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Abstract: 
 

Plant growth and survival is fundamentally linked with the ability to detect and respond to abiotic 

and biotic factors. Drought and osmotic stress are two key environmental factors accelerated by 

climate change. Both stresses directly and indirectly affect plants’ immunity and development with 

severe impact on agriculture and ecosystems. Although the connection between drought, osmotic 

stress and immunity have a detrimental impact on plants, our knowledge on the associated sensing 

mechanisms, reciprocal interactions and combinatory effects on plant health is very limited.  

Cytosolic free calcium (Ca2+) is a key secondary messenger in signal transduction pathways 

associated with mechanical, osmotic stress and the plants’ innate immune system. These stresses 

trigger an increase in root cytosolic free Ca2+ initiating production of the reactive oxygen species 

(ROS), like hydrogen peroxide (H2O2). Both signal transduction pathways might contribute to 

abiotic stress adaptation and plant defence. Ultimately, cross-talk between pathways relying on 

Ca2+ signalling is unavoidable. Consequently, this research will analyse root-specific expression 

of the calcium binding protein calmodulin (CaM) and calmodulin like proteins (CMLs), to further 

elucidate the impact of abiotic and biotic stress on Ca2+ signal regulation for plant defence.   

 

Arabidopsis thaliana plants containing a fluorescent Ca2+-detector were utilised to visualise Ca2+ 

signals in the primary root of 7-day old plants. An agarose based channel and pre-published dual-

flow-RootChip (dfRC) with unidirectional flow were fabricated to visualize the signal induced by 

different osmotic stressors in the root. To further elucidate the bidirectionality of Ca2+ signals in 

plant roots, an optimised root chip was designed for the selective application of abiotic stressors 

at the root tip and root maturation zone (bi-dfRC). Observations made during this project 

confirmed the hypothesis that the plant roots perception of osmotic and drought stress is linked to 

different spatiotemporal patterns of Ca2+ signals. This research hypothesises that the variations in 

Ca2+ signals are associated with the fine-tuning process associated with the adaptation of the plants 

to the constantly changing environment. Root chip microfluidic technology will provide a novel 

approach to challenge plant roots with two different conditions simultaneously, observe high-

resolution signal transduction and local adaptation to drought and osmotic stress. 
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Chapter One 

 
1.1 Introduction 
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Eccersall1, Richard J Morris2 (2020). Interior design - how plant pathogens optimise their living 

conditions. New Phytologist. DOI: 10.1111/nph.17024 

 

1. University of Canterbury, School of Biological Science, Private Bag 4800, Christchurch, 

New Zealand 
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1.1.1 Overview  

Plants inhabit an extensive range of disparate environmental habitats spanning the globe. In each 

environment plants interrelate with multicellular life-forms including animals, microorganisms, 

plants, in addition to the non-living environment. Being sessile organisms, plants must withstand 

copious amounts of environmental stress at one given time. Plants’ respond to two main categories 

of environmental stress. Firstly, abiotic ‘non-living’ factors include climate change effects; 

prolonged drought or increased temperature, in addition to salt, cold, nutrient availability and 

sunlight (Zhu et al., 2016). Secondly, biotic ‘living’ interactions include herbivory and pathogen 

infection (Suzuki et al., 2014). Biotic interactions may be biotrophic; mutualistic, beneficial or 

essential for survival, or conversely detrimental to plant health (Saijo & Loo, 2020). Predictions 

and observations show that climate change promotes pathogen performance on a global scale 

(Meisrimler et al., 2019; Clauw et al., 2015). The changing climate is and will affect future global 

food production and ecosystem resilience. Drought is one of the environmental factors with the 

most significant impact on crop yield loss. Research indicates that drought could account for up to 

50% loss in global food production due to a 40% water reduction (Lamaoui et al., 2018). Given 

the massive impact climate change effects pose to plant health, current knowledge on how drought 

stress is sensed in the plant root system is very limited (Meisrimler et al., 2019; Sinha et al., 2019). 

Elucidating the role of signal transduction cross-talk underpinning abiotic and biotic stress sensing 

is of particular interest to the worldwide agricultural industry. Understanding, not only how plants 

sense changes in the abiotic environment but are able to initiate a defence gene response is valuable 

to combat future wide-spread crop damage; creating strategies for bio protection in an ever-

changing world.  

 

Many pathogens including bacteria, fungi, oomycetes, viruses and nematodes affect the plants’ 

adaptation to temperature, abiotic stressors including drought, flowering control and plant growth 

(Dangl & Jones, 2001). Well adapted pathogens secrete effector proteins into the plant cell 

cytoplasm, targeting developmental and abiotic stress adaptation pathways improving the 

infection, dispersion and propagation of the disease-causing agent (Meisrimler et al., 2020; Han 

& Kahmann, 2019). Nonetheless, plants are surprisingly resilient against abiotic and biotic stress. 

Following stress perception, plants upregulate signal transduction pathways which operate via 
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holistic co-interrelating local intracellular signalling and long-distance systemic signalling for 

defence. Moreover, upon detection of environmental stress via plasma membrane-associated 

receptors, an array of secondary messengers, hormones and transcription factors are upregulated, 

initiating plant defence responses (Mandal et al., 2010). Nonetheless, cross-talk mechanisms 

underpinning abiotic and biotic stress sensing remains, at most, unclear. Research from the last 

decade highlights the importance of calcium (Ca2+) and the reactive oxygen species (ROS) 

hydrogen peroxide (H2O2) signalling as primary fast signal responses during abiotic and biotic 

stress sensing (Clapham, 2007; Niu & Liao, 2016).  

 

Free Ca2+ is a secondary messenger in plants and other eukaryotic organisms, functioning in many 

stress responses, in addition to growth and development (Tuteja & Mahajan, 2007; Thor, 2019). 

To translocate an appropriate defence gene response, Ca2+ signals must first be interpreted and 

communicated into a cellular response. This process is achieved through Ca2+ binding proteins 

including calcium-dependent protein kinases (CDPKs), calmodulins (CaMs) and calmodulin-like 

proteins (CMLs) (Zielinski, 1998). In contrast, H2O2 is a free radical which generates cellular 

damage through Fenton mechanics; converting H2O2 into Fe2+ and hydroxyl free radicals (•OH) 

(Hou et al., 2003). Despite the destructive nature of ROS in cells, H2O2 also functions as secondary 

messenger for plant defence signalling. Moreover, an immune-mediated H2O2 oxidative burst was 

first described in the year 1983, in potato plants challenged with the oomycete Phytophthora 

infestans (Doke, 1983). Next, Ca2+ signal localisation in tobacco plants challenged with the 

pathogen Pseudomonas syringae was revealed and quantified using fluorescent indicators (Aldon 

et al., 2018). Based on these early research observations, a strong backbone hypothesis arose 

describing signal cross-talk between H2O2 and Ca2+, emerging as fundamental signalling 

molecules that are involved in local and systemic plant defence responses (Allan & Fluhr, 1997). 

 

Today, a strong hypothesis has emerged in the literature suggesting possible paralleled signalling 

between Ca2+ and H2O2 during abiotic and biotic stress defence in plant cells (Černý et al., 2018; 

Anjum et al., 2015; Evans et al., 2016). Firstly, cytosolic calcium [Ca2+]cyt increases (10-6) in 

response to external stimuli, controlled by an influx of Ca2+ from the apoplast and across the 

plasma membrane, through Ca2+ pumps and Ca2+/H+ ion exchangers (Tuteja et al., 2007). 

Fluctuation in the level of intracellular Ca2+ is sensed by various Ca2+-binding proteins (CBP), 
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activating the transduction of fast signalling to local and distal tissues (Bergey et al., 2014). 

Calmodulin (CaM) and calmodulin-like (CML) proteins are some of the most extensively studied 

ubiquitous Ca2+-sensing proteins, functioning in the transduction of Ca2+ signals in response to 

abiotic and biotic stress (Yuenyong et al., 2018; Aldon et al., 2018). Interactions between targeted 

proteins and CaMs/CMLs are predominantly Ca2+-specific pathways; upon interaction with Ca2+, 

CaM-Ca2+ complex is formed, in turn, phosphorylating NADPH oxidase (Nox) protein, fuelling 

intracellular H2O2 production (Pandey et al., 2011). The Ca2+-dependent nature of Nox is thought 

to create the phenomenon of paralleled signalling between Ca2+ and H2O2, however, this is not 

well characterised in plant shoots and leaves and has not yet been observed in plant root systems. 

 

Despite gaps in our understanding of paralleled signalling between Ca2+ and H2O2, it is clear that 

upon environmental stress, coordination of signalling exists with various specialised enzymes, 

MAPKs and plant hormones including jasmonic acid (JA), abscisic acid (ABA), auxin (IAA), 

gibberellic acid (GA), salicylic acid (SA) and ethylene (ET) for plant growth, development and 

defence (Niu & Liao, 2016). Ca2+ and H2O2 also co-interact to initiate or contribute to long-

distance systemic signalling for defence gene activation in distal tissues (Černý et al., 2018). This 

phenomenon is termed systemic acquired resistance (SAR), whereby H2O2 and Ca2+ induce rapid 

changes in action potential via electrical excitability of ions shuttled across the plant’s plasma 

membrane (Bowler & Fluhr, 2000). Depolarisation occurs as Ca2+ enters the cell and re-

polarisation as H2O2 exits the cell (Szechyńska-Hebda et al., 2017; Gao et al., 2015). During SAR, 

H2O2 is thought to dissociate through aquaporins and various apoplastic ROS-scavenging proteins, 

forming a cell to cell signal transduction chain, directly linked with local Ca2+ influx into the 

cytosol of neighbouring cells, creating parallel charged waves (Gilroy et al., 2016).  

 

This thesis aims to investigate plants’ perception and sensing of different osmolytes with a focus 

on one fast signal-transduction pathway (calcium; Ca2+) and how it might affect the growth and 

activation of abiotic stress sensing in Arabidopsis roots. Using a novel interdisciplinary approach 

combining engineering, microscopy and molecular biology, time-lapse fluorescence imaging of 

roots challenged with abiotic stress conditions will be accomplished; establishing cutting edge 

research in the field of plant-microbe-interactions. This thesis will also extensively analyse the 

expression of CaMs, CMLs and MscS-Like MSL channels in plant roots upon abiotic and biotic 
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stress; both possible key regulators of Ca2+ mediated signalling for plant defence. As previously 

alluded, coupling our knowledge on abiotic and biotic stress sensing in plants is key for 

maintaining biodiversity and crop production in current and future climates.  

 

1.1.2 Plant-environmental interactions  

Plants are challenged by multiple abiotic and biotic stresses throughout their lifecycle as a result 

of sessility, which cannot be dealt with through mere evasion strategies. Nonetheless, the 

prevalence of pathogen-induced disease in the environment is sparse because plants have evolved 

a range of structural and immune-related defence mechanisms (Nishad et al., 2020). External 

barriers include the waxy lipid cuticle, reducing water loss under drought and heat stress and the 

cell wall, trichomes, spikes and chemicals which provide protection from pathogens (War et al., 

2012). Until recently, the role of secondary metabolites in plant defence was unclear. Today, it is 

evident that terpenes, phenolic compounds, flavonoids, toxins including cyanogenic glycosides, 

nonprotein amino acids, proteins and hormones all play a fundamental role in plant defence (War 

et al., 2020). These components are closely linked to plant growth, development and primary 

metabolism, playing an important role in abiotic stress adaptation and immunity.  

 

1.1.3 Abiotic stress  

Prolonged abiotic stress conditions and environmental fluctuations lead to plant death by affecting 

physiological, morphological, cellular and molecular traits. Water movement inside a plant cell is 

vital for the transfer of nutrients while playing an integral role in maintaining cellular turgor 

pressure and osmotic flow of water (Beauzamy et al., 2014). Plants can detect changes in external 

solute concentration, turgor and water movement across the plasma membrane, in a process known 

as osmosensing (Nongpiur et al., 2020). The direct effects of water imbalance across the membrane 

in addition to indirect upregulation of genetic networks and signalling cascades during 

osmosensing is an evolutionary mechanism essential for tolerating and resisting abiotic stress 

conditions including drought, salinity, cold, heat, salt and nutrient deficiency.  
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1.1.4 Osmotic stress sensing in plants 

Recent advances in the literature suggest novel osmolyte sensing mechanisms in plants. Firstly, 

membrane-embedded calcium channel reduced hyperosmolality-induced (Ca2+) increase 1 

(OSCA1) may sense changes in water potential outside a cell (Yuan et al., 2014). Secondly, 

mechanosensitive (Ms) ion channels including Mid1-Complementing Activity (MCA) proteins 

can sense increased plasma membrane tension and fuel influx of Ca2+ as a response to 

hyperosmotic stress (Hamilton et al., 2015; Zhang et al., 2017). Bacterial Ms channels (MscS) 

serve as non-selective ion channels that protect the cells from rupturing during osmotic stress 

(Basu & Haswell, 2017). Many MscS-Like channels (MSLs) have been characterised in plants, 

which may serve as ‘inlet valves’ for osmoregulators, facilitating the influx of Ca2+ into the 

cytoplasm in response to hyperosmotic shock (Veley et al., 2012). Plasma membrane localised 

MSLs may also sense water movement within a single cell (Veley et al., 2012). Similarly, Mid1-

Complementing Activity (MCA) proteins; MCA1 and MCA2 may co-interact to form an Ms ion 

channel, facilitating Ca2+ influx upon hyperosmotic stress (Mori et al., 2018). As further discussed 

in chapter 3, section 3.4.6, drought and salinity induced Ca2+ accumulation matches pre-published 

expression data for two MSLs; MSL9 and MSL10 (Haswell et al., 2008). Nonetheless, additional 

experimental evidence is required to elucidate further mechanisms of osmotic stress sensing in 

plants and if this phenomenon is activated by membrane tension caused by osmotic stress.  

 

 

1.1.5 Osmotic stress response in plants 

Plant roots sense drought in the form of osmotic stress (Zhu, 2002). Upon osmotic stress, 

fluctuation in water potential disrupts cellular homeostasis, producing the harmful by-product 

ROS. By reducing oxygen molecules, radicals including superoxide (O2
−), hydroxyl (OH•) and 

hydrogen peroxide (H2O2) react with lipids and proteins to cause cellular damage and oxidative 

stress in plants (Nadarajah, 2020). Signalling cascades including H2O2, Ca2+ and phytohormone 

pathways are rapidly upregulated upon membrane stabilisation, resulting from ROS 

overproduction (Schieber & Chandel, 2014). Osmotic stress signalling in Arabidopsis upregulates 

with the activation of a plant-specific family of kinases; the SNF1-related protein kinase (SnRK) 
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2 family (Takahashi et al., 2020). As a result of water loss, plants fine-tune their adaptation process 

by controlling stomatal aperture, root growth and photosynthesis via the accumulation of the plant 

phytohormone abscisic acid (ABA) (Saradadevi et al., 2017). SnRK2s are activated via both ABA-

dependent and independent pathways; exogenous levels of ABA in the cell or directly by osmotic 

stress (Fàbregas et al., 2020). In tandem, cytosolic Ca2+ levels vary in response to phytohormone 

signalling and drought stress (White & Broadley, 2003). 
  

 

1.1.6 ABA-dependent and ABA-independent pathways  

Plant resistance towards pathogens is regulated by the plant hormone abscisic acid (ABA) (Adie 

et al., 2007). ABA interacts antagonistically with JA/ET signalling, further initiating defence gene 

expression for resistance towards pathogenic spread (Anderson et al., 2004). Furthermore, the 

activation of drought response genes are governed by ABA-dependent and ABA-independent 

pathways. 

Mitogen-activated protein kinase (MAPK) receptors on the plant cell plasma membrane perceive 

abiotic stress signals, leading to the translocation of defence signalling (Jagodzik et al., 2018). 

Moreover, the SNF1-related protein kinase 2 (SnRK2) family function as primary receptors for 

abiotic stress sensing in plants (Furihata et al., 2006). SnRK subgroup-111 and subgroup 11 

respond to ABA, suggesting a fundamental role as regulators for ABA-dependent signal 

transduction and gene expression (Fujii & Zhu, 2009). In Arabidopsis 5 SnRK2’s; SnRK2.2, 2.3, 

2.6, 2.7 and 2.8 are upregulated by ABA and osmotic stress, revealing a key role in ABA-

dependent signalling (Sah et al., 2016). In contrast, SnRKs residing in subclass-1 have no affinity 

towards ABA (Sah et al., 2016).  

ABA-dependent signal transduction controls an array of positive and negative regulators, in turn 

regulating stress-related gene expression. Transcription factors known as (ABA)-responsive 

element (ABRE)-binding factors (ABFs) regulate the ABA-dependent pathway (Choi et al., 2000). 

Furthermore, ABFs bind to the cis-acting element ABA-responsive element (ABRE), regulating 

gene expression (Wang et al., 2019). Upon ABA-initiated phosphorylation of SnRK2s, the protein 
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co-localises to the plant nuclei, activating REB/ABF transcription factors; acting as positive 

regulators of ABA synthesis (Fujita et al., 2013).  

In contrast, ABA-independent gene expression is controlled by dehydration-responsive element-

binding protein 2 (DREB2) transcription factor binding to the cis-acting element dehydration-

responsive element/C-repeat (DRE/CRT) (Akbudak et al., 2018). Upon drought stress, 

GROWTH-REGULATING FACTOR7 (GRF7) dissociates from the DREB2A promoter region, 

activating ABA-independent gene expression (Singh & Laxmi, 2015). Cross talk may exist 

between ABA-dependent and ABA-independent pathways; specific members of the subclass III 

SnRK2s family could be activated by both ABA and osmotic stress (Yoshida et al., 2014). 

 

1.1.7 Pathogens’ tool kit for invasion into host cell cytoplasm 

Pathogens have evolved a mechanism to circumvent or compromise plant primary defence by 

secreting effector molecules into the host cells cytoplasm, disrupting cellular signalling, a process 

known as effector-triggered susceptibility (ETS) (Abramovitch et al., 2006). The key strategy of 

effector molecules are to target both immunity related pathways and abiotic stress signalling 

(Meisrimler et al., 2020).  

The plant immune system is composed of three main tiers. Primarily, pattern-triggered immunity 

(PTI) is instigated upon pathogen localisation to the host’s surface, owing to the conserved nature 

of pathogen-associated molecular patterns (PAMPs) (Figure 1.1). Upon pathogen invasion into the 

host cell cytoplasm, a second-tier response; effector-triggered immunity (ETI) is activated upon 

effector-mediated host cell damage recognition via nod-like (NLR) receptors (Franchi et al., 2009; 

Figure 1.1). In dependence of the pathogens life style variation in effector targets has been shown 

in the past. Hemibiotroph and biotroph pathogens seem to avoid the plants ROS production, 

whereas necrotrophic pathogens manipulate ROS production for cell degradation of the host plant.    
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1.1.8 Effectors targeting abiotic stress adaption pathways in plants  

A well-studied phenomenon describes a pathogens ability to utilise effector molecules to target 

immune-related pathways (Meisrimler et al., 2020; Figure 1.2). Nonetheless, effectors targeting 

abiotic stress pathways are seldomly covered in the literature. Despite this, previous research 

reveals ROS, Ca2+ and phytohormone signalling as key effector targets (Meisrimler et al., 2020).  

Ca2+ signal transduction is targeted by P. syringae HopE1 and P. infestans Avrblb2 and SFI5 

interacting with the Ca2+ binding protein CaM (Guo et al., 2016; Zheng et al., 2018). ROS signal 

transduction is upregulated by the production of ToxA effectors from Pyrenophora tritici-repentis 

(Kretschmer et al., 2019). Additionally, effectors targeting ROS generation hubs include Pantoea 

stewartii effector WtsE targeting photosynthesis and Puccinia striiformis effector Pst_12806, 

targeting chloroplasts and reduced electron transport (Xu et al., 2019). Nevertheless, for such a 

key signal as Ca2+, effector targeting of this pathway are not well elucidated so far and many 

questions are waiting to be answered in the context of abiotic and biotic stress interactions. 

 
 

Figure 1.1. Innate immunity in plants. PRR receptors detect pathogenic MAMPs, upregulating 

downstream signal transduction and defence gene activation in the nucleus. Next, pathogens secrete 

effectors into the cytosol, targeting and damaging host machinery. Plants detect effector-mediated 

cellular damage, upregulating ETI through a series of signal transduction pathways encompassing 

Ca2+ and H2O2 signalling. 
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Figure 1.2. Effectors (red) targeting key components of abiotic stress adaptation pathways (blue) in 

plants. Arrowheads represent interactors, orthogonal heads represent inhibitors. JA/ET signalling is 

indirectly targeted by Phytophthora syringae effectors AvrBs, AvrRpt2, AvrRpm1, HopX1, HopZ1a 

and HopF2, in addition to Xanthomonas spp. XopDXcv and Bremia lactucae BLR20. SA signalling 

is directly inhibited by Phytophthora capsici (RxLR48), Hyaloperonospora arabidopsidis (RxL44), 

Phytophthora syringae (AvrPtoB) and Puccinia striiformis (PNPi). P. syringae HopAB1Psy and 

HopF3Pph6 interact with ABA signalling. Ca2+ signalling is targeted by P. syringae effectors Avrblb 

and HopE1 plus Phytophthora infestans SFI5. ROS generation in inhibited by P. syringae effectors 

HopF2. Lastly, a range of Effectors* are known to target MAPK signalling and downstream defence 

pathways (Meisrimler et al., 2020). 
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1.1.9 Establishment of a dual-flow-RootChip for Ca2+ signalling  

Plant roots respond to highly dynamic abiotic and biotic stimuli in the heterogeneous rhizosphere, 

continually adapting to varying environmental conditions (Naylor & Coleman-Derr, 2018). Until 

recently, it has posed a challenge to study high-resolution fluorescent signalling and developmental 

processes in roots under natural soil conditions. To monitor and capture real-time fluorescent 

pathogen-induced signal transduction responses, it is vital to establish a dynamic platform to image 

Ca2+ and H2O2 in plant roots under controlled conditions.  

 

Plant microfluidic platforms yield high-throughput in vitro controlled culturing capabilities to 

study root molecular activities and growth on a cellular level (Nezhad, 2014). dfRCs are 

compatible with real-time imaging of plant roots, to capture dynamic signalling processes with 

fluorescent indicators (Grossmann et al., 2011). Novel systems including dfRC, PlantChip and 

RootArray have been widely implemented in plant-root cell analysis (Stanley et al., 2018; Jiang et 

al., 2014; Busch et al., 2012). In an interdisciplinary approach, this research has optimised a pre-

published unidirectional dfRC (Stanley et al., 2018), for bi-directional dual-flow (bi-dfRC) to 

visualize and quantify osmotic stress on the plant root system. The bi-dfRC is specialised to culture 

drought-susceptible transgenic plant lines (including the Ca2+ sensor GCaMP3), with increased 

hydrophilicity of microchannels via Polyvinylpyrrolidone (PVP) treatment.  

 

This cutting-edge microfluidic technology provides a unique opportunity to challenge the root with 

2 different conditions simultaneously, observe signal transduction, root growth and local 

adaptation processes at the same time (Nock & Blaikie, 2010).  

 

 

1.1.10 Research aims of this thesis  

The current knowledge on how drought stress is sensed by plant root systems is very limited. It is 

also unclear how far drought may impact plant health. To ensure the maintenance of biodiversity 

and crop production in future changing climates, it is essential to improve our understanding of 

how roots sense drought stress in the form of osmotic stress. The core of this research study was 
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to demonstrate the localisation and accumulation of cytosolic free calcium in Arabidopsis root tips 

and various root tissues upon exposure to drought and osmotic stress. In accordance with plant-

abiotic interaction studies, this thesis aims to elucidate the localisation of Ca2+ signalling during 

osmotic stress in Arabidopsis roots. 

 

This thesis hypothesises that: 

(1) Ca2+ will rapidly accumulate at the root tip in response to drought and osmotic stress. 

(2) Upon targeted application of drought inducing compound at the root tip or maturation zone 

bi-directionality of Ca2+ signal will be observed.  

 

To investigate these hypotheses, the following objectives were sought:  

1) Optimise the hydrophobicity of dfRC features and set-up to house transgenic Arabidopsis 

lines (including GCaMP3). 

2) Study the effects of applying various osmolytes at different concentrations to Arabidopsis 

roots will have on Ca2+ localisation and fluorescent intensity. This is achieved by coupling 

an agarose based channel and bi-directional dual-flow-RootChip (bi-dfRC) with plants 

containing fluorescent Ca2+ detectors to visualize and quantify osmotic stress on the plant 

root system over time.  

3) Investigate Ca2+ accumulation in response to the targeted application of abiotic stress to the 

root tip or maturation zone. To investigate this, a bi-directional dfRC (bi-dfRC) 

microfluidic device was used to capture real time videos of fluorescent Ca2+ signalling in 

Arabidopsis roots exposed to PEG-induced drought or NaCl2-induced salinity stress.  

4) Conduct an expression analysis of Arabidopsis root specific CaM and CML genes in 

response to drought stress, further elucidating fundamental interactions between Ca2+ 

signalling and abiotic and biotic stress defence.  
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Chapter Two 
 

This chapter outlines the design, optimisation, microfabrication and use of a bi-directional dual-

flow-RootChip (bi-dfRC) microfluidic platform for fluorescent imaging.  

The following chapter also describes protocol optimisations for root culturing in a hydrophilic 

microchannel.  

 

2.1 Introduction  

 
This research has expanded on a pre-published unidirectional dual-flow root chip (dfRC, Stanley 

et al., 2018), adding bi-directional flow capabilities and using this to visualize, and quantify, 

osmotic stress on the plant root system. The root-chip is combined with plants containing a 

fluorescent Calcium (Ca2+) detector and the corresponding signals can be visualized by fluorescent 

microscopy. This novel technology provides a unique opportunity to challenge the root with 2 

different conditions simultaneously, observe signal transduction, root growth (and force) and local 

adaptation processes at the same time.  
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2.2 Methods 

 

2.2.1 Dual-flow-RootChip fabrication   

Photo-Mask writing for photolithography 

The L.Edit computer programme (Mentor Graphics, v2020.1) was used to design etching patterns 

for the conventional dfRC and the newly developed bi-dfRC, both referred to as dfRC in the 

following. Optical lithography was conducted using a photo-mask (Nanofilm) with a chrome and 

AZ1518 photoresist layer. Under yellow light, the photo-mask was positioned onto the stage of a 

laser mask writer (Heidelberg μPG101) and exposed. The pattern was written onto the photo-resist 

side of the mask, which was then developed for 1 minute in a photo developer (AZ326-MIF). The 

mask was rinsed in deionised (DI) water, then dried using a pressurised nitrogen spray gun. Fully 

developed masks were checked under a microscope.  

Following photo-development, chrome etching was undertaken in an acid fumigation hood, 

whereby the fully developed mask was submerged in chromium etchant solution, with manual 

agitation. The mask was washed with DI water and dried using a pressurised nitrogen spray gun. 

Dried masks were rinsed in acetone, methanol and isopropanol for 5 minutes, respectively, to 

remove the remaining photoresist. This process yielded fully developed etched features of the 

dfRCs on the mask, which was then transferred to a mould using wafer lamination.  

 

Wafer lamination 

A 4” single-side polished silicon wafer (Prime grade) was placed in an oven (Hearatherm) at 180°C 

for 24 hours, then removed and cooled at room temperature for approximately 15 minutes. The 

silicon wafer was cleaned in a plasma cleaner (PIE Scientific Tergo) set to a power of 100 W, 

pulse ratio of 255 and 5 sccm of oxygen for 10 minutes. Lamination was achieved by placing the 

silicon wafer on a laminator (Sky-335R6) set to 30°C for 1 minute. To avoid wafer displacement, 

an aluminium sheet harbouring raised stoppers were aligned with the rollers. A single polyethylene 
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(PE) sheet was attached to the aluminium sheet using double-sided tape, creating a protective 

detachable seal. The silicon wafer was aligned between the stoppers. A second PE sheet was 

loosely placed between the first, covering ¾ of the wafer.  

A 100 µm thick negative-tone dry film resist (SUEX 100, DJMicrolaminates) was placed on top 

of the wafer by first, peeling one side of the protective cover off, then aligning and docking it to 

the wafer. Once in place, the set up was aligned between the aluminium stoppers under the PE 

sheet. The set up was placed on the laminator. As the wafer was fixed under the rollers, the top PE 

sheet was held in place, subsequently peeling it away from the wafer, exposing the dry film to the 

rest of the wafer. Following lamination, the protective seal covering the top of the wafer was 

removed, then placed under a glass cover on a hot plate at 65°C for 15 minutes.  

 

Alignment of photo mask 

To conduct photolithography (optical lithography), a mask aligner was used (SUSS MicroTec). 

The mask aligner was powered up and left to warm up for approximately 30 to 40 minutes. To set 

the correct UV exposure, a UV intensity meter (SUSS MicroTec model 1000) with a p365 nm 

sensor was placed on the wafer holder, then exposed to UV light yielding an intensity of 2.6 

mW/cm2. A fitted dose (mJ/cm2 at 365nm) of 166.6 mJ/cm2 was applied, (based on a wafer 

thickness of 100 μm), yielding a run time of 1170 seconds ("Data Sheets / Research Papers", 2021). 

The mask aligner was run consecutively for 10 second intervals, with 1 minute breaks for 17 

repeats to avoid overheating and mechanical stress in the cross-linked resist layer.  

The clear wafer was placed in a wafer holder, protective film removed and a mask (harbouring the 

etched dfRC patterns) was placed reflective face down on a mask holder. The mask was then 

aligned between two PE sheets. Lastly, a UV filter (PL-360LP, Omega Filters) was placed over 

the set-up. Air suction was applied to the wafer holder, which was then shut, ready for the mask 

aligner to run.  

Following exposure to UV light, the wafer was baked on a hot plate (HS40, Torrey Pines 

Scientific) using a cycle of 5 minutes at 65°C, 20 minutes 95°C then 20 minutes at 20°C. The 

wafer was placed feature side down in a petri dish onto a stainless-steel mesh and propylene glycol 



        
 

30 

methyl ether acetate (PGMEA) developer was applied for 30 minutes to fully develop. The wafer 

was then washed with fresh PGMEA and isopropanol for 5 minutes, respectively. Lastly, the wafer 

was baked on a hot plate for 1 hour at 125°C then 20 minutes at 20°C. This protocol yielded a 

completed wafer, harbouring photo-developed structures used as a cast for soft lithography. 

 

Silane treatment  

The laminated silicon wafer was pre-treated with silane anti-adhesion agent to prevent sticking of 

the elastomer cast during the subsequent soft lithography (Xia & Whitesides, 1998), and thus 

protecting the photo-resist layer for repeated use. This was accomplished firstly, by placing the 

silicon wafer and a glass bottle in a desiccator, photoresist side facing up. Secondly, adding one 

drop of Trichloro (1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich) to the glass bottle and a 

vacuum pump was applied for 30 minutes, allowing evaporation and coating to occur. This step 

was repeated after 10 subsequent uses of the wafer as mould master.  

 

Soft lithography  

Polydimethylsiloxane (PDMS, Sylgard 184, Electropar) pre-polymer silicone elastomer base was 

mixed thoroughly with silicone elastomer curing agent using a 10:1 (w/w) ratio in a plastic 

cylinder. The mixture was placed in a desiccator and a vacuum pump was applied for 30 minutes 

to remove most air bubbles.  

To set up a construct for PDMS casting and baking, a square metal slab was first covered by a PE 

sheet. The silicon wafer was then placed on top of the PE sheet, along with the placement of a 

round Poly(methyl methacrylate) (PMMA) ring onto the outer edge of the wafer to avoid PDMS 

leakage. Liquid PDMS was poured onto the wafer, restricted by the ring, covering all of the etched 

details. Another PE sheet, along with a heavy metal slab was aligned onto the ring to hold the 

construct in place. The construct was placed in a desiccator with a vacuum pump applied for 1 

hour to ensure all air bubbles were removed. The construct was then placed on a hot plate at 80°C 

and baked for 2 hours, allowing for PDMS curing. Subsequently, the PDMS ring was removed 

using a scalpel by probing along the side of the ring and the PDMS was pried free of the wafer by 
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carefully peeling it off. The cured PDMS was sandwiched between two fresh PE sheets and placed 

on a hot plate at 80°C for 2 hours.  

Following the second curing, two different-sized hole punches (ProSciTech) were used to create 

entry points into the microchannels on the underside of the PDMS as follows. To create media 

storage wells a 3 mm hole punch was aligned vertically with the etched pattern and firmly pushed 

into the PDMS. To create inlets for the root a 1 mm hole punch was aligned on an 85-degree angle. 

To create inlets for the fluid flow tubes, a 1 mm hole punch was aligned vertically with the features. 

To avoid the PDMS tearing, the hole punch was twisted 180 degrees clockwise during extraction. 

To create 2 individual dfRCs per glass base, the cast PDMS slabs were cut using a guillotine or 

scalpel.  

 

Plasma bonding  

Microscope cover slides were pre-cleaned in acetone, methanol and finally isopropanol for 5 

minutes, respectively. To bond PDMS chips onto pre-cleaned 24 X 60 mm glass microscope cover 

slides, both were placed inside the chamber of a plasma cleaner (PIE Scientific Tergeo). PDMS 

chips were placed feature side up on PE transparent films to reduce PDMS bonding to the sample 

holder. The exposed bonding surfaces were activated using a plasma cleaner set to 15 W power, 

pulse ratio of 50 and 5 sccm of oxygen for 1 minute, then bonded together by lightly pressing the 

exposed surface of the PDMS and glass together. Bonded dfRCs were then baked for 2 hours on a 

hot plate at 80°C to further strengthen the bond.  

 

Polyvinylpyrrolidone (PVP) treatment  

To permanently retain the hydrophilicity of microfluidic channels (Hemmilä et al., 2012; Hashemi 

et al., 2017), the dfRCs were placed in the plasma cleaner and exposed to 30 W power, pulse ratio 

50, and 5 sccm oxygen for 3 minutes. Following cleaning, 22% w/v Polyvinylpyrrolidone (PVP, 

Sigma-Aldrich) in DI water was pipetted into the microchannels for 1 minute to permanently alter 

the hydrophilic retention of PDMS. Next, the microchannels were washed with sterile H2O 3 times. 

The microchannels were dried using a pressurised nitrogen gun. For storage (up to 1 year), the 



        
 

32 

chips were placed in a desiccator for 3 hours, then vacuum sealed shut using vacuum-sealable food 

storage bags.  

 

2.2.2 Application of asymmetric co-flowing solutions   

Syringe pump system 

A dual-pressure syringe pump system (NE-1010, New Era Pump Systems Inc), was used to deliver 

singular or dual test solutions into the dfRC observation chamber. Two 10 mL syringes (BD, 

MediRay) were secured to the syringe pump system. Each syringe was connected to a 1/16 inch 

flangeless fitting joint to 20 cm of 1/16 inch OD ethylene tetrafluoroethylene (ETFE) tubing 

(Kinesis). The tubing was connected to the inlet channels of the dfRCs using 1.5 mm OD metal 

tubes. A third tube was connected to the outlet channel and directed into a collection tube. The 

syringe pump system was set to a flow rate of 8 μL per minute, total volume of 100 μL, syringe 

diameter of 14.57 mm and set to pumping.  

 

Steady perfusion of two solutions through dfRC 

To apply a steady flow through of test solutions throughout the observation chamber of the dfRCs, 

liquid medium was quickly pipetted onto the inlet channel, wetting all the features as a result of 

passive vacuum pumping (Hosokawa et al., 2004). The syringe pump system was used to control 

the flow rate of solutions into the microfluidic device. To set up the dual flow-rate control system, 

2 pre-sterilised 10 mL syringes were filled with test solution and secured onto syringe pump 

holders. Tubing, valve components and test solutions were pre-sterilized using an autoclave. A 

1/16 inch ethylene tetrafluoroethylene (ETFE) tubing connected the syringe to a manual stop valve 

set up on a portable microscope stage (C-HU Nikon), using a 1/16 inch flangeless fitting. The flow 

rate was set to a constant 8 μL per minute. A third silicon-based tube was constructed for the exit 

port, using the same set up as described above in addition to the attachment of a 1.6 mL 

polypropylene tube and brace, to capture flow-through.  
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Filling dfRCs with epoxy dye 

In order to obtain high-quality images of the microfluidic divide illustrating intricate detail of the 

microchannels, epoxy dye protocol was utilised (Soffe et al., 2020). Firstly, 2 mg of Sudan dye 

(Sigma-Aldrich) was dissolved in 1 mL of toluene blue (Sigma-Aldrich). Next, 250 µL of Norland 

Optical Adhesive (NOA72, Norland Products) was added, with shaking. The glass container was 

placed in an ultrasonic bath for 10 minutes, enhancing mixing of the solution. Toluene blue was 

evaporated by leaving the beaker to sit in a fume hood. The glass container was stored at 4°C.  

To pre-treat microchannels with epoxy dyes, the PDMS was treated with silane for anti-adhesion. 

Firstly, the PDMS cast was treated with oxygen using the plasma cleaner. The system was set to 

run power 15 W,  pulse ratio 50, oxygen flow rate 3 sccm for a duration of 60 seconds. The PDMS 

dfRC was placed in a vacuum desiccator. A single drop of silane was added to a glass bottle and 

placed into the vacuum desiccator, alongside the PDMS chip and sat for 5 minutes with the 

desiccator on. To retain an anti-adhesion coating the PDMS dfRC was left in the vacuum desiccator 

with the lid on for 1 hour. Next, the PDMS surface was cleaned with Isopropyl alcohol (IPA), then 

DI water, and dried with a pressurised nitrogen gun.  

To fill the microfluidic channels with epoxy dye, 60 µL of the dye was added to the inlet and outlet 

channels of the dfRC using a pipette. The dye entered the inlet channels via passive pumping. 

Epoxy residue on the PDMS surface was cleaned off using IPA, leaving dye in the microchannels. 

Similarly, the dye was removed from the inlet and outlet using thin tweezers coated with IPA. 

Lastly, the PDMS was exposed using a spot UV curing system (OmniCure® S2000) with the chip 

placed approximately 200 mm away from the light source.  

 

2.2.4 Plant culture preparation 

Half-strength Murashige and Skoog (½ MS) medium (Duchefa) with 10X MES (Sigma-Aldrich) 

was prepared to a final concentration of 3.1 mM by mixing 3.026 g of MES and 6.086 g of MS 

with 500 mL of sterile H2O, adjusting the pH to 5.6. Plant agar (0.8%) was prepared by adding 4g         

of plant agar to 250 mL sterile H2O. 1 X MES / ½ MS agarose plates were poured by adding 50g  

agar, 20 mL 10X MES/MS stock to 30 mL of sterile H2O.  
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Seed propagation off chip (on agar plates) 

Off-chip culturing was conducted on plate (Petri dishes), containing 1X ½ MS/MES media. Seeds 

were gently arranged onto the agar using sterile toothpicks. Plates were incubated vertically at 11 

hours light (8 am), 13 hours dark (7 pm) growth condition.   

 

Seed propagation on chip  

dfRCs were pre-sterilised under UV light for 1 hour. dfRC microchannels were cleaned using 70% 

EtOH and washed 3 times with sterile H2O. Under laminar flow, pre-cultured 4-day old plants 

were transferred directly on to the chip, and stored in plastic incubation chambers (Nunc™ 

OmniTray™ Single-Well Plate; Thermo Fisher Scientific), surrounded by sterile H2O, creating a 

humid environment. The set-up was incubated for 3 days under 11 hours light (8 am), 13 hours 

dark (7 pm) cycle. The set up was tilted on a 45-degree angle to promote root growth into the dfRC 

microchannel. 
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2.3 Results and Discussion 

 

2.3.1 Dual-flow-RootChip design  

Pre-published dfRC dimensions were utilised for the culturing of Arabidopsis roots for fluorescent 

imaging in both, a conventional dfRC and the newly developed bi-dfRC (Figure 2.1 (a-c)). The 

following diameters were engineered to contain Arabidopsis roots with an approximate height of 

110 μm; the observation chamber spans 110 μm to 500 μm (Height (Z), Width (X)). Based on 

Arabidopsis Col-0 root growth rate of 1.7 ± 0.4 μm min−1 (n = 15) (Stanley et al., 2012), the length 

of the observation chamber was engineered to 12 mm (Length (Y)); accommodating for 7-days of 

growth.  

Inlet reservoirs for liquid medium supply span 3 mm (circumference of c= 94.2). All inlet and 

outlet channels span 1 mm (circumference of c= 31.4); for direct root culture on-chip and 

compatibility with syringe pump tubing.  

An array of 2 x 34 triangular micropillar pairs (148 μm x 135 μm x 50 μm) line the observation 

chamber, intricately designed to maximise root tip growth and guidance through the microchannel. 

Micropillars are spaced 200 μm apart from the lowest tip of one pillar to highest tip of the next in 

the Y direction, smaller than the distance from the root cap junction (RCJ) to the root apical 

meristem (RAM) and the distance from the elongation zone (EZ) to the apex, around 457 μm 

(Alarcón & Salguero, 2017; Stanley et al., 2018). This precise distance prevents columella cell 

contact with a micropillar, avoiding tip breakage (Stanley et al., 2018). Additionally, each 

micropillar pair was positioned 208 μm apart; corresponding with the average Arabidopsis root 

width (Stanley et al., 2018). 
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Figure 2.1. Design of the bi-dfRC. a) Schematic for the bi-dfRC displaying key dimensions including 

the pillar array (inset). Identical in the dimensions to the conventional dfRC, the bi-dfRC added a 

second set of inlet/outlet channels. Five patterns were fitted onto a mould master, allowing the 

culturing of various Arabidopsis roots at once. b) Photograph of 5 parallel bi-dfRC chips made from 

PDMS and bonded to a glass microscope slide. Channels were filled with blue epoxy dye for 

visualization. c) Schematic illustration of the dfRC imaging set-up, in tandem with a cultured plant. 
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2.3.2 Hydrophilic retention of microchannels  
 

In order to investigate Ca2+ specific expression of the green fluorescent protein (GFP) in 

Arabidopsis roots exposed to osmolytes, fluorescent seed reporter line GCaMP3 distributed by 

Toyota et al, 2018 were used. Observations from this research revealed that GCaMP3 seedlings 

exhibited stunted growth and lack of root tip protrusion into the observation chamber of 

microfluidic microchannels. GCaMP3 plants exhibited drought susceptibility under 11 hours light 

(8 am), 13 hours dark (7 pm) growth conditions. Moreover, during soil propagation, GCaMP3 

seedlings required high humidity levels of 80-90% for successful germination and growth. 

Consequently, upon removal from humid chambers, 7-day old plants wilted within 5 minutes and 

withered within hours. Additionally, GCaMP3 exhibited lack of germination under indoor relative 

humidity between 30-50%. Conversely, Arabidopsis Col0 (Wild Type; WT) seeds germinate and 

grew into the dfRC observation chamber under 11 hours light (8 am), 13 hours dark (7 pm) growth 

conditions and indoor relative humidity.  

 

A known property of the genetically encoded calcium indicator GCaMP3 is an enhanced kinetic 

for high-speed imaging of Ca2+ (Russell, 2011). GCaMP3 is a fusion of green fluorescent protein 

(GFP) to the Ca2+ sensor calmodulin (CaM), bearing high-affinity Ca2+ binding EF-hand domains 

(Zhang et al., 2012). This sensor shows high calcium affinity in neurons (kDa=  210 ± 4.0 nM) and 

a dynamic range (Fmax/Fmin = 11.1 ± 1.59) similar to other GCaMP3 variants (Ohkura et al., 

2012). In plants, the binding affinity of GCaMP3–sfGFP to Ca2+ ions is high, yielding a kDa value 

of 632 nM, similar to the more recent GCaMP6f indicator (Subach et al., 2020). Consequently, 

GCaMP3 quenches superabundant cytosolic Ca2+ for fluorescent tagging, limiting free cytosolic 

Ca2+ concentrations for cellular reactions. Osmotic stress exposure fuels ABA-induced stomatal 

closure, regulated via Ca2+-dependent pathways (Huang et al., 2019). Ca2+ is essential in 

meditating stomatal closure via downregulation of inward-conducting K+in channels (Laanemets 

et al., 2013). Hence, removing free cytosolic Ca2+ may implement the ability to fine-tune the 

acceleration phase of stomatal closure, leading to loss of water retention during drought stress.  

 

In tandem, GCaMP3 roots may be hypersensitive to varying surface areas. The family of GCaMP 

genetically encoded fluorescent indicators are sensitive to pH, reducing the indicators dynamic 
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range (Cho et al., 2017). Likewise, plant roots are extremely sensitive to pH, growing ideally in 

neutral to slightly acidic pH of 7 to 6, respectively, for optimal access to nutrients (Gentili et al., 

2018). Interestingly, hydrophobicity (water-repelling) soil increases with lower pH, whereas 

hydrophilic (water-retaining) soils are retained at a pH of approximately 6.5 (Vogelmann et al., 

2013).  

 

In accordance with the above observations, this research hypothesised that growth into the 

observation chamber of the dfRC would be re-established upon hydrophilic retention of the 

microchannels. Upon further research, many microfluidic systems require hydrophilicity to 

promote growth into microchannels or stimulate fluid flow (Halldorsson et al., 2015). The glass 

base of the dfRC possesses a hydrophilic surface property. However, PDMS is naturally 

hydrophobic and requires additional treatment to establish hydrophilicity (Guckenberger et al., 

2014). Consequently, partially hydrophobic microchannels may directly implement root growth of 

GCaMP3 plantlets into the microchannel.  

 

Plasma activation is a method adopted to expose given surfaces to oxygen plasma, rendering 

surfaces hydrophilic (Jokinen et al., 2012). Nonetheless, PDMS only retains this surface 

modification for minutes to hours, creating time limitations for long-term culturing (Plegue et al., 

2018). Roots require up to 7-days to grow fully into the observation chamber, hence the surface of 

the PDMS would be hydrophobic at the time of root tip growth into the microchannel.  

 

An alternative protocol was utilised to permanently alter the surface of PDMS to be hydrophilic 

via Polyvinylpyrrolidone (PVP). PVP is a polymer that can reduce the hydrophobicity of surface 

particles, when in contact with PVP molecules (Kao et al., 2003). Treating the microchannels with 

PVP created a hydrophilic environment for the root to grow into. For optimal germination success, 

roots are first grown on ½ MS medium plates to retain cellular integrity (Figure 2.2 (a)). 

Subsequently, 4-day old Arabidopsis seedlings were sub-cultured onto the dfRC and incubated for 

3 days to allow tip protrusion into the dfRC observation chamber (Figure 2.2 (b)).  
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Figure 2.2. Arabidopsis GCaMP3 root. a) 4-day old root tip gown on petri dish (½ MS 

medium) (Confocal 20X objective lens NA 0.40), scale 33 µm. b) 7-day old root growth into 
the observation chamber of the dfRC (Zeiss 5X lens), scale 290 µm. 
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This research highlighted the importance of PVP-treatment for the growth of Arabidopsis 

GCaMP3 roots. Non-treated microchannels yielded 0% root growth into the channel over a 4-day 

time period, whereas PVP-treated micro channels yielded up to 90% root growth into the channel 

within 4-days (Figure 2.3). Conversely, PVP treatment did not significantly impact the growth of 

Arabidopsis Col0 WT with an average growth rate between 84-88% in non-treated vs PVP-treated 

microchannels, respectively, within a 4-day period (Figure 2.3).  

 

 

2.3.3 Mechanics underpinning fluid flow technology and 

optimisation of syringe pump system  

 

Varying flow resistance in microfluidic devices is generated depending on the size and length of 

nylon tubing used in the system (Xue et al., 2011). It is vital to control the flow resistance, as an 

increasing resistance may cause excess leakage or poor flow rate control (Olanrewaju et al., 2018). 

Herein, this research sought to create an optimal system for fluid flow rate control, ultimately to 

  
 

Figure 2.3. Average percentage (%) of Arabidopsis GCaMP3 and Col0 (WT) root growth 
into PVP-treated vs non-treated dfRC microchannels over 4 days (n= 100 replicates). 
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apply asymmetric co-flowing solutions on each side of the root. To achieve this, a preliminary 

circuit was constructed, controlled by a syringe pump system (Dual NE-1010). Two separate 

circuits were created for 2 different test solutions, whereby 1/16 inch flangeless fittings connected 

15 cm of 1/16 inch ethylene tetrafluoroethylene (ETFE) tubing to the two syringe pumps and the 

manual stop valves (Figure 2.4). Additionally, 5 cm of tubing connected the manual stop valves to 

the entry port of the dfRC (Figure 2.4). 

 

To prevent cracking of PDMS inlets, ‘flexible ends’ for ETFE tubing networks were constructed. 

Masterflex Tygon Lab tubing (DO-06409-16; L= 1 cm) was used to connect the stiff ETFE tubing 

to a pre-made 1 mm to 1 cm metal tube with a 90 degree bend (Dispensing Tips, Nordson). The 

metal tubing was gently inserted into the inlet and outlet ports, retaining the PDMS structure 

(Figure 2.5 (a, b)). Two rotatable valves acted as a means to precisely tweak tube placement, to 

further back up this system (Figure 2.4). 

 
Figure 2.4. Photograph of the syringe pump system, tubing and chip adapter used for the 

delivery of asymmetric test solutions into the dfRC microchannels. 
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Upon perfusion of co-flowing solutions into the dfRC microchannel, the formation of air bubbles 

was observed. To control for the formation of large air bubbles in the observation chamber, the 

syringe pump system was utilised to generate a pressurised flow-through of media through the 

dfRC features. A controlled flow rate was set to 8 μL per minute. Regardless, air bubbles prevailed 

in the microfluidic channels, a consequence of fluid flow resistance, permeable PDMS or backflow 

or leakage (Nakayama et al., 2006). Backflow is a common issue during microfluidics, caused 

predominantly by open-loop circulation (multiple inlet/outlet channels). Root growth into the 

observation chamber eliminated backflow into the 3 mm LB port and one mm entry ports do not 

facilitate a back-flow capable of disrupting the fluid flow. Consequently, to control for air bubbles 

the following protocol was implemented: 1) The set up was de-gassed in a vacuum desiccator for 

at least 3 hours, then vacuum sealed until use. 2) Medium injection into microchannels prior to 

fluid flow application, to pre-wet all features. 3) Generation of negative pressure by reversing the 

flow, withdrawing solution back into the syringes. Once optimised, the dfRC and bi-dfRC fluid-

 

Figure 2.5. Photographs of the conventional dfRC interfacing used to provide fluid flow. Bi- 

dfRCs were interfaced in a similar fashion. a) Conventional dfRC mounted to a portable 

microscope stage. b) Close-up depicting fluid flow into the observation chamber using green 

and blue dye. 
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flow technology was applied to this thesis in the presence of roots detailed in chapter 3, for the 

application of real-time imaging under salt and drought stress. 

 

2.3.4 Optimisations of asymmetric fluid flow 
 

In order to observe the resulting perpendicular co-flowing solutions, coloured dyes were pumped 

into the microchannel, highlighting successful asymmetric co-flow in this system in the presence 

and absence of a root (Figure 2.6 (a, b)). In the future, the bi-dfRC can be used to apply salt stress 

and pathogen infection in a dual-manner to each side of the root, to study the impacts of climate 

change effects of Ca2+ signalling.  

 

2.3.5 Arabidopsis seedling culture on the dfRC 

dfRC features were sterilised via ethanol (EtOH) and washed with sterile H2O. To achieve surface 

sterilisation, the dfRCs were exposed to UV light in a laminar flow hood for 1 hour. Pre-cultured 

  
Figure 2.6. Optical micrographs of flow in the dfRC. a) Asymmetric solutions flowing through 

the root observation (blue and green) in the absence of a root. b) Arabidopsis Col0 WT root 

growing in the root observation chamber, with 2 solutions flowing through the channel (non-

coloured and red). Scale 355 µm. 
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4-day old Arabidopsis plants were sub-cultured directly onto the dfRC inlet, whereby the root was 

aligned to the bottom of the inlet channel (Figure 2.7 (a, b)). The leaves were positioned onto 5 

mm x 5 mm x 3 mm (width, length, height) agarose squares adjacent to the inlet channel. The set 

up was placed in a plastic container, with a thin layer of water, creating a humid environment. The 

set up was sealed with parafilm and left in an incubation chamber for 3-days, prior to imaging 7-

day old roots.  

  

2.3.6 Sampling time frame for fluorescent imaging  

To capture the dynamic imaging of roots cultured in the dfRC, this research investigated the speed 

in which Arabidopsis roots grew within the observation chamber (diameter of 12 mm). 

Observably, seedling germination, development and root growth was successful on both ½ MS 

and ¼ MS, without significant difference (Figure 2.8 (a)). As a result, ½ MS medium was utilised 

for all off-chip and on-chip plant culturing. Additionally, 80% of roots out grew the observation 

chamber of the dfRC within 120 hours (5-days), revealing an optimal time frame to capture images 

3 to 4-days following sub-culturing (Figure 2.8 (b)). This observation coincides with previous 

 
Figure 2.7. Photographs of plantlets growing on the dfRC. a) dfRC containing 4-day old 

Arabidopsis plantlets. b) Close up of dfRC containing 4-day old Arabidopsis plantlets. 
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research describing primary root growth rates of 1.7 ± 0.4 μm min−1 (n = 15) (Stanley et al., 2018). 

Consequently, plants were imaged 7-days following germination.  

                                                  

 

2.3.7 Investigation of bi-directional Ca2+ signal  

Results outlined in this thesis reveal a strong local cellular upregulation of Ca2+ upon immediate 

exposure to salt stress; sodium chloride (NaCl2) and drought stress; polyethylene glycol (PEG). 

This infers Ca2+ signal transduction will vary depending on what root cells are initially exposed to 

a given stressor. The conventional dfRC design allows for the application of co-flowing solutions 

adjacent to the root inlet channel, at the maturation zone (mature cells) of the root. In order to 

further investigate the bi-directionality of Ca2+ signalling in response to the targeted application of 

salinity or drought stress, this research establishes an optimised conventional dfRC, by engineering 

a bi-dfRC, harbouring four inlet/outlet channels for bi-directional application of test solutions at 

both ends of the bi-dfRC observation chamber (Figure 2.9 (a-b)).  

  

Figure 2.8. Characterisation of root growth in the dfRC. a) Average germination percentage of 

seedlings on ½ and ¼ MS media concentrations (n = 100 replicates). b) Average percentage of 

root growth through the dfRC observation chamber over 5-days (n = 100 replicates). 
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Fig 2.9. Modification to the conventional Arabidopsis dfRC. a) Present design schematic for the 

dfRC with 2 inlets A and B, and 1 outlet for solutions compared to the newly developed bi- dfRC, 

with inlets A and B (outlets 3, 4) from the bottom of the root channel and inlets C and D (outlet 1, 

2) from the top of the root channel. This design allows for flow from 2 different sides of the root. 

b) Silicon wafer master mold of the bi-dfRC structures in negative-tone photoresist. 
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2.4 Conclusion  

This chapter summarises 3 important outcomes: 1) back-flow and air bubble prevention to generate 

steady flow through of test solutions in the bi-dfRC microchannels. 2) PVP-retention of the 

microchannels to create an increased hydrophilic environment for the culturing capacity of drought 

susceptible plant lines. 3) Establishment of a bi-dfRC to study directionality of Ca2+ in response 

to local application of abiotic stress at the root tip and maturation zone.  

Concluding the optimisation of steady flow through the dfRC and bi-dfRC microchannels, a novel 

system was created to study site-specific exposure of salinity and stress in transgenic Arabidopsis 

root tissues, in a bi-directional and uni-directional manner.  

In chapter 3, the root-chips were combined with plants containing fluorescent Calcium (Ca2+) 

detectors and corresponding signals following drought and salinity stress were visualized by 

fluorescent microscopy. 
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Chapter Three 

 

The following chapter outlines gateway cloning of HyPer-Red and GCaMP6f fluorescent 

indicators for Agrobacterium tumefaciens mediated transformation of Arabidopsis thaliana and 

Nicotiana benthamiana.  

This chapter also explores the utilisation of a bi-directional dual-flow-RootChip (bi-dfRC) to 

capture fluorescent signalling of Ca2+ in Arabidopsis GCaMP3 roots exposed to salinity (induced 

by NaCl2) and drought stress (included by PEG).   
 

3.1 Introduction  

 
Signal transduction processes within the plant control plant growth, development and adaptation. 

To probe dynamic root responses to drought and osmotic stress, the bi-dfRC microfluidic platform 

will be applied using fluorescent microscopy to visualize and quantify osmotic stress on the plant 

root system. 

 

In order to investigate the accumulation and dispersion of Ca2+ signalling in Arabidopsis roots 

exposed to drought and osmotic stress, a bi-dfRC can be combined with genetically modified 

plants containing a Ca2+ fluorescent indicator. Fluorescent indicators are commonly implemented 

in plant molecular biology to study the localisation and co-interactions of specific molecules, and 

their cellular functionality (Mehta & Zhang, 2011). To probe for Ca2+ localisation in Arabidopsis 

root systems, a GCaMP3 probe will be utilised for this research (Toyota et al., 2018). In parallel, 

a new GCaMP6f indicator for Ca2+ detection, in addition to HyPer-Red for H2O2 detection will be 

cloned into Agrobacterium tumefaciens for stable transformation of Arabidopsis plants at a later 

stage (Hwang et al., 2017).  
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3.2 Methods 
 

3.2.1 Plant culture and preparation for imaging 

All seed culture was conducted under a laminar flow. All pre-sterilised equipment including glass 

bottles and media were autoclaved at 121°C for 30 minutes. Transfer devices including glass 

spreaders, loops, pipettes, tweezers and gloves were sterilized with 70% EtOH before use. 

 

Seed germination  

Seeds were vernalised to break dormancy in 1.5 mL vol tubes (Eppendorf) containing 1 mL of 

sterile H2O, stored at 4°C for approximately 24 hours. Arabidopsis seeds that did not germinate 

were submerged in 1 mg/mL gibberellic acid 3 (GA3) for 3 days at 4°C, promoting the switch from 

dormancy to germination.  

For soil culture, seeds were planted in a seed raising mix using incubation pots and watered every 

2 days. For plate culture, seeds were sewn out on ½ MS medium using a sterile tooth pick, and 

sealed with parafilm. Plates and pots were incubated in growth rooms under controlled conditions; 

short-day 11 hours light (8 am), 13 hours dark (7 pm) cycle for approximately 5 weeks, then 

transferred into a long-day 16 hour light (8 am) to 8 hours dark (12 am) cycle, to cue flowering. 

Light quality/intensity was set to 160 μE.  

 

Seed harvesting 

To collect Arabidopsis seeds, a plastic base with an inverted cone (ARABASE; pot cavities) was 

situated into the soil, allowing for the growth of Arabidopsis stem upwards during incubation, 

while collecting falling seeds. Plastic tubing was fit to the pot cavities, containing the growing 

stem (ARATUBE; (ARASYSTEM). Seeds were collected in a folded piece of A4 paper and passed 



        
 

50 

through an 18 cm metal sieve twice to remove excess plant materials. All seeds were stored in 

paper bags at 4°C.  

 

Seed sterilisation 

Seed sterilisation was achieved by adding 0.1% Triton X-100 into a 2 mL vol tube containing 

approximately 50 Arabidopsis seeds for 3 minutes. Seeds were washed with sterile H2O. Next, 1 

mL of 70% EtOH was added to the tube for 2 minutes. Arabidopsis seeds were then washed 4 

times with sterile H2O, then stored at 4°C for 12 hours.  

 

Agarose platform for preliminary imaging   
 

An agarose base channel was implemented into this research prior to successful culture of 

Arabidopsis GCaMP3 seedlings on PVP-treated bi-dfRCs. In order to image off-chip, a singular 2 

mm channel was cut into 1.5% agarose gel using a scalpel. This system allowed for the direct 

application of test solutions at the root tip using a syringe.  

 

Epifluorescence microscopy 

Preliminary imaging were accomplished on a fluorescent microscope (Zeiss). Samples were 

focused using bright field (BF). All images and videos obtained were focused under the 5 x lens 

(EC Plan-Neofluar 5x/0.15 M27). Ca2+ fluorescence was observed via an eGFP filter (38 HE Green 

Fluorescent Prot BP 450-590).  

7-day old Arabidopsis roots were utilised for imaging experiments. Ten independent video 

replicates were taken per treatment (100 mM NaCl2, PEG 5%, PEG 10%, PEG 20%, PEG40% and 

control (½ MS medium), per plant line (GCaMP3 and Col0). Upon optimisation of PVP-treated 

bi-dfRCs, 100 mM NaCl2 and 20% PEG was applied at the root tip and maturation zone, as 5 

independent replicates per treatment.  
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Confocal Microscopy 

A confocal microscope, equipped for multiphoton confocal microscopy was utilised for this 

research (Leica TCS SP8 MP). The microscope was turned on in accordance with manufacturer’s 

instructions. GCaMP6f (GFP) was activated at 480-540 nm using the 488 nm line/beam path of 

the Argon laser at 30%. RFP was activated at 558 nm and 583 nm using the 561 nm line/beam 

path of the 405 nm diode laser at 30%. The HCX PL APO 63x/1.40 Oil CS2 lens was used for 

imaging agroinfiltrated leaf disks. The HC PL APO 20x/0.75 IMM CORR Lbd BL lens was used 

for imaging Arabidopsis root tip.  

 

 

Image editing and quantification analysis  

All images and videos were edited in Fiji-ImageJ. Arabidopsis root tip quantification was 

accomplished utilising the freehand selection tool. Fluorescent intensity at the root tip was 

measured for raw data collection. Linear section 1 was sampled at the root tip/columella cells, 

linear section 2 and 3 represent elongation zone 1 and 2 (E1 and E2) of the root, respectively and 

linear section 4 and 5 represent maturation zone 1 and 2 (M1 and M2) of the root, respectively 

(Figure 3.1). Linear quantification was carried out utilising the straight segmented tool. Five linear 

sections were aligned adjacently per sample, with an intersection space of 290 µm between sites 1 

to 4 and 580 µm between site 4 and 5 (Figure 3.1). Each linear section was sampled at 0 s, 5 s, 10 

s, 15 s, 20 s, 25 s, 30 s, 35 s, 40 s, 1 min, 1.5 min, 2 min, 2.5 min and 3 min following targeted 

application of PEG-induced drought stress or NaCl2-induced salinity stress at the root tip or 

maturation zone. An analogue to digital conversion in ImageJ was utilised to convert evenly spaced 

values into a signal. Fluorescent plot profiles at each linear section and time interval were analysed 

into raw data files in excel. Graphs, Two-way ANOVA and Tukey for significance were conducted 

in GraphPad Prism (Prism 8.4.3). 
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3.2.2 Gateway cloning of HyPer-Red and GCaMP6f  

Bacterial strains 

Two Escherichia coli (E.coli) strains were implemented in this thesis for bacterial transformation 

and gateway cloning, to prepare the genes of the internet for subsequent Agrobacterium-mediated 

transformation. E.coli DB3.1 was utilised as a gateway vector to confer resistance to plasmids 

containing toxic ccdB gene. Additionally, E.coli DH5-α was used for plasmids that did not contain 

the ccdB gene.  

 

HyPer-Red and GCaMP6f  

GCaMP6f and HyPer-Red were ordered as G-blocks (Integrated DNA Technologies), then directly 

implemented in gateway cloning (Supplementary Figure S1, S2, and Table S1). Initially, G-block 

fragments were resuspended in 20 µL sterile H2O, yielding a final concentration of 50 ng/µL. The 

mix was spun down at 3,000 x g for 1 minute, then incubated at 50°C for 20 minutes. 

 

 
Figure 3.1 Schematic diagram depicting linear sections. Linear sections were designed to capture 

Ca2+ fluorescent signal across 3 main zones of the root; root tip, elongation zone and maturation 

zone. 
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GCaMP6f and HyPer-Red plasmid maps can be found in the thesis supporting information 

(Supplementary Table S3).  

 

Antibiotics and plasmids  

Antibiotics were prepared as 1000 X stock solutions and filter sterilised using a 0.2 μm syringe 

filter (LabSupply). A list of all antibiotics and corresponding concentrations is specified in the 

thesis supporting information (Supplementary Table S2).   
 

Competent E.coli cell preparation 

E.coli DB3.1 and DH5-α were made chemically-competent. DB3.1 and DH5-α cell stocks were 

retrieved from the -80°C freezer. DB3.1 cells were streaked using a glass stirrer onto Luria Bertani 

(LB) agar supplemented with 25 ug/ml streptomycin (strep) and DH5-α cells were streaked onto 

LB agar plates with no antibiotics. The plates were incubated for 16-24 hours at 37°C. The next 

day, a single DB3.1 and DH5-α colony was transferred using a pipette tip into 10 mL Luria Bertani 

(LB) broth in a sterile falcon tube. The falcon tubes were stored in a shaking incubated overnight 

at 37°C. The following day, 50 mL LB broth was inoculated with 500 µL of overnight culture in a 

250 mL sterile flask. The culture was placed in a shaking incubator at 37°C for 1.5 to 3 hours. 

Once the optical density at 600 nm (OD600) reached 0.4 - 0.6 the cells were immediately placed 

on ice. Cells were transferred to ice-cold falcon tubes and centrifuged at 3,000 rpm for 5 minutes 

at 4°C. The supernatant was discarded and the falcon tubes were inverted for 1 minute to remove 

any remaining media. Cells were resuspended in 30 mL ice-cold 0.1 M calcium chloride (CaCl2) 

by pipette, then incubated on ice for 30 minutes. The cells were re-centrifuged at 3,000 rpm for 5 

minutes at 4°C. The supernatant was removed and the remaining cell pellet was resuspended in 2 

mL ice-cold 0.1 M CaCl2. Next, 600 µL of 50% glycerol was added to the cell suspension and 50 

µL aliquots were made in 1.7 mL tubes. The tubes were snap-frozen using liquid nitrogen and 

stored at -80°C. 
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Transformation of competent E.coli cells  

E.coli DB3.1 and DH5-α cells (50 µL) were thawed on ice for 20 minutes. 3 µL of the appropriate 

plasmid was added to the 1.5 mL tube containing the competent cells. Tubes were incubated on 

ice for 20 to 30 minutes to increase transformation efficiency. Tubes were heat-shocked at 42°C 

in a water bath for 40 seconds. Cells were immediately transferred to ice and incubated for 5 

minutes. 400 µL LB broth was added to the cells, which were incubated at 37°C in a shaking 

incubator for 2 hours. The cell suspension was collected by centrifugation at 7,000 rpm for 5 

minutes at 20°C. 400 µL of supernatant was discarded and the cells were resuspended in the 

remaining liquid. 25 µL of the cells were spread onto LB plates with appropriate antibiotics. The 

plates were placed in a 37°C incubator overnight and checked for colonies the next day.   

 

Colony polymerase chain reaction (colony PCR) 

For each transformation, colonies were picked from plates harbouring transformation products and 

streaked onto fresh media with appropriate antibiotics. The plates were placed in a 37°C incubator 

overnight. The following day PCR was conducted, by first picking colonies with a toothpick and 

swirling the cells in 0.6 mL sterile tubes containing 20 µL sterile H2O. The cells were placed on a 

heating block at 90°C for 10 minutes, spun down using a centrifuge at 10,000 rpm at 20°C for 5 

minutes and placed on ice. The master mix was prepared for a 20 µL PCR reaction (Supplementary 

Table S4). Primers were designed using Geneious Prime software (v2020.0) (Supplementary Table 

S5). All steps were conducted on ice and enzyme was transported to and from the -20°C fridge 

using a -20°C cryo-safe carrier. Next, 18 µL of the master mix was added to PCR tubes in addition 

to 2 µL of cellular DNA to make a 20 µL PCR reaction. The PCR tubes were placed in a PCR 

cycler (Eppendorf Mastercycler Nexus Thermal Cyclers), then the appropriate thermal reaction 

parameters were manually set (Supplementary Table S6).  
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Gel electrophoresis  

To make a 1% TAE agarose gel, 0.5 g agarose was added to 50 mL of 1% TAE (Tris-acetate-

ethylene-diamine-tetraacetic-acid) buffer. The solution was heated in a microwave until fully 

dissolved, then poured into a casting tray sitting in a gel box. Additionally, 5 µL of SYBR® Safe 

DNA gel stain was added when the solution was still hot and the well comb was put in place. Once 

cooled for 15 to 20 minutes, the casting tray was carefully removed from the gel box and placed 

onto the electrophoresis equipment. 1% TAE buffer was poured over the gel until fully submerged. 

Samples were loaded by adding 5 µL of DNA loading buffer to the PCR tubes. 5 µL of a 1 Kb 

HyperLadder (BioLine) was added to the first well of the gel and up to 15 µL of each DNA sample 

was added. The gel was run at 100 V, 400 mA for 30 minutes. Bands were visualised in ultra-

violet (UV) light using GeneSnap (Syngene). The corresponding positive colonies from the gel 

were picked from the agar plate and added to 10mL LB medium in a sterile falcon tube. The falcon 

tube was incubated overnight at 37°C with shaking. The following day, 500 µL of 50% glycerol 

was added to 250 µL cells and stored at -80°C. 

 

Plasmid purification (miniprep) 

Cultures were incubated overnight at 37°C with shaking. The following day, 1.6 mL of the 

overnight culture was added to 1.7 mL sterile tubes. The tubes were centrifuged at 13,000 rpm for 

5 minutes at 20°C. The supernatant was discarded yielding a cell palette. Miniprep Kit DNA was 

prepared for subsequent Phusion cloning PCR, as described in manufacturers guidelines 

(Macherey-NagelTM NucleoSpin Plasmid QuickPureTM Kit; Thermo Fisher Scientific). For 

elution, 30 µL of sterile H2O was added to the column, left to incubate at room temperature for 1 

minute, then centrifuged at 13,000 rpm for 1 minute at room temperature. The concentration 

(ng/mL) was checked (NanoDrop). Samples were stored at -20°C.  
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BP reaction  

To form a gateway entry clone from the attB-flanked Gblock, 150 ng/µL of attB-Gblock (IDT)   

was added to a 0.6 mL tube, along with 150-250 ng/µL of donor vector. BP clonase II enzyme was 

thawed on ice for 2 minutes then vortexed twice, briefly. 0.5 µL of BP clonase II was added to 

each sample then made up to 5 µL with sterile H2O and carefully mixed. The reaction was 

incubated at room temperature overnight. BP reactions were transformed by adding 5 µL BP to 50 

µL-100 µL competent E.coli cells. The samples were incubated for 30 minutes on ice. Cells were 

then heat shocked for 30 seconds at 42°C, then immediately incubated on ice for 5 minutes. 400 µL 

of LB medium was added to the samples and incubated for 2 hours at 37°C, with shaking. 20 µL 

and 30 µL of the samples were plated on LB with appropriate antibiotics. Plates were incubated at 

37°C overnight. The following day, single colonies were selected and spread onto a fresh LB plate, 

then incubated overnight at 37°C. Colony PCR was run on freshly streaked plates to check for 

positive colonies containing the gene of interest.  

 

Sanger Sequencing  

Sanger Sequencing was conducted to verify and detect successful cloning of the gene of interest 

into the donor vector, for HyPer-Red and GCaMP6f. Samples were sent for Sanger sequencing in 

10 µL reactions (Supplementary Table S7) to Macrogen for  sequencing. Results were analysed in 

Geneious Prime software (v2020.0), via multiple sequence alignment using default parameters.  

 

LR reaction  

To transfer the gene of interest from a gateway entry clone to a destination vector 150-250 ng; 1 

to 7 µL of entry clone plus 150 ng/µL; 1 µL of destination vector was added to a 1.5 mL vol tube. 

LR clonase II enzyme was thawed on ice for 2 minutes then vortexed twice, briefly. 0.5 µL of LR 

clonase II was added to each sample then made up to 5 µL with sterile H2O and carefully mixed. 



        
 

57 

The reaction was incubated at room temperature overnight. LR reactions were transformed by 

adding 5 µL LR to 50 µL to 100 µL competent E.coli cells.  

 

Agrobacterium mediated electrocompetent transformation.  

Agrobacterium tumefaciens strain AGL1 was streaked out onto agar plates containing appropriate 

antibiotics. The plate was incubated for 2 days at 25°C. Next, genetic constructs: pK2GW7_HyPer-

Red, pER8GW_HyPer-Red, pK2GW_GCaMP6f and pER8GW_GCaMP6f were transformed into 

Agrobacterium AGL1. The following protocol was carried out on ice at all times and all utensils 

were pre-cooled. First, a streak of Agrobacterium was added to 500µL sterile H2O. The 

Agrobacterium suspension was centrifuged at 5,000 rpm for 3 minutes at 4°C. The supernatant was 

discarded and the cell pellet was resuspended in 500 µL sterile MilliQ. This wash step was repeated 

3 times. On the final wash, complete supernatant was removed, and the cells were resuspended in 

fresh 150 µL MilliQ. Next, 100 ng/ul of plasmid was transferred into the cell suspension, then 

incubated on ice for 30 minutes. Following incubation, 50 µL of the cell suspension was added 

into an electro-cuvette. The cuvette was dried and placed in an electro-pulser (BioRad GenePulser 

Xcell™). The electrical pulse was applied at 2.5 kV, 25 µF and 200 Ω, creating pores in the plasma 

membrane of the cell that allow foreign genetic material inside the cell. 400 µL of LB was added 

to the electro-cuvettes and gently mixed. The medium was transferred to a 1.7 mL tube and 

incubated at 25°C for 2 hours. Subsequently, the cells were spun down for 5 minutes at 2,500 rpm 

at room temperature. Next, 300 µL of supernatant was removed and the cells were resuspended. 

Lastly, the cells were spread onto LB plates with the appropriate antibiotics.  

 

Transient genetic expression in Nicotiana benthamiana  

pK2GW7_HyPer-Red, pER8GW_HyPer-Red, pK2GW_GCaMP6f and pER8GW_GCaMP6f 

were transformed into Agrobacterium tumefaciens. In parallel, 4-week old Nicotiana benthamiana 

plantlets were sewed out in preparation for Agrobacterium transient genetic transformation. Before 

transformation, a liquid suspension of Agrobacterium containing the desired genetic construct was 

incubated at 25°C for 2 days. Cells were centrifuged at 7,000 rpm for 5 minutes at room 
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temperature and the supernatant was discarded. Washing was achieved by adding infiltration 

buffer, pH 5.6 containing 10 mM magnesium chloride (MgCl2) and 10 mM 2-(N-morpholino) 

ethanesulfonic acid (MES) and then centrifuging at 7,000 rpm for 5 minutes at room temperature. 

Next, 0.1 mM acetosyringone (AS) was added to the buffer. 5 mL of buffer plus AS were added 

to the tubes and incubated at room temperature for 2 hours.  

Infiltration was achieved by injecting Agrobacterium suspension to the underside of 4-week old 

N. benthamiana plantlets, using a 5 mL needleless syringe. A permanent marker was used to 

outline the infection site. Plants were incubated at 11 hours light (8 am), 13 hours dark (7 pm) 

cycle for 2 days. Next, leaf disks were cut from the infection site and expression levels were 

analysed using confocal microscopy.  

 

3.2.3 Evolutionary, genetic and structural analysis of ubiquitous 

calcium-binding protein calmodulin  

Amino acid sequences of full-length CaM and CML proteins from Arabidopsis were aligned using 

Pairwise/Multiple alignment with default settings in Geneious Prime. Phylogenetic trees were 

constructed using Randomised Accelerated Maximum-likelihood (RAxML) v8.2.11 using a 

GAMMA BLOSSUM62 protein model and a bootstrap setting of 1000 replicates in Geneious 

Prime software (v2020.0). Phylogenetic trees were edited for visualisation of binary dataset as 

symbols using the Interactive Tree Of Life (iTOL v5) online program. Data was obtained from 

The Arabidopsis Information Resource (TAIR). Expression data of CaM and CML genes in roots, 

shoots and stem of Arabidopsis were obtained via TAIR. Expression data of CaM and CML genes 

in specific root cells were obtained from Arabidopsis eFP browser (Provart, 2021).  

Likewise, heatmap datasets, whereby each node was assigned multiple numeric values reflecting 

gene expression levels, were mapped and displayed as coloured boxes using iTOL. Visualisation 

of gene expression data was displayed as a heat map, scripted using python bioinformatics. 

Network analysis depicting key protein-protein interactions (PPIs) of CaMs and CMLs in 

Arabidopsis root systems were viewed and constructed using Cytoscape software (Lopes et al., 

2010). Chromosome localisation for Arabidopsis was obtained on TAIR, whereas data for potato 
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was obtained via the EnsemblPlants. To explore syntony between Arabidopsis and potato 

genomes, Ensembl Plants online database was used to compare orthologous and paralogous 

relationships between 7 CaM and 50 CML genes. To visualise syntony analysis, the BioCircos 

package was implemented using R Studio (v1.3.1093) generating a multi-track circular plot.  
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3.3 Results  
3.3.1 Synthesis of fluorescent indicator lines GCaMP6f and HyPer-

Red 
BP clonase reaction was performed with pGemTEasypDONR and a HyPer-Red Gblock framed 

with the respective attB sites, followed by transformation into E.coli DH5α. Successful reaction 

and transformation was confirmed by specific screening on antibiotic plates and colony pcr 

yielding a strong band at 1450 bp (base pair) using specific HyPer-Red primers (Supplementary 

Figure 3; Supplementary Table S5).  

Similarly, BP clonase reaction was performed with pGemTEasypDONR and a GCaMP6f Gblock 

framed with the respective attB sites, followed by transformation into E.coli DH5α. Successful 

reaction and transformation was confirmed by specific screening on antibiotic plates and colony 

pcr yielding a strong band at 155 bp using eGFP primers (Supplementary Figure 3; Supplementary 

Table S5).  

GCaMP6f and HyPer-Red attL-flanked Gblocks were successfully cloned into pK2GW7 

(constitutive vector) and pER8GW (inducible vector) destination vectors, via the LR reaction 

(Figure 3.2 (a-d)).  

Recent results confirmed the sub-cellular localisation of fluorescent pK2GW7_HyPer-Red at the 

plasma membrane and nucleus of agroinfiltrated N.benthamiana leaf cells (Supplementary Figure 

S5). Future research will also confirm gene fluorescence of pER8GW_HyPer-Red, 

pK2GW7_GCaMP6f and pER8GW_GCaMP6f.  
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Figure 3.2. Sanger Sequencing in Geneious Prime software (v2020.0). a) GCaMP6f LR 

sequence alignment in pK2GW7. b) GCaMP6f LR sequence alignment in pER8GW. c) Hyper-

Red LR sequence alignment in pK2GW7 vector. d) Hyper-Red LR sequence alignment in 

pER8GW.  
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3.3.2 Utilisation of an agarose based channel to investigate Ca2+ 

localisation in Arabidopsis root tips exposed to abiotic stress  
 

Upon selective application of 100 mM sodium chloride (NaCl2) at the root tip, a rapid burst of 

Ca2+ was observed in the columella and elongation zone within 5 to 10 seconds (s) (Figure 3.3 (a)). 

The signal then dispersed away from initially stimulated cells at the root tip, towards the shot via 

stele tissue (Figure 3.3 (a)). Ca2+ accumulation dissipated within 40 s (Figure 3.3 (a)). An unpaired 

two-sample T-test with a 95% confidence level revealed a significant difference in the mean 

fluorescent intensity of Ca2+ in Arabidopsis root tips 10 s and 25 s following exposure to NaCl2, 

compared to control condition (½ MS medium) (P-value = 0.0015, 0.0402), respectively (Figure 

3.3 (a, b)).  

 
Upon application of 5% PEG at the root tip, an initial weak pulse of Ca2+ was observed at the root 

maturation zone in stele tissue within 10 s (Figure 3.4 (a)). Cytosolic Ca2+ quickly dissipated within 

40 s (Figure 3.4 (a)). Following exposure to 10% PEG at the root tip, within 10 s accumulation of 

Ca2+ was observed throughout the epithelial and epidermal cells of the elongation zone and stele 

tissue of the maturation zone (Figure 3.4 (b)). Ca2+ dissociation occurred within 40 s (Figure 3.4 

  
Figure 3.3. Calcium (Ca2+) response to 100 mM sodium chloride (NaCl2) in 7-day old 

Arabidopsis GCaMP3 roots. a) Measurements of Ca2+ in response to NaCl2 over 40 s depicted as 

a heat map (F = fluorescent intensity as gray value; pixel brightness). b) Box plot depicting 

fluorescent intensity of Ca2+ in GCaMP3 root tips, responding to NaCl2 over 40 s. Quantification 

is based on n=10 replicates. 
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(b)). In contrast, a weak burst of Ca2+ was observed in the epithelial and epidermal cells adjacent 

to the root elongation zone after 5 to 10 s, upon local exposure of 20% PEG at the root tip (Figure 

3.4 (c)). The Ca2+ signal dispersed shoot-wards within the outer epidermal tissue, before 

dissociation within 40 s (Figure 3.4 (c)). Lastly, no Ca2+ accumulation was observed upon 

application of 40% PEG (Figure 3.4 (d)). Only 20% PEG treatment at 10 s gave a significant 

difference in mean fluorescence in comparison to the other PEG concentrations and time intervals 

(P-value = 0.0001) (Figure 3.4 (a-d)).   

  

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Calcium (Ca2+) response to 5%, 10%, 20% and 40% polyethylene glycol (PEG) in 

7-day old Arabidopsis GCaMP3 roots depicted as heat maps (F= fluorescent intensity as gray 

value; pixel brightness). a-d) Measurements of Ca2+ in response to 5%, 10%, 20% and 40% 

PEG, respectively. e) Box plot depicting fluorescent quantification of Ca2+ in GCaMP3 root 

tips, responding to 20% PEG. Quantification is based on n=10 replicates. 
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Results indicate strong variation between the Ca2+ accumulation upon exposure to drought versus 

salinity stress (Figure 3.3; Figure 3.4). Moreover, upon exposure to NaCl2 there is an increase in 

Ca2+ accumulation at the root tip following 10 s exposure (P-value = 0.0001) (Figure 3.5 (b)). 

Conversely, there is no significant change in Ca2+ accumulation within 5%, 10%, 20% and 40% 

PEG treatments over 40 s (Figure 3.5 (a-c)).  

 

3.3.3 Linear quantification of Ca2+ localisation in Arabidopsis roots 

exposed to abiotic stress  

Linear quantification analysis was conducted to observe Ca2+ signal translocation throughout 

Arabidopsis root tissues in response to cell specific application of NaCl2 induced salt stress and 

PEG induced drought stress at the tip or maturation zone (Figure 3.1).  

Upon selective exposure of 100 mM NaCl2 at the root tip, significant difference in Ca2+ 

accumulation was observed within the root tip 10 s following exposure (P-value = 0.0001) (Figure 

 Figure 3.5. Box and whisker plot depicting Tukey's Honestly Significant Difference (HSD) 

mean comparison test (P-value = ≥ 0.05). a) Mean fluorescent intensity of Ca2+ in Arabidopsis 

root tips upon 0 s exposure to NaCl2 and PEG treatments. b) 10 s exposure to key NaCl2 and PEG 

treatments. c) 40 s exposure to NaCl2 and PEG treatments. Different letters depict significant 

differences according to Tukey's HSD. Quantification is based on n=10 replicates. 
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3.6 (a)). Additionally, Ca2+ accumulation varied between salt and PEG induced drought stress 

conditions. Moreover, Ca2+ accumulation following 10 s exposure to NaCl2 was significantly 

greater than 5%, 10%, 20% and 40% PEG and control treatments over 40 s (P-value = 0.0001) 

(Figure 3.6 (a)). 

In contrast, no significant difference in Ca2+ accumulation was observed within E1 across all salt 

and PEG treatments (Figure 3.6 (b)). Within E2, Ca2+ accumulation significantly increased 10 s 

and 40 s following selective exposure of NaCl2 at the root tip (P-value = 0.0001) (Figure 3.6 (c)). 

Furthermore, an increased Ca2+ accumulation was observed between 10 s and 40 s exposure to 

NaCl2, compared to PEG treatments (P-value = 0.0001) (Figure 3.6 (c)). Within M1, increased 

Ca2+ accumulation was revealed 10 s following application of NaCl2 at the root tip, compared to 

PEG treatments (P-value = 0.0001) (Figure 3.6 (d)). Whereas, M2 did not show any significant 

variation of Ca2+ fluorescence following exposure to NaCl2, PEG and control treatments (P-value 

= 0.4791) (Figure 3.6 (e)). 
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Figure 3.6. Bar graph depicting Tukey's Honestly Significant Difference (HSD) mean comparison test 

(P-value = ≥ 0.05). Ca2+ localisation in Arabidopsis linear sections upon exposure to 100 mM NaCl2, 

PEG 5%, PEG 10%, PEG 20% and PEG 40% over 40 s. a) Linear section 1 (root tip/columella). b) 

Linear section 2 (elongation zone 1). c) Linear section 3 (elongation zone 2). d) Linear section 4 

(maturation zone 1). e) Linear section 5 (maturation zone 2). Different letters depict significant 

differences according to Tukey's HSD. Quantification is based on n=10 replicates. 
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3.3.4 Linear quantification of Ca2+ localisation in Arabidopsis roots 

exposed to abiotic stress using dfRC technology.  
 

Targeted application of 100 mM NaCl2 to the root maturation zone was achieved via the 

conventional-dfRC. Upon application of NaCl2 at the root maturation zone, a fast burst of Ca2+ 

was observed within 5 s at the root maturation zone, which dispersed root-ward within 20 s, 

followed by a strong accumulation of cytosolic Ca2+ between 20 s and 40 s at the root tip (Figure 

3.7 (a); Supplementary Video S1). Next, Ca2+ dissipated within 3 minutes (min) (Figure 3.7 (a)). 

Conversely, targeted application of NaCl2 at the root tip using bi-dfRC revealed the opposite 

phenomena, whereby an initial burst of Ca2+ was observed within 5 s at the root tip, then dispersing 

shoot-ward via endothelial and cortical tissue within 40 s (Figure 3.7 (b); Supplementary Video 

S2). Next, Ca2+ dissipated within 3 min (Figure, 3.7 (b)).  

 

In a similar manner to NaCl2, 20% PEG was applied to the root maturation zone, utilising the bi-

dfRC. In contrast to NaCl2, a strong burst of Ca2+ was observed within 5 s at the root tip columella 

cells, elongation zone, and maturation zone (Figure 3.7 (c); Supplementary video S3). Ca2+ 

dissociated within 3 min (Figure 3.7 (c)). Conversely, upon targeted application of 20% PEG at 

the root tip using bi-dfRC, a rapid burst of Ca2+ was observed 5 s following exposure at the root 

tip, elongation zone and maturation zone (Figure 3.7 (d); Supplementary Video S4). Accumulation 

of Ca2+ disperses shoot-ward via stele tissue after 20 s exposure (Figure 3.7 (d)).  
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Upon addition of NaCl2 at the root maturation zone using the conventional dfRC, Ca2+ 

accumulation spiked at the root tip within 5 to 20 s (P-value = 0.0046, 0.0001), respectively (Figure 

3.8 (a)). Similarly, Ca2+ accumulation rapidly increased at the root tip 5 to 20 s following exposure 

to NaCl2 at the root tip using the bi-dfRC (P-value = 0.0001, 0.0001), respectively (Figure 3.8 (b)). 

 

 

  
 

Figure 3.7. Ca2+ response to NaCl2 and PEG 20% in 7-day old Arabidopsis GCaMP3 roots, cultured 

in the conventional dfRC and bi-dfRC. Images are depicted as heat maps (F= fluorescent intensity as 

gray value; pixel brightness). a) Measurements of Ca2+ in response to targeted application of 100 mM 

NaCl2 at the root maturation zone via the conventional dfRC. b) Measurements of Ca2+ in response to 

targeted application of 100 mM NaCl2 at the root tip via the bi-dfRC. c) Measurements of Ca2+ in 

response to targeted application of 20% PEG at the maturation zone via the conventional dfRC. d) 

Measurements of Ca2+ in response to targeted application of 20% PEG at the root tip via the bi-dfRC. 

Bright field and control treatment (½ MS medium) are displayed on the left. 
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Following exposure to 20% PEG at the root maturation zone using the conventional dfRC, Ca2+ 

accumulation spiked at the root tip after 5 to 20 s (P-value= 0.0001) (Figure 3.10). Additionally, 

Ca2+ accumulated at E1 and E2 at 5 s (P-value= 0.0032, 0.0018), respectively (Figure 3.10). Lastly, 

increased fluorescent intensity of Ca2+ was also observed at M1 and M2 after 5 to 20 s (P-value= 

0.0154, 0.0003), respectively (Figure 3.10). 

 

Variability existed between all zones, whereby Ca2+ fluorescence following 5 s NaCl2 exposure 

was the strongest at the root tip, weaker in E1, E2, and M2 and the lowest at M1 (P-value =0.0001) 

(Figure 3.9 (a)). Additionally, strong accumulation of Ca2+ exists between E1 and E2 5 s following 

exposure to NaCl2 (P-value =0.0001) (Figure 3.9 (a)). Lastly, weaker but variable accumulation of 

Ca2+ existed between M1 and M2 5 s, 20 s and 40 s following exposure to NaCl2 (P-value =0.0001) 

(Figure 3.10). 

Figure 3.8. Bar graphs depicting Tukey's Honestly Significant Difference (HSD) mean 

comparison test (P-value = ≥ 0.05). a) Ca2+ localisation in Arabidopsis GCaMP3 roots upon 

exposure to 100 mM NaCl2 at the root maturation zone across 5 linear sections. b) Ca2+ 

localisation in Arabidopsis GCaMP3 roots upon exposure to 100 mM NaCl2 at the root tip 

across 5 linear sections. Different letters depict significant differences according to Tukey's 

HSD. Quantification is based on n=5 replicates. 
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Upon addition of 20% PEG at the root tip using the bi-dfRC, Ca2+ accumulation spiked at the root 

tip, E1 and E2 at 5 s exposure time (P-value = 0.0011, 0.0014 , 0.0182), respectively (Figure 3.9 

(b)).   

 

Variability was also documented between zones, whereby the strongest accumulation of Ca2+ was 

observed 5 s following exposure to 20% PEG at the root tip and M2, compared to weakly expressed 

Ca2+ at 0 s, 20 s, 40 s and 3 min (P-value =0.0001) (Figure 3.9 (b)). Lastly, strong Ca2+ 

accumulation was observed in E1, E2 and M1 5 s, 20 s and 40 s following exposure, compared to 

weaker accumulation at 0 s and 3 min (P-value = 0.0001) (Figure 3.9 (b)).  

 

 

 

 

 
 Figure 3.9. Bar graph depicting Tukey's Honestly Significant Difference (HSD) mean 

comparison test (P-value = ≥ 0.05). a) Ca2+ localisation in Arabidopsis GCaMP3 roots upon 

exposure to 20% PEG at the root maturation zone in 5 linear sections. b) Ca2+ localisation in 

Arabidopsis GCaMP3 roots upon exposure to 20% PEG at the root tip in 5 linear sections. 

Different letters depict significant differences according to Tukey's HSD. Quantification is 

based on n=5 replicates. 
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3.3.5 Analysis of key CaMs and CMLs involved in plant stress 

sensing and defence  
 

In order to elucidate the importance of root-specific CaM and CML genes governing Ca2+ 

signalling for plant defence, a phylogenetic analysis was conducted in Geneious Prime (v2020.0). 

The Arabidopsis genome accommodates 7 CaM and 50 CML genes, encoding calcium sensors 

(Figure 3.10). All data was obtained from The Arabidopsis Information Resource (TAIR).  

 

Figure 3.10. Phylogenetic analysis depicting Arabidopsis Col0 (Wild type; WT) CaMs and 

CMLs expressed in root (red circle), shoot (blue square), leaf (green triangle) and pathogen-

effector targets (yellow star). The phylogenetic tree was constructed in Geneious Prime 

(v2020.0) based on pairwise/multiple alignment of amino acid sequences from full length 

proteins using RAxML, with a 1000 replicate bootstrap analysis. 
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3.3.6 Basal expression of root-specific CaMs and CMLs in 

Arabidopsis root tissue 
 

Genetic data of root-specific CaMs and CMLs (Arabidopsis eFP Browser) revealed strong 

expression for 4 CaMs and 3 CMLs (Figure 3.11). It is evident that expression of many genes is 

tissue specific. Moreover, CaM1, 3, 4 and 7 are predominantly expressed in the lateral root cap 

and epidermis (Figure 3.11). CML27 shows high expression in columella, whereas CML12 is more 

specifically expressed in in the root cortex, endodermis and quiescent centre (QC) cells in the 

RAM (Figure 3.11). Five genes; CML27, CML12, CaM4, CaM7 and CaM1 show high expression 

values between 800-1400 transcripts per million (TPM), whereas 11 genes show moderate 

expression between 300-600 TPM. All remaining CMLs express at a low rate under 400 TPM 

(Figure 3.11). 
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Figure 3.11. Phylogenetic tree and heat map depicting Arabidopsis Col0 calmodulin family 

genes expressed in various root tissues (epidermis, endodermis, columella, cortex, stele and 

whole root).  
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3.3.7 Expression levels of CaMs and CMLs in Arabidopsis roots 

upon exposure to drought  
 

Results show that CaM1 and CaM4 are moderately expressed at 1000 to 1250 TPM across 24 

hours drought stress (Figure 3.12 (a, b)). CML12 is highly expressed 15 min, 30 min, 1 h and 3 h 

following exposure to drought stress (1000, 1350, 1750 and 900 TPM, respectively) (Figure 3.12 

(a).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Non-hierarchical heat map depicting expression profiles of Arabidopsis Col0 CaM 

CML genes in roots exposed to drought stress. 
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3.3.8 Protein-protein interactions between CaMs and CMLs 

Protein-protein interactions between CaMs, CMLs and proteins involved in plant defence were 

investigated to further explore key regulatory pathways for Ca2+ signalling. Co-interaction 

between CML12 and calcineurin B-like protein (CBL)-CBL-interacting protein kinases (CIPKs) 

exist, defining an essential pathway for plant response to environmental stress (Figure 3.13). PPI 

interactions also exist between CaM1, CaM7, CML8, CML10, CML12 and multiple plant-defence 

related transcription factors (TFs) and proteins functioning in both biotic and abiotic defence 

pathways (Figure 3.13) 

Figure 3.13. In silico network analysis predicting 245 protein-protein interactions (PPIs) between 

5 calmodulin (CaM) and 15 calmodulin-like (CML) genes expressed in Arabidopsis Col0 roots 

(Cytoscape). Nodes represent proteins, grey lines represent protein-protein interactions, red 

circles represent CMLs and CaMs, blue circles represent associated protein and the green 

triangle represents Ca2+.  
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3.3.9 Synteny analysis between Arabidopsis and potato CaMs and 

CMLs  

In order to investigate if the function of CaM and CML genes are similar in crop plants versus the 

model plant Arabidopsis, a synteny analysis was conducted between Arabidopsis and potato to 

infer gene functionality based on chromosomal location. Synteny analysis revealed 1 paralogous 

relationship within the Arabidopsis genome, between AtCML32 and AtCML31 and 13 

orthologous relationships between CaMs and CMLs between Arabidopsis and potato genomes 

(Figure 3.14). AtCaMs and AtCMLs were mapped on Chr1 and Chr3-Chr5, in comparison to 

StCMLs mapped predominantly on StChr2-3. StCML2-3 was localised on StChr6, StCML14-15 

was localised on StChr11, while only StCML22 and StCaM6 were localised on SrChr10 and 

SrChr19, respectively (Figure 3.14).  

 

 Figure 3.14. Synteny analysis between CaMs and CMLs in Arabidopsis Col0 and potato. 

One CaM and 14 CML Arabidopsis genes located on 5 Arabidopsis chromosomes (Chr1-

Chr5) were situated within 6 of the 12 potato chromosomes (StChr1-StChr-12). Orthologous 

genes are illustrated by a red line and paralogous genes are illustrated by a blue line. 
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3.3.10 Expression of MSL9 and MSL10 ion channels in Arabidopsis 

roots 
In order to explore the possible role of MSL9 and MSL10 ion channels in Ca2+ influx upon abiotic 

stress including salinity stress, changes in expression over 48 hour salt stress were analysed. 

Expression data revealed MSL9 is specifically expressed at 350 TMP at the root tip QC centre 

following 20 to 48 hours exposure to salt whereas, MSL10 expression is observed at 200 TPM 

throughout endodermal root vascular tissues 1 hour following salt stress (Fig 3.15 (a-b)).  

 

Figure 3.15. Expression levels of MSL9 and MSL10 in Arabidopsis root tissue under salinity stress 

conditions over a 48 hour time period (Arabidopsis eFP browser). a) Expression levels of MSL9 in 

Arabidopsis Col0 root tissues upon exposure to salt stress over 48 hours. b) Expression levels of MSL10 

in Arabidopsis Col0 root tissue upon exposure to salt stress over 48 hours. 
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3.4  Discussion   

3.4.1 GCaMP fluorescent indicators for the dynamic imaging of Ca2+ 

in response to abiotic stress  

 

For this research, GCaMP3 was utilised to investigate the localisation of Ca2+ in Arabidopsis roots 

exposed to varying osmolytes. GCaMP is a family of genetically encoded Ca2+ indicators with 

superior properties over previously used sensors. GCaMPs are a fusion product of GFP, CaM and 

the peptide sequence M13 from myosin light chain kinase (Miyawaki et al., 1997; Kostyuk et al., 

2019; Figure 3.16). Circularly permutated GFP (N- and C- terminal fusion) alters the structure and 

connectivity of the protein, producing a C-terminal fusion site for CaM/M13 (Nagai et al., 2001). 

Structurally, CaM operates as a hinge, with four EF-hand Ca2+ binding motifs (2 N-terminal and 

2 C-terminal) (Zhang et al., 2012). Upon binding of up to 4 Ca2+ ions to the CaM domain, a 

conformational change occurs, whereby EF-hands can bind to stabilised helical peptides including 

M13 (Liu et al., 2019). Subsequently, a conformational change occurs in eGFP resulting in an 

altered fluorescent intensity, due to CaM induced modification of GFP (Akerboom et al., 2012). 

GCaMP3, 6 and 8 display similar kinetics; GCaMP8 exhibits stronger signals than GCaMP6 and 

GCaMP3, however, yields reduced selectivity and lower baseline fluorescence (Bolbat et al., 

2017). GCaMP6f has recently been implemented to study Ca2+ signalling in Arabidopsis (Vincent 

et al., 2017). GCaMP6f contains three point mutations (Ser383Thr, Thr381Arg and Arg392Gly) 

yielding stronger fluorescence signal but reduced permanent Ca2+ binding affinity than GCaMP3 

(Ding et al., 2014). Consequently, Arabidopsis GCaMP6f plants may show a reduced drought 

stress sensitive phenotype than GCaMP3 lines. Moreover, the Thr381Arg substitution yields 

strong binding interaction of CaM and eGFP whereas, Thr381Arg and Ser383Thr substitutions 

stabilise Ca2+ binding to CaM/M13 (Ding et al., 2014). GCaMP3 expresses sufficient brightness, 

dynamic range and affinity for Ca2+ in comparison to GCaMP6 (Ye et al., 2017). Additionally, 

GCaMP3 fluorescent indicator has improved kinetics from prior GCaMP2 upon Ca2+ binding, in 

addition to a threefold increase in signal brightness (Ohkura et al., 2012). In summary, GCaMP3 

was utilised for this research and GCaMP6f was cloned into Agrobacterium for future 
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transformation into Arabidopsis, to generating a more drought tolerant fluorescent plant line for 

Ca2+ detection.  

HyPer-Red is an intensiometric red fluorescent indicator, exhibiting fluorescence when bound to 

an ion with an absorption/emission maxima at approximately 420 to 500 nm, yielding red 

fluorescence (Stepanenko et al., 2008). Moreover, this indicator is a fusion product of circularly 

permutated yellow fluorescent protein (cpYFP) into the OxyR (OxyR-RD) H2O2 sensing protein 

regulatory domain (Erard et al., 2018). The low pKa of Cys199 renders this peptide redox active, 

and its localisation in a hydrophobic pocket draws charged ions in, including free radicals like 

H2O2 (Ermakova et al., 2014). Upon oxidation of Cys199, a disulphide bridge is formed, fuelling 

conformational change of the pocket domain initiating OxyR DNA binding interactions, cursing 

fluorescent excitation (Ermakova et al., 2014). HyPer-Red was cloned into Agrobacterium for 

future transformation into Arabidopsis, with the aim to couple Ca2+ and H2O2 signalling to abiotic 

and biotic stressors in the root.  

  
Figure 3.16. GCaMP family of genetically encoded calcium indicators (GECIs). Upon Ca2+ 

binding to a CaM, GCaMP undergoes a conformational change activating localisation dependent 

Förster resonance energy transfer (FRET), emitting green fluorescence.  
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GCaMP6f and HyPer-Red were cloned into the pER8GW vector for β-Estradiol chemically 

inducible gene expression, to observe accumulation and localisation upon application of an 

inducer. For future research, upon incubation with β-Estradiol, the overexpression of GCaMP6f 

and HyPer-Red will be stimulated to investigate Ca2+ and H2O2 accumulation in response to PEG 

induced drought stress, NaCl2 induced salinity stress and pathogen infection. GCaMP6f and 

HyPer-Red were also cloned into the constitutive vector pK2GW7 to, in the future, confirm basal 

expression in plant cells.  

 

3.4.2 Calmodulins (CaMs) and calmodulin-like proteins (CMLs)  

As previously alluded, calmodulin plays an integral role in regulating Ca2+ signalling in response 

to abiotic and immunity related stressors. Consequently, elucidating the possible dual interaction 

of pathogen effectors targeting CaMs and CMLs involved in osmotic and drought stress sensing 

is vital to understanding Ca2+ signalling in response to abiotic and biotic stress.  

Upon drought, salinity and osmotic stress, calcium signals are primarily sensed by Ca2+ binding 

proteins including CaMs and CMLs, subsequently transmitted through signal transduction 

pathways. Although it is clear that CaMs act as Ca2+ sensors, the functionality of CML proteins is 

unclear. The Arabidopsis genome accommodates 7 CaM and 50 CML genes, encoding calcium 

sensors (Figure 3.11). CMLs may also act as calcium sensors due to an abundance of data including 

an observable electrophoretic shift in CML37-49/42 upon Ca2+ influx (Pandey et al., 2016). 

Additionally, results reveal key upregulation of CML12 upon salt stress at the root QC centre from 

a basal expression of 1400 TPM to 1800 TMP, following 1 h exposure to drought stress (Figure 

3.11; Figure 3.12). Upregulation of CML12 in response to drought is greater than CaM1, CaM4 

and CaM7, expressing at 900 to 1400 TPM at basal expression in epidermal tissue to 1250 TPM 

upon 3 to 24 h drought stress.  

CaM genes harbour only 5 amino acid residue differences, whereas sequence divergence 

dominates CMLs, including the conserved EF hand calcium-binding motif, suggesting disparate 

functionality exists during plant signalling (Cho et al, 2016; Zeng et al., 2015). Expression data 

presented in this thesis reveals CaMs are some-what uniformly expressed, whereas CML 

expression is highly variable from 0 TPM to 1400 TPM in different parts of the root under control 

and abiotic stress conditions in Arabidopsis Col0 (Figure 3.11). Until recently, the functionality of 
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specific CaMs and CMLs was seldomly covered. In light of CaMs and CMLs growing importance 

in abiotic stress sensing in plants, their functionality and core regulatory machinery can now be 

further elucidated.  

 

3.4.3 CaMs and CMLs as key pathogen effector targets 

Recent data suggests the ability of pathogenic effector proteins to directly target ubiquitous Ca2+ 

CaM sensors, including CaM1, CaM3 and CML13; possible integral proteins involved in abiotic 

stress sensing (Figure 3.12). The Phytophthora infestans Avrblb2 effector localises to the plasma 

membrane, targeting CaM1 and CaM3 in the presence of Ca2+ (Naveed et al., 2019). Different 

Avrblb2 isoforms spanning different Phytophthora spp. have been shown to target varying CaM 

isoforms (Meisrimler et al., 2020). Moreover, the authors suggest plant recognition receptor Rpi-

blb2 recognises Avrblb2 in its CaM bound form, inferring effectors can target and bind to CaM in 

a Ca2+-dependent manner, highlighting interactors of pathogenic targeting of abiotic stress defence 

pathways in plants. Additionally, reports indicate P.infestans RXLR effector SFI5 directly targets 

Ca2+-dependent SICam1, SICaM6 and SICam3/4/5 in tomatoes (Zheng et al., 2018). Pseudomonas 

syringae effector HopE1 interacts in a Ca2+-dependent manner with the C-terminal binding site in 

CaM1 in vitro (Guo et al., 2016). Research also indicates that HopE1, CaM, and MAP65 might 

form a multi-protein complex within plant cells, revealing effector utilization of CaM to target 

microtubule-associated protein 65 (MAP65), disrupting microtubule network, promoting virulence 

(Guo et al., 2016). CDPK/CMLs are also targets of effectors, including P.syringae avrRpt2 

specifically targeting CML13 to impair HR defence (Zheng et al., 2019). Silencing CML13 has 

also been implemented in increased susceptibility to bacterial pathogen R. solanacearum and viral 

pathogen Tobacco mosaic virus (TMV) (Takabatake et al., 2007). Such links between plant-

pathogen interactions highlight key cross-talk and interrelation of Ca2+ signal regulation in both 

abiotic and immune related pathways in plants.  
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3.4.4 Linking drought induced CaM and CML expression to biotic 

stress and downstream PPI 

This research revealed varying expression levels of Arabidopsis root-specific CaM and CML 

genes under drought stress. This knowledge coupled pre-published data on CaM and CML 

expression upon biotic stress provides a better understanding of Ca2+ regulation for drought stress 

resistance in plants.   

Key findings showed a low expression of CML8 under drought stress conditions, however it has 

been documented that CML8 is highly upregulated upon biotic stress via Pseudomonas syringae 

in Arabidopsis, playing a fundamental role in plant immunity (Zhu et al., 2017; Figure 3.12). 

Additionally, CML42 and CML37 are predominantly expressed during herbivory from insects but 

yield low expression under drought stress conditions (Scholz et al., 2014; Figure 3.12).  

In contrast, network analysis of protein-protein interactions revealed key co-interactions between 

fundamental proteins involved in abiotic stress adaptation pathways and highly upregulated 

expression of CaMs and CMLs. CaM2 was upregulated compared to normal conditions in the 

whole root during 30 minutes drought-induced stress, complementing PPI interactions with 

WRKY1, regulating stomatal aperture during drought stress in Arabidopsis (Qiao et al., 2016; 

Figure 3.12; Figure 3.13). This observation suggests that specific CMLs may play a more 

fundamental role abiotic stress than others.  

Interestingly, a subset of CaMs and CMLs have been shown to exhibit high expression under both 

abiotic and biotic stress, suggesting possible links between pathogen infection and abiotic stress 

resilience. CML9 exhibited elevated genetic expression from 500 TPM in control conditions to 

600 TPM under 30 minutes drought stress and 1000 TPM under 24 hours drought stress (Figure 

3.12). This corresponds to pre-published data detailing increased expression of CML9 upon 

salinity stress and ABA exposure (Magnan et al., 2008). Moreover, PPI analysis revealed co-

interaction of CML9 and the calcium-dependent protein kinases 10 (CPK10) readily induced under 

abiotic stress conditions including salt and drought stress, in addition to ABA and Ca2+ regulated 

stomatal aperture (Shi et al., 2018; Figure 3.13). Moreover, ABA-dependent CML9 is rapidly 

upregulated under biotic stressors, induced as a positive regulator under P. syringae pv tomato 

DC3000 (Pst DC3000) infection (Leba et al., 2012). Additionally, prior research investigating the 
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combined effect of abiotic and biotic stress in Arabidopsis revealed salinity stress increased 

susceptibility to P. syringae and CML9 (Chojak-Koźniewska et al., 2018). Consequently, CML9 

links pathogen infection and drought stress resistance pathways, posing as an optimal target for 

future plant-environmental interaction research. 

Additionally, CML12 showed extremely elevated genetic expression at 1600 TPM under 30 

minutes and 24 hours drought stress (Figure 3.12). Interestingly, PPI exists between CML12 and 

a serine/threonine protein kinase (CIPK24), under salt stress conditions, activating the Na+/H+ 

antiporter (SOS1), initiating Na+ efflux from the cytosol (Yang et al., 2019; Figure 3.13). 

Additionally, CML12 interacts directly with PUB17, a nuclear localised positive regulator of 

immune responses towards late blight, a P.infestans infection in potato promoting PTI and HR (He 

et al., 2015). These findings also highlights an interesting pathway for future research linking 

abiotic and biotic stress sensing and defence.  

CaMs and CMLs may play a more fundamental role in abiotic stress sensing and immunity in roots 

than previously speculated, interacting with proteins underpinning Ca2+, H2O2 and hormonal 

pathways. Interactions existed between Ca2+ transport proteins including the putative calcium-

transporting ATPase 11 (ACA11) and calcium exchanger 2CAX2, RLKs including Botrytis–

induced kinase 1 (BIK1) and CRKs, multiple Cytochrome P450 (CYP) involved in hormone 

synthesis and heat shock proteins (HSPs) essential for abiotic stress defence with CMLs and CaMs, 

predominantly CaM1 (Cheval et al., 2013; Shigaki et al., 2001; Lal et al., 2018; Delgado-Cerrone 

et al., 2018; Jun et al., 2015; Khan et al., 2019; Figure 3.13). PPI was also observed between 3 

CPK family members; CPK10, CPK3, and CPK30, directly implemented in Ca2+ signalling 

processes underpinning drought and salinity tolerance, plant immune signalling and nitrate-

coupled CPK signalling respectively (Shi et al., 2018; Lachaud et al., 2013; Figure 3.13). Multiple 

TFs including TGAs, MYBs and NACs interacted with CaMs and CMLs exhibiting an integral 

role in defence signalling in plants (Jin et al., 2018; Pu et al., 2020; Yuan et al., 2019). Firstly, 

PPIs existed with BIK1 TFs involved in regulating genes underpinning immunity and abiotic stress 

adaptation, including BIK10, positively regulating ROS for HR response (Alves et al., 2013). 

Secondly, a key interaction exists between CMLs and CaMs with 9 TFs from the WRKY family. 

WRKY TFs function as regulatory proteins in both abiotic and biotic stress adaptation and plant 

immunity (Pandey & Somssich, 2009; Figure 3.13). CaM1, CaM7, CML8, CML10, CML12 
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interacted with the TF WRKY53, involved in H2O2, JA signalling in addition to the directly 

implementation in the activation of protein SAR deficient 1 (SARD1), which promotes SA 

signalling and defence gene activation (Zhou et al., 2018). CaM2 interacted with the remaining 8 

WRKYs including WRKY11 and WRKY17 implemented regulating Pst DC3000-induced JA-

dependent responses (Journot-Catalino et al., 2006). CaM2, CML42 and CML19 interacted 

directly with Ca2+, and CML42 also associates with KCBP-interacting Ca2+ binding protein (KIC) 

(Reddy et al., 2004), further confirming the role of CMLs as Ca2+ sensors. Additionally, a pathogen 

specific PPI existed between CaM1, CaM2 and CaM7 with the Bcl-2-associated athanogene 

BAG6, previously elucidated in basal resistance against the fungal pathogen Botrytis cinerea 

(Kabbage et al., 2016). Conclusively, co-interactions and crosstalk between CMLs, CaMs and 

other downstream proteins involved in the signal cascade reveal a fundamental role of these 

proteins in pathogen detection and immune defence responses to biotic and abiotic stressors. 

 

 3.4.5 Possible functional similarities between CaMs and CMLs in 

different plant species based on chromosomal localisation  

The location of CaM and CML genes residing in the model plant Arabidopsis Col0 chromosomes 

were compared to the crop plant potato, to infer functional similarities between species.  

To investigate key CaM and CML genes involved in drought stress sensing in plant root systems 

further, a synteny analysis of the genes in Arabidopsis and the staple crop potato was undertaken 

to compare any relationships between orthologous gene pairs (Figure 3.14). Results revealed an 

orthologous relationships exist between 13 CaM and CML genes in Arabidopsis and potato (Figure 

3.14). This suggests the genes are related via vertical descent; encoding functionally similar 

proteins across different species. Ultimately these findings reveal CaM and CML genes are highly 

conserved between Arabidopsis and potato genomes, suggesting implementation of StCaM and 

StCML orthologs in Ca2+ stress related signal responses. As previous alluded, AtCML8 is a 

positive regulator of P.syringae infection in Arabidopsis, suggesting a similar function of StCML8 

in potato subject to P.infestans infection, suggesting an important role of CML8 in plant immune 

signalling and defence gene activation across plant species.  
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These findings suggest that key CaMs and CMLs may function the same potato, providing the 

opportunity to analyses key regulators of drought stress and pathogen infection in a future crop-

based system.   

 

3.4.5 Ca2+ accumulation in Arabidopsis roots exposed to drought and 

osmotic stress 

The rapid and characteristic Ca2+ burst underpinning immune signalling is induced by a variety of 

stressors including drought, salt stress and pathogen infection. As an outcome of abiotic stress 

induced Ca2+ influx into plant cells, this research revealed Ca2+ binding proteins including CaMs 

and CMLs are upregulated, subsequently involved in the activation of downstream PPIs in the 

defence signalling cascade. Rapid induction of long-distance Ca2+ signalling (velocities of 400 

μms−1) in plant roots has been observed upon local application of NaCl2 at the root tip (Stanley et 

al., 2018; Choi et al., 2014). Moreover, both Ca2+ tissue specific dispersion patterns and local or 

cellular signal localisation in Arabidopsis roots responding to salt stressors have been elucidated. 

Hence, in this research, 100 mM NaCl2 was applied to the root tip as a control for abiotic defence 

signalling. A fast burst of Ca2+ following exposure to abiotic elicitors is well characterised in the 

literature. Moreover, upon Arabidopsis root exposure to salt stress; NaCl2 or mannitol, cytosolic 

Ca2+ ([Ca2+]cyt) rapidly increases within seconds (Kader & Lindberg, 2010). Early studies observed 

that fast Ca2+ signalling in response to abiotic stress exhibits tissue and cellular heterogenicity 

(Manishankar et al., 2018). Multiple observations in the literature reveal that cytoplasmic Ca2+ 

initially increases at the root apex, dispersing throughout cortical and endodermal cells shootward 

from the initially exposed root tissues (Kiegle et al., 2000). Increase in cytosolic Ca2+ has not been 

observed in epidermal tissues in response to salt stress (Choi et al., 2014).  

 

Firstly, advances in our knowledge of core Ca2+ protein expression markers suggest a propagating 

upregulation of cytosolic Ca2+ triggered by salt, representing a phenomenon known as ‘wave-like’ 

signalling in Arabidopsis leaves (Moore et al., 2002). As alluded to, real-time root quantification 

analysis of Ca2+ signalling showed the speed in which wave-like Ca2+ signals move through the 

plant was characterised to be 400 µm/s, totalling 1 minute to disperse the entire root and 2 minutes 
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to exhibit a whole-plant response (Choi et al., 2014). Secondly, site-specific locally restricted 

application of NaCl2 at varying tissues revealed wave-like translocation of Ca2+ to distal tissues 

including stem and leaves (Xiong et al., 2014). Quantitative real-time PCR analysis revealed 

increased Ca2+ in shoots within 1 minute, maximum expression within 10 minutes and 

downregulation within 60 minutes, following exposure to NaCl2 at the root tip (Choi et al., 2014). 

Such observations suggest a key role of the secondary messenger Ca2+ in systemic signalling for 

whole plant physiological responses to abiotic and biotic rhizosphere changes.  

 

Despite copious literature describing wave-like Ca2+ signalling in Arabidopsis roots exposed to 

salt stress, little is known about localisation and dispersion of Ca2+ in response to other abiotic 

stressors including drought stress. Additionally, despite all that is known about complex Ca2+ 

signal cascades underpinning abiotic stress adaptation pathways, the possible paralleled signalling 

phenomena described between Ca2+ and H2O2, as of today, is only hypothesised. This thesis 

focuses on elucidating the localisation pattern over time of Ca2+ in response to site specific 

exposure to drought stress in Arabidopsis root tips.   

 

Until now, it has not been possible to explore the bi-directionality of Ca2+ signalling in response 

to abiotic stress. The conventional dfRC (Stanley et al., 2018) is a novel heterogeneous 

environment for Arabidopsis root growth and the in vivo application of asymmetric stress 

conditions at the root maturation zone. This dfRC microfluidic platform provided the first clear 

insights into signalling responses in Arabidopsis roots exposed to environmental stress. 

Nonetheless, the research capacity of the conventional dfRC is limited, as a consequence of only 

2 inlet channels connecting to the root growth chamber at the top. Moreover, test solutions can 

only be locally applied at the mature cells of the root; a disadvantage to study the bi-directional 

signal transduction response of Ca2+ in response to applying stress treatments at local tissues. This 

research fabricated an optimised bi-dfRC, harbouring 4 inlet channels for the asymmetric 

application of salt and drought at the root tip or maturation zone.  

 

Findings from this research revealed that the conventional dfRC lacked the culturing capacity for 

drought susceptible Arabidopsis line including GCaMP3. To account for this inherent limitation, 
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this research established hydrophilic retention in PVP-treated micro-channels for the protrusion of 

drought susceptible plant lines.  

 

This research compared the difference in Ca2+ signal intensity and localisation in the bi-dfRC and 

an agarose platform over time. In conclusion, although agarose based channel is a cost effective 

and time efficient design, lack of steady flow through of medium proved as a major disadvantage 

to observe signal transduction in the root in response to abiotic stress. Moreover, upon application 

of salt at the root tip using the agarose channel and bi-dfRC, accumulated of Ca2+ at the root tip 

was observed within 5 s, exhibiting the same signal (Figure 3.3; Figure 3.5 (b); Figure 3.6 (a-e); 

Figure 3.7). Nonetheless, the florescent intensity of the signals varied, whereby NaCl2 applied via 

the agarose channel induced a maximum Ca2+ fluorescent intensify of 4000 grey value (pixel 

brightness), whereas the bi-dfRC documented intensity up to 15,000 grey value. Additionally, 

upon exposure to varying PEG concentrations using the agarose channel weak accumulation of 

Ca2+ at 2000 grey value was observed at the root elongation zone in epithelial and endothelial 

tissues (Figure 3.4; Figure 3.5; Figure 3.6 (a-e)). Whereas, a strong clear fluorescent signal at 

10,000 grey value was observed throughout the root tissues upon application of 20% PEG using 

the bi-dfRC (Figure 3.7). Ultimately, these findings indicate steady-protrusion and flow rate 

control is essential to observe clear and strong signal transaction responses in Arabidopsis roots.  

 

Findings from this research reveal that the rapid Ca2+ burst localises at different root tissue in 

response to targeted application of NaCl2-induced salt stress or PEG-induced drought stress at the 

root tip. Moreover, upon exposure to 100 mM NaCl2 at the root tip, fast upregulation of Ca2+ is 

observed within 5 s at the root tip in columella cells and elongation zone, dissipating within 20 s 

(Figure 3.3; Figure 3.7 (b); Figure 3.8 (b)). Upon exposure to 20% PEG at the root tip, fast 

upregulation of Ca2+ is observed within 5 s at the root tip and elongation zone (Figure 3.4 (c); 

Figure 3.7 (c); Figure 3.9 (a)). This is followed by a strong burst of Ca2+ in epithelial and 

endothelial cells of the elongation zone and maturation zone 20 s following exposure (Figure 3.7 

(c); Figure 3.9 (a)). Overall, contrast exists between the signal localisation and intensity of Ca2+ 

exposed to salt stress versus drought stress conditions in Arabidopsis root tips.  
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Interestingly, bi-directionality of Ca2+ following the application of NaCl2-induced salt stress and 

PEG-induced drought stress is observed utilising the bi-dfRC. Upon exposure to 100 mM NaCl2 

at the root tip, cytosolic Ca2+ increases within 10 s in columella cells, quickly dispersing 

shootward, away from the initially stimulated cells via endothelial and cortical tissue over 40 s 

(Figure 3.7 (a)). In contrast, upon exposure to 100 mM NaCl2 at the maturation zone the Ca2+ burst 

initiates in the maturation zone and accumulation occurs at the root tip 20 to 40 s following 

exposure (Figure 3.7 (b)). Similarly, upon exposure to 20% PEG at the root tip, cytosolic Ca2+ 

increases within 10 s in epithelial cells at the root elongation zone, dispersing shootward away 

from the initially stimulated cells via endothelial and cortical tissue over 40 s (Figure 3.7 (c)). 

Applying 20% PEG at the root maturation zone initiates a Ca2+ signal that begins in the maturation 

zone and tip at 5 s and disperses shoot-wards over 40 s (Figure 3.7 (d)). 

 

 

It is clear that upregulation of cytosolic Ca2+ varies between NaCl2 induced salt stress and PEG 

induced drought stress. Also, the dispersion of wave-like signalling shootward occurs in the same 

polar manner in roots exposed to either salt or PEG induced drought stress. It is possible that 

 
 

Figure 3.17. Ca2+ accumulation upon application of abiotic stress condition at the root tip. a) Ca2+ 

localisation at the root tip and stele tissues in response to selective application of 100 mM NaCl2 at 

the root tip. b) Ca2+ localisation at the root tip, cortical and epithelial tissues in response to selective 

application of 20% PEG at the root tip. 
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various Ca2+ transporters are involved in diverting early Ca2+ fluxes in different orientations upon 

exposure to different abiotic stressors. One such hypothesis indicates two key mechanosensing ion 

channels MSL9 and MSL10 may control early Ca2+ influx at the root tip and elongation zone. Plant 

mechanosensing ion channels (MscS-Like; MSL channels) are plasma membrane ions channels 

which divert ion flux across the plasma membrane, in turn sensing mechanical stimuli in response 

to abiotic and biotic stressors (Basu & Haswell., 2017). Mechanosensors detect external stimuli 

including osmotic stress pressure, in turn may play a role in cell osmosensing. MSL10 is required 

for Ca2+ and ROS accumulation upon hyperosmotic shock, functioning as membrane sensors (Basu 

& Haswell, 2020). More recently, it has been suggests that 2 key mechanosensors; MSL9 and 

MSL10 may function, not only as receptors, but also as MS channels in Arabidopsis roots, which 

may function in regulating root turgor pressure and membrane depolarisation (Haswell et al., 

2008). MSL9 is specifically expressed at the root tip in the cortex and endodermis, including the 

root apical meristem, QC centre and root tip (Schmid et al., 2005; Haswell et al., 2008; Fig 3.15 

(a)). Contrastingly, MSL10 expression is observed not only at the root tip, but also throughout root 

vascular tissues (Schmid et al., 2005; Haswell et al., 2008; Fig 3.15 (b)). Ca2+ upregulation in 

response to salt and drought stress conditions originates at the root tip/columella cells and 

elongation zone. Despite observations outlined in this section, more research is required to 

elucidate the functional role of MSL9 and MSL10 and possible interaction with Ca2+ signalling 

underpinning abiotic and biotic stress sensing in plant roots.  

 

In conclusion, from preliminary findings it can be hypothesised that Arabidopsis roots use different 

Ca2+ sensing machinery to distinguish different osmolytes in the environment, to fine tune 

adaptation processes. 
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3.5 Concluding remarks  
 

This thesis revealed a strong differentiation between the Ca2+ dispersion in Arabidopsis roots 

exposed to salinity versus PEG induced drought stress. Additionally, bi-directionality of Ca2+ 

signalling within plant roots was observed by fabricating a bi-dfRC for the very first time. These 

key observations suggest plants are well adapted to sense different types of abiotic stress in the 

environment by eliciting different local and systemic Ca2+ signalling responses in root systems.  

 

Following key findings, future research will focus on elucidating the plants’ response to drought, 

salinity stress and PAMPs in more detail. Arabidopsis roots will be stressed with various osmolytes 

including mannitol and sucrose, to further understand differentiating signal responses 

underpinning abiotic stress sensing in plants. Additionally, the bi-directionality of Ca2+ signalling 

will be investigated utilising the dfRCs asymmetric fluid flow, applying abiotic stress to one side 

of the root and control conditions adjacently. Long term imaging experiments will be conducted 

to investigate the longevity of Ca2+ signalling in Arabidopsis roots.   

 

To gain more insight into the dynamic interactions between Ca2+ and H2O2 signalling in response 

to climate change effects, a bi-dfRC will be utilised to stress Arabidopsis roots with drought and 

pathogen infection simultaneously, while tracing Ca2+ and H2O2 localisation over time. In tandem, 

future research will utilise pre-cloned florescent indicators GCaMP6f and HyPer-Red for 

subsequent transformation in Arabidopsis.  

 

Outcomes will advance our knowledge on the fine-tuning process for molecular adaptation to 

drought/osmotic stress and cross-interactions with plant immunity regulations that also rely on 

Ca2+ and H2O2 signals. This knowledge will provide a key backbone for future studies, potentially 

leading to novel insights into the improved tolerance and survival of crop plants subject to  

predicted drought and pathogen events. 
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Supporting information  
 
Title: Implementation of a novel bi-directional dual-flow-RootChip 
to investigate the effects of osmotic stress on calcium signalling in 
Arabidopsis thaliana roots. 
 
Information listed below is available in this file:  
 
Fig. S1 pC1-HyPer-Red plasmid map 

Fig. S2 pGP-CMV-GCaMP6f plasmid map  

Fig. S3 HyPer-Red gateway cloning PCR products 

Fig. S4 GCaMP6f gateway cloning PCR products 

Fig.S5 pK2GW7_HyPer-Red gene expression in agroinfiltrated 

N.benthamiana 

Table S1: G-Block design  
 
Table S2: Stock concentrations of antibiotics used in this study  
 
Table S3: Plasmids implemented in cloning 
 
Table S4: PCR reaction components for colony PCR 
 
Table S5: Primer design  

Table S6: Thermocycler for colony PCR 
 
Table S7: Sanger sequencing reaction scheme  
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Video S1: An Arabidopsis GCaMP3 root exposed to 100 mM NaCl2 

at the maturation zone via the conventional dfRC 
 
Video S2: An Arabidopsis GCaMP3 root exposed to 100 mM NaCl2 

at the root tip via the bi-dfRC 
 
Video S3: An Arabidopsis GCaMP3 root exposed to 20% PEG at 
the maturation zone via the conventional dfRC 
 
Video S4: An Arabidopsis GCaMP3 root exposed to 20% PEG at 
the root tip via the bi-dfRC 
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Fig. S1 pC1-HyPer-Red plasmid map 

 

Figure S1. HyPer-Red Plasmid map (Addgene). 
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Fig. S2 pGP-CMV-GCaMP6f plasmid map  

 

Figure S2. GcaMP6f Plasmid map (Addgene). 
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Fig. S3 HyPer-Red gateway cloning PCR products 

 
 
 

 
 

Figure S3. Positive gateway cloning reaction of HyPer-Red genetic construct displayed as gel 

electrophoresis. a) HyPer-Red positive colony at 1431 bp. b) pGEM-T Easy PDONR entry 

vector positive colony at 503 bp. c) Successful gateway cloning of the HyPer-Red Gblock using 

the BP reaction yielded a band corresponding to a product size of 1431 bp. 
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Fig. S4 GCaMP6f gateway cloning PCR products 

 
 

Figure S4. Positive gateway cloning reaction of GCaMP6f genetic construct displayed as gel 

electrophoresis. a) GCaMP6f positive colony at 155 bp. b) Successful gateway cloning of 

CaMP6f Gblock via BP reaction yielded a band corresponding to a product size of 155 bp. 
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Fig. S5 pK2GW7_HyPer-Red gene expression in agroinfiltrated 
N.benthamiana 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure S5. Fluorescent gene expression in agroinfiltrated N.benthamiana leaf cells with 
pK2GW7_HyPer-Red (RFP). Images were obtained 48 hours following agroinfiltration 

(Confocal 63x objective lens, NA 0.8), scale 38 µm. a) Sub-cellular localisation of RFP at the 
plasma membrane and nucleus. b) Bright field image depicting N.benthamiana leaf cells.  
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Table S1 G-Block design  
 
G-block Sequence overhangs (green) 

G-CaMP6f GGGGACAAGTTTGTACAAAAAAGCAGGCTTAA
TGGGTTCTCATCATCATCATCATCATGGT…..…
……...GAGTTTGTACAAATGATGACAGCGAAGT
GATACCCAGCTTTCTTGTACAAAGTGGTCCCC 

HyPer-Red GGGGACAAGTTTGTACAAAAAAGCAGGCTTAA
TGGAGATGGCGAGCCAGCAGGG…..………...AA
GTTTTAAAACAGGCGGTTTAATGATACCCAGCT
TTCTTGTACAAAGTGGTCCCC 

 
 

Table S2 Stock concentrations of antibiotics used in this study 

Antibiotic Stock conc. 

Streptomycin (Strep) 50mg/mL 

Spectinomycin (spec) 50mg/mL 

Kanamycin (kan) 50mg/mL 

Rifampicin (Rif) 10mg/mL 

Gentamicin (Gen) 30mg/mL 

Ampicillin (Amp) 50mg/mL 

Carbenicillin (Carb) 100mg/uL 

 

Table S3 Plasmids implemented in cloning 

Plasmid Organism Antibiotic resistance 

G-CaMP6f E.coli DH5-α Kan 
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pC1-HyPer-Red 
E.coli DH5-α Kan 

pGEMTeasy_pDonR E.coli DB3.1 Amp 

pFast_R06 E.coli DB3.1 Kan 
 

Table S4 PCR reaction components for colony PCR 

Component 25 µL reaction  50 µL final conc.  

10X Standard Taq 
Reaction Buffer 

2.5 µL 5 µL 1 X 

10 mM dNTPs 
0.5 µL  1 µL 

200 μM 

Forward primer (10 
µM) 

0.5 µL 1 µL 
0.2 μM 

Reverse primer (10 
µM) 

0.5 µL 1 µL 
0.2 μM 

Template DNA X µL X µL X 

MilliQ water  to 20 µL to 50 µL X 

Taq DNA Polymerase 
0.125 µL 0.25 µL 1.25 units/50 µl PCR 

 

Table S5 Primer design  

Primers Sequence Product size Plasmid 

ccdB_FW, ccdB_RV FW:ACTGGCTGTG
TATAAGGGAG 

503 bp pGEM-T 
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RV:GGCATATATG
ATGTCAATATCTC
C 

Easy pDONR 

M13F, M13R FW:CATCATCGCA
ACCCCA 
RV:AGCGGATAAC
AATTTCACACAGG 

432 bp Sanger Sequencing 
primers  

HyPer-Red_Fw, 
HyPer-Red_Rv 

FW:ATGGAGATGG
CGAGCC 
RV:TCATTAAACCG
CCTGT 

1431 bp HyPer-Red  

EGFP-C, EGFP-N FW:CATGGTCCTG
CTGGAGTTCGTG 
RV:CGTCGCCGTC
CAGCTCGACCAG 

105 bp G-CaMP3 

 
 

Table S6 Thermocycler for colony PCR 

Step Temperature Time 

Denaturation (initial) 95°C 30 seconds 

annealing (x 34 cycles) 95°C 
X°C (Primer annealing temp)  
72°C 

15-30 seconds 
15-60 seconds (30s)  
X (1 minute/ kb)  

Extension (final) 72°C 5 minutes 

Hold 12°C ∞ 

 
 

Table S9 Sanger sequencing reaction scheme  

Plasmid  100~200 ng/µL X µL  

H2O   X µL  
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Primer (5pmol/ul)   5 µL  

Total  10 µL 

 

 
Video S1: An Arabidopsis GCaMP3 root exposed to 100 mM NaCl2 

at the maturation zone via the conventional dfRC. At time interval 5 
s, mature cells are primarily stimulated (GFP). The playback rate is 
50 fps. Scale bar, 290 μm.  
 
Video S2: An Arabidopsis GCaMP3 root exposed to 100 mM NaCl2 

at the root tip via the bi-dfRC. At time interval 5 s, mature cells are 
primarily stimulated (GFP). The playback rate is 50 fps. Scale bar, 
290 μm.  
 
Video S3: An Arabidopsis GCaMP3 root exposed to 20% PEG at 
the maturation zone via the conventional dfRC. At time interval 5 s, 
mature cells are primarily stimulated (GFP). The playback rate is 50 
fps. Scale bar, 290 μm. 
 
Video S4: An Arabidopsis GCaMP3 root exposed to 20% PEG at the 
root tip via the bi-dfRC. At time interval 5 s, mature cells are 
primarily stimulated (GFP). The playback rate is 50 fps. Scale bar, 
290 μm. 
 


