways
Term ID | Term description Observed Background Strength | FDR
gene count | gene count
dosa03010 | Ribosome 14 420 0.97 9.74E-08
dosa01100 | Metabolic pathways 43 4581 0.42 1.90E-07
dosa00190 | Oxidative phosphorylation 8 204 1.04 5.33E-05
dosa01200 | Carbon metabolism 10 365 0.88 5.33E-05
dosa00710 | Carbon fixation in photosynthetic organisms | 5 105 1.12 0.0015
dosa00270 | Cysteine and methionine metabolism 5 169 0.92 0.0107
dosa00195 | Photosynthesis -+ 99 1.05 0.0115
dosa00620 | Pyruvate metabolism 4 114 0.99 0.0168
dosa03040 | Spliceosome 6 303 0.74 0.0168
dosa00630 | Glyoxylate and dicarboxylate metabolism 4 126 0.95 0.0192
dosa00020 | Citrate cycle (TCA cycle) 3 67 1.1 0.0286
dosa00480 | Glutathione metabolism 4 149 0.88 0.0286
dosa01110 | Biosynthesis of secondary metabolites 18 2359 0.33 0.0286
dosa05132 | Salmonella infection 3 79 1.03 0.0353
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6.3.5. Protein domain enrichment analysis

Protein domain enrichment analysis of 36 proteins that were specifically
upregulated in the efficient IR36 variety in response to ZnCDs but not in
the inefficient IR26 variety, demonstrated the significant (p<0.05)
enrichment of domains of Peroxidase, Antioxidant, Amino-acid

biosynthesis, Mitochondrion, and the Respiratory chain (Table 6.3).
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Table 6.3: Domain enrichment analysis of upregulated genes in Zn efficient variety in response to ZnCDs [(IR36:
ZnCDs vs Control) vs (IR26: ZnCDs vs Control)].

Protein domain: Unipro-Up regulated protein

Observed False
o Background .
Term ID Term description gene Strength | discovery
gene count

count rate
KW-0198 Cysteine biosynthesis 2 5 2.69 0.0031
KW-0446 Lipid-binding 3 43 1.93 0.0031
KW-1015 Disulfide bond 5 519 1.07 0.009
Protein domain: Unipro-Down regulated protein
KW-0687 Ribonucleoprotein 12 277 1.2 1.22E-08
KW-0689 Ribosomal protein 229 1.16 4.43E-06
KW-0150 Chloroplast 369 0.84 0.0113
KW-0809 Transit peptide 371 0.84 0.0113
KW-0560 Oxidoreductase 10 906 0.6 0.015
KW-0249 Electron transport 110 1.12 0.0163
KW-0520 NAD 116 1.1 0.0173
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Protein domain: Unipro-Down regulated protein

Observed False
o Background .
Term ID Term description gene Strength | discovery
gene count

count rate
KW-0508 mRNA splicing 3 51 1.33 0.0201
KW-0049 Antioxidant 2 11 1.82 0.0229
KW-0963 Cytoplasm 7 529 0.68 0.0262
KW-0521 NADP - 147 1 0.0267
KW-0575 Peroxidase 4 146 1 0.0267
KW-0028 Amino-acid biosynthesis 3 75 1.16 0.0364
KW-0747 Spliceosome 2 18 1.61 0.0364
KW-0676 Redox-active center 3 81 1.13 0.0385
KW-0496 Mitochondrion 4 181 0.91 0.0386
KW-0679 Respiratory chain 2 22 1.52 0.0418
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6.3.6. Selected Pathways Proteomics

Based on computational systems biology analysis, the following pathways
were selected as significant pathways in response to ZnCDs: Cellular
response to Oxygen radicals, Glucose metabolism, Photosynthesis and

Response to abiotic stimulus.

6.3.7. Cellular response to Oxygen radicals

Figure 6.5 represents the signature power of 3 proteins of Cellular response
to Oxygen radicals by multivariate analysis in the separation of the efficient
variety of IR36 from the Zn inefficient variety of IR26 in response to ZnCDs.
PCA1 describe 88.2% of the variation in data. PCA1 separates the control

from ZnCDs treatment.

Figure 6.6 visualises the protein expressions of 3 proteins of Cellular
response to Oxygen radicals in response to ZnCDs. The Zn inefficient
variety IR26 shows higher oxidative stress in response to ZnCDs in

comparison with the Zn efficient variety, IR36.
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Figure 6.5: PCA analysis of 3 proteins of Cellular response to Oxygen
radicals in separation of ZnCDs groups. IR26C: inefficient variety control,
IR26T: inefficient variety + ZnCDs, IR36C: efficient variety control, IR36T:
efficient variety + ZnCDs.
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Figure 6.6: Protein Expressions of 3 proteins of Cellular response to
Oxygen radicals in response to ZnCDs. IR26C: inefficient variety control,
IR26T: inefficient variety + ZnCDs, IR36C: efficient variety control, IR36T:

efficient variety + ZnCDs.
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6.3.8. Glucose metabolism

PCA analysis of 7 proteins of Glucose metabolism in separation of ZnCDs
groups is presented in Figure 6.7. High signature (discrimination) power
was observed where PCA1l describe 90.4% of variation in data. PCA1l
efficiently separates IR26 treatment from IR36 control. Figure 6.8 and
figure 6.9 present the expression of proteins in the Glucose metabolism

pathway in response to ZnCDs.
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Figure 6.7: PCA analysis of 7 proteins of Glucose metabolism in separation
of ZnCDs groups. IR26C: inefficient variety control, IR26T: inefficient
variety + ZnCDs, IR36C: efficient variety control, IR36T: efficient variety
+ ZnCDs.
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Figure 6.8: Protein Expressions of 7 proteins of Glucose metabolism
pathway in response to ZnCDs. IR26C: inefficient variety control, IR26T:
inefficient variety + ZnCDs, IR36C: efficient variety control, IR36T: efficient
variety + ZnCDs.
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Figure 6.9:

inefficient variety + ZnCDs, IR36C: efficient variety control, IR36T: efficient variety + ZnCDs.
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6.3.9. Photosynthesis

Figure 6.10 presents the PCA analysis of 3 proteins of the Photosynthesis

pathway. The expression of proteins in the Photosynthesis pathway is

presented in Figure 6.11. PCA1l described 97.4% of variation in data,

demonstrating high discriminative power and strong signature. PCA1l
separates the IR26 control from the IR26 treatment (IR26+ZnCDs).
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Figure 6.10: PCA analysis of 3 proteins of Photosynthesis pathway.

IR26C: inefficient variety control, IR26T: inefficient variety + ZnCDs,
IR36C: efficient variety control, IR36T: efficient variety + ZnCDs.
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6.3.10. Response to abiotic stimulus

Figure 6.12 presents the PCA analysis of genes in response to the abiotic
stimulus pathway. PCA1l described 54% of variation in the data,
demonstrating moderate discriminative power and signature. PCA1l
separates the IR26 control from the IR26 treatment (IR26+ZnCDs)

whereas IR36 does not show clear separation.

The expression of three proteins is provided in Figure 6.13. The abundance
of protein Q6ZL95 in the abiotic stimulus responding pathway is provided
in Figure 6.14. Protein Q6ZL95 in IR36 show higher expression in compared
to the IR26 control and treatment.
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Figure 6.12: PCA analysis of genes in Response to abiotic stimulus
pathway. IR26C: inefficient variety control, IR26T: inefficient variety +
ZnCDs, IR36C: efficient variety control, IR36T: efficient variety + ZnCDs.
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Figure 6.13: The expression of proteins involved in Response to abiotic
stimulus pathway. IR26C: inefficient variety control, IR26T: inefficient
variety + ZnCDs, IR36C: efficient variety control, IR36T: efficient variety

+ ZnCDs.

Figure 6.14: Expression of protein Q6ZL95 in abiotic stimulus pathway.
IR26C: inefficient variety control, IR26T: inefficient variety + ZnCDs,
IR36C: efficient variety control, IR36T: efficient variety + ZnCDs.
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6.4. Discussion

The mechanisms mediating higher Zn efficiency and the effect of Zn
nanoparticles (NPs), particularly foliar application, are unknown. Proteome
analysis is a promising strategy for understanding the molecular
mechanism of response to Zn and its nano carrier. However, most of the
previous studies have focused on the response of one type of genotype
against Zn stress or Zn deficiency (Song et al., 2014, Zeng et al., 2019,
Song et al., 2021), rather than a proteomic comparison of genotypes with
different levels of Zn uptake and metabolism. Another challenge in
increasing the nutritional contents of grains is whether the applied ZnCDs

transport to the grain or not.

In this investigation, a comparative proteomic analysis of the Zn efficient
rice variety (IR36) with Zn inefficient variety (IR26), both treated with foliar
application of ZnCDs, was conducted to determine the pathways and
proteins that are involved in high Zn efficiency in rice and their differential
response to ZnCDs. Shortlisting the significant GOs and functions and
supervised selection of proteins based on the significant GOs/pathways are
robust approaches in proteomic analysis and selection of key proteins in
systems biology (Ebrahimie et al., 2015, Ebrahimie et al., 2017,
Fruzangohar et al., 2013). Additionally, PCA-based protein selection
(multivariate analysis) was applied to document the robustness of the
developed proteomic signature in distinguishing ZnCDs treatment and

variety efficiency.

Multivariate-based signature discovery identified the role of rpl33
(peroxidase) as the key upregulated protein in response to ZnCDs in IR36
(efficient variety). The expression of this gene was higher in IR36+2ZnCDs
compared to the other groups. Upregulation of peroxidase may help IR36

to cope with the oxidative stress, caused by nano particles.
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In conclusion, ZnCDs-responding specific proteins in IR36 (Zn efficient
genotype) were involved in critical functions, such as Hydrogen peroxide
catabolic process, Cellular metabolic process, Carbon fixation in
photosynthetic organisms, and Oxidation-reduction process. The key
enriched proteomics pathways were: Cellular response to Oxygen radicals,
Glucose metabolism, Photosynthesis, Response to abiotic stimulus,

Ribonucleotide metabolism, and Zinc finger proteins.

Domain enrichment analysis reposted the high abundance of domains of
Peroxidase, Antioxidant, Amino-acid biosynthesis, Mitochondrion, and
Respiratory chain in the structure of proteins that specifically upregulate in
response to ZnCDs in the IR36 Zn efficient variety. Analysis of enriched
domains in the structure of proteins in addition to conventional protein
expression analysis provided valuable clues regarding the functional

domain in proteomics pool.

The low number of replications (n=3) in each treatment group, which was
also recognized in the previous chapter on RNA-seq analysis, is a limitation
of this investigation. A higher number of replicates per group is proposed

for future studies to increase the confidence and power of the experiment.
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6.5. Conclusion

The two rice varieties with documented different levels of Zn efficiency
(IR36 and IR26) provided an excellent opportunity for comparative
proteomic analysis between a Zn efficient variety against an inefficient
variety, leading to discovery of Proteins and associated mechanisms that
solely involved in higher Zn efficiency in the efficient variety. To best of our
knowledge, no studies have compared the proteomic responses of a Zn

efficient variety against an inefficient variety.
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CHAPTER 7: DISCUSSION AND CONCLUSIONS

7.1. General discussion

Zinc (Zn) deficiency is a major health concern worldwide. More than 70
percent of human Zn intake is derived from cereals and pulses, and its
concentration has decreased substantially due to breeding for yield and pest
and disease resistance. In addition, global warming and climate change
contribute to decreasing micronutrients in cereals (Seneweera, 2011).
Increasing grain Zn content through the application of Zn nanoparticles
(NPs) as a potential nano-fertiliser opens a new avenue to address this
challenge. However, our knowledge of the impact of Zn nanoparticles (Zn

NPs) in cereals is limited.

Detection of carbon based NPs in plant material has been done using many
techniques. Lin et al. (2009) used bright field microscopy to detect MWNT
and fullerene 70 in the seed, roots and leaves of rice plants. Fluorescence
and confocal 3D mapping has been used with fluorescent SWCTs in spinach
chloroplasts (Giraldo et al., 2014). Fluorescence has also been used to
determine root uptake of water soluble CDs in wheat seedlings (Tripathi et
al., 2015). Uptake and translocation of fluorescent CDs in mung plant
seedlings has been successfully studied using laser scanning confocal
microscopy images (Li et al., 2016, Wang et al., 2018). Additionally, TEM
and SEM has been used to detect carbon-based NPs in plant cells (Chen et
al., 2010, Tripathi et al., 2015, Li et al., 2016, Wang et al., 2018).

Several positive impacts of CD and other CNP applications in agriculture,
including enhancing seed germination, promoting growth, and water
absorption of cereals, have been recorded (Tripathi et al., 2011, Nair et al.,
2012, Anita et al., 2014, Tiwari et al., 2014, Lahiani et al., 2015, Joshi et

al., 2018, Wang et al., 2018). However, use of CDs as a micronutrient
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carrier to cereal plant has not been recorded. Additionally, there was little
evidence of a thorough investigation into the development, agronomy,

physiological, and nutrient uptake of rice plants treated with CDs.

Therefore, to fill the knowledge gap, the effect of CDs bound with Zn on rice
plants with respect to their growth, physiology, agronomy and
micronutrient uptake was evaluated. Additionally, to unravel the molecular
basis of the CNP application, a high throughput transcriptomic and
proteomics analysis was coupled to the study. The critical assumption of the
study was that there would be different responses in cultivars that have
high or low Zn uptake efficiencies. The study hypothesis that there is a
considerable effect of CNP application on both molecular and physiological

level responses of the rice plants with different Zn efficiencies.

7.1.1. Major Findings

Effect of CNP’s on physiological, agronomical, and nutritional level

rice plants:

The evaluations of rice plant growth, physiology, and Zn uptake in response
to CD and ZnCD applications showed that ZnCDs have a potential of being
a biofortification agent to enhance the Zn status of the plant. Both CDs and
ZnCDs did not have any negative impact on plant growth and/or gas
exchange. In contrast, compared to other treatments, ZnCD had the highest
Zn uptake and retention of Zn content in the plants for at least one month.
The most effective dose of the CD and ZnCD was 500 ppm. However, other
studies have shown that the optimum concentration could change
depending on the physical properties of NP, such as size and surface

functionalisation.

Results obtained over one month period for range of physiological and

growth parameters of rice plants following teeatment applications (CD,
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ZnCD, ZnAC and control) demonstrated the possibility of using
nanoparticles as a nutrient supplier for extended period of time. Further this
explained the success of a nano particle based foliar spray as a micro
nutrient supplier. These findings directly help in the bofortificaion of rice

grains for its micronutrient content.

We found a remarkable difference in plant nutrient uptake after treatment
of Zn efficient (IR36) and Zn inefficient varieties (IR26) by ZnCDs. ZnCDs
led to a significant improvement in the contents of Mn, Cu, and Zn in grains
and Mn in roots. Findings of the study carried out with Zn efficient and Zn
inefficient varieties demonstared the correlation between the genetic
diversity of rice varieties with Zn uptake and Zn utilization efficiency. This
leads to the fine tuning of Zn biofortication of rice varieties which is highly

dependent on its genetic diversity.

Effect of CNP’s on molecular level adjustment in rice plants:

We investigated the response of the Zn efficient rice variety (IR36) to Zn
carbon dots (ZnCDs) against the Zn inefficient variety (IR26).
Transcriptomic and proteomic analyses were performed on the flag leaf at
the last fully expanded growth stage since it is the most essential and

efficient functional leaf at the grain filling stage.

Computational systems biology analysis in transcriptomic analysis revealed
that Zn uptake, grain filling, auxin signalling, and abiotic stress signalling
were the major pathways contributing to better response of the Zn efficient
IR36 variety to ZnCDs, compared to the Zn inefficient IR26 variety.
Multivariate analysis identified that OsDMAS1 and OsbZIP72 genes play a
major role in the above-mentioned pathways. Proteomics and

transcriptomics analysis shared the same intercellular organelle activity.
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Proteomics analysis based on computational system biology revealed that
the ZnCD treatments cause significant changes to the protein expression
level of cellular response to oxygen radicles, glucose metabolism,
photosynthesis and response to abiotic stimulus of IR36 compared to IR26
variety. Of the pathways considered, proteins in the glucose metabolism
pathway separates with a high discrimination in PCA analysis the ZnCD

treated IR26 plants from the untreated IR36 plants.

Protein rpl33 (a peroxidase) was identified as the key upregulatory protein
in ZnCD treated IR36 variety from a multivariate based signature discovery
analysis. This suggested that the upregulated peroxidases could support the
IR36 Zn efficient variety to cope with oxidative stresses caused by the

application of nanoparticles to the plants.

The findings of these studies support establishing a new technique for using
carbon nanodots to fertilise plants and deliver micronutrients (using CDs).
The genomic studies have provided valuable knowledge in explaining little
studied molecular mechanism behind the nanoparticle uptake in plants.
Studies on transportation of nanoparticles and accumulation of Zn in plant
systems help fill gaps in the scientific literature in Zn uptake, translocation

and bio-fortification.

In general, the results of the study associates between the utilization of the
ZnCDs and their effect on the growth, physiology and the nutritional uptake
of the rice plants. They provide positive insights of developind nanomaterial
based micronutrient suppliers in fune tuning the biofortification pathways
of rice varieties. Despite the trational methods employed in enhancing the
micronutrient contents, specially Zn, in cereals, this study provides a new
avenue in increasing Zn content and nutritional quality in rice and other
cereals. The outcomes of the research can be effectively employed in Zn

biofortification programs of cereals.
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7.2. Suggestions for future research

The results obtained from the physiology, agronomy and the micronutrient
uptake experiments need to be validated through a series of field
experiments using varieties of different Zn use efficiencies. Further, key
genes and the pathways identified from the molecular studies of the
research could be employed in hastening the genetic biofortification
programs of cereals. Additionally, development of biofortified crops could
be achieved through the CRISPR-Cas system which allows rapid, site-
specific genome modification in a crop plants. The identified key genes in
the Zn use efficiency would facilitate the above novel genome editing

programs.
Transcriptomic experiment:

Due to limitations in budget and sample preparation, RNA-Seq experiments
were performed with only 3 replications in each group. Increasing the
number of replications in future experiments will contribut to higher
confidence and improved experiment power. The transcriptomic analysis
was performed at the gene level. Further analysis of sequencing data at the
transcript level (transcript-based mapping and expression analysis) instead
of gene-based mapping/expression should provide novel knowledge on the
contribution of alternative splicing in response to nano particles. The
mentioned analysis can open a new avenue in research and understanding

of high Zn efficiency.
Functional validation:

This study shortlisted genes such as OsDMAS1 and OsbZIP72, as key
differences between IR36 and IR26 in response to ZnCd. The future
laboratory-based validation of those genes by knocking
down/downregulation or upregulation/over-expression can provide valuable

insight on the functional importance of those selected genes.
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Study of foliar application of ZnCDs on improving drought tolerance

and grain production under drought stress and ROS generation:

Zn NPs have high potential to help the plant under drought stress by
improving drought tolerance and grain quality. The interaction effect of

drought and ZnCDs needs to be investigated in future studies.

Application of CNP may lead to some other omics level changes as well.
Alternative transcript splicing is one such example which could be a reason
for changes in the responses of rice plants for CNP treatments. CNP
applications could enhance reactive oxygen species (ROS) and they may
affect different patterns of Alternative splicing such as exon inclusion or
skipping, alternative splice-site selection, mutually exclusive exons, and
intron retention (Srivastava et al., 2009, Van Ruyskensvelde et al., 2018).
Therefore another analysis could be done in determining alternative splicing

possibilities using generation of ROS in CNP treated rice plants.
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APPENDIX

Supplementary files
The supplementary files of Chapter 5 are available at following address:

https://www.dropbox.com/sh/315wj7Ixyjy819k/AABC2NWdbALOQmmV-
lizMsMZa?dl=0

Supplementary files of Chapter 6 is shared at the and is available at

following address:

https://www.dropbox.com/sh/315wj7Ixyjy819k/AABC2NWdbALOQmmV-
lizMsMZa?dl=0
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