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ABSTRACT   

 

The ability to survive a range of stresses is crucial to the survival of plants. Structural modifications 

in the cell wall through pectin cross linkages may be key to mitigating damage caused by stress. 

Pectin reduces cell wall permeability and increases rigidity through calcium ion crosslinks to 

carboxylate ions in galacturonic acid residues in homogalacturonan, and boron crosslinks to 

apiosyl residues in rhamnogalacturonan II side chains. The objective of this research was to 

understand the influence of calcium and boron in vitro, and how changes in viscosity and rigidity 

may translate to resistance to dehydration and fungal pathogens in Allium spp. and Arabidopsis 

pectin methylesterase/boron mutant genotypes. Allium spp. served as an ideal model to study 

dehydration stress as the cells are large and a single layer of epidermal cells can be easily separated. 

Arabidopsis was useful given the availability of mutant genotypes. CaCl2 and H3BO3 were both 

found to significantly (p<0.05) increase the viscosity of pure pectin standards, in addition to 

reducing percent water loss in the same standards. However, the impact of these compounds on 

improving dehydration stress resistance in the plant species of interest was less clear. The efficacy 

of calcium in enhancing dehydration stress resistance in Allium spp. was highly variable, in certain 

instances improving resistance and in others decreasing it. Nevertheless, calcium increased the 

force required to shear Allium fistulosum by ~63.39 N g-1, suggesting it did cause structural 

modifications. Furthermore, Allium fistulosum (drought resistant) lost significantly less water 

(p<0.05) over 16-18hr compared to Allium cepa (drought sensitive) and had a lower limit of 

damage based on protoplasmic streaming, suggesting a link between resistance to dehydration 

stress and freezing stress. There also appears to be a link between boron and resistance to both 

dehydration stress and fungal pathogen stress. A boron transporter mutant (bor1) showed a greater 

susceptibility to dehydration stress (p>0.05) and Colletotrichum higginsianum infection (p<0.05). 

Because of the mechanism of infection, the rapid rate of Colletotrichum higginsianum infection in 

bor1 is indicative of a weak cell wall. While the response to stress is highly complex, collectively 

this thesis indicates calcium, boron, pectin and the cell wall in general may play important but 

relatively under researched roles in plant resistance to both abiotic and biotic stress.  
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1.0 INTRODUCTION  
 

1.1 Background  

The cell wall is a key distinguishing feature between plants and animals. Within plant cells, the 

role of the cell wall is extremely diverse (Houston et al., 2016). Not only does the cell wall provide 

structural and mechanical support to the cell, it also supports plant growth, and acts as a physical 

barrier to abiotic and biotic stress (Houston et al., 2016; Keegstra, 2010). Within the cell wall and 

the plasma membrane, there are a wide range of receptors, pores and channels that help to regulate 

a range of functions (Houston et al., 2016).  There are also variations among the cell wall structures 

found in different tissue types and plant species. Primary cell walls, which are synthesized during 

plant growth, must be thin, flexible and highly hydrated (Cosgrove & Jarvis, 2012; Alberts et al., 

2002). The primary cell wall must be strong, extensible and capable of performing functions such 

as linking new polymers (Hamant & Traas, 2010). In contrast, secondary cell walls provide 

strength and rigidity to plant tissues that have stopped growing and are typically found in tall 

terrestrial plants (ie. Tree species) with stems that must resist bending and/or have water-

conducting tissues that can withstand negative pressures (Speck & Burgert, 2011; Koch et al., 

2004).  

  

Plant cell walls are composed of cellulose, hemicellulose, proteins, pectins, and/or lignin. 

Moreover, primary cell walls are produced during cytokinesis and continue to undergo 

modifications during cell expansion, are generally comprised of 15-40% cellulose, 30-50% pectin 

polysaccharides, and 20-30% xyloglucans (Cosgrove & Jarvis, 2012). Secondary cell walls are 

typically composed of cellulose, lignin, and hemicellulose (xylan, glucuronoxylan, arabinoxylan, 

or glucomannan) (Cosgrove & Jarvis, 2012; Plant Cell Wall Basics, n.d.). Please note, within the 

context of this thesis use of the word “cell wall” includes the middle lamella.  

 

In nature, pectin is the most structurally complex polysaccharide and within the cell wall it serves 

numerous functions (Mohnen, 2008). There are 5 members of the pectin family: 1) 

homogalacturonan (HG); 2) rhamnogalacturonan I (RG-I); 3) rhamnogalacturonan II (RG-II); 4) 

xylogalacturonan (XGA); and 5) apiogalacturonan (AP) (Mohnen, 2008). This thesis is focused 

on HG and RG-II since they are some of the most predominant forms of cell wall pectin. HG is 
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the most abundant form of pectin making up ~65% of all pectin, while RG-II accounts for ~10% 

(Mohnen, 2008).  

 

As previously mentioned, pectin serves many key roles within the cell wall such as providing 

defense against stress (Sasidharan et al., 2011). One key characteristic of pectin enabling this role 

is its ability to form cross-linkages and bonds that influence both the rigidity and stability of the 

cell wall (Braccini & Pé Rez, 2001; Ravanat and Rinaudo, 1980). Calcium ions form cross-

linkages with HG that have been demethylesterified by pectin methylesterases (PMEs) in a block-

wise manner (Wormit & Usadel, 2018; Braccini & Pé Rez, 2001; Ravanat and Rinaudo, 1980). 

The formation of these cross-linkages creates “egg-box” structures (Braccini & Pé Rez, 2001; 

Ravanat and Rinaudo, 1980). In comparison, boron is capable of binding to RG-II to create RG-II 

dimers (O’Neill et al., 2004). The formation of “egg-box” structures and RG-II dimers have been 

found to influence cell wall integrity (Wormit & Usadel, 2018; O’Neill et al., 2004; Ravanat and 

Rinaudo, 1980).  

  

While the cell wall is known to act as a barrier against abiotic and biotic stress, the mechanisms 

utilized by the cell wall are variable depending on the form of stress. There has been limited 

research focused on one common mechanism of defense for both abiotic and biotic stresses despite 

how prevalent and devastating these stresses can be on plants and the predicted increase in 

frequency and severity of both abiotic and biotic stress (Wu et al., 2018; Zhu, 2016; Underwood, 

2012; Sasidharan et al., 2011). This project seeks to understand how the cell wall and more 

specifically, how calcium and boron and the resulting structural changes in pectin can influence 

the permeability of the cell wall, which may be key to its ability to act as a barrier against both 

abiotic and biotic stresses.   

 

1.2 Objectives and Hypotheses  

This research addresses the overarching hypothesis, “the application of calcium and/or boron 

results in cell wall structural changes which translate into increased resistance to both abiotic and 

biotic stress in Allium species and Arabidopsis thaliana”. More specifically, the experiments 

outlined below address the following sub-hypotheses:   
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1. Calcium and boron independently increase the viscosity of pectin, in a dose- and 

temperature- dependent manner.  

2. Calcium application and cold acclimation will increase the force required to shear 

through Allium fistulosum, and a combined application will further increase resistance to 

shear force in an additive manner.  

3. Percent water loss in pure pectin standards will decrease as the concentration of pectin 

increases (4% to 8%), while the addition of CaCl2 or H3BO3 will further decrease percent 

water loss. Moreover, boron will have a greater influence on reducing water loss in sugar 

beet pectin, while calcium will have a larger effect on citrus pectin. 

4. The exogenous application of CaCl2 reduces percent water loss in Allium fistulosum and 

Allium cepa.  

5. CaCl2 applied exogenously to Allium fistulosum (A. fistulosum) will localize to the apoplast 

of epidermal cells.  

6. The stress sensitive Allium cepa has greater percent water loss compared to stress 

resistant Allium fistulosum. 

7. Arabidopsis thaliana (A. thaliana) lines with mutations in boron transporters or a 

pectin methylesterase inhibitor over-expressing line (p35S::PMEI5) will lose water at a 

faster rate compared to the wild-type line.  

8. Arabidopsis thaliana lines with mutations in boron transporters and pectin methylesterase 

inhibitor 5 (p35S::PMEI5) will have a faster rate of Botrytis cinerea and Colletotrichum 

higginsianum infection.  

9. Mutations in boron transporters and PMEI5 within Arabidopsis thaliana will result in 

different boron species being present within the above ground biomass and soil collected 

from the pots used to grow the plants.  

 

The above hypotheses were explored through the following objectives to:  

1. Investigate the independent roles of calcium and boron, in both a dose dependent and 

temperature dependent manner, with respect to the viscosity of pectin (high methylated 

(HM) pectin and sugar beet (SB) pectin) in vitro. 

2. Investigate how the application of calcium, in addition to cold acclimation, influences the 

force required to shear through Allium fistulosum. 
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3. Analyze how calcium and boron concentration, influences the rate of water loss in pure 

pectin solutions over 6 hr.  

4. Investigate the influence of calcium on water loss in Allium fistulosum, Allium cepa and 

various Arabidopsis thaliana mutant genotypes over short (15minutes) and long periods 

(16hr and 24hr).  

5. Investigate the influence of boron transporter and p35S::PMEI5 mutations on Botrytis 

cinerea and Colletotrichum higginsianum infections in Arabidopsis thaliana by assessing 

lesion sizes. 
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2.0 LITERATURE REVIEW  

 

2.1 The Cell Wall  

One key distinguishing feature between plants and their animal counterparts is the presence of a 

cell wall that encases cells. The complexity of the cell wall with respect to the composition varies 

between the primary and secondary plant cell wall (Figure 4.1). In addition, the role of the cell 

wall is extremely diverse (Houston et al., 2016; Keegstra, 2010). It not only provides structural 

and mechanical support to the cell, acting in part like an exoskeleton in terms of defining cell 

shape, but it also supports plant growth and acts as a physical barrier to abiotic and biotic stress 

(Houston et al., 2016). This group also described the cell wall as having a wide range of receptors, 

pores and channels within the cell wall that regulate molecular movement and responses to both 

local and long-range elicitors such as sugars, hormones, proteins and RNA. The role of the cell 

wall is also variable between tissue types and plant species. Primary cell walls are synthesized 

during plant growth and are characterized as being thin, flexible and highly hydrated (Cosgrove & 

Jarvis, 2012). Ultimately, the primary cell wall must be strong to withstand tensile pressure, 

extensible to allow the cell wall to relax which promotes functions such as cell water uptake, and 

capable of preforming actions such as linking new polymers into the load-bearing structures in the 

cell wall (Hamant & Traas, 2010). In contrast, secondary cell walls provide strength and rigidity 

to plant tissues that have stopped growing and are typically found in tall terrestrial plants such as 

various species of trees (Alberts et al., 2002). While primary cell walls are found within all plant 

cells, secondary cell walls are typically only found in woody tissues and grasses, and more 

specifically only within specialized cells in those plants such as tracheids in seedless vascular 

plants and gymnosperms (Zhong & Ye, 2015; Cosgrove & Jarvis, 2012; Alberts et al., 2002). 

Outside of the plant, the cell wall also has numerous applications in human life including providing 

major dietary fibers for human consumption and the raw materials for various textiles, lumber, 

pulping and biofuels.  
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2.1.1 Cell Wall Composition- Type I vs Type II Cell Walls 

Generally, plant cell walls are composed of cellulose, hemicellulose, proteins, pectins, and/or 

lignin. Primary cell walls are produced during cytokinesis and continue to undergo modifications 

during cell expansion and are comprised of 15-40% cellulose, 30-50% pectin polysaccharides, and 

20-30% xyloglucans (Figure 2.1) (Cosgrove & Jarvis, 2012). Cosgrove and Jarvis (2012) also 

outlined that lesser amounts of arabinoxylans and structural proteins are in the lamella in primary 

cell walls. They also described how pectins serve many important roles including wall hydration, 

which is important for the slippage and separation of cellulose microfibrils during expansive 

growth. Variation also exists within the composition of primary cell walls. Such as in grass species, 

which contain between 10-20% arabinoxylans and mixed-linkage glucans within their cell walls  

(Gibeaut et al., 2005; Carpita et al., 2001). The parenchyma of celery (Apium graveolens) and 

sugar beet (Beta vulgaris) are also an exception as their primary cell walls are rich in cellulose and 

pectin, but they have little hemicellulose (Zykwinska et al., 2007; Thimm et al., 2002). The cell 

wall of Allium cepa (common onion) contains 93.7% uronic acid, indicating that the pectin found 

within the cell wall of onions is primarily composed of homogalacturonan (HG) (Mankarios et al., 

1980). Only 0.6% rhamnose, a key component of rhamnogalacturonan I (RG-I) and 

rhamnogalacturonan II (RG-II) was found in the monosaccharide composition of pectin found 

within the cell wall of A. cepa (Mankarios et al., 1980). Similar to onions, citrus pectins are also 

primarily composed of HG (Yapo et al., 2007). In comparison to the onion, rhamnose was found 

to make up 5% of the monosaccharides that comprise the pectins found in sugar beet 

(Zhemerichkin & Ptitchkina, 1995). In general, RG-II accounts for ~4% of pectin found within the 

cell wall of dicots and less than 1% in monocots (Mohnen, 1999).  
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Figure 2.1 Schematic of the primary and secondary cell wall  

The primary and secondary cell wall vary in composition as they serve different roles within the 

plant. (A) The primary cell wall is predominantly composed of the polysaccharide’s cellulose, 

hemicellulose and pectin and to a lesser extent structural glycoprotein, phenolic esters, ionically 

and covalently bound minerals such as calcium and boron and enzymes. (B) The secondary cell 

wall also contains cellulose, hemicellulose and pectin however, to a much lesser proportion. The 

major component that distinguishes the secondary cell wall from the primary cell wall is the 

presence of lignin in the secondary cell wall. Image from Loix et al. (2017). Used under Creative 

Commons Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0/).   

 

2.1.2 The Cell Wall as a Barrier to Stress  

The cell wall is a key determinant of plant response to environmental stresses (Sasidharan et al., 

2011). The cell wall can undergo modifications that can both modulate growth or transform it into 

an impregnable physical barrier; these modifications are accomplished by various proteins. Pectin 

methylesterases (PMEs) are one form of protein that is found within the cell wall that plays a role 

in these modifications (Underwood, 2012). The way in which PMEs and its substrate pectins play 

a role in these cell wall modifications will be discussed in Section 2.2.3. While the cell wall 

https://creativecommons.org/licenses/by/4.0/
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provides plants protection against abiotic and biotic stress, the way in which it does so is often 

variable depending on the stress. 

 

Biotic stressors are the result of damage to an organism by another living organism. In the context 

of this project, biotic stress is therefore defined as damage to a plant by another organism such as 

a virus, bacteria, fungi or insects among other forms of biotic stress. The cell wall can act either as 

a passive structural barrier or as an active defense barrier against biotic stress (Underwood, 2012). 

As a passive structural barrier, organisms such as fungi and bacteria must have appropriate host 

recognition strategies and the development of suitable infection structures and/or chemical tools 

in order to circumvent the cell wall and other preformed barriers and establish a relationship with 

the host plant. Alternatively, the plant cell wall can act as an active defense barrier for organisms. 

An active response is characterized by a signal cascade that occurs during an infection (Houston 

et al., 2016; Zhu, 2016).  

 

The cell wall can also act as a barrier to abiotic stress. Abiotic stress is a result of non-living factors 

such as extreme temperatures, drought, salt, flooding and heavy metal contaminants. When a plant 

is exposed to abiotic stress, there is an accumulation in ROS (reactive oxygen species) (Zhu, 2016). 

The accumulation of ROS can induce crosslinking phenolics and cell-wall glycoproteins such as 

expansins, and in turn the cell wall becomes increasingly rigid (Zhu, 2016). Stress also upregulates 

the expression of expansins and xyloglucan-modifying enzymes resulting in cell wall remodeling 

(Sasidharan et al., 2011). In addition, pectins which are particularly abundant in the primary plant 

cell wall, are of key interest to our proposed research as they modify the structure of the cell wall 

(Wu et al., 2018). Previous research into the role of pectins in mitigating the effects of various 

abiotic stresses has found pectins play a key role in modulating the structure of the cell wall in 

response to drought stress (Le Gall et al., 2015). Pectins also appear to play a key role in the 

response of plants to cold stress as an increase in PMEs has been observed in cold-acclimated 

plants including A. fistulosum and oil-seed rapeseed plants, which is correlated to an increase in 

the rigidity of the cell wall (Liu 2015; Solecka et al., 2008).  
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2.2 Pectin  

Within the cell wall, pectin is a critical component in a diverse range of areas including growth, 

morphology, development and defense (Mohnen, 2008). Pectin is typically abundant in the walls 

of cells that are growing and dividing, cells in portions of the plant that are softer, within the middle 

lamella and the corners of the cells (Mohnen, 2008). Pectin can also be found in the junction zone 

between cells with secondary cell walls such as xylem and fiber in woody plants (Tan et al., 2013; 

Mohnen, 2008; Albersheim et al., 1996).  

 

2.2.1 The Chemical Structure and Forms of Pectin  

Pectin is a family of polysaccharides whose base-structure is composed of covalently linked 

galacturonic acid-rich plant cell wall polysaccharides (Mohnen, 2008). Pectin is an umbrella term 

for a family of polysaccharides, the structure is also variable depending on the form of pectin. 

There are five members of the pectin family: 1) homogalacturonan (HG); 2) rhamnogalacturnon I 

(RG-I); 3) rhamnogalacturnon II (RG-II); 4) xylogalacturonan (XGA); and 5) apiogalacturonan 

(AP) (Mohnen, 2008). The structure of these five members is illustrated in Figure 2.2. These 

various forms of pectic polysaccharides are believed to be covalently crosslinked, as mentioned 

above. Furthermore, HG, RG-I and RG-II are believed to link via. their backbones (Coenen et al., 

2007; Nakamura et al., 2002; Ishii et al., 2001).  

 

HG is the most abundant form of pectin, comprising approximately 65% of all pectins (Mohnen, 

2008). HG is characterized by a linear polymer of -1,4-linked galacturonic acid, partially 

methylesterified at the C-6 carboxyl and may be O-acetylated at O-2 or O-5 (Jackson et al., 2007; 

MacKinnon et al., 2002). HG chains are typically 100 GalA residues in length, however shorter 

HG regions have been previously found interspersed between other forms of pectic 

polysaccharides (Yapo et al., 2007; Nakamura et al., 2002). Compared to the other members of the 

pectin family, HG is the least structurally complex (Mohnen, 2008).  

 

The second most abundant form of pectin is RG-I, which comprises 20-35% of pectins (Mohnen, 

2008). RG-I is characterized by a high degree of cell type and development-dependent expression 

in the number and form of components such as sugars and oligosaccharides attached to its 
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backbone of an --D-GalA-1,2-  -L-Rha-1-4-disaccharide repeat (Guillemin et al., 2005; Ridley 

et al., 2001; Willats et al., 2001a). Structural changes in RG-I have been associated with numerous 

things within the plant such as tissue type and ripening of fruit (Mikshina et al., 2015).  

 

Unlike HG, RG-II is the most structurally complex member of the pectin family, accounting for 

approximately 10% of pectins (Mohnen, 2008). Despite the structural complexity of RG-II, the 

structure is largely conserved across plant species (Mohnen, 2008). The structure of RG-II is 

characterized by an HG backbone that has at least eight 1,4-linked a-D-GalA residues with 

branched side chains containing 12 different types of sugars in over 20 different linkages (Mohnen, 

2008). In plant cell walls, RG-II usually exists as RG-II dimers crosslinked by a 1:2 borate diol 

ester between the apiosyl residues in side chain A of two RG-II monomers (O’Neill et al., 2004). 

RG-II dimers have the ability to cross-link HG domains to create a pectin network (Matsunaga et 

al., 2004). Despite not being the most abundant form of pectin, RG-II is critical to proper plant 

development and structure. For example, minor modifications have been found to reduce the 

formation of RG-II dimers, in turn causing dwarfism (Mohnen, 2008).  

 

The expression of the remaining two pectin varieties, XGA and AP, are more restricted. XGA has 

an HG backbone with a substitution at O-3 of a β-linked xylose, and this substitution sometimes 

occurs at O-4 as well (Mohnen, 2008; Zandleven et al., 2006). The final member of the pectin 

family, AP, is found in aquatic monocots and is a form of HG substituted at O-2 or O-3 with a D-

apiofuranose (Mohnen, 2008).  
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Figure 2.2 Chemical structures of the five types of pectin 

The above figure is an illustration of the chemical structure of the different forms of pectin that 

comprise the pectin family. Image from Leclere et al., 2013. Used under Creative Commons 

Attribution 3.0 Unported (https://creativecommons.org/licenses/by/3.0/).  

 

2.2.2 Pectin Biosynthesis  

Pectin biosynthesis begins in the Golgi, where synthesis occurs simultaneously in numerous Golgi 

stacks in the cell (Mohnen, 2008). More specifically, Mohnen (2008) outlined that within the Golgi 

stacks, pectin is synthesized within the Golgi lumen by Golgi-localized glycosyltransferases 

(GTs). GTs act by transferring glycosyl residues from nucleotide-sugars onto oligosaccharide or 

polysaccharide acceptors (Nebenführ & Staehelin, 2001). During this process there is 

compartmentalization of specific biosynthetic enzymes which allows for increasingly complex 

pectin polysaccharides to be produced through the cis, medial, and trans Golgi cisternae 

(Nebenführ & Staehelin, 2001). A total of 67 glycosyltransferase, methyltransferase and 

acetyltransferase activities are predicted to be required in the process of pectin biosynthesis 

(Mohnen, 2008). Following pectin biosynthesis in the Golgi, pectin is then targeted to the cell wall 

by the movement of Golgi vesicles along actin filaments with myosin motors (Nebenführ et al., 

1999). HG is then inserted into the cell wall as a highly methylesterified polymer (Pelloux et al., 

2008).   

 

https://creativecommons.org/licenses/by/3.0/
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2.2.3 Pectin Methyl Esterification  

Following the insertion of HG into the cell wall, modifications occur to the structure of HG which 

affect pectin hydrolysis and other properties such as pH, charge and crosslinking (Wormit and 

Usadel, 2018). Demethylesterification catalyzed by PMEs is one of the modifications that occurs 

to HG following insertion into the cell wall. The process of demethylesterification creates negative 

carboxyl groups on the HG as methanol and protons are released (Wormit & Usadel, 2018). 

Demethylesterification can occur in either a block-wise or non-block-wise manner, the differences 

between these two patterns plays a critical role in the structure of the cell wall (Braccini & Pé Rez, 

2001). The differences between both patterns of demethylesterification is illustrated in Figure 2.3. 

When block-wise demethylesterification occurs, meaning several GalA residues right next to each 

other are demethylesterified, the negatively charged carboxyl groups can form calcium bonds with 

other HGs (Braccini & Pé Rez, 2001). Braccini & Pé Rez (2001) refer to the structures these bonds 

created as “egg-box” structures. They form the underlying basis for pectin gels. These structures 

are also known to increase the amount of bound water, helping to maintain the hydration of the 

cell wall, consequently increasing cell wall rigidity (White et al., 2014; Ha et al., 1997). In this 

instance, increased cell wall rigidity is a result of turgor pressure exerted on the cell wall (Alberts 

et al., 2002). In contrast, non-block-wise demethylesterification (partial or random 

demethylesterification) results in pectin that becomes targeted by pectin-degrading enzymes 

(Wormit & Usadel, 2018). This paper reported the degradation of pectin by enzymes such as 

pectate or pectin lyases can hinder the structural integrity of the cell wall.  

 

Demethylesterification of HG by PMEs is highly regulated at 4 levels: 1) transcriptional, 2) protein 

processing and degradation, 3) pH of the cell wall environment and 4) PMEI’s (Levesque-

Tremblay et al., 2015; Sénéchal et al., 2014; Voiniciuc et al., 2013; Wolf et al., 2009; Pelloux et 

al., 2007; Juge, 2006). PMEIs are members of large multigene families, with 71 PMEI genes 

having been identified in Arabidopsis and 97 PMEI genes in Brassica rapa (Tan et al., 2018; Wang 

et al., 2013). The regulation of PMEs by PMEIS is critical in controlling the demethylesterification 

of HG, and in turn the structural consequences of demethylesterification. Failure to regulate this 

process could have detrimental consequences to the structure of the cell wall (Wormit & Usadel, 

2018; Hong et al., 2010).  
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PMEIs and PMEs are also capable of responding to both abiotic and biotic stresses and regulate 

the demethylesterification of pectin accordingly (Wormit & Usadel, 2018). During biotic stress, 

the role of PMEIs is characterized as a dynamic modulation of the PMEs activity with the degree 

of methylesterification determining the susceptibility of pectins within the cell wall to targeting by 

pectin degrading enzymes (Lionetti et al., 2012). With respect to the role of PMEIs in response to 

abiotic stress, one example of changes in PMEI expression occurs during cold acclimation. In cold 

acclimated plants such as oil-seed rape leaves and A. fistulosum, enhanced PME activity has been 

observed (Liu, 2015; Solecka et al. 2008). Increased PME likely results in increased rigidity which 

may be beneficial to plants under cold stress (Le Gall et al., 2015).  

 

 

 

Figure 2.3 Demethylesterification of homogalacturonan by pectin methylesterase 

PMEs influence the rigidity of the cell wall through the demethylesterification of 

homogalacturonan (HG). Random demethylesterification, also known as non-blockwise 

demethylesterification results in cell wall loosening, with methyl groups interspersed with GalA 

residues. As a result, low-methylesterified (LM) HG is depolymerized by polygalacturonase (PG) 

and pectin lyase (PL) resulting in the formation of oligogalacturonides (OG). Blockwise 

demethylesterification results in several consecutive GalA residues without methyl groups. The 

string of GalA residues, (the HG backbone), carries a negative charge. Calcium, a cation, can then 

crosslink with the GalA and form “egg-box” structures which increases cell wall rigidity as the 

pectin forms a gel. PMEI inhibits PME. Image from Wormit and Usadel (2018). Used under 

Creative Commons Attribution 4.0 International (https://creativecommons.org/licenses/by/4.0/).  

https://creativecommons.org/licenses/by/4.0/
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2.3 Calcium  

Calcium is an essential macronutrient in plants, making up between 0.1-5% of the dry weight of a 

shoot (White & Broadley, 2003; Marschner, 1995). In general, as a divalent cation, Ca2+ has a 

structural role within the cell wall and membranes, a role as a counter-cation in the vacuole, in 

addition to one as a secondary messenger in the cytosol (White & Broadley, 2003; Burstrom, 

1968). Given the role of calcium in numerous functions within the plant, it is crucial to ensure that 

calcium is present at an adequate concentration within the plant. Like the majority of nutrients, 

calcium is taken up from the soil by the roots and delivered to the shoots via. the xylem (White & 

Broadley, 2003). More specifically, this paper outlines that calcium enters plant cells through Ca2+ 

permeable ion channels found within the plasma membrane.   

 

The uptake of calcium is highly regulated in order to prevent the accumulation of toxic cations 

(Thor, 2019). Following uptake from the roots, one common and widely accepted model outlines 

that Ca2+ moves in the apoplast from the epidermis through the cortex and finally through to the 

casparian strip of the endodermis (White, 2001). Previously, Schreiber et al. (1999) have outlined 

that the casparian strip forms a barrier around endodermal cells. As the barrier is mainly composed 

of suberin and lignin, Ca2+ is required to enter the cytosol of the endodermal cells through protein 

channels before it can be exported to the apoplast (Thor, 2019; Schreiber et al., 1999).  

 

While highly regulated, rapid influxes of Ca2+ ions through their respective cation channels do 

occur in order to initiate cellular processes in response to a range of developmental cues and 

environmental stresses. One example of this is the influx of Ca2+ that occurs as a result of abscisic 

acid, thus inducing stomatal closure (MacRobbie, 1992). As previously mentioned, calcium 

influxes are also tied to environmental stresses, and there is a lot of evidence of Ca2+ influxes in 

response to salt stress. Increased calcium has been closely tied to salt stress resistance (Etehadnia 

et al., 2010; Etehadnia et al., 2008; Shaterian et al., 2005). Calcium also plays an important role as 

a signalling molecule in drought stress resistance, with Knight et al. (1997) observing changes in 

the Ca2+ during drought stress.  

 

In Arabidopsis there are estimated to be over 250 calcium sensors (Day et al., 2002). The three 

main families of calcium sensors are: 1) calcineurin B-like protein (CBLs), 2) calmodulin (CaM), 
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and calmodulin-like proteins (CMLs) and 3) calcium-dependent protein kinases (CPKs) and the 

calcium and calmodulin-dependent protein kinase (CCaMK) (Wang et al., 2015; Bender & 

Snedden, 2013; Luan, 2009; Yang & Poovaiah, 2003; Cheng et al., 2002). In general, the role of 

these sensors is to transduce Ca2+ signals which in turn cause the downstream target to be 

phosphorylated, triggering a response to the drought stress (Hepler, 2005; Burstrom, 1968; Jones 

& Lunt, 1967). This is a general overview of the importance and role of Ca2+ as a signalling 

molecule. While this role of calcium should not be disregarded, this thesis focuses on the structural 

role of calcium.  

 

2.3.1 The Structural Role of Calcium  

Calcium plays a key role in the structure of cells, as it is well known to influence the rigidity of 

the cell wall through the formation of cross-linkages to deesterified pectin in the middle lamella 

(Thor, 2019). In addition to providing structure to the cell wall, Marschner (1995) and Hepler 

(2005) have both described the role of Ca2+ in stabilizing cell membranes through interactions with 

phospholipids. Based on these principles, it is well understood that a reduced calcium content 

weakens the cell wall (Thor, 2019).  

 

2.3.2 The Influence of Calcium on Homogalacturonan- The Egg-Box Model  

The interaction between calcium ions and blocks of galacturonic acid has been well characterized, 

and the gelatinization of pectin has been found to result from the formation of these strong bonds 

(Ravanat & Rinaudo, 1980). Previous research by that group found when these bonds occur within 

pectin, calcium induces chain-chain associations which constitute the formation of junctions that 

are responsible for pectin gel formation. These junction zones form “egg-box” structures as 

described by the “egg-box model” and are characterized as two helical chains of galacturonic acids 

with calcium ions in between (Figure 2.4) (Braccini & Pé Rez, 2001; Ravanat & Rinaudo, 1980). 

These calcium cross-linkages are well known to influence the rigidity of the cell wall, and in 

general help maintain the structure of the cell wall (Thor, 2019; Alberts et al., 2002).  
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Figure 2.4 Formation of “egg-box” structures 

Homogalacturonan that is demethylesterified in a blockwise manner results in a string of GalA 

residues. These blocks of GalA are capable of crosslinking with calcium and forming junction 

zones referred to as “egg-box” structures as indicated by the box in the image on the left. Image 

from Fu et al., 2011. Copyright permission obtained from Springer Nature.  

 

2.4 Boron  

Unlike calcium, boron is considered an essential micronutrient, however boron still plays a critical 

role in the proper physiological functioning of higher plants (Brown et al., 2002). Boron is required 

for optimum growth, development, yield and overall quality of crops (Shireen et al., 2018). Boron 

is similar to calcium in terms of its importance in the structural integrity of plant cells (Matoh, 

1997). Hu and Brown (1994) demonstrated the importance of boron in the plant cell wall through 

their findings showing that in tobacco and squash, 95-98% of boron present within the plant is 

found in the cell wall. The structural role of boron is further outlined in Section 2.4.1. 

 

In addition to boron’s role in maintaining structural integrity, boron also influences ion activity 

within plants (Goldbach & Wimmer, 2007). While adequate levels of B enhance plasma membrane 

hyperpolarization, limited B alters membrane potential and reduces H+ -ATPase activity and this 

direct influence of B on plasma membrane-bound proton-pumping ATPases influences ion fluxes  

(Goldbach & Wimmer, 2007; Lawrence et al., 1995). This change in ion flux as a result of boron 

was demonstrated in Vicia faba as a variety of ions fluctuated including H+, K+, Rb+ and Ca2+ as a 

result of B-deficient conditions (Robertson & Loughman, 1973). Boron also plays an important 

role in cell division and elongation, as well as numerous other functions outside the scope of this 

project (Dell & Huang, 1997).  
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2.4.1 The Structural Role of Boron and RG-II Dimers  

As previously mentioned, boron plays an important role in maintaining the structural integrity of 

plant cells. Within the cell wall, boron is cross-linked with pectin assembly, glycosylinositol 

phosphorylceramides (GIPCs) and RG-II (Voxeur & Fry, 2014).  

 

These cross-linkages are known to control the tensile strength and the porosity of the cell wall 

(Ryden et al., 2003; Fleischer et al. 1999). O’Neill et al. (2004) further confirmed that in plants, 

the main role of boron is structural as a result of borate-diol ester cross-links to RG-II. These 

borate-diol ester cross-links are known to link RG-II monomers, thus creating RG-II dimers 

(O’Neill et al., 2004). More specifically, RG-II dimers form as a result of ester bonds between a 

boron atom and the apiosyl residue of side chain A in RG-II (Ishii et al., 1999). Furthermore, due 

to the nature of pectin, RG-II dimers cross-linked with boric acid has the added benefit of 

covalently cross-linking the two HG chains in which the RG-II molecules are attached (Ishii & 

Matsunaga, 2001). This series of linkages, in addition to the previously described cross-links 

between HG and Ca2+ results in the formation of a 3D pectin network (O’Neill et al., 2004).  

 

While the general understanding behind the formation of RG-II dimers is well founded, many 

questions remain regarding dimer biosynthesis. For example, the timing and location for the 

formation of RG-II dimers is unknown. Funakawa and Miwa (2015) explored various locations 

where these structures may form. They first outlined that since RG-II is known to be synthesized 

in the Golgi, the most plausible explanation is that RG-II dimers form in either the Golgi or the 

apoplast However, that hypothesis posed by them raises more questions. Initially this group 

explored the idea that RG-II dimers form within the Golgi, prior to RG-II being secreted into the 

apoplast. The drawback with that hypothesis is it remains unclear how the complex structure of 

RG-II is then incorporated into HG chains. Alternatively, if RG-II dimers are formed within the 

apoplast, it is unknown how RG-II monomers would be able to find each other (Funakawa & 

Miwa, 2015). In boron sufficient conditions, more than 90% of RG-II exists in dimers confirming, 

their importance, however it is unclear how this level of dimer formation could be reached if the 

dimers form within the apoplast (Funakawa & Miwa, 2015).  
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In addition, while numerous studies have identified enzymes responsible for the formation of RG-

II monomers, there are no currently known enzymes that are responsible for catalyzing the 

formation of RG-II dimers (Funakawa & Miwa, 2015). An experiment by O’Neill et al. (1996) has 

also observed that borate cross-linking can occur only with isolated RG-II and boric acid if divalent 

cations are present, thus supporting the notion that no enzymes are required for the formation of 

RG-II dimers. However, this study was conducted in vitro (O’Neill et al., 1996). Despite the 

questions that remain regarding fine details behind the formation of RG-II dimers, its critical role 

in the structure of the cell wall has been confirmed through a range of experiments. In plants 

deficient in B, 80-90% of the total amount of RG-II was found as a monomer (in contrast to the 

normal 80% of RG-II chains in dimer form) and cell wall swelling was observed in addition to the 

formation of small and irregular shaped cells (Ishii et al., 2001). This group also found that the 

formation of RG-II dimers determines cell wall thickness in pumpkin tissue.  

 

 

 

Figure 2.5 Formation of RG-II dimers 

Boron plays a critical role in cell structure. Boron forms cross-links with the polysaccharide 

rhamnogalacturonan II (RG-II). RG-II, a 5-10kDa polysaccharide composed of D-galactose along 

with 11 other glycosyl residues has been found to exist as a dimer through a covalent crosslinking 

with a borate diester. Cross-linking of RG-II is critical for plant development as it is required for 

the formation of a 3D pectin network in the cell wall. Image from Breydo, 2013. Copyright 

permission obtained from Springer Nature.  
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2.5 Abiotic Stress  

Abiotic stresses are characterized by environmental stresses and include drought, cold stress and 

other extreme temperatures, salinity and heavy metals. The need to gain further understanding into 

how plants respond to abiotic stresses is critical to ensure the demand for food is met in the face 

of climate change. Weather events such as increased occurrence and intensity of drought and heat 

waves are just two examples of weather events resulting from climate change that affect plant 

growth and yield, and in turn are of critical importance as global climate change is already having 

a large impact on not only temperature but also on rainfall and extreme weather scenarios (Food 

and Agriculture Organization of the United Nations, 2009).  

 

2.5.1 Drought Stress  

As a result of growing population, the expansion of agriculture and growth in the energy and 

industrial sectors, the demand for water has increased (Food and Agriculture Organization of the 

United Nations, 2009). These factors paired with climate change and contamination of water 

supplies have further contributed to water scarcity (Dai, 2013; Mishra & Singh, 2010). As a result, 

the severity and frequency of droughts has increased. While over one half of the earth’s terrestrial 

space is vulnerable to droughts, within Canada, the Prairies are at an increased risk of drought due 

to the high variability in precipitation both in time and space within the region. At least 40 long-

duration droughts have occurred in Western Canada over the past two-hundred years (Dotto et al., 

2010). In the 1890’s, 1910’s, 1930’s, 1960’s and the 1980’s multi-year droughts occurred in 

southern regions of Alberta, Manitoba and Saskatchewan (Hanesiak et al., 2011). One of the most 

severe droughts experienced in the Prairies occurred in 2001 and 2002, with a weather station in 

Saskatoon, SK, showing a 46% decrease in the average annual precipitation (Wittrock et al., 2002). 

While drought stress also occurs in Eastern Canada, the droughts in regions such as southern 

Ontario and Quebec, are usually shorter, smaller in area, less frequent and less intense (Bonsal et 

al., 2011).   

 

The impact of drought stress on plant function is primarily related to reduced carbon fixation that 

occurs during a period of drought, this can affect plant growth depending on other variables such 

as the length of the drought (Alizadeh et al., 2014). In addition, this paper explained that during 

drought stress, plants will close their stomata, leading to increased resistance to CO2 diffusion 
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from the leaves and reduced water loss. While there is an understanding of some of physiological 

mechanisms employed by plants to adapt to drought such as cuticular waxes, the role of the cell 

wall as a physical barrier to water loss has been relatively unexplored (Rahman et al., 2021).  

 

2.5.1.1 Calcium and Drought Stress Tolerance  

While the role of calcium in drought stress tolerance is well outlined, the vast majority of the 

literature has focused only on the role of calcium in physiological and cellular processes, as well 

as its role as a signalling molecule. There are few papers exploring the structural role of calcium 

in relation to drought stress tolerance.  One example of the structural role of calcium in drought 

stress tolerance is the relationship between Ca2+ and polyamines (Ma et al., 2005). Along with 

pectin, polyamines play an important role in the structure of the cell wall, as they help to maintain 

the thickness of the cell wall through the strengthening of bonds (Berta et al., 1997). Ma et al. 

(2005) found that exogenous Ca2+ may have modified endogenous polyamine levels during 

drought stress in bread wheat, contributing to increased drought stress resistance. Calcium 

application has also been found to help stabilize the structure and function of chloroplasts, 

mitochondria and the endomembrane system in mesophyll cells (Hu et al., 2018).  

 

While these papers are evidence that calcium plays a structural role in improving resistance to 

drought stress, the link between pectin, calcium cross-linkages and how the resulting structural 

changes influence drought stress does not appear to have been well explored. A handful of papers 

have shown that pectin, and the side chains present do influence tolerance to drought stress in 

wheat cultivars (Konno et al., 2008; Leucci et al., 2008; Piro et al., 2003). HG has also been shown 

to play an important role in increasing resistance to desiccation in a green algae species (Herburger 

et al., 2019). In addition, the degree of pectin methylation has been shown to influence water 

holding capacity, with reduced methylation (which is required for “egg-box” structure formation) 

being shown to increase water holding capacity (Willats et al., 2001b). They also showed the 

addition of calcium to pectin gels influences the water holding capacity. However, there is a need 

to explore these concepts in a whole plant system.   
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 2.5.1.2 Boron and Drought Stress Tolerance  

While even more limited than the current body of literature exploring the role of calcium in 

mitigating drought stress, boron has also been implicated in current literature for its role in 

enhancing drought stress tolerance in a range of crops. However, as observed with calcium, there 

is an absence of research examining the impact of the structural role of boron on the cell wall and 

the influence this may have on tolerance to drought stress.  

 

With that being said, one of the roles in which boron has been implicated to increase tolerance to 

drought stress is through enhanced gene expression and antioxidant enzyme activity (Aydin et al., 

2019). Aydin et al. (2019) found that in drought stressed tomatoes, boron in combination with 

polyethylene glycol (PEG) increased the transcription of stress related genes. They also found that 

chlorophyll content increased in plants that received boron and PEG. The antioxidant defence 

system has also been shown to benefit from the application of boron when plants are under drought 

stress (Naeem et al., 2018). This group observed that an up-regulation of the antioxidative defense-

system in drought stress maize that had received boron. The application of boron in drought stress 

maize was also found to improve the water status within the plant, photosynthetic capacity and 

tissue-B concentration (Naeem et al., 2018). Both wheat and winter wheat have been found to have 

enhanced drought stress tolerance as a result of boron application (Abdel-Motagally & El-Zohri, 

2018; Karim et al., 2012). RG-II, as well as RG-I, has also been shown to be important in drought 

stress resistance. Leucci et al. (2008) compared wheat cultivars with varying tolerances to drought 

and they found that cultivars with increased drought stress tolerance had a larger quantity of RG-

I and RG-II side chains. They proposed this is likely the result of the pectin forming hydrated gels, 

which in turn limited damage to cells during drought stress.  

 

In addition, in Arabidopsis, the MUR1 gene has been associated with the fucosylation of side chain 

A in RG-II, which is critical to the proper formation of RG-II dimers (Reiter et al., 1993). The 

proportion of RG-II dimers in the mur1 genotypes was also found to decrease by approximately 

50%, in comparison to the wild-type line where RG-II dimers accounted for around 95% of RG-II 

within the cell walls (Reuhs et al., 2004). In addition, Panter et al. (2019) found that the mur1 

genotype was sensitive to freezing stress, however the application of boric acid improved 

resistance to freezing stress. The increased ability for mur1 to tolerate freezing stress following 
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supplementation with boric acid is suggestive of the importance of RG-II dimer formation in 

tolerance to this stress (Panter et al., 2019). Prior studies had also confirmed mur1 was associated 

with reduced RG-II borate cross-linkages, as the mur1 phenotype was restored with boron 

application (Feng et al., 2018; Sechet et al., 2018; Voxeur et al., 2017; Ryden et al., 2003; O’Neill 

et al., 2001). While Panter et al. (2019) examined freezing stress, dehydration stress and freezing 

stress share overlapping characteristics in relation to cellular water loss. Thus, RG-II dimer 

formation does likely also play an important role in dehydration stress tolerance. However, further 

studies should be done exploring the role of boron, RG-II and dehydration stress tolerance.  

 

2.5.1.3 PME/ PMEI and Drought Stress  

While seemingly convoluted, the over-expression of both PME’s and the corresponding inhibitors 

such as PMEI’s have been found to enhance drought stress tolerance in various crops. Focusing 

first on PME, proper stomatal functioning has been closely tied to de-methylesterification of pectin 

(Amsbury et al., 2016). They observed PME6 was highly expressed in Arabidopsis guard cells and 

was essential for the proper functioning of the stomata. Furthermore, Amsbury et al. (2016) 

showed in pme6-1 mutants, the ability for stomata to adequately function was decreased as a result 

of higher levels of methylated pectin and the resulting smaller dynamic range in movement caused 

decreased growth under drought stress condition. Similarly, Yang et al. (2020) found the over-

expression of PtoPME35 in Arabidopsis, a PME gene from poplar trees, decreased water loss 

during drought stress through the inhibition of stomatal opening.  

 

In contrast to these results, An et al. (2008) found over-expression of CaPMEI1 in Arabidopsis, a 

PMEI found in pepper, enhanced drought stress tolerance.  These findings are interesting when 

compared to those outlined above as PMEI’s inhibit PME. While the results from Amsbury et al. 

(2016) and Yang et al. (2020) found that increased de-methylation of pectin enhanced drought 

stress tolerance, the over-expression of CaPMEI1 in Arabidopsis which likely has increased pectin 

methylation, was also found to enhance drought stress tolerance (An et al., 2008). The 

contradictions may be indicative of functional variation within the wide range of PME’s and 

PMEI’s (Wormit & Usadel, 2018; Wang et al., 2013).  
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2.6 Biotic Stress  

Biotic stress is a category of stress caused by living organisms such as fungi, bacteria and viruses. 

Biotic stresses can affect plants through multiple different means such as through the release of 

toxin enzymes or nutrient deprivation. The release of these enzymes and/or nutrient deprivation 

can lead to reduced plant vigor, yield and/or death (Gimenez et al., 2018) There is a wide range of 

biotic stresses that can affect plants that are significant in the agriculture industry, however this 

section will focus on Botrytis cinerea and Colletotrichum higginsianum.   

 

2.6.1 Botrytis cinerea  

Botrytis cinerea (B. cinerea), an ascomycete fungus, is an extremely destructive fungal pathogen 

(Boddy, 2016). Boddy (2016) further expanded on the catastrophic nature of B. cinerea, outlining 

this pathogen is capable of infecting over 200 plants species and causing losses of $10 to $100 

billion (USD) annually. Furthermore, B. cinerea is able to persist in greenhouses as conidia, 

mycelia or sclerotia, as well as year-round outdoors on living or dead plants. Both sclerotia and 

conidia can also survive in soil (Gleason & Helland, 2003). Conidia (a type of spore) can also 

easily travel through the air, allowing for widespread distribution (Gleason & Helland, 2003). 

Given the wide-spread nature of B. cinerea, it is one of the most commonly studied nectrotrophic 

plant pathogens (Boddy, 2016).  

 

The necrotrophic nature of B. cinerea further contributes to its devastating consequences since 

unlike biotrophs, necrotrophic pathogens do not rely on the host being alive to complete their 

lifecycle. A B. cinerea infection begins when asexual spores land on a plant surface (Boddy, 2016). 

The conidia will form a germ tube within 2-4hr post-inoculation, while the appressoria along with 

the penetration peg will form within 8hr post-inoculation (Figure 2.6) (Chakraborty, 2015). The 

formation of the appressoria and penetration peg will allow for entrance to the cuticle (Williamson 

et al., 2007; Boddy, 2016). However, unlike the appressoria formed in Colletotrichum species or 

Magnaporthe, the appressoria produced by B. cinerea do not have a wall that seals the 

appressorium from the germ tube (Boddy, 2016; van Kan, 2006; De Jong, 1997). The lack of this 

wall means that while appressoria produced by Magnaporthe species for example can penetrate 

the host by physical pressure alone through the generation of high amounts of osmotic pressure, 

B. cinerea does not have this ability (van Kan, 2006). In order to compensate, B. cinerea release a 
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range of enzymes such as cutinases and lipases, while the tip of the penetration peg produces H2O2 

(Boddy, 2016).  

 

Alternatively, a B. cinerea infection can also occur via. mycelium. Infection from mycelium is 

different because as opposed to conidia landing on the surface and forming an appressoria, 

penetration occurs in a different manner (Choquer et al., 2007). Penetration via. mycelium occurs 

as a result of hyphae growing and becoming aggregated together (Choquer et al., 2007). These 

aggregates have been described as “claw-like” and similar to “infection cushions” and “complex 

appressoria” which occur as a result of a Sclerotinia sclerotiorum infection (Jurick & Rollins, 

2007; Kunz et al., 2006; Hegedus & Rimmer, 2005). Toxins will still be released to facilitate the 

infection and cell death, as outlined in the above paragraph. 

 

Once B. cinerea breaches the cuticle, the penetration peg will search for an epidermal cell and 

from there grow into the pectin-rich cell wall of the epidermal cell (Boddy, 2016). This typically 

occurs 16-24hr post-inoculation (Figure 2.6) (Chakraborty, 2015). While pectin is an important 

component in the structure and function of the cell wall, ironically plant species with high pectin 

contents are more susceptible to B. cinerea infections (Boddy, 2016). They go onto explain that B. 

cinerea has a well-established and effective pectinolytic machinery, thus plant species with low 

pectin contents in their cell walls are poor hosts for B. cinerea. Despite this drawback, B. cinerea 

is highly resourceful with the ability to establish infections in incompatible hosts (Petrasch et al., 

2019). While in compatible hosts, B. cinerea is able to induce a rapid death in the host, in non-

compatible hosts B. cinerea will establish a quiescent infection (Petrasch et al., 2019). B. cinerea 

can then begin to turn a non-compatible host into a compatible one through the suppression of the 

immune system (Boddy, 2016).   

 

As B. cinerea is a necrotroph, the fungal pathogen seeks to kill the host plant. B. cinerea has a 

large arsenal of various chemicals that it utilizes to cause cell death in the host and in compatible 

hosts, B. cinerea begins to kill the host during cuticle penetration and the formation of the primary 

lesion (Boddy, 2016). During this time, B. cinerea triggers an oxidative burst in the host resulting 

in an accumulation of free radicals and ultimately cell death in the host (Petrasch et al., 2019; 

Boddy, 2016). As previously mentioned, in non-compatible hosts, the immune system is 
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suppressed through the production of small RNA (sRNA) molecules which will silence genes in 

the host (Boddy, 2016). Around 24-48hr post-inoculation, the H2O2 concentration in the mesophyll 

cell layers will increase as a result of the ROS released from the pathogen in order to help kill the 

host plant (Figure 2.6) (Chakraborty, 2015). During B. cinerea infections, the fungus will also 

obtain nutrition through the plant cell wall, releasing cellulases and hemicellulases to first 

decompose it (Romanazzi & Feliziani, 2014).  

 

 
 

Figure 2.6 Developmental stages of Botrytis cinerea infection 

 

Developmental stages of a Botrytis cinerea infection occurring from mycelium. 1) Hyphae grow 

on the surface of the host plant. Hyphae growing on the surface of the plant will also begin to 

aggregate, forming “claw-like” structures, similar to infectious cushions from other pathogens. In 

this figure, those aggregates are labelled infectious cushions. These structures allow for penetration 

into the host. 2) Hyphae continue to grow through plant tissues and begin to infect epidermal cells. 

3) Growth of hyphae continues, invading mesophyll cells. Reactive oxygen species begin to 

accumulate, contributing to the appearance of necrotic tissue. Figure based on information 

obtained from Peters, 2015 and Choquer et al., 2007.  

 

2.6.1.1 Current Management Practices for Botrytis cinerea  

Currently, the most common management practice to control B. cinerea infections is the use of 

synthetic fungicides throughout the growing cycle (Romanazzi & Feliziani, 2014). When selecting 
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a fungicide(s) to control B. cinerea, there are several families of synthetic fungicides that are 

effective in controlling B. cinerea. Fungicides effective in the management of B. cinerea can be 

classed into the following categories based on biochemical mode of action: fungicides affecting 

fungal respiration, microtubule function, osmoregulation methionine biosynthesis or sterol 

biosynthesis (Romanazzi & Feliziani, 2014). Despite the current reliance on synthetic fungicides, 

B. cinerea has been classified as a “high-risk” pathogen as a number of variants have popped up 

that are resistant to a range of fungicides used for B. cinerea management such as:  fenexamide, 

boscalid and pyraclostrobin, carbendazim, pyrimethanil, cyprodinil, iprodione, procymidone, 

diethofencarb and fluazinam (Romanazzi & Feliziani, 2014). While synthetic fungicides are the 

most common approach, there has been a push to develop management practices outside of 

synthetic fungicides (Romanazzi & Feliziani, 2014). There are 4 main alternative management 

practices: 1) biological control agents (BCAs), 2) natural compounds, 3) compounds generally 

recognized as safe (GRAS), and 4) physical methods alone or in combination with the other 

alternative practices.  

 

2.6.1.1.1 Boron and Botrytis cinerea  

In general, there is little information available regarding the use of boron in controlling plant 

pathogens including B. cinerea. Even though boron-deficient plants are known to have a range of 

physiological and biochemical issues including changes in cell wall structure and membrane 

integrity (Marschner, 1995). Nevertheless, there are a few studies that have explored the use of 

boron, primarily as a foliar spray, in mitigating B. cinerea. Qin et al. (2010) found that in table 

grapes, the application of boron strongly inhibited not only the germination of B. cinerea spores 

but also reduced germ tube elongation and mycelial spread. Furthermore, this group found that the 

application of boron led to the leakage of cellular constituents from B. cinerea hyphae, allowing 

for the cytoplasmic materials to leak out from the hyphae, ultimately destroying the hyphae. It was 

proposed that the breakdown of hyphae as a result of boron application may be the result of the 

boron disrupting the cellular membrane of B. cinerea (Qin et al., 2010). Another horticulture crop 

that has been shown to benefit from boron application in relation to B. cinerea is strawberries 

(Wójcik & Lewandowski, 2003). Wójcik and Lewandowski (2003) found that when calcium and 

boron were applied together, strawberry plans were more resistant to rot from Botrytis.   
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2.6.1.1.2 PME/ PMEI and Botrytis cinerea  

Numerous papers have implicated the role of PMEI’s in reducing susceptibility against B. cinerea. 

For example, Lionetti et al. (2007) observed that in Arabidopsis plants over-expressing PMEI-1 

and PMEI-2, there are increased resistance to B. cinerea. They found increased resistance to B. 

cinerea in AtPMEI-1 and AtPMEI-2 was found to be the result of B. cinerea’s impaired ability to 

grow on methylesterified pectin. Collectively in AtPMEI-1 and AtPMEI-2, the degree of pectin 

methylesterfication was increased by approximately 16% (Lionetti et al., 2007). PMEI-10, PMEI-

11 and PMEI-12 have also been identified as PMEI’s that are induced in Arabidopsis infected with 

B. cinerea and are suggested to play a role in maintaining the structural integrity of the cell wall 

during an immune response (Lionetti et al., 2017). This group observed that in pmei10, pmei11 

and pmei12 mutants, when pectin methylesterification decreased, susceptibility to B. cinerea was 

increased.  

 

Both PMEI’s and PME’s appear to play a role in disease resistance despite the opposing effects of 

the two on methylation in pectin. Del Corpo et al. (2020) found that in Arabidopsis, PME-17 plays 

a critical role in the response to B. cinerea. They established that PME-17 plays a role in immune 

protection against B. cinerea through both its contribution to pathogen-induced PME activity and 

its ability to trigger jasmonic acid-ethylene-dependant PDF1.2 expression. After 48hr, the lesion 

size in the wild-type line were approximately 3mm2, while lesions in pme17-2 and pme17-3 were 

around 6mm2 (Del Corpo et al. 2020). This group emphasized the importance of PME-17 for an 

adequate immune response during a B. cinerea infection. Del Corpo et al. (2020) also identified 

that PME-17 demethylesterify HG in a block-wise manner thus allowing for the formation of “egg-

box” structures. Despite this, they did not specifically investigate the role of these structures and 

their influence on cell wall integrity in relation to their results. Nevertheless, this paper suggested 

that AtPME-17 may mechanically reinforce the cell wall and in turn counteract the ability for B. 

cinerea to breach the cell wall (Del Corpo et al., 2020). However, as B. cinerea is known to heavily 

rely on pectinolytic machinery to penetrate the cell wall as it lacks the ability to penetrate with 

physical pressure alone, this proposed idea raises some questions (Boddy, 2016). 

 

In contrast, Raiola et al. (2011) found that PME-3 is important to the ability of B. cinerea to 

successfully colonize its host. PME-3 was found to be rapidly expressed during B. cinerea 
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infections in Arabidopsis, thus acting as a susceptibility factor for the plant (Raiola et al., 2011). 

Overall, the opposing findings with regards to the role of PME and PMEI in B. cinerea infections 

is suggestive that while on the surface the role of PME and PMEI appear well understood, the 

relationship between these two and their effect on B. cinerea infections is complex and more 

research in this area is required.  

 

2.6.2 Colletotrichum higginsianum 

Unlike B. cinerea, Colletotrichum higginsianum (C. higginsianum) is a hemibiotroph, meaning it 

combines strategies characteristic of biotrophs and necrotrophs (Yan et al., 2018). As a 

hemibiotroph, the initial phase of a C. higginsianum infection is similar to a biotroph in the sense 

that the invading pathogen will suppress both the immune system and induce cell death in the host 

to allow for the spread of hyphae (Figure 2.7) (Yan et al., 2018; De Silva et al., 2017). Once C. 

higginsianum has successfully spread its hyphae, there is a switch to a necrotrophic phase (Figure 

2.7) (Yan et al., 2018). These previous papers further outlined that the necrotrophic phase is 

characterized by the release of toxins including enzymes that induce damage within the host and 

result in the death of the infected plant (Figure 2.7). More specifically, the hemibiotrophic portion 

of the C. higginsianum lifecycle begins when conidia land on the surface of the leaf, and in turn 

produce appressoria which penetrate the surface of the leaf (Yan et al., 2018). Following the breach 

of the leaf surface by the appressoria, they will begin to mature which is partially characterized by 

the appressoria becoming melanized while solutes accumulate in the cytoplasm, then, unlike B. 

cinerea, extremely high turgor pressure with the appressorium allows the peg to penetrate the cell 

wall by physical force alone (Yan et al., 2018).  

 

Once the epidermal cell is breached, the hyphae continue to grow and remain biotrophic hyphae. 

Within 36-40hr of the infection, C. higginsianum establishes itself as a biotroph (Yan et al., 2018). 

As with all biotrophs, the host tissue is still alive and at this point in the infection, the infected cells 

of the host plant remain functional. 72hr after the infection began, as additional cells are colonized 

by the infection, there is a switch where the once biotrophic hyphae become necrotrophic (Yan et 

al., 2018). This is a classic characteristic of hemibiotrophic pathogens, a switch from a biotrophic 

infection to a necrotrophic infection. The growth of necrotrophic hyphae results in necrotic lesions 

with a “water-soaked” appearance approximately 84hr post infection (Münch et al., 2008). These 
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lesions play a critical role in allowing C. higginsianum to spread to other plants as an acervuli form 

on these lesions and begin producing conidia (Yan et al., 2018).   

 

 

 

Figure 2.7 Developmental stages of Colletotrichum higginsianum infection  

The process of a Colletotrichum higginsianum broken down into five steps. 1) ~24hr post infection, 

the appressoria forms from spores that adhered to the cuticle of the host plant. A germ tube is also 

formed. This is the pre-penetration phase. 2) Following pre-penetration, the penetration phase will 

occur. During this stage and infectious vesicle forms. The cells of the host plant remain alive at 

this stage. 3) ~48hr post infection, biotrophic hyphae form. Effectors will be secreted. The host 

remains alive during this phase, while the pathogen obtains nutrients from the plant. 4) ~60hr post 

infection, the necrotrophic phase begins to occur, and cells begin to die. 5) ~70hr post infection 

necrotrophic hyphae continue to spread into surrounding cells and directly penetrate the host 

cytoplasm. Additional host cells are killed during this phase. Figure based on information obtained 

from Jayawardena et al., 2021 and Yan et al., 2018.  

 

2.6.2.1 Current Management Practices for Colletotrichum higginsianum 

The Colletotrichum genus is similar to B. cinerea in the widespread and devastating consequences 

of its infections (Dowling et al., 2020). Colletotrichum has been described as one of the most 

economically important types of fungi given that it is capable of infection over 3,200 species of 

monocots and dicots (Nyombi, 2019). While typical losses due to Colletotrichum infections are 

known to cause post-harvest losses of up to 100% (Machado et al., 2014; Ademe, 2013). 
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Colletotrichum higginsianum is known to infect species in the Brassicaceae family which includes 

Brassica napus (B. napus, rapeseed), a crop that holds significant economic value (Dowling et al., 

2020).  

 

Despite the opportunity for wide scale devastation of rapeseed as a result of a C. higginsianum 

infection, literature regarding current management strategies specific to C. higginsianum is scarce. 

However, in general, Colletotrichum species, like B. cinerea are primarily managed by fungicides 

(Dowling et al., 2020). As a result of the heavy reliance on fungicides to manage this pathogen, 

Colletotrichum species have developed and are continuing to develop resistance to various 

fungicides that were once effective. In addition to relying on fungicides for the management of 

Colletotrichum, there are a number of other cultural and biological controls that have been used to 

control Colletotrichum with the general goal to decrease the production and spread of inoculum 

(Dowling et al., 2020). Examples of strategies that would aid in accomplishing this goal include 

adjusting soil nutrients, managing weeds and the use of resistant cultivars or cultivars with limited 

susceptibility to the Colletotrichum species of concern.  

 

2.6.2.1.1 Boron and Colletotrichum higginsianum 

Boron application and boron transporters do not appear to have been explored in relation to C. 

higginsianum, however there are a select number of papers that have explored the use of borate as 

an antifungal agent against Colletotrichum gleosporioides (C. gleosporioides). Both Shi et al. 

(2011) and Shi et al. (2012) observed that borate provides antifungal protection to mangos during 

C. gleosporioides infection. These studies found that borate treatment on mangos inhibited the 

germination of spores, in addition to aiding in the control of anthracnose on the fruit. One of the 

antifungal mechanisms that borate was observed to have on C. gleosporioides was mitochondrial 

degeneration (Shi et al., 2012; Shi et al., 2011). 

 

2.6.2.1.2 PME/ PMEI and Colletotrichum higginsianum 

While PMEI has been explored in its role in C. higginsianum infections, the body of research 

available regarding changes to the methylation of pectin and this fungal pathogen is small. One 

study conducted by Engelsdorf et al. (2017) found that Arabidopsis pmei6-2 mutants had reduced 

susceptibility to C. higginsianum. This study also explored a range of other genotypes and while 
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they were not specifically PME or PMEI mutants, they did have altered amounts of pectin. Thus, 

there appears to be a connection between the biotrophic establishment of C. higginsianum and 

pectin content (Engelsdorf et al. 2017). This connection is possibly the result of the structural 

impact of pectin on the cell wall and in turn, the force required to penetrate the cell wall. The 

overall lack of studies exploring PME or PMEI in relation to C. higginsianum in comparison to B. 

cinerea may be due to the B. cinerea pectinolytic enzymes (Boddy, 2016). B. cinerea relies on this 

machinery and its ability to break down pectin in order to circumvent the cell wall in comparison 

to C. higginsianum which can breach the plant through physical pressure alone (Yan et al., 2018; 

Boddy, 2016). Thus, a more rigid, stronger cell wall may more effectively alleviate C. 

higginsianum infection compared to B. cinerea. 

 

2.7 Interaction of Abiotic and Biotic Stress 

While the impact of both abiotic and biotic stress on various aspects of plants have been, and 

continue to be investigated in lab settings, field conditions are drastically different. In addition, 

there is increasing evidence from both field and laboratory studies that plants respond to specific 

combinations of stresses in a non-additive manner (Figure 2.8) (Suzuki et al., 2014). These 

responses produce effects that could not have been predicted if each stress were studied 

individually. Different combinations of stresses have also been found to affect plants differently 

in relation to characteristics such as plant growth and yield (Rizhsky et al., 2004).  



 32 

 
 

Figure 2.8 Impact of a combination of both abiotic and/or biotic stresses on a plant 

The impact of a combination of both abiotic and/or biotic stresses on a plant can have numerous 

different effects on a plant with respect to plant growth and yield. While some combinations of 

stresses may result in a positive interaction (blue boxes) with the plant, some can result in negative 

interactions (red boxes). The effects of combinations of a variety of stresses are still unknown 

(white boxes). This matrix from Suzuki et al. shows a compilation of results from numerous studies 

that examined the effects of these stressors in combination with one another. Image from Suzuki 

et al. (2014). Copyright permission obtained from John Wiley and Sons.  

 

Under natural conditions, plants experience multiple stresses at once. For example, dehydration 

stress and heat stress commonly occur together. Several studies have investigated the effect of 

these two stresses (Jagtap et al., 1998; Savin & Nicolas, 1996; Craufurd & Peacock, 1993; Heyne 

& Brunson, 1940). These previous studies found that when paired together the effect on growth 

and productivity of crops such as maize, barley and sorghum far exceed what would have happened 

if only dehydration or heat stress had occurred, as opposed to a combination of the two. This 

exaggerated response may be the result of the combined physiological consequences that occur 

during both stresses including high respiration, low photosynthesis, closed stomata and high leaf 

temperature (Mittler, 2006). Furthermore, a comparison of all major US weather events where the 

total losses exceeded 1 billion dollars from the period of 1980 and 2012 indicated weather events 

characterized by both drought and heat caused losses above $200 billion dollars, where events 
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characterized by drought alone caused $50 billion in damages (Suzuki, 2014). The impact of biotic 

stress on plants is also different in the field compared to what is simulated in the lab as plants not 

only face the threat of pathogenic infection in the field but are also attacked by herbivorous pests 

(Suzuki, 2014). While it may seem logical that when two stresses occur simultaneously, the 

respective signal transduction pathways would become activated and provide protection, these 

pathways may not have a synergistic effect (Mittler, 2006). Mittler (2006) further described that 

while these pathways may be synergistic, they may also be antagonistic. Thus, it is critical to find 

a solution that is effective against a combination of stresses, in order to try and circumvent the 

possible detrimental effects of multiple pathways being occurring at once.    

 

2.8 Allium fistulosum  

2.8.1 Taxonomy and Biology  

Allium fistulosum (A. fistulosum), also commonly referred to as spring onion, Welsh onion, or 

Japanese bunching onion, is a perennial diploid plant that was discovered in 1735 near Lake Baikal 

in Russia by G.W. Steller and is believed to have been derived from Allium altaicum (Figure 2.9) 

(Friesen et al., 1999). A. fistulosum is also known to have the ability to tolerate both extreme 

drought and freezing conditions, as it can survive in the Canadian prairies during the winter months 

where temperatures can fall below -40ºC (Tanino et al., 2013). The hardy characteristics of A. 

fistulosum will be further discussed in Section 2.8.2.  
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Figure 2.9 Allium fistulosum plants  

Allium fistulosum also known as Japanese bunching onion or Welsh onion is a cold-hardy perennial 

onion.  

 

2.8.2 Role in Abiotic Stress Research  

A. fistulosum’s ability to tolerate extreme weather, as outlined above, contributes to its success as 

a model species for experiments studying abiotic stress. Research conducted by Tanino et al. 

(2013) and Liu (2015) further demonstrated the functionality of A. fistulosum for this form of 

research since the freezing process can be observed directly. In addition, this model offers 

simplicity in obtaining epidermal cell layers as the average cell size is quite large, > 250 x 50 x 90 

µm, and a single layer of epidermal cells can be peeled by hand (Tanino et al., 2013).  

2.9 Allium cepa  

2.9.1 Taxonomy and Biology  

Allium cepa, known as the common onion, is a bulbous plant widely cultivated in almost every 

country in the world (Figure 2.10). Originally thought to belong to the Liliaceae family, recent 

advancements in the taxonomic schemes of the genus Allium have found that A. cepa belongs to 

the Amaryllidaceae family (Marrelli et al., 2018). The Allium genus is one of the largest, comprised 

of approximately 850 monocot species (Marrelli et al., 2018).  
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Figure 2.10 Allium cepa plant 

Allium cepa also known as the common onion is a bulbous plant that is widely cultivated. 

 

2.9.2 Role in Abiotic Stress Research 

Allium cepa (A. cepa) has served as a common plant system for research as it is not only readily 

available, but it also has a large cell size, ranging from 250-400µm (Tanino et al., 2013). Similar 

to A. fistulosum, single epidermal cell layers can also be easily obtained from the plant by hand. 

A. cepa has been used to explore a range of abiotic stresses. Palta et al. (1977) and Arora and Palta 

(1998) utilized A. cepa to explore cold hardiness. To this point, A. cepa lacks the ability to cold 

acclimate and has a low tolerance to freezing with the minimum survival temperature of -11oC 

(Palta et al., 1977) compared to below -35oC for fully acclimated A. fistulosum (Tanino et al., 

2013). This contrast between A. fistulosuma and A. cepa made it ideal for this thesis, allowing for 

the exploration of dehydration stress resistance in two species of the same Genus. A. cepa has also 

been used as a model to explore drought stress, and metal stress (Ghodke et al., 2020; El Balla et 

al., 2013; Achary et al., 2008).  
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2.10 Arabidopsis thaliana  

2.10.1 Taxonomy and Biology  

Arabidopsis thaliana is a common model organism characterized as a small flowering plant with 

a small genome size (TAIR, About Arabidopsis, n.d). A. thaliana belongs to the Brassicaceae 

family which also includes rapeseed (TAIR, About Arabidopsis, n.d).  

 

2.10.2 Role in Research  

The small genome of A. thaliana is just one characteristic that makes this a valuable plant species 

in plant science research. The genome has also been sequenced with extensive genetic maps of all 

5 chromosomes (TAIR, About Arabidopsis, n.d). In addition, the short life-cycle of this plant 

makes it convenient with respect to efficiency in research (TAIR, About Arabidopsis, n.d). Finally, 

there are a large number of mutants available as a result of the sequenced genome (TAIR, About 

Arabidopsis, n.d). This large bank of mutants allows for a wide variety of topics to be investigated 

using Arabidopsis.  

 

2.10.3 Genes of Interest  

2.10.3.1 NIP5-1  

NIP5-1 (AT4G10380.1) is a protein coding gene for a boric acid channel (TAIR, 2015). The NIP5-

1 boric acid transporter is essential for efficiency boron uptake and the development of plants 

under boron-limited conditions (TAIR, 2015). This transporter also functions in the transport and 

tolerance of arsenite (TAIR, 2015). The NIP5-1 transporter is primarily localized in the outer 

membrane of root cells, specifically in the lateral root plasma membrane and the plasma membrane 

as a whole (TAIR, 2015).  

  

2.10.3.2 NIP6-1  

NIP6-1 (AT1G80760.1) is a protein coding gene for boron transporter activity (TAIR, 2013). The 

NIP6-1 protein helps to direct boron to developing tissues in the shoot such as immature leaves 

when the environment is low in boron (TAIR, 2013). Unlike the NIP5-1 boron transporter, the 

boron channel coded for by this gene is impermeable to water (TAIR, 2013). The NIP6-1 transport 

also transports glycol and urea and is located in the plasma membrane (TAIR, 2013).  
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2.10.3.3 BOR1  

BOR1 (AT2G47160.2) is a protein coding gene for a transporter that is key when boron is limited 

in the soil (TAIR, 2021). When a plant is in a low boron environment, the BOR1 protein 

accumulates in the shoots and roots (TAIR, 2021). This protein is degraded when boron levels are 

restored to normal (TAIR, 2021). The BOR1 transporter is localized to the plasma membrane when 

a plant is in a boron deficient environment (TAIR, 2021). After boron levels are restored but prior 

to degradation, this protein is located in the cytoplasm (TAIR, 2021). When degradation occurs, 

the protein is transported to the endosomes via. the vacuoles. In an environment with high levels 

of boron, BOR1 is transported to the vacuole for degradation (TAIR, 2021). When BOR1 

expression is required, the transporter is localized to the inner plasma membrane domain in the 

columella, lateral root cap and the epidermis/ endodermis in both the root tip and elongation zone 

and is also involved in detection of nutrients and ion homeostasis (TAIR, 2021).  

 

2.10.3.4 PMEI5  

PMEI5 (AT2G31430) is a pectin methylesterase inhibitor that targets PME from seeds (Müller at 

al., 2013). PMEI5 is expressed in seeds, buds and mature flowers (Müller at al., 2013). More 

specifically, within these tissues, PMEI5 is found within the apoplastic region of cells. Phenotypic 

differences between Col-0 and Arabidopsis plants over-expressing PMEI5 include decreased 

fertility, faster germination and larger seed size (Müller at al., 2013). In addition, previous research 

by Müller et al. (2013) found that in plants over-expressing PMEI5, the growth of the stem was 

altered in addition to defective separation of organs within the plant. The defective organ 

separation may be a result of the defective cuticle that was characterized in the p35S::PMEI5 

mutants as plants with defective cuticles often have defective organ fusion (Müller at al., 2013; 

Krolikowski et al., 2003).  

 

In conclusion, all the aforementioned genes likely play a pivotal role in not only the overall health 

of Arabidopsis but also in the ability for Arabidopsis to withstand abiotic and biotic stress. This 

notion is supported through each of their descriptions provided above as well as the remainder of 

the literature review which outlined the importance of boron and PMEI’s within the cell wall and 

the plant as a whole. Therefore, these four genes were selected for analysis of abiotic and biotic 

stress resistance within this thesis. More specifically, the three boron transporters of interest 
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(BOR1, NIP5-1 and NIP6-1) were selected based on the current availability of boron transporter 

mutants at the time of ordering. PMEI5 was selected as it has been previously used in other studies 

of abiotic stress within the Tanino lab, in addition to its availability. 



 39 

3.0 INVESTIGATING THE INFLUENCE OF CALCIUM AND BORON ON 

TEXTURAL AND MECHANICAL PROPERTIES OF PECTIN AND ALLIUM 
FISTULOSUM  
 

3.1 Introduction  

3.1.1 Introduction to Rheology  

Given that rheology is the study of the flow of matter, rheology serves as an important tool to gain 

insight into the viscosity of solutions. Viscosity is defined as the measure of how resistant a fluid is to 

flow (Abraham et al., 2017). Previous researchers have used rheology to analyze pectin obtained from 

the cell walls of various plants including Chinese quince fruits and apples (Qin et al., 

2020; Mikshina et al., 2015). Nonetheless, the focus of this research has primarily been to improve 

pectin within plants to make commercial gains as pectin obtained from plants is utilized in the 

manufacturing process of various foods (Qin et al., 2020; Mikshina et al., 2015). Rheology has also 

been used in the analysis of pollen tube growth (Kroeger & Geitmann, 2012; Bosch et al., 

2005; Parre & Geitmann, 2005; Geitmann, 1999). Research utilizing rheology to gain a greater 

understanding into the role of the cell wall as a barrier to stress is limited to a handful of 

papers including Sahaf & Sharon (2016) who studied rheological changes of growing Nicotiana 

tabacum leaves under stress and Hohl & Schopfer (1995) who analyzed changes in maize cell 

walls from osmotic stress.   

  

Rheological properties of pectin were explored in order to gain an insight into the strength of the 

intermolecular interactions in pectin as reflected by viscosity and to examine 

how calcium and boron may regulate these interactions in relationship to low 

temperature. Calcium and boron, as well as cold acclimation to a lesser extent, are all treatments that 

are utilized in this research project. Therefore, given the focus of this project on pectin within the cell 

wall, it was of key importance to attempt to gain a better understanding of how the viscosity of pectin 

is altered. This in vitro study was conducted in order to try and mimic what may be occurring to pectin 

within the cell wall. While all attempts were made to utilize pectin samples similar to the pectin found 

within A. fistulosum, A. cepa, and A. thaliana, there were some limitations to this experiment and 

therefore the results should be interpreted with caution. The following experiment addresses the 

hypothesis: Calcium and boron independently increase the viscosity of pectin, in a dose- and 

temperature- dependent manner. The objective of the following experiment was to investigate the 

independent roles of calcium and boron, in both a dose dependent and temperature dependent 
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manner, with respect to the viscosity of pectin (high methylated (HM) pectin and sugar beet (SB) 

pectin) in vitro. 

 

3.1.2 Introduction to Texture Analysis  

Unlike rheology, which is often used to analyze viscosity, texture analysis is commonly used to 

measure the hardness and firmness of foods and is frequently used to study various meat products (Bao 

& Ertbjerg, 2015; Cavitt et al., 2004). In the context of this thesis, analyzing the force required to shear 

through A. fistulosum sheaths was critical to understanding how calcium application and cold 

acclimation influenced the shear strength of the samples. An increase in the force required to 

shear A. fistulosum sheaths translates to increased toughness in the sheaths. Toughness is a mechanical 

property that describes the ability for a material to resist fracture, furthermore the toughness of a 

material is influenced by both its strength and ductility (Polymer Solutions News Team, 2015; Ritchie, 

2011). The analysis of shear force allowed for results obtained from the rheological analysis of pure 

pectin to be put into the context of a biological system as changes in the force required to 

shear A. fisutlosum may be partially attributable to structural changes in pectin. The basis for this 

experiment is founded in an abundance of literature outlining the structural influence of calcium and 

cold acclimation, by way of increasing PME, on the cell wall and the ability for these factors to increase 

cell wall rigidity (Thor, 2019; Wormit & Usadel, 2018; Alberts, 2002). Therefore, the use of a texture 

analyzer allowed for further understanding into the physical influence of calcium application and cold 

acclimation on a biological system. Precisely, the influence of these factors on the toughness 

of A. fistulosum sheaths. The experiment below addresses the hypothesis: Calcium application and 

cold acclimation will increase the force required to shear through Allium fistulosum, while a combined 

application will result in shear force increasing in an additive manner. The objective of the following 

experiment was to investigate how the application of calcium, in addition to cold acclimation, 

influences the force required to shear through Allium fistulosum. 

 

3.2 Materials and Methods  

3.2.1 Rheology  

3.2.1.1 Pectin Powders and Pectin Solutions  

Pectin samples were prepared using two different pectin powders prepared by TIC Gums (White 

Marsh, Maryland, United States) and CP Kelco (Atlanta, Georgia, United States); TIC Pretested 

Pectin HM (69-75% methylation) (Hutton, B. pers.comm. 2019) slow set (standardized with 
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dextrose) and GENU BETA pectin (55% methylation) (Meyers, D. pers.comm. 2019) 

(standardized with EU non-GM beet sucrose). The HM pectin is derived from citrus pectin which 

has a high HG content and a lower RG content, similar to the pectin found within the cell wall 

of Allium spp. (Yapo et al., 20007; Mankarios et al., 1980). While the GENU BETA pectin is 

produced using sugar beet pulp which contains more RG-II (~5% compared to 0.6%), and more 

closely resembles the pectin found within the cell wall of Arabidopsis thaliana (Ishii & Matsunaga, 

1996; O’Neill et al., 1996; Zhemerichkin & Ptitchkina, 1995).  

 

Initial attempts were also made to use a third type of pectin, TIC Pretested Pectin LM (30-32% 

methylation) Powder (standardized with dextrose), however the addition of calcium to this pectin 

resulted in a non-homogenous solution (Figure 4.1). In order to try and circumvent this issue 

solutions were prepared in which both the LM pectin and the HM pectin were combined to try and 

create a pectin solution with an intermediate methylation level, however the aforementioned 

problem persisted. Therefore, LM pectin was not included in the analysis. 
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Figure 3.1 Pectin solutions used for rheology experiment 

1a and 1b) Homogenous solutions (4% and 8%) of low methylated pectin without CaCl2. (2a and 

2b) Non-homogenous solutions (4% and 8%) of low methylated pectin with 0.05M of CaCl2. (3a 

and 3b) Homogenous solutions (4% and 8%) of high methylated pectin without CaCl2. (4a and 4b) 

Homogenous solutions (4% and 8%) of high methylated pectin with 0.05M of CaCl2. Slides 2a 

and 2b show that when CaCl2 is added to low methylated pectin, a non-homogenous mixture is 

formed.   

  

Two concentrations of each pectin solution were examined: 4% and 8%. Through extrapolation, 

these concentrations were selected to gain an understanding of how pectin might behave at a 35% 

concentration, the average pectin concentration within the cell wall (Ridley et al., 2001; O’Neill 

et al., 1990). The initial experimental design had also included a 16% concentration, however at 

this concentration, the majority of the solutions became solid and therefore were not appropriate 

for use with the rheometer. At each concentration, both pectin powders were prepared with either 

calcium (0.05M CaCl2) (Fisher Scientific, Waltham, MA, USA), boron (0.05M H3BO3) (Fisher 

Scientific, Waltham, MA, USA) or no additional additive. Table A1 outlines the 12 treatment 

combinations utilized in this analysis.   

 

1a 

1b 

2a 

2b 

3a 

4a 

3b 

4b 
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3.2.1.2 Rheology 

Changes in pectin viscosity were measured using the AR G2 rheometer (TA Instruments, New 

Castle, Delaware, United States) with the 40mm smooth acrylic geometry (Figure A1). The 

rheometer functions by lowering the geometry to a 1000µm gap between the geometry and the 

plate. From there, torque is applied to the geometry as the sample in the middle of the geometry 

and the plate is put under stress. Viscosity measurements were then taken at three different 

temperatures; 20°C, 12°C and 4°C. Prior to taking measurements of viscosity at 20°C, the sample 

was first conditioned to 20°C with a soak time of 120.0s-1 and a duration of 60.0s-1. The sample 

was then held at 20°C for 300.0s-1 with a shear rate of 0.11s-1. The temperature was then ramped 

down to 12°C at a rate of 5.0°C/min. The sampling rate, in which measurements of viscosity were 

taken during the temperature rate, was 10s-1/pt. The shear rate was kept at constant at 0.11s-1 during 

the temperature ramp. Measurements of viscosity were then taken for 300.0s-1 with a shear rate of 

0.11s-1. Finally, the temperature was ramped down to 4°C and measurements of viscosity were 

taken as previously described above. The experiment was repeated three independent times with 

four replicates of each treatment group per trial (n=12).     

 

3.2.1.3 Statistical Analysis  

Generalized additive models (GAMs) were used to analyze data. Viscosity was the response 

variable for the GAMs while temperature was the continuous explanatory variable and the addition 

of calcium, boron, pectin type and concentration were fixed explanatory variables. Initially, 

models were fit based on each fixed explanatory variable separately prior to fitting models looking 

at all of the fixed explanatory variables together as “treatment combinations”. GAMs were 

generated using the gam function from the “mgcv” package (Wood, 2021). The Akaike 

information criterion (AIC) score was used when building models to select for the most optimum 

model. The data was log-transformed in order to improve the distribution of the data. 

Function gam.check was used for model checking. The statistical significance of the GAMs was 

analyzed using analysis of variance (ANOVA), function, with the argument “test” being set equal 

to “F”, thereby running f-tests as opposed to t-tests. Figures of each GAM were individually 

created for each of the pectin solutions using function “plot.gam()”, in addition to packages 

“mgcViz” and “rgl” (Adler & Murdoch, 2021; Fasiolo et al., 2020). Package, “devtools” was used 
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to download the colour palette, “inauguration_2021”, which was used for the colours of each figure 

(Wickham et al., 2020).  

 

ANOVA’s were also utilized to analyze changes in viscosity amongst the pectin solutions within 

each of the main three temperatures of focus, 20ºC (included data points from 20ºC -19ºC), 12ºC 

(included data points from 12ºC -11ºC) and 4ºC (included data points from 4ºC -3ºC). The RStudio 

statistical software (Version 1.2.5033) was used to complete all of the above statistical methods. 

 

3.2.2 Texture Analysis  

3.2.2.1 Allium fistulosum  

Allium fistulosum (A. fistulosum) seeds that had been previously collected from plants in 2014 

which were growing outdoors in Saskatoon, SK (52°7’N) were germinated in the Agriculture 

Greenhouses at the University of Saskatchewan (45 Innovation Blvd, Saskatoon, Saskatchewan) 

and then repotted into 6” pots containing Sunshine No.4 (Sun Gro Horticulture Canada 

Ltd. Seba Beach, AB, Canada). Sunshine No. 4 is a soilless mix containing 60-70% peat moss, 

perlite, and limestone. This media was used for both germination and continuous growth of the 

plants. The plants were grown in the greenhouse at approximately 25°C /22°C (day/night) under 

natural light supplemented with high pressure sodium lights (17hr photoperiod, average 600 μmol 

m-2s-1). Watering (City of Saskatoon water) was conducted every second day during the 

spring/summer months and every third day during the fall/winter months. An all-purpose 20/20/20 

(NPK) fertilizer with micronutrients (boron [0.02%], copper [0.05%], iron [0.1%], magnesium 

0.05%], molybdenum [0.0005%] and zinc [0.05%]) was applied to the plants. The fertilizer also 

contains 1% EDTA as a chelating agent. Fertilizer was applied weekly during the spring/summer 

months and twice weekly during the fall/winter months. The bench was organized using a 

randomized complete block design.   

 

3.2.2.2 Calcium Application  

For plants selected to receive calcium, CaCl2 (Fisher Scientific, Waltham, MA, USA) was soil 

drenched every second day. Irrigation or application of fertilizer was applied prior to the 

application of CaCl2 if both occurred on the same day. Plants were treated with 100mL of a 0.05M 

calcium solution every second day for four weeks.   
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*Note: Water samples were collected from the water sources used to irrigate the plants (Agriculture 

Greenhouses and Agriculture and Bioresources building). ICP-MS was done on these samples to 

determine the concentration of calcium within the water, as additional calcium may have been 

added to the plants via. the water source (Table A2). ICP-MS was kindly performed by Barry 

Goetz from Dr. Albert Vandenberg’s lab (Dept. Plant Sciences, University of Saskatchewan). See 

Section 4.2.4.2 for further details.  

 

3.2.2.3 Cold Acclimation  

Cold acclimation treatment was performed for a two-week period using the Conviron growth 

chambers at the University of Saskatchewan, College of Agriculture and Bioresources phytotron 

facilities. Two different cold acclimation treatments were examined: 1) 12°C/4°C (day/night) with 

an 8hr photoperiod (ACC12-4) and a light intensity of 80+/-10 μmol m-2 s-1, and 2) 4°C /4°C 

(day/night) with a 12hr photoperiod and a light intensity of 250+/- 10 μmol m-2 s-1 (ACC4-4). For 

plants receiving both calcium and cold acclimation, calcium application occurred over a two-week 

period in the greenhouse, followed by the remainder of the calcium application occurring 

concurrently with cold acclimation in the Conviron chamber (Winnipeg, Manitoba, Canada).  

  

In total there were 6 treatment groups: 1) NACC/ NCA (non-acclimated/ non-calcium treated), 2)  

ACC12-4/ CA (cold acclimated 12°C /4°C / calcium treated), 3) NA/ CA (non-acclimated/ 

calcium treated), 4) ACC12-4/ NCA (cold acclimated12°C /4°C / non-calcium treated), 5) ACC4-

4/ CA (cold acclimated 4°C /4°C / calcium treated) and 6) ACC4-4/ NCA (cold acclimated 4°C 

/4°C /non-calcium treated).   

 

3.2.2.4 Texture Analysis  

The Allo-Kramer shear force required to shear through A. fistulosum sheaths with the ligule and 

intact epidermal cell layer was measured using the TMS-Pro Texture Press (Food Technology 

Corp., Sterling, Virginia, USA) (Figure A2 and Figure A3). For consistency, A. fistulosum sheaths 

were taken from the youngest A. fistulosum leaf with the most developed sheath. Once this leaf 

was selected, a 4cm cutting of the sheath was sampled, beginning at the bottom of the sheath where 
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it had been cut from the soil. Three 4cm sheaths were used per measurement and were laid 

perpendicularly across the slots in the texture analyzer cell (Figure A2).   

 

A 10-blade Allo-Kramer shearing compression cell was used to shear the onion sheaths (Figure 

A3). The full-scale load was 1000N, while the crosshead speed was 500mm min-1. The shear force 

(in Newtons) required to shear 1g of fresh sample was calculated by dividing the peak shear force 

(in Newtons) by the sample weight (in grams) (Willick, 2018). Shear force was measured in N g-1 

(Willick, 2018). Shear force was measured in order to gain an understanding of how calcium 

application and/or cold acclimation impact the toughness of A. fistulosum sheaths. These results 

are intended to complement the results obtained from the rheological analysis of pectin solutions. 

The experiment was repeated three independent times, with four replicates per trial (n=12).     

 

3.2.2.5 Statistical Analysis  

Results of this 2X2 factorial experiment were analyzed using an ANOVA, p<0.05 was deemed 

significant. A Tukey test was done as a method of post-hoc analysis for the relationship between 

shear force and cold acclimation; calcium application was excluded from this analysis as there are 

less than three treatment levels within the calcium application treatment. Model checking was done 

through the inspection of residuals. “ggplot” and “ggplot2” were used for the construction of select 

figures (Wickham, 2020). The RStudio statistical software (Version 1.2.5033) was used to conduct 

the aforementioned analysis.   

 

3.3 Results  

3.3.1 Rheology  

GAMs were initially fit based on each separate fixed explanatory variable (calcium, boron, pectin 

type and concentration). GAMs were then fit based on the combination of each explanatory 

variable. While Figure 3.2 and Figure 3.3 outline various patterns with respect to viscosity such as 

increasing viscosity with decreasing temperature and a general increase in viscosity with the 

addition of either calcium or boron, not every fixed explanatory variable had a significant (p<0.05) 

effect on viscosity (Table 3.1).   
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An ANOVA ran on GAMs examining each fixed explanatory variable separately found in general 

pectin type, concentration and boron had a significant (p<0.05) effect on viscosity (Table 3.1). 

However, the main effect of the calcium treatment was not significant (p>0.05) (Table 3.1). 

Nevertheless, when each of the aforementioned treatments is broken down to each individual level, 

each level of treatment was found to have a significant (p<0.05) effect on the viscosity when the 

relationship between each treatment and temperature was considered (Table 3.1). In other words, 

with the addition of calcium, boron, and when the type of pectin and concentration were examined 

individually with respect to their relationship with temperature, there was a significant (p<0.05) 

difference in viscosity for each individual treatment (Table 3.1). The empirical distribution factor 

(edf) for the majority of the relationships (excluding s(Temperature): Genu Beta)) was also found 

to be greater than one, therefore the majority of these relationships were non-linear, and the use of  

GAMs were justified as a means to analyze the data (Table 3.1).  
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Table 3.1 ANOVA ran on a generalized additive model examining pectin type, concentration, 

boron and calcium individually with respect to relationship with temperature and viscosity   

Results from an ANOVA run on a GAM examining each treatment (pectin type, concentration, 

boron and calcium) separately, with respect to their effect on viscosity and relationship to 

temperature. This GAM is representative of the second lowest AIC value in the below table. 

p<0.05 is significant.  

 

Data Selection  General 

Effect  

 Smoothing Effect  EDF  Ref.df  F-value  P-value  

Pectin Type  Pectin Type      2  7642  <2e-16  

  s(Temperature): 

Genu Beta   

1.00  1.00  4107.841  <2e-16  

  s(Temperature): 

High Methylated   

8.547  8.938  1057.392  <2e-16  

Calcium  Calcium      1  3.53  0.0603  

  s(Temperature): No 

Calcium  

1.973  2.000  4816  <2e-16  

  s(Temperature): Yes 

Calcium  

8.384  8.888  355  <2e-16  

Boron  Boron      1  254.3  <2e-16  

  s(Temperature): No 

Boron  

8.724  8.976  966.3  <2e-16  

  s(Temperature): Yes 

Boron  

1.938  1.996  3789.3  <2e-16  

Concentration  Concentration      1  265.6  <2e-16  

  s(Temperature): 

Four Percent  

1.988  2.001  2421  <2e-16  

  s(Temperature): 

Eight Percent  

8.649  8.962  1646  <2e-16  

 

  

Since this experiment is focused on the role of all four treatments in combination, the more relevant 

results come from the model that was fit to examine each treatment combination together. This 

GAM also had the lowest AIC value (Table A3). In total, this model addressed twelve different 

treatment combinations outlined in Table 3.2. The results of an ANOVA for this GAM found for 

each of the treatment combinations, there was a significant effect (p<0.05) between the treatment 

combination and temperature in relation to viscosity (Figure 3.4 and Table 3.2). The edf for the 

majority of the relationships were above one, indicating when all three treatments were analyzed 

in combination, the relationship was non-linear, and the use of a GAM was justified to analyze the 

data (Table 3.2). The treatment combination, 8% Genu Beta +Ca/-B was the only exception to this 
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statement, as it had an edf of 1, indicating that the relationship between temperature and viscosity 

for this treatment combination was linear (Table 3.2).  

 

In addition to analyzing viscosity over the entire temperature ramp, viscosity was also analyzed 

within each of the 3 main temperatures of interest, 20ºC, 12ºC and 4ºC using ANOVA’s. While 

there was a significant difference (p<0.05) in viscosity when the various pectin solutions were 

compared, within each individual pectin solution there was no significant (p>0.05) change in 

viscosity during the temperature point of interest (Table A4-A6).  

 
 

Figure 3.2 Effect of calcium, boron, pectin type and temperature on viscosity- Log scale 

Log scale change in viscosity with decreasing temperature across two concentrations of pectin (4% 

or 8%), two types of pectin (high methylated citrus pectin or Genu Beta (sugar beet) pectin), with 

the addition of either calcium (0.05M CaCl2), boron (0.05M H3BO3) or no additional element.  
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Figure 3.3 Effect of calcium, boron, pectin type and temperature on viscosity 

Change in viscosity with decreasing temperature across two concentrations of pectin (4% or 8%), 

two types of pectin (high methylated citrus pectin or Genu Beta (sugar beet) pectin), with the 

addition of either calcium (0.05M CaCl2), boron (0.05M H3BO3) or no additional element.  
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3). 8% GB -Ca/-B 4). 4% GB +Ca/-B 
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7). 8% HM +Ca/-B 8). 8% HM -Ca/+B 

9). 8% HM -Ca/-B 10). 4% HM +Ca/-B 
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Figure 3.4 Generalized additive models showing relationship between temperature and viscosity 

of pectin solutions 

Relationship between increasing temperature (ºC) and viscosity (Pa.s) for each of the 12 pectin 

solutions analyzed using a rheometer: 1) 8% GENU BETA +Calcium/-Boron, 2) 8% GENU BETA 

-Calcium/+Boron, 3) 8% GENUA BETA -Calcium/-Boron, 4) 4% GENU BETA +Calcium/-

Boron, 5) 4% GENU BETA -Calcium/+Boron, 6) 4% GENU BETA -Calcium/-Boron, 7) 8% High 

methylated citrus +Calcium/-Boron, 8) 8% High methylated citrus -Calcium/+Boron, 9) 8% High 

methylated citrus -Calcium/-Boron, 10) 4% High methylated citrus +Calcium/-Boron, 11) 4% 

High methylated citrus -Calcium/+Boron, and 12) 4% High methylated citrus -Calcium/-Boron. 

Dark solid lines indicate the mean value for the response variable. Dotted lines indicate 95% 

confidence intervals around the predicted values. Individual dots are representative of single data 

points. Data points shown represent an average across all 12 replicates (n=12). Yellow dots were 

used to represent 8% pectin solutions, purple dots represent 4% pectin solutions. Values on the y-

axis have been smoothed, as indicated by the “s” on the label. Statistical analysis found significant 

differences between all pectin solutions and viscosity (p<0.05). See Tables 3.2 and A4 for 

statistical analysis.  

 

 

 

 

 

 

11). 4% HM -Ca/+B 12). 4% HM -Ca/-B 

Temperature (Celsius) Temperature (Celsius) 

s
 (

V
is

c
o

s
it
y
 (

P
a

.s
))

 

s
 (

V
is

c
o

s
it
y
 (

P
a

.s
))

 



 54 

Table 3.2 ANOVA ran on a generalized additive model (GAM) examining pectin type, 

concentration, boron and calcium in combination with respect to relationship with temperature 

and viscosity 

Results from an ANOVA run on a GAM in which all 4 treatment options (pectin type, 

concentration, boron [B] and calcium [Ca]) were looked at in combination with respect to their 

relationship with temperature and effect on pectin viscosity. Two types of pectin were analyzed, 

Genu Beta and High Methylated. This GAM is representative of the lowest AIC value in the 

above table. p<0.05 is significant.  

Data 

Selection  

 Smoothing Effect  EDF  Ref.df  F-

value  

P-

value  

Combined 

Treatment 

Groups  

s(Temperature):8% GenuBeta -Ca / -B   1.996  2.004  14329  <2e-

16  

s(Temperature):8% GenuBeta +Ca / -B   1.00  1.000  28084  <2e-

16  

s(Temperature):8% GenuBeta -Ca / +B   2.722  2.923  13613  <2e-

16  

s(Temperature):8% HighMethylated -Ca / -B   2.858  2.981  31769  <2e-

16  

s(Temperature):8% HighMethylated +Ca / -B   8.925  8.998  1449  <2e-

16  

s(Temperature):8% HighMethylated -Ca / +B   1.993  2.003  40911  <2e-

16  

s(Temperature):4% GenuBeta -Ca / -B   2.825  2.970  2215  <2e-

16  

s(Temperature):4% GenuBeta +Ca / -B   1.062  1.121  4401  <2e-

16  

s(Temperature):4% GenuBeta -Ca / +B   2.645  2.874  5594  <2e-

16  

s(Temperature):4% HighMethylated -Ca / -B    1.721  1.922  3543  <2e-

16  

s(Temperature):4% HighMethylated +Ca / -B   1.959  1.999  6077  <2e-

16  

s(Temperature):4% HighMethylated -Ca / +B    2.880  2.987  24108  <2e-

16  

 

3.3.2 Texture Analysis  

Both cold acclimation and calcium application alone and in combination significantly (p<0.05) 

increased the force required to shear through the A. fistulosum sheaths (Figure 3.5 and Table A7). 

The effect sizes for comparisons made between each of the treatment groups were also all above 

0.8, with the exception of CA/NACC & CA/ACC12-4 which had an effect size of 0.2 (Table A8). 

Generally, an effect size above 0.8 is an acceptable indicator that the statistical difference observed 
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is meaningful (Lakens, 2013; Cohen, 1988). On the other hand, values below that mean that while 

the relationship may be statistically significant the difference is negligible (Lakens, 2013; Cohen, 

1988). However, within this general trend, there was variation of the force required to shear 

through the A. fistulosum sheaths for each treatment (Figure 3.5).  

 

While CA/ ACC12-4 and NCA/ ACC12-4 significantly (p<0.05) increased shear force in 

comparison to NCA/ NACC, only CA/ ACC4-4 did significantly (p>0.05) increased shear force 

in comparison to NCA/ NACC (Figure 3.6 and Table A9). Cold acclimation at 4°C /4°C without 

calcium application (NCA/ ACC4-4) did not significantly increase shear force compared to NCA/ 

ACC (Figure 3.6 and Table A9). Furthermore, while the addition of calcium in general increased 

the shear force, the effect does not appear to be additive with cold acclimation as there was a 

decrease in shear force for plants treated with calcium and cold acclimated at 12ºC /4°C (Figure 

3.5).  
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Figure 3.5 Effect of calcium application and cold acclimation on force required to shear Allium 

fistulosum 

The effect of both calcium application and cold acclimation on the force required to 

shear Allium fistulosum sheaths. Six treatment groups were analyzed: 1) ACC4-4/ NCA (4°C /4°C 

cold acclimation, -CaCl2 ); 2) NACC/ NCA (no cold acclimation, - CaCl2)); 3) ACC12-4/ NCA 

(12°C /4°C cold acclimation, -CaCl2); 4) ACC4-4/ CA (4°C /4°C cold acclimation, + CaCl2); 5) 

NACC/ CA (no cold acclimation, + CaCl2); 6) ACC12-4/ CA (12°C /4°C cold acclimation, 

+CaCl2). Plants acclimated at 4°C /4°C were under a 12hr photoperiod, while plants acclimated at 

12°C /4°C were under an 8hr photoperiod. Cold acclimation was performed for 2 weeks. Plants 

treated with calcium received 0.05M of CaCl2 every second day for 4 weeks. See Table 7 for 

statistical analysis.  
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Figure 3.6 Effect of calcium application and cold acclimation on force required to shear Allium 

fistulosum- Figure for Tukey test  

Force required to shear Allium fistulosum sheaths from various cold acclimation treatments, 1) 

ACC4-4 (cold acclimation at 4°C /4°C), 2) NACC (no cold acclimation), 3) ACC12-4 (cold 

acclimation at 12°C /4°C). Plants acclimated at 4°C /4°C were under a 12hr photoperiod, while 

plants acclimated at 12°C /4°C were under an 8hr photoperiod. Cold acclimation was performed 

for 2 weeks. Error bars represent standard error. See Table A9 for statistical analysis.  

 

3.4 Discussion  

3.4.1 Rheology  

Generally, type of pectin, the addition of calcium/or boron, increasing pectin concentrations as 

well as decreasing temperature were all found to increase the viscosity of pectin. The addition of 

calcium resulted in one of the three most viscous solutions. The 8% citrus pectin with the addition 

of 0.05M of CaCl2 resulted in a pectin solution which at its highest point, had a viscosity of just 
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above 2000 Pa.s. This finding is supportive of predictions made not only in this thesis but also of 

trends in data from the existing body of literature that investigated how the addition of calcium to 

HG pectin results in the formation of “egg-box” structures (Wormit & Usadel, 2018). However, 

while this finding does suggest that “egg-box” structures may be forming in this pectin solution, it 

is of interest to restate that the citrus pectin utilized in this experiment had a high level of 

methylation. This is an important factor to consider because “egg-box” structures are only known 

to form once HG is demethylesterified by PME in a block-wise manner (Wormit & Usadel, 2018; 

Braccini & Pé Rez, 2001). Nevertheless, as the citrus pectin utilized in this study had a degree of 

methylation between 69-75% (Hutton, B. pers.comm. 2019), it is likely that a proportion of the 

demethylesterfied HG was demethylesterfiied in a block-wise manner, thus allowing for the 

possible formation of “egg-box” structures.  

 

Unexpectedly, the most viscous solution was 8% HM citrus pectin with boron. This finding is 

unusual because citrus pectin is primarily composed of HG and only RG-II has the ability to form 

cross-links with boron. In this thesis research, it appears the HM citrus pectin also contains RG-II, 

however, the manufacturer was unable to provide a breakdown of the pectin composition and 

conducting this analysis was outside of the scope of this project. Previous research however has 

suggested that citrus pectins are primarily composed of HG, and therefore this is likely comparable 

to that of the HM citrus pectin utilized here (Yapo et al., 2007). In contrast, the proposition that 

the high viscosity of the GENU Beta pectin with boron is likely a result of RG-II dimer formation 

was expected. GENU Beta pectin is made of sugar beet pectin, where rhamnose, a key component 

of RG-II consists of approximately 5% of the monosaccharides that comprise the pectin found in 

sugar beets (Zhemerichkin & Ptitchkina, 1995). Moreover, the pectin composition of dicots 

including sugar beets is made up of ~4% RG-II (Mohnen, 1999). The proposition that RG-II dimer 

formation is occurring in the 8% GB pectin with boron is supported by the finding from O’Neill 

et al. (1996) who observed borate cross-linking can occur with only RG-II and boric acid if the 

required divalent cations are present.  

 

In addition to studying the effect of calcium and boron on pectin viscosity, the effect of decreasing 

temperature was also examined in this thesis.  Specifically, 12ºC and 4ºC, were selected to mimic 

day/night temperatures of a cold acclimation regimen previously used by the Tanino lab to cold 
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acclimate A. fistulosum (Liu, 2015). While there is a body of evidence examining the role of 

increasing temperature (20-60ºC) on viscosity such as Muhidinov et al. (2010) who found orange 

and sunflower pectin viscosities decreased linearly with increasing temperature, there appears to 

be a lack of research analyzing pectin viscosity at low temperatures (below 20ºC). Therefore, while 

the effect of temperature has been analyzed on pectin viscosity, the low temperature benchmark 

of 20ºC for these studies puts them outside the temperature range analyzed in this experiment.  

 

However, while there do not appear to be any studies examining pectin viscosity at low 

temperatures, the findings from this thesis support findings of Muhidinov et al. (2010) who found 

viscosity decreased with increasing temperature from 20ºC to 60ºC. Further, the results of this 

thesis showed at 4ºC, the three most viscous solutions had viscosities of approximately 6000 Pa.s, 

3800 Pa.s and 2200 Pa.s. However as the temperature increased, viscosity decreased with the same 

three solutions having viscosities around 2200 Pa.s, 2000 Pa.s and 1600 Pa.s at 12ºC. Viscosity 

continued to decrease as temperature increased even further to 20ºC, with the same three most 

viscous solutions all having a viscosity around 500-700 Pa.s. While the viscosities in our 

experiments exceed those reported by Zhang et al. (2020) who found at 25ºC and a shear rate of 

100s-1, the viscosity of citrus pectin was around 120 mPa.s (0.12 Pa.s), they are in the same order 

of magnitude. 

  

On average, pectin makes up between 30-50% of primary cell walls (Cosgrove & Jarvis, 2012).  

However, due to limitations with the rheometer, only 4% and 8% pectin solutions were utilized in 

this experiment. Therefore, while it was observed that an increase in concentration did result in 

increased viscosity, it would be incorrect to assume that based on extrapolations from this data 

alone, pectin would continue to follow the same trends observed within this experiment when 

present at a higher concentration. However, anecdotal evidence from preliminary experiments 

where 35% pectin concentration solutions were made did show that at this concentration, pectin 

viscosity did substantially increase (data not shown). Furthermore, results from the texture analysis 

do provide further support for the prediction that pectin would behave in a similar manner at a 

concentration more similar to what is observed in the cell wall.   
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However, caution still should be taken when interpretating these in vitro results and extrapolating 

to biological systems. Nonetheless, biological implications in relation to pectin viscosity and shear 

force will be discussed in Section 3.5.   

 

3.4.2 Texture Analysis 

As hypothesized, the findings demonstrated that both calcium application and cold acclimation 

resulted in an increase to the force required to shear through A. fistulosum sheaths. This increase 

in shear force is indicative that both calcium application and cold acclimation increased the 

toughness of the sheath, and likely in turn the cell wall, possibly in part due to structural 

modifications in pectin. However, the original hypothesis had also stated calcium application and 

cold acclimation when paired together would be additive in nature; this was not necessarily the 

case.  

 

While the application of calcium to ACC4-4 plants increased the force required to shear through 

the sheaths (+28.65 N g-1), the application of calcium to ACC12-4 plants decreased the shear force 

(-14.51 N g-1). This finding is of interest because Liu (2015) had previously demonstrated that 

following two weeks of cold acclimation at 12ºC/4ºC, PME activity in the A. fistulosum epidermal 

cell layer was enhanced (Liu, 2015). While an increase in PME activity following 12ºC/4ºC cold 

acclimation would have hypothetically decreased the level of methylation in HG allowing for the 

formation of “egg-box” structures and thus increased rigidity, the results from this experiment 

show the opposite. Potentially, PMEI’s may be feeding back on PME’s to alter methylation or in 

the case that demethylation is occurring, it may not be in a block-wise manner and therefore “egg-

boxes” are unable to form (Wormit & Usadel, 2018).  

 

Both cold acclimation and calcium application alone increased shear force as previously 

hypothesized. Beginning first with cold acclimation, treatments at both 12ºC/4ºC and 4ºC/4ºC 

increased the force required to shear through A. fistulosum sheaths. In addition to Liu (2015), PME 

activity has also been found to be enhanced by cold acclimation in both winter oil-seed rape and 

A. thaliana (Liu, 2015; Solecka et al., 2008; Lee & Lee, 2003). As PME is responsible for reducing 

the degree of pectin methyl esterification through demethylation, PME also affects cell wall 

rigidity since the more demethylation, the more sites to which calcium can form cross-bridges 
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resulting in the egg-box structure. Therefore, it is likely that the increase in shear force, translating 

to increased toughness in the sheath, observed in ACC12-4 and ACC4-4 plants is due to increased 

cell wall rigidity as a result from enhanced PME activity.  

 

While the composition of pectin in the A. fistulosum epidermal cell wall was not analyzed in this 

thesis, Mankarios et al. (1980) has previously found pectin with the cell walls of A. cepa contain 

93.7% uronic acid, indicating pectin within these cell walls is primarily composed of HG. 

Therefore, the pectin composition of epidermal cell walls of the A. fistulosum is likely primarily 

dominated by HG. As the pectin composition with A. fistulosum epidermal cell walls is likely 

primarily composed of HG, the increase in shear force observed as a result of calcium application 

is presumably the result of the formation of “egg-box” structures. Analysis of shear force found 

calcium application increased the force required to shear through the A. fistulosum sheaths by 

63.385 N g-1.  

 

The results of both the texture and viscosity experiments suggest pectin within the cell wall may 

be behaving in a similar manner as seen in the results from the experiment which analyzed pectin 

in vitro, especially in cases where the cell wall is primarily composed of HG pectin since the 

composition of citrus pectin is similar to that of pectin within onion cell walls (Yapo et al., 2007). 

While pectin in dicots, gymnosperms and non-grass monocots is present at approximately 35% 

concentration in cell walls, limitations with the rheometer prevented the analysis of pectin 

solutions above an 8% concentration (Ridley et al., 2001; O’Neill et al., 1990). However as 

discussed in Section 3.3, increasing concentration significantly (p<0.05) influenced viscosity, as 

did the application of calcium when factored in with increasing concentration. Similarly, shear 

force also increased by 63.385 N g-1 as a result of calcium application.  

 

3.5 Biological Implications  

While mechanical properties relating to fluid flow such as viscosity and their relationship with 

other properties such as toughness are complex, the results obtained with this chapter do have the 

potential to have interesting biological implications. The structure of the cell wall, and in turn 

pectin, a major structural component of the cell wall, is essential for not only overall plant health, 

but also the ability for the cell wall to act as a barrier to stress (Houston et al., 2016; Cosgrove & 
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Jarvis, 2012). With regards to water loss, the focus of the upcoming chapter, cellular water loss 

can occur through both freezing stress and drought stress. Regardless of the underlying abiotic 

stress causing the water loss, the cell structure can become damaged beyond repair and plant death 

can occur. For example, during both drought and freezing stress, loss of turgor pressure can occur 

as the cell loses water (Arora, 2018; Moore et al., 2008; Burke et al., 1976). As the cell loses water, 

it may begin to undergo cytorrhysis, and while this process is beneficial to a certain extent as it 

prevents the plasma membrane from tearing away from the cell wall, cytorrhysis can also occur 

beyond a tolerable limit and cause cell death (Arora, 2018). Thus, it is critical to avoid going 

beyond the tolerable limit and the structure of the cell wall has been shown to play a key role in 

this. Oertli (1986) and Oertli et al. (1990) have found that the ability for the cell wall to resist 

cytorrhysis depends on the mechanical strength of the cell wall. Based on this understanding, one 

of the biological implications from our results is that calcium application and cold acclimation 

may reduce cytorrhysis through their ability to strengthen the cell wall. While not directly tested 

in this thesis, the findings obtained from the texture analyzer showing an increase in shear force 

coupled with those showing increased viscosity in pectin, a key component of the cell wall, are 

indicative that calcium and cold increased cell wall strength.   

 

The implications from increased shear force and increased pectin viscosity also have the potential 

to stretch beyond abiotic stress and into biotic stress. The cell wall plays a key role in preventing 

pathogens from infecting the cell by acting as a layer of defense for the plant, therefore pathogens 

have developed means to penetrate the cell wall (Houston et al., 2016). One example of this is in 

C. higginsianum which has the ability to penetrate the cell wall through physical force alone (Yan 

et al., 2018). The ability to strengthen the cell wall may in turn reduce the rate of C. higginsianum 

infection as the cell wall is increasingly difficult to penetrate. Therefore, another biological 

implication of these results is the notion that calcium application and cold acclimation may reduce 

the rate of C. higginsianum and other pathogens that penetrate the cell wall by shear force alone.  

  

3.6 Connection to Next Study  

We have determined that calcium application as well as temperature, whether in the formation of 

cold acclimation or in decreasing temperature, have an influence on the structural properties of 

both pectin and A. fistulosum biomass. In general, the findings from this Chapter are supportive of 
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the initial hypotheses, with the caveats that together calcium application and cold acclimation did 

not have an additive effect on the force required to shear A. fistulosum and calcium alone did not 

significantly increase pectin viscosity.    

 

Thus, given the knowledge of these structural changes based on our results and in addition to 

findings from the literature, the next step was to see how these structural changes may influence 

resistance to dehydration stress. Therefore, the next step was to determine if the changes in pectin 

viscosity and shear force reduced the rate of water loss in a range of species. The underlying aim 

is that if there is a positive link between increased pectin viscosity and shear force and dehydration 

stress resistance, these principles of altering structural properties of pectin, and in turn the cell 

wall, could be exploited to create plants with a greater resistance to dehydration and other stresses. 

Chapter 4 will first explore the rate of water loss in pectin in vitro and then moves to examine how 

the structural changes revealed in Chapter 3 impact dehydration stress resistance in two Allium 

species and a range of Arabidopsis genotypes. A range of species in addition to varying time scales 

of water loss will be utilized in order to gain a more comprehensive picture on how cold 

acclimation and calcium application can reduce water loss. Percent water loss will also be explored 

in Arabidopsis boron transporter mutants.  
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4.0 UNDERSTANDING THE INFLUENCE OF CALCIUM AND BORON ON THE 

RATE OF WATER LOSS FROM PURE PECTIN STANDARDS AND PLANT 
SPECIES  

 

4.1 Introduction  

As a result of climate change, the frequency and severity of drought and in turn dehydration, are 

predicted to increase. Given this prediction, it is critical to find an effective solution to help 

mitigate the damaging effects of dehydration stress on plants, which have the potential to threaten 

food security. Numerous papers have studied the role of calcium in mitigating drought stress across 

a range of species, however the majority of the research conducted has focused primarily on the 

role of calcium as a signaling molecule (Thor, 2019; White & Broadley, 2003; Sanders et al., 2002; 

White, 2000). While the role of calcium as a signaling molecule should not be undervalued, 

calcium also plays a critical role in the structure of the cell wall (Hepler, 2005; White & Broadley, 

2003; Matoh & Kobayashi, 1998).  

 

Previous research conducted in the Tanino lab found calcium application when paired with cold 

acclimation led to a 44% higher freezing stress survival through blockage of ice propagation across 

the cell wall in comparison to just cold acclimation alone (Liu, 2015). This finding further 

demonstrates the valuable role of calcium in mitigating stress. Given the potential central role the 

cell wall may play as both a barrier against cellular water loss and blockage of ice propagation into 

the cell, the role of calcium in the structure of the cell wall may also be beneficial to mitigating 

multiple stresses. Furthermore, given similar characteristics of drought stress and freezing stress, 

cold acclimation may also be beneficial to enhancing dehydration stress tolerance as Liu (2015) 

also found cold acclimation increased the extracellular freeze dehydration stress tolerance in A. 

fistulosum epidermal cells. 

 

Similar to studies involving calcium and drought stress, the majority of research investigating the 

role of boron in mitigating the damaging effects of dehydration stress have focused on the role of 

boron in a range of areas such as gene expression. The role of boron in the structure of the cell 

wall and the possible implications of that role in mitigating dehydration stress appears to have been 

overlooked in the current body of research. This gap in the literature exists despite the fact that 

structural implications of boron in the cell are well known (Hu & Brown, 1994). One of the 
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mechanisms by which boron influences cell wall structure is through the formation of RG-II 

dimers who found these cross-linkages influence tensile strength and cell wall porosity (O’Neill 

et al., 2004). Given these gaps in the literature, this chapter aims to investigate the role of calcium 

and boron with respect to reducing water loss.  

 

We utilized both pure pectin standards as well as a range of biological systems to explore the role 

of calcium, boron and to a certain extent cold acclimation on dehydration stress. The nature of 

biological systems is complicated, with numerous factors at play not only in basic cell functioning 

but also in response to dehydration stress. By first exploring percent water loss in pure pectin 

standards, the goal is to establish clear trends relating to impact of calcium and boron in influencing 

water loss. These trends will then serve as a basis to explore how calcium and boron influence 

water loss in the cell wall as a result of their likely interactions with pectin.  

 

As mentioned above, a range of biological systems were utilized to explore water loss. Two Allium 

species were selected since they have contrasting ability to cold acclimate as well as survive 

extreme cold temperatures (Palta et al., 1977; Tanino et al., 2013). Therefore, these two species 

were selected as they are predicted to also have contrasting abilities to survive dehydration stress. 

High methylated citrus pectin was used during the initial pectin water loss experiment as a proxy 

for pectin within the cell walls of both Allium species since citrus pectin has a high proportion of 

HG, similar to that of pectin in Allium cell walls (Yapo et al., 2007; Mankarios et al., 1980). Since 

calcium ions are known to form cross-linkages with HG pectin, creating “egg-box” structures, 

calcium was used as a treatment to explore the mitigation of water loss in both Allium species 

(Ravanat & Rinaudo, 1980). The resulting “egg-box” structures influence the rigidity and 

stabilization of the cell (Burstrom, 1968; Jones & Lunt, 1967). Furthermore, given that Liu (2015) 

observed cold acclimating A. fistulosum reduced cell wall permeability in epidermal cells, cold 

acclimation was explored in relation to mitigating dehydration stress in relation to A. fistulosum.  

 

In addition to investigating water loss in A. fistulosum and A. cepa, water loss was examined in 

various Arabidopsis mutant genotypes. The use of Arabidopsis mutants enabled exploration into 

the role of boron and PMEI in relation to their possible role in mitigating dehydration stress. Three 

boron transporters were examined: NIP5-1, NIP6-1 and BOR1. While NIP5-1 and NIP6-1 are very 
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similar, NIP5-1 is involved in the uptake of boric acid from the root surface under boron limiting 

conditions, while NIP6-1 is mainly expressed in the shoots, helping to direct boron to young 

developing tissues (TAIR, 2015; TAIR, 2013; Takano et al., 2008; Zimmermann et al., 2004). 

BOR1 is an efflux-type boron transporter responsible for xylem loading and boron translocation 

from roots to shoots under B limited conditions (TAIR, 2021; Miwa et al., 2006; Noguchi et al., 

1997). With regards to analysis of PMEI, a PMEI over-expression mutant, specifically over-

expressing PMEI5 was analyzed (Müller et al., 2013).  

 

Both boron and PMEI play a critical role in the structure of the cell wall with respect to pectin 

(Wormit & Usadel, 2018; Brown et al., 2002; Power & Woods, 1997; Hu & Brown, 1994). More 

specifically, boron forms RG-II dimers, while PMEI inhibits PME, in turn impacting the ability 

for “egg-box” structures (Wormit & Usadel, 2018; Ishii et al., 1999; O’Neill et al., 1996; Hu & 

Brown, 1994). The large bank of mutants available for Arabidopsis made it an ideal model to 

explore these factors. GENU BETA pectin was used as a proxy for the pectin within Arabidopsis 

cell walls as GENU BETA pectin has more RG-II in comparison to citrus pectin, which better 

simulates Arabidopsis (O’Neill et al., 1996; Ishii & Matsunaga, 1996; Zhemerichkin & Ptitchkina, 

1995).  

 

In addition to studying water loss in multiple models, water loss is also examined over multiple 

time courses throughout the experiments to analyze how calcium, boron, PMEI and cold 

acclimation influence water loss over various time periods. The experiments below address the 

overarching hypothesis: Calcium, boron and pectin concentration all impact tolerance to 

dehydration stress, both in terms of percent water loss as well as limit of damage (for biological 

models) following the stress.  

 

More specifically, the following hypotheses are addressed in this chapter:  

1. Increasing concentration along with calcium or boron will reduce water loss over 6hr in 

pure pectin standards. Moreover, boron will have a greater influence on reducing water 

loss in GB pectin, while calcium will have a larger effect on HM pectin.  
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2. The exogenous application of CaCl2 localizes to the apoplast of Allium fistulosum (A. 

fistulosum) and reduces the rate of cellular water loss over short-term (15min) and long-

term (16-18hr and 12-24hr) periods. 

3. Allium cepa (A. cepa) has greater percent water loss compared to Allium fistulosum, 

however the addition of calcium reduces percent water loss. 

4. Arabidopsis thaliana (A. thaliana) lines with mutations in boron transporters and a pectin 

methylesterase inhibitor (PMEI) will lose water at a faster rate over a short-term (15min) 

and long-term (2-10hr) compared to Col-0.   

 

Experiments laid out within this Chapter address two sub-objectives:  

1. Analyze how calcium and boron concentration, influences the rate of water loss in pure 

pectin solutions over 6 hr.  

2. Investigate the influence of calcium on water loss in Allium fistulosum, Allium cepa and 

various Arabidopsis thaliana mutant genotypes over short (15minutes) and long periods 

(16hr and 24hr).  

 

4.2 Materials and Methods  

4.2.1 Water Loss in Pure Pectin Solutions  

4.2.1.1 Pectin Powders and Pectin Solutions  

See Section 3.2.1.1 

 

4.2.1.2 Water Loss  

Water loss of pure pectin solutions was analyzed over 0 - 6hr at hourly intervals through 

assessment of weight loss. This timeline was selected following preliminary experiments. Water 

loss was first analyzed by pipetting approximately 1g of each of the pectin solutions outlined in 

Section 3.2.1.1 into a petri dish (Figure A4). For consistency of evaporation, care was taken to 

gain an even area distribution of the various treatment solutions from the center of the plate. 

Throughout the course of the dehydration experiment, lids were kept off the petri dishes in order 

to allow for evaporation to occur. Temperature remained constant at 23°C, with a relative humidity 

of about 22% during the experiment. Percent water loss was calculated using Equation A1.  
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4.2.1.3 Statistical Analysis  

Results obtained from the analysis of pectin water loss over 0 - 6hr were first analyzed using an 

ANOVA. The ANOVA examined each element of the pectin solution (concentration, type, 

presence/absence of calcium or boron) in combination as opposed to examining each explanatory 

variable separately in relation to water loss over time. Thus, in total 12 different pectin 

combinations were analyzed using an ANOVA. In addition, a Tukey test was also performed to 

check for differences in rate of water loss between each of the pectin solutions. Figures were 

created using the “ggplot” and “ggplot2” package in RStudio (Version 1.2.5033), in addition to 

Microsoft Excel (Version 16.32) (Wickham, 2020). All statistical analysis was preformed using 

the RStudio statistical software (Version 1.2.5033).   

 

4.2.2 Allium fistulosum Water Loss  

4.2.2.1 Plant Material (Allium fistulosum) and Experimental Design  

Section 3.2.2.1 

 

4.2.2.2 Calcium Application  

Section 3.2.2.2 

 

4.2.2.3 Cold Acclimation  

Section 3.2.2.3 

 

*Note: After looking at water loss over both a 15min and 24hr time course, the decision was made 

to drop the cold acclimation portion of the project since the data outlined in (Figure 4.8 and Figure 

4.12) indicates the relationship between water loss and limit of damage in cold acclimated plants 

is extremely complex. A dedicated project is required to solely focus on the role of cold 

acclimation and water loss. Thus, the focus for this project became the influence of calcium, boron 

and PMEI on water loss.  
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4.2.2.4 Short-Term Water Loss- 15min  

Percent water loss over a 15 min period was analyzed by recording the weight of a single epidermal 

cell layer every minute using a Mettler Toledo analytical balance (Columbus, OH, United States). 

The epidermal cell layer was placed with the abaxial surface down on the slide. The slide was then 

placed on an upside-down weigh-boat as this allowed for the slide to be more easily removed from 

the scale (Figure A5). Percent water loss at T0 was 0% and from there water loss was calculated 

(Equation A1) (Arve et al., 2014).  

 

4.2.2.5 Long-Term Water Loss 24hr (Original Method)  

An analysis of water loss over a 24hr period (12, 14, 16, 18, 20, 22 and 24 hr) in the dark at 23°C 

and about 33% RH was performed by preparing 7 slides per replication, with a single epidermal 

cell layer per slide (Figure A6 [3,4]) and weighed using a Mettler Toledo balance (Columbus, OH, 

United States) and analyzed for percent water loss (Arve et al., 2014). The single epidermal cell 

layer was then wrapped in two premoistened Kimwipes™ and placed in a 50mL tube with the lid 

for 24hr (Figure A6 [4-6]) in the dark at 23°C. Kimwipes™ were used to rehydrate the sample in 

order to assess the limit of damage. Percent water loss was calculated using equation A1, with 

percent water loss at T0 set at 0. Limit of damage after rehydration was then observed and 

quantified using methods outlined in Section 4.2.2.7.  

  

*Note: As a result of the findings of the above analysis, the decision was made to leave the 

epidermal layer leaf intact on the sheath during the period of dehydration and rehydration in order 

to avoid applying dehydration stress artificially to the excised single cell layer since dehydration 

would normally occur on the intact sheath. In addition, water loss was only analyzed at 16hr and 

18hr using this method as these time points were found to be of greatest interest in the experiment. 

This experimental designed is outlined in Section 4.2.2.6. 

 

4.2.2.6 Long-Term Water Loss- 16hr and 18hr  

Water loss over 16hr and 18hr was analyzed by first identifying and removing the youngest leaf 

blade with the most developed sheath. The sheath was then cut from the base into a 4cm 

section (Figure A7). Both ends of the sheath were then sealed with petroleum jelly and weighed to 
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obtain a T0 weight. Samples were then placed in the dark at a constant temperature of about 23°C. 

Sheaths were weighed at the 16 hr and 18 hr time points for water loss.  Samples at each of the 

time points were then wrapped in moist Kimwipes™ and placed inside 50mL tubes with the lid on 

for 24hr as outlined in Section 4.2.2.5. The process was repeated at 18hr. Following the 24hr 

rehydration period, the epidermal cell layer was peeled and fixed to a slide and assessed for limit 

of damage using methods outlined in Section 4.2.2.7.  

 

4.2.2.7 Measurements of Limit of Damage  

Limit of damage was measured using two different checks: the visualization and quantification of 

protoplasmic streaming and staining using fluorescein diacetate (FDA) (Figure 4.1). The 

visualization of protoplasmic streaming was performed using a digital LEICA DM4 B microscope 

(Wetzlar, Germany) at 40x with a LEICA DFC7000 T camera (Wetzlar, Germany) attached. 

Protoplasmic streaming was quantified as a percent of the limit of damage across the epidermal 

cell layer (Equation A2).  

 

FDA stain was prepared by dissolving FDA into acetone. Slides mounted with epidermal cell 

layers were immersed in FDA, placed in a desiccator for 5 min and then washed with PBS. Staining 

and subsequent washing with PBS was conducted in the dark. Cells were imaged using a digital 

LEICA DM4 B microscope (Wetzlar, Germany) with a LEICA DFC7000 T camera (Wetzlar, 

Germany) attached at the 40x objective along with the GFP filter and the fluorescence setting. 

Viable cells fluoresce bright green as shown in Figure 4.1 as an intact, functioning esterase integral 

membrane protein is required to cleave FDA in order for fluorescence to occur (Proffitt et al., 

1996; Thermo Fisher Scientific, n.d.). Thus, failure to fluoresce is indicative of a non-viable cell. 

Non-viable cells will appear dark, non-fluorescent green as a result of FDA staining. Thus, the 

quantification of fluorescence by way of image analysis in ImageJ (Version 1.53) was used to 

further analyze differences in the limit of damage between cell layers based on FDA staining. 
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Figure 4.1 Chemical reaction for fluorescein diacetate 

The chemical reaction of fluorescein diacetate to confirm the limit of damage within epidermal 

cells. Image from Vitecek et al. (2007). Used under Creative Commons Attribution 4.0 

International (https://creativecommons.org/licenses/by/4.0/). 

 

4.2.2.8 Determining Stomatal Aperture  

Stomatal aperture was measured using the Suzuki Universal Micro-Printing (SUMP) method 

(Banik et al., 2016). Using SUMP discs and SUMP liquid, imprints of the stomata were 

taken. From there, the disc imprints were examined to determine if the stomata were open or closed 

using a digital LEICA DM4 B microscope (Wetzlar, Germany) at 40X with a LEICA DFC7000 T 

camera (Wetzlar, Germany) attached. Imprints were also taken prior to dehydration in order to 

ensure stomata were functional and subsequently closed during dehydration stress (Figure A8).      

 

4.2.2.9 Statistical Analysis  

The results from the analysis of water loss over 15min were analyzed using generalized additive 

models (GAMs). A generalized additive model is a method of statistical analysis similar to 

generalized linear modeling (GLM) (Crawley, 2013). Crawley (2013) further outlines that with a 

GAM, the shape of the relationship between y and the continuous explanatory variable x is not 

specified by an explicit functional form, such as a linear shape. This makes GAMs a good method 

of analysis for non-linear relationships. In a GAM, a non-parametric smoother replaces the typical 

linear function that would be used to build a GLM (Crawley, 2013; Hastie & Tibshirani, n.d.). 

Therefore, the GAM was a suitable method of analysis as the relationships examined in this section 

are non-linear. When analyzing a non-linear relationship, some methods of analysis may fail to 

capture certain non-linear patterns (Larsen, 2015). Larsen (2015) goes on to further outline that 

GAM predictor functions are generated while the model is constructed and therefore there is no 

need-to-know what type of functions will be required to build the model. The ability to generate 

https://creativecommons.org/licenses/by/4.0/
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the predictor functions during the model construction allows for patterns to be discovered that may 

have been missed with another form of analysis (Larsen, 2015).  

 

With respect to the creation of the GAMs, water loss was the response variable, while time was 

the continuous explanatory variable and the application of calcium, and cold acclimation were 

explanatory variables. GAMs were generated using the “mgcv” package from for RStudio 

(Version 1.2.5033) (Wood, 2019). The Akaike information criterion (AIC) score was used when 

building models to select for the most optimum model. The empirical distribution factor (edf) was 

used to confirm that the data modeled by the GAM was non-linear, which is indicated by 

an edf greater than 1. Model checking was done using the gam.check function to examine the 

residual vs. fitted plots. The distribution of the data was checked prior to the creation of the GAMs 

and while the data did not follow a normal distribution, a log-transformation did not improve the 

distribution of the data. Therefore, the data was not transformed. The statistical significance of the 

GAMs was analyzed using analysis of variance (ANOVA), function, with the argument “test” 

being set equal to “F”, thereby running f-tests as opposed to t-tests. A Tukey test was also done to 

further analyze the relationship between the various cold acclimation treatments, without the 

influence of the variable, time. Figures of each GAM were individually created for each of the 6 

possible treatment combinations using function “plot.gam()”, in addition to packages “mgcViz” 

and “rgl”. Package, “devtools” was used to download the colour palette, “inauguration_2021”, 

which was used for the colours of each figure.  

 

In addition, attempts were made to create GAMs in order to analyze the results from the experiment 

examining water loss over 24hr, however this was unsuccessful as a result of an error in attempting 

to build the GAM. Attempts were made to correct the error, however none of the troubleshooting 

methods resolved the error. Therefore, those results were analyzed using an ANOVA, where 

p<0.05 was deemed significant. Results obtained from the observing protoplasmic streaming were 

analyzed using the same method. A Tukey test was also conducted to further analyze the 

relationship between the various cold acclimation treatments and their effect on percent water loss 

over 24hr. Data collected from the experiment analyzing water loss over 16hr and 18hr was 

analyzed using an ANOVA, where p<0.05 was deemed significant. Figures were created using the 

“ggplot” and “ggplot2” package in RStudio (Version 1.2.5033), in addition to Microsoft Excel 
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(Version 16.32) (Wickham, 2016). All statistical analysis was preformed using the RStudio 

statistical software (Version 1.2.5033).    

 

4.2.3 Allium cepa Water Loss  

4.2.3.1 Plant Material (Allium cepa) and Experimental Design  

A. cepa was planted similarly to A. fistulosum as outlined in Section 3.2.2.1. Yellow Sweet 

Spanish A. cepa seeds (Early’s Farm & Garden Center, 2615 Lorne Ave. Saskatoon, SK) were 

germinated in the Agriculture Greenhouse at the University of Saskatchewan (45 Innovation Blvd, 

Saskatoon, Saskatchewan) and then transplanted into 6” pots after approximately 2 weeks 

containing Sunshine No.4 (Sun Gro Horticulture Canada Ltd. Seba Beach, AB, Canada). A. 

cepa was grown on the same bench in the greenhouse as A. fistulosum and therefore exposed to 

the same environmental and cultural conditions (Section 3.2.2.1).  The bench was organized using 

a randomized complete block design.  

 

4.2.3.2 Calcium Application  

Calcium was applied following the method outlined in Section 3.2.2.2 

 

4.2.3.3 Short-Term Water Loss- 15min  

Analysis of water loss over 15min was performed as outlined in Section 4.2.2.4 

 

4.2.3.4 Long-Term Water Loss- 16hr and 18hr  

Analysis of water loss over 16hr and 18hr was performed as outlined in Section 4.2.2.6 

 

4.2.3.5 Limit of Damage  

Analysis of the limit of damage within cells was performed as outlined in Section 4.2.2.7 

 

4.2.3.6 Determining Stomatal Aperture  

Analysis of stomatal aperture was performed as outlined in Section 4.2.2.8 
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4.2.3.7 Statistical Analysis  

Statistical analysis was conducted as outlined in Section 4.2.2.9, however cold-acclimation was 

not used as a variable as this treatment was not applied to A. cepa.  

 

4.2.4 Arabidopsis thaliana Water Loss  

4.2.4.1 Arabidopsis thaliana Genotypes  

Five A. thaliana lines were selected and grown for this experiment, including three boron-

transporter mutants (nip5-1, nip6-1 and bor1), a pectin methylesterase inhibitor over-expression 

mutant (p35S::PMEI5) and a wild-type (Col-0) line respectively (TAIR, 2021; TAIR, 2015; 

Müller et al., 2013; TAIR, 2013). All three boron transporter mutants were obtained from the 

Arabidopsis Biological Resource Centre (ABRC) (Columbus, OH, United States), p35S::PMEI5 

was kindly sent to the Tanino lab by Kerstin Müller (Simon Fraser University, Burnaby, BC). 

PMEI5 over-expression in this line is under the control of the Cauliflower mosaic virus (CaMV) 

35S promoter (Müller et al., 2013).  

 

NIP5-1 (AT4G10380.1) encodes for a boric acid channel that is essential for efficient boron uptake 

and plant development under boron limited conditions (TAIR, 2015). Boron is taken up through 

the roots by the boric acid channel which is coded for by NIP5-1 and then is moved into the xylem 

by a boron transporter that is coded for by BOR1 (TAIR, 2015; TAIR, 2021). Similar to the protein 

coded for by NIP5-1, NIP6-1 encodes a protein with boron transporter activity however, this 

transporter helps to preferentially direct boron to young developing tissues in the shoot when under 

boron limited conditions (TAIR, 2015; TAIR, 2013). BOR1 (AT2G47160.2) codes for a boron 

transporter that is localized in the shoots and roots under conditions where boron is deficient and 

is subsequently degraded within hours once the level of boron is restored in the plant (TAIR, 2021). 

Initially, BOR2 mutant seeds were also ordered however an issue arising genotyping as a result of 

an error by the seed bank impeded the use of this line. The p35S::PMEI5 line mutant selected 

specifically over-expresses PMEI5 (Müller et al., 2013). Müller et al. (2013) further outlines that 

PMEI5 codes for a pectin methylesterase inhibitor. Furthermore, they found that when compared 

to Col-0, this mutant has been found to show a number of phenotypic variations. The p35S::PMEI5 
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plants have been found to have decreased fertility, faster germination and larger seed size amongst 

other phenotypic variations (Müller et al., 2013).  

 

These lines were kindly genotyped by Dr. Sheng Wang (University of Saskatchewan). Plants were 

genotyped by first preparing genomic data according to Edwards et al. (1991), with some 

modifications (Wang et al., 2011; Edwards et al., 1991). More specifically, 1µL of DNA sample 

was used for a 20µL polymerase chain reaction (PCR) (Wang et al., 2011). Instructions in the 

manual for Taq DNA polymerase (Invitrogen) were followed to prepare the PCR reaction 

mixtures. Amplifications were conducted using a T100 programmable thermal controller (Bio-

Rad). Denaturing was performed at 94 °C for 1min, followed by annealing for 1min. Primer 

extension was then carried out at 72 °C for 1 min per kilobase of DNA. These steps were repeated 

for 30 cycles (Wang et al., 2011). Table A10 lists the primers used to genotype nip5-1, nip6-1 and 

bor1. Primers were ordered from Integrated DNA Technologies (Coralville, IA, USA). 

p35S::PMEI5 was obtained previous to these lines and thus was genotyped separately. The results 

of that genotyping are not shown within this thesis.  

  

All lines were grown in a Conviron chamber (Winnipeg, Manitoba, Canada) with the following 

environmental conditions; 20ºC constant temperature, 50% RH, 16-8hr/light-dark period and 

150 +/-10 µmol m-2s-1. Plants were watered every second day, using water from the City of 

Saskatoon, while fertilizer (20-20-20) was applied weekly. When preparing the fertilizer solution, 

2g of 20-20-20 was added to 1L of water. Each tray containing ~12 pots received 1L of fertilizer 

solution. Plants were grown to two-weeks of age (Figure A7).  

 

4.2.4.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis of Arabidopsis 

Genotypes 

Analysis of boron in the A. thaliana using ICP-MS was done using above-ground biomass samples 

obtained from various genotypes (nip5-1, nip6-1, p35S::PMEI5 and Col-0). Plants were two-

weeks old at the time of analysis. Section 4.2.4.1 outlines how the genotypes were grown. Samples 

were freeze-dried and ground with a mortar and pestle prior to analysis.  
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Samples were first digested in the microwave. Digestion in the microwave was done by adding 

2.25mL HNO3 + 2.25mL H2O + 0.5mL HCl to 0.25g of sample (Khazaei & Vandenberg, 2020)  

(Goetz, B. pers.comm. 2021). Vials were heated to 200ºC over 15min and then held at 200 ºC for 

15min according to the manufacturer’s guidelines (CEM, n.d). The pressure in the microwave was 

held constant at 800psi, and the power was maintained at 900-1050W (CEM, n.d). The analysis 

was conducted after digestion using a solution of 2.25% HNO3 and 0.5% HCl. Note, the 

aforementioned values were decreased by 10X for this experiment due to small sample sizes 

(Goetz, B. pers.comm. 2021). Citrus leaves and tomato leaves were used as certified standards.  

 

Water samples obtained from the Environmental Stress Lab in the College of Agriculture and 

Bioresource Building (51 Campus Drive, Saskatoon, SK) and the Agriculture Greenhouses (45 

Innovation Blvd., Saskatoon, SK) were analyzed using the same method, however samples were 

not digested prior to analysis.   

 

Tissue and water samples were analyzed for B using iCAP™ RQ inductively-couples plasma mass 

spectrometry and the kinetic energy discrimination cell mode as described in the manufacturer’s 

instructions (model: ICAP-RQ, S/N ICAPRQ00250, Thermo Fisher Scientific, Bremen, 

Germany). 

 

Tables containing results from this experiment are presented in the Appendix as they are intended 

to be supplementary to experiments analyzing A. thaliana (Tables A2, A11-A14).  

 

4.2.4.3 Short-Term Water Loss  

Percent water loss over a 15 min period was analyzed by recording the weight of a single two-

week-old plant that was cut off at the base of the shoot, sealed with Vaseline at the cut stem and 

weighed every minute for 15 minutes using a Mettler Toledo (Columbus, OH, United States) 

balance (Arve et al., 2014). The percent water loss at T0 was set at 0%, and Equation A1 was used 

to calculate percent water loss. Two models of hygrometers outlined in Section 4.2.2.4 were used 

to monitor the temperature and humidity of the lab. The lab was approximately 24°C with an 

approximate RH of 33%. The experiment was conducted under dark conditions in order to ensure 
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the stomata remained closed in an attempt to reduce stomatal water loss so that water loss reflected 

non-stomatal pathways.  

 

*Note: Due to unforeseen issues with seed set, the bor1 mutant was not included in this analysis.   

 

4.2.4.4 Long-Term Water Loss (2-24hr)  

Water loss every 2hr over a 24hr period was performed on plants sampled as per the analysis of 

short-term water loss.  An initial weight was recorded at 0hr. To rehydrate the plants, plants were 

carefully placed in 2mL sepia toned bottles along with 100µL of dH2O. Caution was taken to 

ensure the plant was not sitting directly in the water and the lid was placed on the bottle to ensure 

a humid environment. This was repeated every 2hr for 24hr. Equation A1 was used to calculate 

percent water loss.  

  

*Note: Due to unforeseen issues with seed set, bor1 was not included in the analysis taken between 

12hr-24hr.   

 

4.2.4.5 Limit of Damage   

Approximately 24hr following rehydration, 1000µL of dH2O was added to the 2mL sepia-

colored bottles. Care was taken to ensure the plant made contact with the water and the bottles 

were then left on the shaker overnight (~19hr). Electrical conductivity was then measured using 

the Twin Compact Meter (Horiba, Japan).  

 

The initial measurement of electrical conductivity was conducted after the sample had been shaken 

overnight. This measurement was taken used the liquid that had been used to submerge the plant. 

Specifically, 100µL of the water used to submerge the plant was pipetted into the conductivity 

meter according to instructions for the Twin Compact Meter (Horiba, Japan). Following the initial 

measurement and subsequent recording of the value, the water was then added back to the vial. 

From there, the total electrolyte conductivity (µS/cm) was measured by placing the sample in a 

100ºC dry bath for 10 minutes and then vortexing the vial containing both the plant and the water. 

The vials were then cooled prior to taking the final measurement, which again was done by 
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pipetting 100µL of the water that had been used to submerge the plant into the conductivity meter 

for readings. Equation A3 was used to calculate limit of damage.  

 

4.2.4.6 Determining Stomatal Aperture  

Analysis of stomatal aperture was performed as outlined in Section 4.2.2.8 (Figure A10).  

 

4.2.4.7 Statistical Analysis  

Results were analyzed using the same statistical tests outlined in Section 4.2.2.9, however using 

“genotype” as the explanatory variable as opposed to cold acclimation and calcium application.  

 

4.3 Results  

4.3.2 General Results and Overview  

In general, calcium did significantly reduce overall percent water loss in both high methylated 

pectin and GENU BETA pectin (Figure 4.2, Figure 4.3, Table 4.1 and Table A15).  However, the 

effect of calcium on water loss in A. fistulosum and A. cepa was less clear. Overall, the most 

striking biological response was the significantly greater water loss in the stress sensitive A. cepa 

compared to the stress resistant A. fistulosum (Figures 4.4-4.7, Table A16 and Table A18). 

Sensitive A. cepa lost more than double the water than resistant A. fistulosum over a 15-minute 

period, although this trend narrowed over 16-18hr (Figures 4.4-4.7). A. fistulosum also had a 

significantly (p<0.05) lower  limit of damage following long-term dehydration (16-18hr) 

compared to A. cepa (Figures 4.8-4.9 and Table A22). Furthermore, when the A. fistulosum 

epidermal cell layer (as a separated cell layer) was dehydrated for 16hrs, calcium application 

significantly (p<0.05) increased protoplasmic streaming, indicating a reduced limit of damage 

(Figure 4.15 and Table A27). Calcium did not reduced the limit of damage in A. cepa based on 

protoplasmic streaming (Figure 4.8 and Table A25). However, unlike A. fistulosum, calcium 

treatments significantly (p<0.05) reduced water loss in A. cepa over 15 minutes (Figure 4.5, Figure 

4.16 and Table 4.2). In the stress resistant Allium fistulosum, over short-term water loss, 

surprisingly all treatments increased water loss above controls (Figure 4.17, Figure 4.18 and Table 

4.3). In general, under long term water loss over 12-24hr, cold acclimation in conjunction with 

calcium had no significant (p>0.05) effect on percent water loss or percent protoplasmic streaming 
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(Table A26 and Table A28). The application of cold acclimation alone or in conjunction with 

calcium did not improve dehydration stress resistance (Figure 4.15).  

 

Boron reduced water loss in GENU BETA pectin, which served as a proxy for Arabidopsis pectin  

(Figure 4.2, Figure 4.3, Table 4.1 and Table A15). However, in Arabidopsis the relationship 

between percent water loss and limit of damage in the case of long-term water loss showed more 

variation (Figure 4.21-4.24). While boron transporter mutants generally lost more water, this did 

not always result in a direct increase in percent electrolyte leakage which would have reflected as 

increased damage to the plasma membrane (Figure 4.21-4.24). Of the Arabidopsis mutants, the 

pectin methylesterase inhibitor overexpressing mutant (pme5i-oe) had the least water loss and 

lowest electrolyte leakage over time compared to the boron transporter mutants (Figure 4.21-4.25).  

 

4.3.2 Pectin Water Loss  

Over the 6hr period of water loss, all of the pectin solutions exhibited a linear water loss (Figure 

4.2). However, while the majority of the pectin solutions followed a similar trajectory, losing on 

average between 60-70% of their total water by 6hr, the treatment of 8% high methylated pectin 

combined with calcium had only 48.5% water loss (Figure 4.2 and Figure 4.3). As a result of its 

lower percent water loss, the 8% high methylated pectin combined with calcium was significantly 

(p<0.05) different from: 8% GENU BETA pectin with calcium, 8% high methylated pectin with 

no elements, and 8% high methylated pectin with boron (Figure 4.3, Table 4.1 and Table A15).  

 

Furthermore, the addition of calcium and boron (separately) to 8% GENU BETA was also found 

to significantly (p<0.05) reduce percent water loss in comparison to 8% GENU BETA without the 

addition of either element (Figure 4.3, Table 4.1 and Table A15). Also notable, this significant 

(p<0.05) reduction in percent water loss resulted in these two pectin solutions (8% GENU BETA 

pectin with calcium and 8% GENU BETA pectin with boron) having the second and third smallest 

overall percent water losses (Figure 4.3, Table 4.1 and Table A15). 8% high methylated pectin 

with calcium had the smallest percent water loss of 48.5% followed by 8% GENU BETA pectin 

with calcium with a percent water loss of 58.3% and 8% GENU BETA pectin with boron with an 

overall percent water loss of 59.7% (Figure 4.2 and Figure 4.3).  
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In contrast, the greatest average water loss after 6hr was found to occur in the 4% high methylated 

pectin with boric acid (70.19%) (Figure 4.2 and Figure 4.3). This overall percent water loss was 

significantly (p<0.05) different from:  4% high methylated pectin without added elements and 4% 

high methylated pectin with calcium (Figure 4.3, Table 4.1 and Table A15). Other comparisons 

were also significantly (p<0.05) different, and they are listed in Table 4.1.  

 
Figure 4.2 Percent water loss over 6hr in pectin solutions 

Percent water loss over 6hr across two concentrations of pectin (4% or 8%), two types of pectin 

(high methylated (HM) citrus pectin or Genu Beta (GB) (sugar beet) pectin), with the addition of 

either calcium (Ca) (0.05M CaCl2), boron (B) (0.05M H3BO3) or no additional element.  
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Figure 4.3 Box-pot showing average percent water loss in pectin solutions over 6hr  

 

Boxplot showing average percent water loss over a 6hr period, across two concentrations of pectin 

(4% or 8%), two types of pectin (high methylated (HM) citrus pectin or Genu Beta (GB) (sugar 

beet) pectin), with the addition of either calcium (Ca) (0.05M CaCl2), boron (B) (0.05M H3BO3) 

or no additional element. See Tables 4.1 and A15 for statistical analysis.  

 

Table 4.1 Tukey test for results obtained from analysis of water loss in pectin solutions  

Results from a Tukey test conducted to further analyze the relationship between various pectin 

solutions and percent water loss over 6hr. * represents p ≤ 0.05, ** represents p ≤ 0.01, and *** 

represents p ≤ 0.001. p<0.05 is significant. 

 

Treatment Combination P value  

EightGB/NoCa/YesB-EightGB/NoCa/NoB         0.000 *** 

EightGB/YesCa/NoB-EightGB/NoCa/NoB  0.041 * 

EightHM/NoCa/NoB-EightGB/NoCa/NoB  0.999  

EightHM/NoCa/YesB-EightGB/NoCa/NoB  0.319  

EightHM/YesCa/NoB-EightGB/NoCa/NoB  0.000 *** 

FouHM/YesCa/NoB-EightGB/NoCa/NoB  0.999  

FourGB/NoCa/NoB-EightGB/NoCa/NoB  0.905  

FourGB/NoCa/YesB-EightGB/NoCa/NoB  0.149  

FourGB/YesCa/NoB-EightGB/NoCa/NoB  0.999  

FourHM/NoCa/NoB-EightGB/NoCa/NoB  0.980  



 82 

FourHM/NoCa/YesB-EightGB/NoCa/NoB  0.000 *** 

EightGB/YesCa/NoB-EightGB/NoCa/YesB  0.000 *** 

EightHM/NoCa/NoB-EightGB/NoCa/YesB  0.000 *** 

EightHM/NoCa/YesB-EightGB/NoCa/YesB  0.000 *** 

EightHM/YesCa/NoB-EightGB/NoCa/YesB  0.897  

FouHM/YesCa/NoB-EightGB/NoCa/YesB  0.000 *** 

FourGB/NoCa/NoB-EightGB/NoCa/YesB  0.000 *** 

FourGB/NoCa/YesB-EightGB/NoCa/YesB  0.000 *** 

FourGB/YesCa/NoB-EightGB/NoCa/YesB  0.000 *** 

FourHM/NoCa/NoB-EightGB/NoCa/YesB  0.000 *** 

FourHM/NoCa/YesB-EightGB/NoCa/YesB  0.000 *** 

EightHM/NoCa/NoB-EightGB/YesCa/NoB  0.256  

EightHM/NoCa/YesB-EightGB/YesCa/NoB  0.000 *** 

EightHM/YesCa/NoB-EightGB/YesCa/NoB  0.000 *** 

FouHM/YesCa/NoB-EightGB/YesCa/NoB  0.245  

FourGB/NoCa/NoB-EightGB/YesCa/NoB  0.000 *** 

FourGB/NoCa/YesB-EightGB/YesCa/NoB  0.000 *** 

FourGB/YesCa/NoB-EightGB/YesCa/NoB  0.005 * 

FourHM/NoCa/NoB-EightGB/YesCa/NoB  0.549  

FourHM/NoCa/YesB-EightGB/YesCa/NoB  0.000 *** 

EightHM/NoCa/YesB-EightHM/NoCa/NoB  0.056  

EightHM/YesCa/NoB-EightHM/NoCa/NoB  0.000 *** 

FouHM/YesCa/NoB-EightHM/NoCa/NoB  1.000  

FourGB/NoCa/NoB-EightHM/NoCa/NoB  0.437  

FourGB/NoCa/YesB-EightHM/NoCa/NoB  0.019 * 

FourGB/YesCa/NoB-EightHM/NoCa/NoB  0.933  

FourHM/NoCa/NoB-EightHM/NoCa/NoB  0.999  

FourHM/NoCa/YesB-EightHM/NoCa/NoB  0.000 *** 

EightHM/YesCa/NoB-EightHM/NoCa/YesB  0.000 *** 

FouHM/YesCa/NoB-EightHM/NoCa/YesB  0.059  

FourGB/NoCa/NoB-EightHM/NoCa/YesB  0.997  

FourGB/NoCa/YesB-EightHM/NoCa/YesB  0.999  

FourGB/YesCa/NoB-EightHM/NoCa/YesB  0.783  

FourHM/NoCa/NoB-EightHM/NoCa/YesB  0.014 * 

FourHM/NoCa/YesB-EightHM/NoCa/YesB  0.238  

FouHM/YesCa/NoB-EightHM/YesCa/NoB  0.000 *** 

FourGB/NoCa/NoB-EightHM/YesCa/NoB  0.000 *** 

FourGB/NoCa/YesB-EightHM/YesCa/NoB  0.000 *** 

FourGB/YesCa/NoB-EightHM/YesCa/NoB  0.000 *** 

FourHM/NoCa/NoB-EightHM/YesCa/NoB  0.000 *** 

FourHM/NoCa/YesB-EightHM/YesCa/NoB  0.000 *** 

FourGB/NoCa/NoB-FouHM/YesCa/NoB  0.452  

FourGB/NoCa/YesB-FouHM/YesCa/NoB  0.020 * 

FourGB/YesCa/NoB-FouHM/YesCa/NoB  0.939  
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FourHM/NoCa/NoB-FouHM/YesCa/NoB  0.999  

FourHM/NoCa/YesB-FouHM/YesCa/NoB  0.000 *** 

FourGB/NoCa/YesB-FourGB/NoCa/NoB  0.966  

FourGB/YesCa/NoB-FourGB/NoCa/NoB  0.999  

FourHM/NoCa/NoB-FourGB/NoCa/NoB  0.183  

FourHM/NoCa/YesB-FourGB/NoCa/NoB  0.021 * 

FourGB/YesCa/NoB-FourGB/NoCa/YesB  0.534  

FourHM/NoCa/NoB-FourGB/NoCa/YesB  0.004 * 

FourHM/NoCa/YesB-FourGB/NoCa/YesB  0.457  

FourHM/NoCa/NoB-FourGB/YesCa/NoB  0.700  

FourHM/NoCa/YesB-FourGB/YesCa/NoB  0.001 ** 

FourHM/NoCa/YesB-FourHM/NoCa/NoB  0.000 *** 

 

4.3.3 Stress resistant Allium fistulosum and Stress Sensitive Allium cepa Water Loss 

As predicted, stress resistant A. fistulosum lost significantly (p<0.05) less water compared to stress 

sensitive A. cepa over 15 minutes (Figure 4.4, Figure 4.5 and Table A16). Without factoring in the 

addition of calcium, A. fistulosum epidermal cells lost just over 20% (23.7%) of their total water 

in 15min, while epidermal cells obtained from A. cepa lost over 40% (45.4%) of their total water 

after 15min (Figure 4.4). Moreover, the effect size for the comparison of the relationship between 

A. fistulosum and A. cepa in general was above 0.8, which is considered a large effect size, and 

therefore also meaningful (Table A17) (Lakens, 2013; Cohen, 1988).  
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Figure 4.4 Percent water loss over 15 minutes in Allium fistulosum and Allium cepa epidermal 

cell layers  

Percent water loss over 15 minutes in epidermal cell layers obtained from 

both Allium fistulosum and Allium cepa. This graph shows both treatment groups (1) NCA (-

CaCl2), and 2) CA (+CaCl2) from both Allium spp. analyzed. Plants treated with calcium received 

0.05M of CaCl2 every second day for 4 weeks.   

 
Figure 4.5 Box-pot showing average percent water loss in Allium fistulosum and Allium cepa 

over 15min. Treatment groups (CA and NCA) combined 

Boxplot showing average percent water loss over 15min between A. cepa and A. fistulosum in 

general, with treatment groups (CA and NCA) combined. See Table A16 statistical analysis.  

A 

B 

Allium cepa  Allium fistulosum  

Species 
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In general, when the treatment groups (calcium treated and control) were combined, A. fistulosum 

continued to show a significantly (p<0.05) reduced water loss when examined over 16-18hr 

(Figure 4.6, Figure 4.7 and Table A18). One caveat however is that while there was a significant 

difference in water loss between A. cepa and A. fistulosum over 16-18hr, the effect size was small 

(Table A19). At 16hr, A. fistulosum sheaths had a percent water loss of 27.1%, while A. cepa 

sheaths had a percent water loss of 33.1% (Figure 4.6). At 18hr, A. fistulosum sheaths had a percent 

water loss of 28.1% while, A. cepa sheaths had lost 33.3% of their water (Figure 4.6). While 

calcium application did slightly reduce percent water loss in A. fistulosum, the effect of calcium 

on A. fistulosum was not statistically significant (Figure 4.6 and Table A20). Calcium application 

also failed to create a statistically significant difference in water loss over 16-18hr in A. cepa (Table 

A21).   

 

Figure 4.6 Percent water loss over 16-18hr in Allium fistulosum and Allium cepa 

Percent water loss in 4cm sections Allium fistulosum and Allium cepa sheaths over 16-18hr. 

Epidermal cell layers were left attached to the sheath. This graph shows both treatment groups: 1) 

-CaCl2, and 2) +CaCl2) from both Allium spp. analyzed. Plants treated with calcium received 

0.05M of CaCl2 every second day for four- weeks.  
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Figure 4.7 Box-pot showing average percent water loss in Allium fistulosum and Allium cepa 

over 16-18hr 

Boxplot showing average percent water loss over 16-18hr between A. cepa and A. fistulosum in 

general, with treatment groups (CA and NCA) combined. See Table A18 for statistical analysis. 

 

A. fistulosum’s increased dehydration tolerance in comparison to A. cepa was also reflected in the 

significantly (p<0.05) higher percent protoplasmic streaming of A. fistulosum epidermal cells 

following dehydration stress in comparison to A. cepa (Figure 4.8, Figure 4.9 and Table A22).  The 

effect size for the relationship between the limit of damage (based on percent protoplasmic 

streaming) of both species was also large (Table A23). After 16hr of water loss, in general, A. 

fistulosum epidermal cells had a percent protoplasmic streaming of 57.5%, while A. cepa 

epidermal cells had an average percent protoplasmic streaming of 7.1% (Figure 4.8). After 18hr 

of water loss, A. fistulosum epidermal cells had an average percent protoplasmic streaming of 

39.2% while A. cepa epidermal cells had an average percent protoplasmic streaming of 2.5% 

(Figure 4.8). A higher level of protoplasmic streaming is indicative of a reduced limit of damage. 

Despite these significant (p<0.05) differences in interspecies percent protoplasmic streaming, 

when intraspecies percent protoplasmic streaming was examined with regards to the influence of 

calcium on limit of damage, no significant (p>0.05) differences were found for either A. cepa or 

A. fistulosum (Table A24 and Table A25). Nevertheless, calcium application did slightly improve 

percent protoplasmic streaming in A. fistulosum, however as mentioned above it was not 

significant (p>0.05) (Figure 4.8).  

A 
B 

Allium cepa  Allium fistulosum  

Species 
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Figure 4.8 Percent protoplasmic streaming (limit of damage) of Allium fistulosum and Allium 

cepa epidermal cell layers after 16-18hr dehydration  

Limit of damage based on protoplasmic streaming over 16hr and 18hr hours in 4cm sections 

of Allium fistulosum and Allium cepa sheath in which the epidermal cell layers in which the 

epidermal cell layers were left intact. This graph shows both treatment groups (1) -CaCl2, and 2) 

+CaCl2) from both Allium spp. analyzed. Plants treated with calcium received 0.05M of 

CaCl2 every second day for 4 weeks.   
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Figure 4.9 Box-pot showing average percent protoplasmic streaming (limit of damage) of Allium 

fistulosum and Allium cepa epidermal cell layers after 16-18hr dehydration.  Treatment groups 

(CA and NCA) combined 

Boxplot showing average limit of damage based on protoplasmic streaming following dehydration 

over 16-18hr and subsequent rehydration, with treatment groups (CA and NCA) combined. See 

Table A22 for statistical analysis.  

 

In addition to analyzing the limit of damage using protoplasmic streaming, fluorescein diacetate 

was also used. Figure 4.10 provides a reference showing the visual difference between viable vs 

non-viable A. fistulosum cells. The images captured using FDA and fluorescence microscopy 

confirm epidermal cell layers obtained from A. fistulosum sheaths had a lower limit of damage 

following dehydration stress compared to those obtained from A. cepa sheaths. Figures 4.11, 4.12, 

A11 and A12, show a greener fluorescence in the images of the epidermal cell layers obtained 

from A. fistulosum plants compared to A. cepa. In particular, this is more evident after 16hr 

dehydration (Figure 4.11 and Figure 4.12). Analysis of those images using ImageJ also show 

images obtained from A. fistulosum sheaths had a greater number of green pixels, compared to cell 

layers obtained from A. cepa (Figure 4.13-4.14).  
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Figure 4.10 Allium fistulosum epidermal cells stained with fluorescein diacetate (reference photo 

with live and dead cells) 

Images taken from an Allium fistulosum epidermal cell layer stained immediately after removal 

from the ligule (1) and from an Allium fistulosum cell layer that had been dehydrated to the point 

where no live cells remained (2). Images were taken at 20X using the GFP filter cube and a LEICA 

DM4 B microscope.   

 

 

Figure 4.11 Allium fistulosum epidermal cells stained with fluorescein diacetate following 16hr 

dehydration and subsequent rehydration 

Allium fistulosum epidermal cell layers stained with fluorescein diacetate. Cell layers had 

previously been dehydrated for 16hr, followed by rehydration (24hr). Cell layers were obtained 

from Allium fistulosum treated with a 0.05M CaCl2 solution every second day for four-weeks or 

from non-calcium treated plants. Cells were stained for 5min followed by a wash with PBS. Images 

from left to right are: 1). Post-16hr dehydration, NCA (-calcium) and 2). Post 16-hr dehydration, 

CA (+calcium). Images were taken at 40X using the GFP filter cube and a LEICA DM4 B 

microscope.   

 

2 (Non-Viable) 1 (Viable) 
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Figure 4.12 Allium cepa epidermal cells stained with fluorescein diacetate following dehydration 

16hr and subsequent rehydration 

Allium cepa epidermal cell layers stained with fluorescein diacetate. Cell layers had previously 

been dehydrated for 16hr, followed by rehydration (24hr). Cell layers were obtained from Allium 

cepa that had been treated with a 0.05M CaCl2 solution every second day for four-weeks or from 

non-calcium treated plants. Cells were stained for 5min followed by a wash with PBS. Images 

from left to right are: 1). Post-16hr dehydration, NCA (-calcium) and 2). Post 16-hr dehydration, 

CA (+calcium). Images were taken at 40X using the GFP filter cube and a LEICA DM4 B 

microscope.   
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Figure 4.13 Analysis of green pixels captured in images of Allium fistulosum epidermal cell 

layers stained with fluorescein diacetate 

Analysis of green pixels captured in images of Allium fistulosum epidermal cell layers stained with 

fluorescein diacetate following dehydration (16hr and 18hr) and subsequent rehydration (24hr). 

Graphs from left to right: 1). Post-16hr dehydration, NCA (-calcium), 2). Post 16-hr dehydration, 

CA (+calcium), 3). Post-18hr dehydration, NCA (- calcium), and 4). Post 18-hr dehydration, CA 

(+calcium). Graphs were generated using ImageJ (Version 1.53a). 
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Figure 4.14 Analysis of green pixels captured in images of Allium cepa epidermal cell layers 

stained with fluorescein diacetate 

Analysis of green pixels captured in images of Allium cepa epidermal cell layers stained with 

fluorescein diacetate following dehydration (16hr and 18hr) and subsequent rehydration (24hr). 

Graphs from left to right: 1). Post-16hr dehydration, NCA (-calcium), 2). Post 16-hr dehydration, 

CA (+calcium), 3). Post-18hr dehydration, NCA (- calcium), and 4). Post 18-hr dehydration, CA 

(+calcium). Graphs were generated using ImageJ (Version 1.53a).  

 

In addition, when just a single layer of A. fistulosum epidermal cells was dehydrated, calcium 

application was also found to significantly (p<0.05) improve percent protoplasmic streaming after 

16hr dehydration, thus reducing the limit of damage (Figure 4.15, Table A26 and Table A27). 

However, the effect of calcium on reducing water loss in a single layer of epidermal cells 

dehydrated over 12-24hr or more specifically at the 16hr time point was not significant (p>0.05) 

(Figure 4.15, Table A28 and Table A29). In contrast, calcium under no circumstances improved 

A. cepa’s ability to withstand long term dehydration stress (Figure 4.6, Figure 4.8, Table A21 and 

Table A25).  
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Figure 4.15 Percent water loss over 12-24hr dehydration and subsequent percent protoplasmic 

streaming in Allium fistulosum epidermal cell layers 

Percent water loss and limit of damage (based on protoplasmic streaming) over 24 hours in 

an Allium fistulosum epidermal cell layer. In total, 6 treatment groups were examined: 1) 1) 

NACC/NCA (no cold acclimation, -CaCl2), 2) NACC/CA (no cold acclimation, +CaCl2), 3) 

ACC4-4/NCA (4°C /4°C cold acclimation, -CaCl2), 4) ACC4-4/CA (4°C /4°C cold acclimation, 

+CaCl2), 5) ACC12-4/NCA (12°C /4°C cold acclimation, -CaCl2), 6) 6) ACC/CA (12°C /4°C cold 

acclimation, +CaCl2). Allium fistulosum plants acclimated at 4°C /4°C had a 12hr photoperiod, 

while plants acclimated at 12°C /4°C had an 8hr photoperiod. Cold acclimation was performed 

over 2 weeks. Plants treated with calcium received 0.05M of CaCl2 every second day for 4 weeks. 

Differences in percent water loss and percent protoplasmic streaming were non-significant 

(p>0.05), with the exception of percent protoplasmic streaming following 16hr dehydration 

(p<0.05).  

 

However, over 15min, calcium application was found to significantly (p<0.05) reduce percent 

water loss in A. cepa (Figure 4.4, Figure 4.16 and Table 4.2). This was in contrast to a surprising 

finding in A. fistulosum where all treatments were found to significantly (p<0.05) increase percent 

water loss over 15min (Figure 4.17, Figure 4.18 and Table 4.3). While all of the aforementioned 

findings were significant (p<0.05), it should be noted that the effect sizes were small (Table A30 

and Table A31).  
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Figure 4.16 Generalized additive models showing relationship between time (15min) and 

percent water loss in control and calcium treated Allium cepa epidermal cells  

Relationship between time (min) and percent water loss between NCA Allium cepa (non-calcium 

treated, control) and CA Allium cepa (calcium treated) over a 15-minute period. Dark solid lines 

indicate the mean value for the response variable. Dotted lines indicate 95% confidence intervals 

around the predicted values. Individual dots are representative of single data points collected in 

each replicate of the experiment (n=12). Values on the y-axis have been smoothed, as indicated by 

the “s” on the label. See Tables 4.2 and A32 for statistical analysis.  

 

Table 4.2 ANOVA ran on a generalized additive model (GAM) examining percent water loss 

over 15min in Allium cepa (dehydration of single epidermal cell layer) 

Results from an ANOVA ran on a GAM examining calcium application (CA), with respect 

to average water loss over 15 minutes in Allium cepa epidermal cells. Information in this table was 

obtained from the GAM with the lowest AIC. p<0.05 is significant.  

 

Smoothed 

Effect  

General 

Effect  

EDF  Ref.df  F-value  P-value  

  Calcium    1  127.8  7.16e-10  

s(Time): NCA    5.128  6.232  7245  <2e-16  

s(Time): CA    5.900  7.056  6853  <2e-16   
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Figure 4.17 Percent water loss over 15 minutes in epidermal cell layers obtained from Allium 

fistulosum that were cold acclimated and/or calcium treated  

Percent water loss over 15 minutes in the Allium fistulosum epidermal cell layer. In total, 6 

treatment groups were examined: 1) NACC/NCA (no cold acclimation, -CaCl2), 2) NACC/CA (no 

cold acclimation, +CaCl2), 3) ACC4-4/NCA (4°C /4°C cold acclimation, -CaCl2), 4) -CaCl2), 4) 

ACC4-4/CA (4°C /4°C cold acclimation, +CaCl2), 5) ACC12-4/NCA (12°C /4°C cold 

acclimation, -CaCl2), 6) ACC/CA (12°C /4°C cold acclimation, +CaCl2). Allium fistulosum plants 

acclimated at 4°C /4°C had a 12hr photoperiod, while plants acclimated at 12°C /4°C had an 8hr 

photoperiod. Cold acclimation was done for 2 weeks. Plants treated with calcium received 0.05M 

of CaCl2 every second day for 4 weeks.   
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Figure 4.18 Generalized additive models showing relationship between time (15min) and 

percent water loss in Allium fistulosum epidermal cells obtained from cold acclimated and/or 

calcium treated plants 
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Relationship between time (min) and percent water loss for each of the 6 treatment combinations 

over a 15 minute period: 1) NACC/NCA (no cold acclimation, -CaCl2), 2) ACC4-4/NCA (4°C 

/4°C cold acclimation, -CaCl2), 3) ACC12-4/NCA (12°C /4°C cold acclimation, -CaCl2), 4) 

ACC4-4/CA (4°C /4°C cold acclimation, +CaCl2), 5) NACC/CA (no cold acclimation, +CaCl2), 

6) ACC12-4/CA (12°C /4°C cold acclimation, +CaCl2). Dark solid lines indicate the mean value 

for the response variable. Dotted lines indicate 95% confidence intervals around the predicted 

values. Individual dots are representative of single data points collected in each replicate of the 

experiment (n=12). Values on the y-axis have been smoothed, as indicated by the “s” on the label. 

See Tables 4.3 and A33 for statistical analysis.   

 

Table 4. 3 ANOVA ran on a generalized additive model (GAM) examining percent water loss 

over 15min in Allium fistulosum (dehydration of single epidermal cell layer) 

Results from an ANOVA ran on a GAM examining calcium application (CA) and cold acclimation 

(ACC) along and in partnership, with respect to average water loss over 15 minutes 

in Allium fistulosum epidermal cells. Information in this table was obtained from the GAM with 

the lowest AIC. p<0.05 is significant.  

 

Data 

Selection  

General 

Effect   

Smoothing 

Effect  

EDF  Ref.df  F-value  P-value   

Combined 

Treatments  

Combined 

Treatment  

    5  15517  <2e-16  

  s(Time): NACC/ 

NCA  

6.922    8.006  31437  <2e-16  

  s(Time): ACC4-

4/ NCA 

8.315    8.870  51402  <2e-16  

  s(Time): 

ACC12-4/ NCA 

4.130    5.088  63748  <2e-16  

  s(Time): ACC4-

4/ CA 

6.128    7.283  45682  <2e-16  

  s(Time): 

ACC12-4/ CA 

4.630    5.671  78707  <2e-16  

  s(Time): NACC/ 

CA  

8.191    8.822  30212  <2e-16  

 

Furthermore, when a single layer of A. fistulosum epidermal cells were dehydrated over 12-24hr, 

neither cold acclimation alone nor in conjunction with calcium application significantly increased 

tolerance to dehydration stress (Figure 4.15, Table A26 and Table A28). Overall, all of the 

treatments were found to either increase percent water loss, increase the limit of damage or do 

both.  

 2 (CA-16hr) 
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4.3.3 Arabidopsis thaliana Water Loss  

Genotypes with mutations in boron transporters consistently had the highest percent water loss 

over both short-term and long-term periods of water loss (Figure 4.19, Figure 4.21 and Figure 

4.23). Over 15min, nip5-1 and nip6-1, two genotypes with mutations in boron transporters, had 

the greatest overall percent water loss compared to Col-0 and p35S::PMEI5 (Figure 4.19 and 

Figure 4.20).  All genotypes lost a significant (p<0.05) amount of water over 15min (Figure 4.20 

and Table 4.4). However, the effect sizes were small (Table A34).  

 
Figure 4. 19 Percent water loss over 15 minutes in various Arabidopsis thaliana genotypes 

(nip5-1, nip6-1, p35S::PMEI5 and Col-0)  

Percent water loss over 15 minutes in various Arabidopsis thaliana genotypes. In total, 4 

genotypes were analyzed: 1) nip5-1 (boron transporter mutant), 2) nip6-1 (boron transporter 

mutant), 3) p35S::PMEI5 (Pectin methylesterase inhibitor overexpressing mutant) and 4) Col-0 

(wildtype).  

Col-0 

p35S::PMEI5 

nip5-1 

nip6-1 
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Figure 4.20 Generalized additive models showing relationship between time (15min) and 

percent water loss in in various Arabidopsis thaliana genotypes (nip5-1, nip6-1, p35S::PMEI5 

and Col-0) 

Relationship between time (min) and percent water loss between Arabidopsis thaliana genotypes 

of interest: 1) Col-0 (wild-type), 2) nip5-1, 3) nip6-1 and 4) p35S::PMEI5.  Dark solid lines 

indicate the mean value for the response variable. Dotted lines indicate 95% confidence intervals 

around the predicted values. Individual dots are representative of single data points collected in 

each replicate of the experiment (n=12). Values on the y-axis have been smoothed, as indicated by 

the “s” on the label. See Tables 4.4 and A35 for statistical analysis.  
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Table 4.4 ANOVA ran on a generalized additive model (GAM) examining percent water loss 

over 15min in Arabidopsis genotypes  

Results from an ANOVA ran on a GAM examining various Arabidopsis thaliana genotypes, with 

respect to average water loss over 15 minutes. Information in this table was obtained from the 

GAM with the lowest AIC. p<0.05 is significant. 

  

General 

Effect  

Smoothing Effect  EDF  Ref.df  F-value  P-value  

Genotype      3  20.8   9.79e-09  

  s(Time): nip5-1   3.203    3.976  349.2    <2e-16  

  s(Time): nip6-1  2.786    3.465  345.6  <2e-16  

  s(Time): 

p35S::PMEI5 

3.597    4.452  

  

207.9  <2e-16  

  s(Time): Col-0  3.147    3.907  241.3  <2e-16  

 

When the duration of water loss was extended beyond 15min to 2-10hr, no significant (p>0.05) 

differences amongst the genotypes in either percent water loss or percent electrolyte leakage were 

observed (Figure 4.21, Figure 4.22, Table A36 and A37). However, genotypes with mutations in 

boron transporters continued to have amongst the highest values of percent water loss and percent 

electrolyte leakage (Figure 4.21 and Figure 4.22). On the other hand, the p35S::PMEI5 genotype 

continued to appear to be more dehydration tolerant compared to the other genotypes (Figure 4.21 

and Figure 4.22). p35S::PMEI5 had amongst the lowest percent water loss values and the lowest 

percent electrolyte leakage (Figure 4.21 and Figure 4.22).  
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Figure 4.21 Percent water loss over 2-10hr in various Arabidopsis thaliana genotypes (nip5-1, 

nip6-1, bor1, p35S::PMEI5 and Col-0) 

Percent water loss over 2-10hr in various Arabidopsis thaliana genotypes. In total, four genotypes 

were analyzed: 1) nip5-1 (boron transporter mutant), 2) nip6-1 (boron transporter mutant), 3) 

p35S::PMEI5 (PMEI mutant) and 4) Col-0 (wildtype). Differences in percent water loss between 

genotypes were non-significant (p>0.05).  
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Figure 4.22 Average percent electrolyte leakage from various Arabidopsis thaliana genotypes 

(nip5-1, nip6-1, bor1, p35S::PMEI5 and Col-0) after 2-10hr dehydration and subsequent 

rehydration 

Percent electrolyte leakage from various Arabidopsis thaliana genotypes (bor1 [boron transporter 

mutant], nip5-1 [boron transporter mutant], nip6-1 [boron transporter mutant], p35S::PMEI5 

[PMEI mutant] and Col-0 [wildtype]) after a period of dehydration between 2-10hr and subsequent 

rehydration. Differences in percent electrolyte leakage between genotypes were non-significant 

(p>0.05).  

 

When the duration of water loss was further extended from 2-10hr to 12-24hr, these trends 

continued. While again, there were no significant (p>0.05) differences in percent water loss 

amongst the genotypes, both boron transporters mutants (nip5-1 and nip6-1) had the highest 

percent water loss (Figure 4.23 and Table A38). p35S::PMEI5 continued to have a higher tolerance 

to dehydration, having a significantly (p<0.05) lower overall percent electrolyte leakage 

(indicating a decrease in the limit of damage) compared to the other genotypes (Figure 4.24, Figure 

4.25, Table A39 and Table A40). Following a 24hr period of water loss, p35S::PMEI5 had a 

percent electrolyte leakage of 17.0%, while Col-0, nip5-1 and nip6-1 collectively had a percent 

electrolyte leakage greater than 30% (Figure 4.24). Furthermore, while the effect size for the 

majority of the relationships between the genotypes was less than 0.8, the relationship between 

Col-0 

p35S::PMEI5 
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Col-0 & p35S::PMEI5 and nip5-1 & p35S::PMEI5 had an effect size above 0.8 (Table A41). An 

effect size of 0.8 is considered large and acceptable (Lakens, 2013; Cohen, 1988).  

 
Figure 4.23 Percent water loss over 12-24hr in various Arabidopsis thaliana genotypes (nip5-1, 

nip6-1, p35S::PMEI5 and Col-0) 

Percent water loss over 12-24hr in various Arabidopsis thaliana genotypes. In total, four 

genotypes were analyzed: 1) bor1 [boron transporter mutant], 2) nip5-1 [boron transporter mutant], 

3) nip6-1 [boron transporter mutant], 4) p35S::PMEI5 [PMEI mutant] and 5) Col-0 

[wildtype]). Differences in percent water loss between genotypes were non-significant (p>0.05).  
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Figure 4. 24 Average percent electrolyte leakage from various Arabidopsis thaliana genotypes 

(nip5-1, nip6-1, p35S::PMEI5 and Col-0) after 12-24hr dehydration and subsequent rehydration 

Average percent electrolyte leakage from various Arabidopsis thaliana genotypes (nip5-1 [boron 

transporter mutant], nip6-1 [boron transporter mutant], p35S::PMEI5 [PMEI mutant] and Col-0 

[wildtype]) after a period of dehydration between 12-24hr and subsequent rehydration.   
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Figure 4. 25 Average percent electrolyte leakage from various Arabidopsis thaliana genotypes 

after 12-24hr dehydration and subsequent rehydration- Figure for Tukey test 

Average percent electrolyte leakage from various Arabidopsis thaliana genotypes (nip5-1 [boron 

transporter mutant], nip6-1 [boron transporter mutant], p35S::PMEI5 [PMEI mutant] and Col-0 

following dehydration over a 12-24hr period and subsequent rehydration. Error bars represent 

standard error. See Table A40 for statistical analysis.  

 

4.4 Discussion  

4.4.1 Pectin Water Loss  

Given the mechanical changes noted in Chapter 3 in pectin viscosity or strength, the first step in 

this chapter was to analyze water loss in pure pectin. The goal of this experiment was to establish 
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clear relationships between pectin type, concentration and the presence/ absence of boron or 

calcium and with that goal in mind, results from this experiment do clearly show certain trends.  

 

Since calcium application was found to increase viscosity as concentration increased presumably 

as a result of the formation of “egg-box” structures, calcium application was found to have the 

same effect on percent water loss in pectin. The more pronounced impact of calcium on 8% high 

methylated pectin in comparison to GENU BETA pectin at the same concentration is likely due to 

the difference in overall pectin composition between the two. As previously mentioned, the high 

methylated pectin standard comes from citrus pectin, while the GENU BETA pectin is derived 

from sugar beets. Naturally, citrus pectin contains more HG, while sugar beet pectin contains more 

RG-II (Yapo et al., 2007; Zhemerichkin & Ptitchkina, 1995). Thus, despite the fact the citrus pectin 

is highly methylated, and “egg-box” structures can only form on demethylated HG, the high 

methylated (69-75% methylation) pectin is still likely more conducive to the formation of “egg-

box” structures (Wormit & Usadel, 2018; Braccini & Pé Rez, 2001; Ravanat & Rinaudo, 1980). 

Ravant and Rinaudo (1980) noted, the gelatinization of pectin has been found to occur as a result 

of interactions between calcium ions and blocks of galacturonic acid. Therefore, it is plausible that 

increased gelatinization occurred in these pectin solutions led to a reduction in percent water loss 

across the period of dehydration.  

 

While boric acid is also known to influence the structure of the cell wall by way of the formation 

of RG-II dimers, the impact of boric acid on reducing water loss was lower in comparison to 

calcium and less consistent (O’Neill et al., 2004; Ishii et al., 2001; Matoh, 1997). The addition of 

boron was only found to reduce percent water loss in 8% GENU BETA pectin by 4.0%. This is a 

smaller reduction in water loss in comparison to that observed following the addition of calcium 

(5.4%) to the same pectin, despite GENU BETA pectin presumably having more RG-II in 

comparison to the high methylated citrus pectin. This finding suggests that the formation of RG-

II dimers is likely not as effective as “egg-box” structures in holding water within the pectin matrix. 

While there do not appear to be any studies of this nature within the current body of the literature, 

it is well known that HG is the most common form of pectin, while RG-II is the third-most common 

(Mohnen, 2008). Therefore, it is plausible that “egg-box” structures are more abundant within 
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pectin in comparison to RG-II dimers and as a result have a greater influence on the ability for the 

pectin matrix to withhold water.  

 

Furthermore, the addition of boron was found to increase overall percent water loss in other pectin 

solutions (4% high methylated pectin, 4% GENUA BETA pectin and 8% high methylated pectin). 

This increase in overall percent water loss was most notable in 8% high methylated pectin, as the 

addition of boric acid increased overall percent water loss by 4.6%. This finding is of particular 

interest because 8% high methylated pectin with boron was found to have the highest viscosity of 

all pectin solutions in Chapter 3. Therefore, this calls into question whether there is a direct link 

between pectin viscosity and the ability for the pectin matrix to hold onto water.  

 

While pectin makes up between 30-50 % of the cell wall and this experiment explored 4% and 8% 

pectin, the general trend of reduced water loss with increasing concentration does suggest that at 

a 35% concentration, pectin would have an even greater ability to hold onto water (Cosgrove & 

Jarvis, 2012). Furthermore, the impact of calcium on reducing water loss as pectin concentration 

increased is also suggestive that at a higher pectin concentration, calcium would likely have an 

even greater influence on reducing water loss. At a 4% concentration, calcium application 

increased water loss by 0.9% after 6hr, however at an 8% concentration, calcium application 

reduced water loss by 14.1%. Therefore, hypothetically at a concentration of 35%, the addition of 

calcium would result in a greater than a 30% reduction in percent water loss after 6hr. However, 

the cell wall and biological systems as a whole are more complex than pure pectin standards. 

Therefore, we are not able to make concrete predictions as to the role of pectin within the cell wall 

during dehydration stress based on extrapolations from this data. Nevertheless, the findings from 

this experiment suggest the addition of calcium and to a lesser extent boron, would reduce water 

loss in plants during dehydration stress as a result of their likely interactions with HG and RG-II 

and the resulting changes within the cell wall.  

 

4.4.2 Allium Water Loss  

The connection between the observations in dehydration stress tolerance in A. fistulosum and A. 

cepa and the abilities for these species to tolerate cold stress is an extremely valuable finding and 

one of great interest that should be further explored. As previously mentioned, A. cepa is known 
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to be a stress sensitive species, in comparison to A. fistulosum, as A. cepa lacks the ability to cold 

acclimate and has a low tolerance to cold stress (Tanino et al., 2013; Palta et al., 1977). In 

comparison, A. fistulosum is able to tolerate extreme freezing conditions, and also has been shown 

to have the ability to cold acclimate (Tanino et al., 2013). Previous research from the Tanino lab 

has demonstrated when A. fistulosum was cold acclimated for two-weeks at 12ºC/4ºC (day/night), 

freezing resistance increased from an LT50 of -12ºC to -27ºC (Liu, 2015). A similar pattern was 

observed in tolerance of water loss over 16-18hr. In general, A. fistulosum not only lost 

significantly (p<0.05) less water after 18hr in comparison to A. cepa, but A. fistulosum epidermal 

cells showed a significantly (p<0.05) higher percent protoplasmic streaming (reduced limit of 

damage) following water loss. More specifically without taking into account treatment, after 16hr 

of water loss, percent protoplasmic streaming in A. cepa had plummeted to 7.1%, while the general 

percent protoplasmic streaming of A. fistulosum epidermal cells was much greater (57.5%). While 

at first glance the importance of the connection between tolerance to water loss and cold stress 

may seem unclear, the ability for a plant to withstand both of these stresses is critical.  

 

First of all, during cold stress, formation of ice in the extracellular space can result in dehydration 

stress (Burke et al., 1976). While this dehydration stress may be tolerable to a certain extent, 

dehydration beyond the tolerable limit may cause cell collapse, resulting in irreversible cellular 

damage and death (Arora, 2018; Burke et al., 1976). Therefore, the ability for a plant to not only 

tolerate extreme freezing but dehydration as well may increase the tolerable limit for dehydration 

stress during extracellular ice formation. The potential for a plant to tolerate both cold stress and 

dehydration stress is also valuable through the lens of climate change. While increased warming 

is consistently associated with climate change, the risk of frost damage to plants is also predicted 

to increase (Gu et al., 2008). Thus, this potential link between resistance to these two stresses may 

be of great value in the race to find effective solutions for plants against multiple stresses.  

 

While there appears to be a link between dehydration stress and freezing stress tolerance as 

demonstrated by A. fistulosum and contrasting A. cepa, the connection between the effect of 

calcium on enhancing resistance to dehydration stress is less clear. Despite the fact that calcium 

application influenced mechanical properties of pectin and A. fistulosum sheaths, as demonstrated 

in Chapter 3, for the most part there was a lack of significant (p>0.05) differences in the effect of 
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calcium application on percent water loss. Calcium only significantly (p<0.05) decreased water 

loss over 15min in A. cepa, however in A. fistulosum calcium application increased water loss. 

While these results were significant (p<0.05), the effect size was small, thus calling into question 

the true significance of the effect.  

 

However, as periods of dehydration are typically long and drawn out, the findings from the analysis 

of water loss over 16-18hr provide a better insight into the effect of calcium in enhancing 

dehydration stress tolerance. A range of studies have previously found results supporting the 

efficacy of calcium application in enhancing tolerance to drought stress. Hosseini et al. (2019) 

explored the role of calcium application on enhancing drought stress tolerance in sugar beet, 

ultimately discovering calcium application increased plant biomass, sucrose transport and in turn 

concentration, as well as mitigating oxidative stress. Calcium application also enhanced drought 

stress tolerance in Nicotiana tabacum (Hu et al, 2018). Hu et al. (2018) found calcium application 

was beneficial in a multitude of ways including stabilizing the structure and function of organelles 

within the mesophyll cells and maintaining normal leaf net photosynthetic rate and gas exchange. 

Wheat has also been found to have enhanced drought stress tolerance as a result of calcium 

application (Khushboo et a., 2018).  

 

Despite calcium application enhancing drought stress tolerance in a wide range of species, 

resistance to dehydration stress, a component of drought stress, was not improved in A. cepa or A. 

fistulosum following calcium application. Over 16-18hr, calcium application had a non-significant 

(p>0.05) effect on percent water loss and percent protoplasmic streaming in A. cepa. While in A. 

fistulosum, calcium application did slightly improve percent water loss and percent protoplasmic 

streaming when the entire sheath was dehydrated, the only significant (p<0.05) effect of calcium 

was on percent protoplasmic streaming at 16hr when a single epidermal cell layer was dehydrated. 

This may have been the result of a masking of treatment effect due to the larger volume of water 

stored in the whole sheath. Future experiments should be conducted analyzing other processes 

involved in dehydration stress to further confirm the efficacy or lack thereof in calcium’s ability 

to reduce water loss in Allium species.  
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Our lab has previously used the 12ºC/4ºC (day/night) cold acclimation regime to acclimate A. 

fistulosum and found that in cold acclimated plants, the LT50 increased to -27ºC in comparison to 

-12ºC for control plants (Liu, 2015). In addition, Liu (2015) observed a decrease in apoplastic 

permeability in cold acclimated A. fistulosum epidermal cells. Fluorescein diffused across the 

apoplast at a rate 70 times faster in epidermal cells obtained from non-cold acclimated plants in 

comparison to those obtained from cold acclimated plants (Liu, 2015).  

 

While this thesis worked on the basis that cold acclimation would reduce percent water loss given 

that it reduced apoplastic permeability (Liu, 2015), experiments conducted analyzing cold 

acclimation and water loss found the opposite. Epidermal cells obtained from A. fistulosum plants 

cold acclimated at 12ºC/4ºC (day/night) in conjunction with calcium application, had the greatest 

overall percent water loss and the most rapid increase in the limit of damage based on percent 

protoplasmic streaming. While epidermal cells obtained from cold acclimated (12ºC/4ºC 

(day/night)) A. fistulosum plants had the second lowest overall percent water loss, this treatment 

group had the most rapid increase in the limit of damage based on percent protoplasmic streaming. 

This finding suggests that while 12ºC/4ºC (day/night) cold acclimation may have slightly reduced 

water loss, it did not equate to a greater ability to withstand dehydration. In addition, while 

12ºC/4ºC had been previously identified by the Tanino lab as the optimal temperature to cold 

acclimate A. fistulosum as opposed to 4ºC/4ºC, this treatment was not found to have a significant 

(p>0.05) difference in percent water loss. There was also no significant (p>0.05) difference in 

percent protoplasmic streaming. This further suggests while differences in freezing tolerance 

between A. fistulosum and A. cepa may be linked to reduced water loss, the connection between 

changes in cell wall permeability during cold acclimation in A. fistulosum and dehydration stress 

are less clear. The seemingly contradictory results obtained in this chapter may be the result of a 

couple of factors.  

 

Firstly, while Liu (2015) observed that cold acclimation at 12ºC/4ºC decreased the diameter of 

pores within epidermal cells to less than 1.3nm, the diameter of a water molecule at 25ºC is 

~0.27nm (2.7Å) (Schatzberg, 1967). Therefore, while reduced permeability as a result of cold 

acclimation was successful in reducing the diffusion of fluorescein, the small diameter of a water 

molecule may have allowed it to diffuse out of the cell without obstruction. In addition, a study by 
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Rahman et al. (2020) found that in Arabidopsis, cold acclimation resulted in an upregulation of 

PIP1-4 and PIP2-5 aquaporin expression. While this study was conducted using Arabidopsis, the 

possibility of something similar occurring in cold acclimated A. fistulosum may explain why cold 

acclimation not only did not significantly (p>0.05) improve dehydration stress tolerance but in 

some instances it increased percent water loss. Finally, cold acclimation was only incorporated 

into the initial analysis of long-term water loss at the point when the epidermal cell layer was 

separated from the sheath prior to dehydration. As previously mentioned, a shift in method was 

made in order to try and mimic conditions that are more likely to occur in a natural setting, where 

the epidermal cell layer would never be separated from the sheath. Thus, results pertaining to long-

term percent water loss and subsequent limit of damage (based on percent protoplasmic streaming) 

which include cold acclimated plants may be skewed.  

 

4.4.3 Arabidopsis Water Loss  

In contrast to the more inconsistent trends observed when analyzing calcium and dehydration stress 

resistance, analysis of boron and dehydration stress resistance produced more consistent trends. 

Generally, genotypes with mutations in boron transporters consistently showed the highest rate of 

water loss, in addition to some of the highest values of percent electrolyte leakage.  

 

While genotypes nip5-1 and nip6-1, appeared to be more susceptible to water loss after 15min and 

12-24hr, this trend was not observed in the analysis of water loss over 2-10hr. In comparison, 

analysis of water loss over 2-10hr found that nip5-1 and nip6-1 overall had the same percent water 

loss as Col-0 and p35S::PMEI5, which were more tolerant to water loss over 15min. Instead, the 

bor1 genotype showed the greatest overall percent water loss over 2-10hr. While like the genotypes 

nip5-1 and nip6-1, the bor1 genotype is a boron-transporter mutant, the targeted boron transporter 

is different (TAIR, 2021). Genotypes nip5-1 and nip6-1 have mutations in the NIP boron 

transporters NIP5-1 and NIP6-1 and which are expressed in fewer locations at the cellular level 

and are involved in less biological processes compared to the BOR1 transporter (TAIR, 2021; 

TAIR, 2015; TAIR, 2013).  

 

Collectively, NIP5-1 and NIP6-1 expressed in the plasma membrane, and are characterized as 

being involved in borate transport (TAIR, 2021; TAIR, 2015; TAIR, 2013). NIP5-1 is also 
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involved in biological processes related to arsenite transport and responses to arsenic-containing 

substances (TAIR, 2015; TAIR, 2013). In contrast, the BOR1 transporter is located in the 

cytoplasm, endosome and vacuole in addition to the locations of NIP5-1 and NIP6-1 (TAIR, 2021; 

TAIR, 2015; TAIR, 2013). The BOR1 transporter is also involved in a range of other biological 

processes including detection of nutrients, ion homeostasis and transmembrane transport, as well 

as borate transport and response to boron-containing substances as seen in NIP5-1 and NIP6-1 

transporter (TAIR, 2021; TAIR, 2015; TAIR, 2013). Therefore, differences in overall water loss 

over 2-10hr between these two classes of boron transporter mutants may be attributable to far 

reaching consequences of the BOR1 transporters. Anecdotal evidence collected during the process 

of growing the various A. thaliana genotypes also found that bor1 plants were smaller and more 

sensitive in comparison to nip5-1 and nip6-1, further suggesting a mutation in the BOR1 

transporter has wider reaching consequences as opposed to mutations in NIP5-1 or NIP6-1 

transporter.  

 

Despite the findings from this experiment, there is a lack of additional research to back up these 

findings, with no previous papers appearing to analyze NIP, BOR or other similar boron 

transporters in relation to dehydration stress tolerance. However, as previously mentioned nip5-1 

and nip6-1 had a significantly (p<0.05) higher proportion of boron in comparison to Col-0 and 

p35S::PMEI5 based on the results from an ICP-MS analysis (Col-0=25.4ppm, p35S::PMEI5 

=28.2ppm, nip5-1=30.0ppm and nip6-1=34.9ppm) (Table A11-A14). Based on this, the 

observation that over 15min and 12-24hr, both of these genotypes had the highest overall percent 

water loss contradicts previous research in relation to boron application and drought stress 

tolerance. A range of species including maize, winter wheat and tomatoes have been found to have 

enhanced drought stress tolerance as a result of boron application, primarily by way of foliar 

application (Aydin et al., 2019; Naeem et al., 2018; Abdel-Motagally & El-Zohri, 2018; Karim et 

al., 2012). These studies applied boron at various concentrations including 4mg L-1, 50µm and 

50ppm. In addition, unforeseen delays in the acquisition of the mutant lines in addition to delays 

in seed set of the bor1 mutant, resulted in the exclusion of bor1 from the analysis of water loss 

over 15min or 12-24hr. The exclusion of bor1 from these experiments makes it impossible to know 

if the trends would have occurred over 15min and throughout the more extended 12-24hr water 

loss time period. Therefore, questions remain regarding if nip5-1 and nip6-1 are truly the more 
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dehydration susceptible solely based on their higher overall percent water loss after 12-24hr 

compared to Col-0 and p35S::PMEI5 or if bor1 would have experienced an even greater overall 

percent water loss after 24hr.  

 

While percent water loss serves as a measurement of a plant’s ability to withstand dehydration 

stress, another arguably more important factor is the level of damage to the cell(s) following 

dehydration. Our analysis of long-term water loss was followed up by an assessment of the limit 

of damage which was based on percent electrolyte leakage, where a lower percent electrolyte 

leakage indicated a decreased limit of damage. Percent electrolyte leakage serves as a 

measurement for damage as the leakage of ions such as K+ out of the cell is indicative of damage 

to the cell membrane (Demidchik et al., 2014). While our results found genotypes with mutations 

in boron transporters (BOR1, NIP5-1 and NIP6-1) had the highest overall percent water loss, with 

bor1 having the highest over 2-10hr and nip5-1 and nip6-1 having the greatest over 12-24hr, 

percent electrolyte leakage did not follow these trends. For example, while following 24hrs of 

water loss, nip5-1 and nip6-1 had the greatest overall percent water loss, analysis of percent 

electrolyte leakage found Col-0 had the highest percent electrolyte leakage. Similar contradictions 

were also observed in the data collected from analysis of electrolyte leakage following 2-10hr. 

While bor1 consistently had a higher percent water loss, compared to other genotypes over 2-10hr, 

over the same time period the bor1 genotype never showed the highest percent electrolyte leakage 

with the exception of at 0hr. This trend is of interest because while bor1 appeared to be the least 

tolerant to dehydration in comparison to the other genotypes when percent water loss was the sole 

focus, percent electrolyte leakage results suggest that bor1 may actually have a higher dehydration 

tolerance in comparison to the other genotypes with the exception of p35S::PMEI5.  

 

In comparison, the p35S::PMEI5 genotype in general appeared to be the most dehydration tolerant 

line amongst the other lines of interest. This finding is in contrast to the initial hypothesis put forth 

which predicted p35S::PMEI5 would have decreased dehydration stress tolerance comparison to 

Col-0. With the exception of water loss over 12-24hr, where p35S::PMEI5 had a slightly higher 

percent water loss, the p35S::PMEI5 line had the lowest overall percent water loss following 

analysis of water loss both over 15min and 2-10hr. In addition, the p35S::PMEI5 line had the 

lowest percent electrolyte leakage following both periods of long-term water loss (2-10hr and 12-
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24hr) when compared to the other lines with the exception of dehydration following 14hr, and 

18hr. The general trend of enhanced dehydration resistance in the p35S::PMEI5 genotype falls in 

line with research from An et al. (2008) who found the over-expression of CaPMEI1, a PMEI from 

peppers, enhanced tolerance to drought stress. Reduced dehydration stress as a result of PMEI 

over-expression may the result of changes in cell wall permeability and porosity, which are closely 

tied to the level of methylation in pectin and the pattern of that methylation (Peaucelle et al., 2012; 

Wolf et al., 2009).  

 

4.5 Connection to the Next Study   

Calcium application, cold acclimation, alterations in boron via. mutations in transporters, in 

addition to enhanced expression of PMEI all produced differential results in tolerance to 

dehydration stress depending on the length of the water loss. However, when the rate of water loss 

over 1-6hr was examined using pure pectin standards, calcium chloride and boric acid reduced 

overall percent water loss in certain cases. This was likely a result of the formation of “egg-box” 

structures and RG-II dimers. Therefore, while there was a lot of noise in the biological system 

results obtained, the clear results obtained from the analysis of water loss in pectin is indicative 

that calcium chloride, and to a lesser extent boric acid, do play a role in influencing percent water 

loss. While this finding was not as clear in the trends produced by the data analyzing water loss in 

the Allium spp. and Arabidopsis and there are likely other biological mechanisms outside the realm 

of this thesis at work, calcium and boron still hold potential in enhancing tolerance to dehydration 

stress.   

 

Overall, the results from this chapter fully support two of the sub-hypotheses associated with this 

chapter; “Increasing concentration along with calcium or boron will reduce water loss over 6hr in 

pure pectin standards. Moreover, boron will have a greater influence on reducing water loss in GB 

pectin, while calcium will have a larger effect on HM pectin”. In addition, data collected within 

this chapter also found that A. fistulosum had a lower percent water loss compared to A. cepa, 

allowing for the support of hypothesis six. The other hypotheses are rejected by data collected 

within this chapter.  
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While investigating the role of the cell wall as a barrier to dehydration stress is critical in the face 

of climate change and the increased prevalence of dehydration stress, plants are exposed to 

multiple stresses at once. Thus, it is critical to find solutions that allow plants to mitigate a range 

of stresses. Based on that assumption, Chapter 5 explores how pectin modifications influence 

resistance to fungal pathogens. In particular, the role of boron and PMEI-5. Chapter 5 utilizes 

Arabidopsis genotypes analyzed in Chapter 4 to explore biotic stress given the close genetic 

relationship between Arabidopsis and rapeseed, a crop of large economic value. 
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5.0 INVESTIGATING THE ROLE OF BORON AND PECTIN METHYLESTERASE 

INHIBITORS ON BIOTIC STRESS  

 

5.1 Introduction  

Botrytis cinerea (B. cinerea) is known to infect over 200 plant species and as a result causes annual 

loss of between $10 billion to $100 billion (USD) annually (Boddy, 2016). Boddy (2016) further 

outlines that the necrotrophic nature of B. cinerea means that it does not rely on its host being alive in 

order to replicate. They go on to explain that once B. cinerea breaches the cell wall through the use 

pectinolytic machinery it has a large arsenal of lethal chemicals that it releases to kill the infected cells. 

Given the reliance on pectinolytic machinery in order to circumvent the cell wall, cell walls with low 

pectin contents pose more of a challenge to B. cinerea’s abilities to overcome the cell wall (Boddy, 

2016). Section 2.6.1 further outlines how B. cinerea infects its host plant.  

 

In contrast, Yan et al. (2018) outline that C. higginsianum does not rely on pectinolytic machinery 

in order to overcome the cell wall. The structure of the appressoria in C. higginsianum allows for 

the pathogen to penetrate the cell wall by shear force alone, B. cinerea is not capable of this (Yan 

et al., 2018; Boddy, 2016). In addition, unlike B. cinerea which is a necrotroph, C. higginsianum 

is a hemibiotroph (Yan et al., 2018). The hemibiotrophic nature of C. higginsianum means that 

initially the lifecycle of the pathogen is dependent on keeping it’s host alive. However, as it exits 

the biotrophic stage and transitions into the nectrotrophic stage, it becomes like B. cinerea in the 

sense that it then seeks to kill the cells of the host plant in order to complete its lifecycle. (Yan et 

al., 2018). Section 2.6.2 provides further information on how C. higginsianum infects cells within 

the host plant. Nevertheless, C. higginsianum is similar to B. cinerea in its abilities to cause 

economic devastation (Dowling et al., 2020). C. higginsianum is capable of infecting a range of 

agricultural and horticultural crops including Brassica napus which contributes approximately 

$26.7 billion dollars to the Canadian economy each year (Dowling et al., 2020; Industry Overview- 

Canola Council of Canada, n.d.).  

 

As outlined in Chapter 2, boron and PMEI’s not only play a critical role in the structure of the cell 

wall but have also been associated with both B. cinerea and C. higginsianum infections through a 

range of studies. Therefore, genotypes with mutations in boron transporters (nip5-1, nip6-1 and 

bor1) and PMEI5 (p35S::PMEI5) were selected to investigate how boron and p35S::PMEI5 
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influence the rate of B. cinerea and C. higginsianum infections. The experiments below address the 

hypotheses:  

a. A. thaliana plants with mutations in boron transporters (NIP5-1, NIP6l-1 and BOR1) and 

a pectin methyl esterase inhibitor overexpressing line (p35S::PMEI5) will show an 

increased rate of B. cinerea infection based on lesion size.  

b. A. thaliana plants with mutations in boron transporters (NIP5-1, NIP6l-1 and BOR1) and 

a pectin methyl esterase inhibitor overexpressing line (p35S::PMEI5) will show an 

increased rate of C. higginsianum infection based on lesion size. 

 

The objective for experiments within this Chapter was to investigate the influence of boron 

transporters and p35S::PMEI5 mutations on Botrytis cinerea and Colletotrichum higginsianum 

infections in Arabidopsis thaliana by assessing lesion sizes.  

 

5.2 Materials and Methods  

5.2.1 Botrytis cinerea  

5.2.1.1 Arabidopsis thaliana Genotypes  

A. thaliana genotypes outlined in Section 4.2.4.1 which were genotyped, were utilized for the 

following experiment. All genotypes were grown in a Conviron chamber (Winnipeg, Manitoba, 

Canada) with the following environmental conditions; 20ºC, 50%RH, 16-8/light-dark period and 

150 +/-10 µmol m-2s-1. Watering was conducted every second day, using water from the City of 

Saskatoon, while fertilizer (20-20-20) was applied weekly. When preparing the fertilizer solution, 

2g of 20-20-20 was added to 1L of water. Each tray containing ~12 pots received 1L of fertilizing 

solution. Plants were grown to four-weeks of age (Figure A13).  

 

5.2.1.2 Inoculation and Measuring Rate of Infection  

B. cinerea was grown on a potato dextrose agar (PDA) plate for 7 days at 22°C (Wang et al., 2020). 

The oldest leaves from four-week-old A. thaliana genotypes were placed on 2 damp filter in a Petri 

dish. Leaves were then inoculated by placing a small piece (~0.1cm2) of agar containing mycelium 

obtained from the culture top-down in the center of the leaf. A small drop of ddH2O was placed 

on and around the piece of agar to help promote inoculation. The petri dishes were then sealed 

using parafilm and placed in a dark area with a constant temperature of approximately 23°C for 
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the period of the experiment. Photos were taken of the petri dish beginning at 0hr for every 24hr 

up until 96hr, and ImageJ was used to measure the area of the lesion over the time course (Figure 

A14). Equation A4 was used to calculate the size of the lesion.   

 

5.2.1.3 Statistical Analysis  

Results were analyzed using an ANOVA, at a level of significance of p<0.05. A Tukey test 

analyzed the relationship between each genotype and lesion growth.  Figures were created using 

the “ggplot” and “ggplot2” package in RStudio (Version 1.2.5033), in addition to Microsoft Excel 

(Version 16.32) (Wickham, 2020). All statistical analyses were preformed using 

the RStudio statistical software (Version 1.2.5033).    

 

5.2.2 Colletotrichum higginsianum  

5.2.2.1 Arabidopsis thaliana Genotypes  

See Section 4.2.4.1 and Section 5.2.1.1 

 

5.2.2.2 Inoculation and Rate of Infection  

A culture containing spores from a C. higginsianum Sacc culture, isolate IMI349061, originating 

from Brassica rapa (obtained from CABI Bioscience) was kindly prepared by Dr. Li Qin 

(University of Saskatchewan). The culture was prepared as outlined by Liu et al. (2010) and Liu 

et al. (2007). Spores were then suspended by first washing the surface of the DPA medium with 

3mL ddH2O and then centrifuging the solution for 1min at 5000rpm (8236 m/s2) at 23oC. The 

supernatant was then extracted, and the spores were resuspended in 1mL of ddH20 and centrifuged 

for 1min at 5000rpm. This process was repeated 3 times to promote germination. Spores were then 

counted using a hemocytometer and Equation A5 was used to produce a solution containing 106 

spores/mL.   

 

Following the preparation of the spores from the C. higginsianum, the oldest leaf from each of the 

four-week-old A. thaliana genotypes were placed in a petri dish containing moist filter paper and 

six 1µL droplets of the spore solution were placed on the leaf, with caution taken to avoid the leaf 

midvein. The petri dishes were then kept in the following environmental conditions: Day 1-2) 16-

8hr/light-dark period and 150 +/-10 µmol m-2s-1; Day 3) Complete darkness; and Day 4-5) 16-
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8hr/light-dark period and 150 +/-10 µmol m-2s-1. Complete darkness was used on day 3 to promote 

germination of the appressorium while the leaves were transferred back to a day/night light cycle 

on days 4-5 to prevent chlorosis. The temperature was approximately 20°C.  

  

Photos were taken of the leaves beginning at 0hr for every 24hr up until 120hr, and ImageJ was 

used to measure the area of the lesion over the time course (Figure A15). While the diameter of 

the agar was subtracted from the total lesion size with respect to B. cinerea, this was not done here 

as the culture was applied in liquid drops which were not visible throughout the entire time 

course.   

 

5.2.2.3 Statistical Analysis  

Statistical analysis was done as outlined in Section 5.2.1.3 

 

5.3 Results  

5.3.1 Rate of Infection- Botrytis cinerea  

While bor1 appeared to have the lowest rate of infection, unlike the other genotypes, bor1 leaves 

were extremely small and the Botrytis gel took up most of the leaf area, thereby creating an 

apparent lack of growth (Figure A14, Figure 5.1 and Figure 5.2). Thus, the Botrytis infection 

should be considered an artifact of bor1’s small leaf size (0.109cm2 compared to 0.164cm2 for the 

other genotypes) and alternative methodology will be required in future. As a result, while Table 

A42 shows a statistically significant (p<0.05) difference between genotypes and lesion growth, 

this result is skewed.  

  

However, the leaves of the other genotypes (Col-0, nip5-1, nip6-1 and p35S::PMEI5) were of the 

same larger size and were more comparable (Figure A13). The rate of B. cinerea infection 

progressed steadily until 72hr, with the boron transporter mutant nip5-1 initially showed the largest 

lesion size at 24hr, followed by nip6-1 at 48hr and Col-0 at 72hr (Figure 5.1). While nip5-

1 initially showed the largest lesion size, from 48hr to 96hr it consistently had the smallest lesion 

size (Figure 5.1), however, there were no significant (p>0.05) differences between these 4 

genotypes (Figure 5.2 and Table A43). The growth in lesion size continued to increase for all 
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mutant genotypes over the 96hr observation period but plateaued for Col-0 between 72-96hr 

(Figure 5.1).   

 
Figure 5.1 Size of lesion caused by Botrytis cinerea infection in leaves from various Arabidopsis 

thaliana genotypes (nip5-1, nip6-1, bor1, p35S::PMEI5 and Col-0) 

Size of lesion caused by Botrytis cinerea infection in leaves from various Arabidopsis thaliana 

genotypes (Col-0, nip5-1 [boron transporter mutant], nip6-1 [boron transporter mutant], 

p35S::PMEI5 [PMEI mutant] and bor1 [boron transporter mutant]) between 0-96hr post-

inoculation.  
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Figure 5.2 Average Botrytis cinerea lesion size from the leaves of various Arabidopsis thaliana 

genotypes (nip5-1, nip6-1, bor1, p35S::PMEI5 and Col-0) - Figure for Tukey test  

Average Botrytis cinerea lesion size from the leaves of various Arabidopsis thaliana genotypes 

(bor1 [boron transporter mutant], nip5-1 [boron transporter mutant], nip6-1 [boron transporter 

mutant], p35S::PMEI5 [PMEI mutant], and Col-0 [wild type]) over a 0-96hr period post-

inoculation. Error bars represent standard error. See Table A43 for statistical analysis.  

 

5.3.2 Rate of Infection- Colletotrichum higginsianum  

While data collected on the rate of B. cinerea growth did not allow for bor1 to be included amongst 

the comparison of other A. thaliana genotypes of interest, this was not an issue for C. higginsianum 
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since inoculation method of this pathogen used small (1µL) drops of ddH2O with spores suspended 

in the liquid and did not interfere with measurement of lesion size (Figure A15).    

  

The bor1 mutant not only had the most rapid onset of C. higginsianum infection based on a visual 

observation, but this genotype also continued to show the largest lesion size up until 

96hr (Figure 5.3). Overall, the lesion size present on leaves from the bor1 genotype were 

significantly (p<0.05) larger in comparison to nip5-1, nip6-1 and Col-0 (Figure 5.4, Table A44 

and Table A45). While bor1 also initially outpaced p35S::PMEI5 in lesion size, the lesion size in 

p35S::PMEI5 leaves grew rapidly between 96-120hr, ultimately resulting in a non-significant 

(p>0.05) difference between bor1 and p35S::PMEI5 (Figure 5.3, Figure 5.4 and Table A45). 

Moreover, the effect sizes for some of the relationships between genotypes was above 0.8 (Table 

A46).  This is considered a large effect size (Lakens, 2013; Cohen, 1988).  

 
Figure 5.3 Size of lesion caused by Colletotrichum higginsianum infection in leaves from 

various Arabidopsis thaliana genotypes (nip5-1, nip6-1, bor1, p35S::PMEI5 and Col-0) 

Size of lesion caused by Colletotrichum higginsianum infection in four-week-old leaves from 

various Arabidopsis thaliana genotypes (Col-0 [wild type], nip5-1 [boron transporter mutant], 

nip6-1 [boron transporter mutant], p35S::PMEI5 [PMEI mutant] and bor1 [boron transporter 

mutant) between 0-120hr post-inoculation.  
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Figure 5.4 Size of lesion caused by Colletotrichum higginsianum infection in leaves from 

various Arabidopsis thaliana genotypes (nip5-1, nip6-1, bor1, p35S::PMEI5 and Col-0) - Figure 

for Tukey test 

Average Colletotrichum higginsianum lesion size from four-week-old leaves of various 

Arabidopsis thaliana genotypes (bor1 [boron transporter mutant], nip5-1 [boron transporter 

mutant], nip6-1 [boron transporter mutant], p35S::PMEI5 [PMEI mutant], and Col-0 [wildtype]) 

over a 0-120hr period post-inoculation. Error bars represent standard error. See Table A45 for 

statistical analysis.   

 

5.4 Discussion  

5.4.1 Botrytis cinerea  

The method of inoculation of B. cinerea as outlined in Section 5.2.1.2 and the small leaf area of 

bor1 compared to the other genotypes created an artefact and skewed the data.  Thus, the Botrytis 

cinerea results on bor1 are inconclusive at this time.   
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Nevertheless, after four weeks of growth, the remaining four genotypes had relatively larger leaves 

of roughly the same size and could be compared.  There was no significant difference (p>0.05) in 

lesion size across these genotypes compared to Col-0. It is not clear if the lack of difference 

between the Col-0 and the remaining three Arabidopsis mutants is due to inoculation 

method/experimental method or if there is in fact, no significant (p>0.05) difference among the 

four remaining Arabidopsis mutants to Botrytis infection.  Unfortunately, there is a lack of current 

research exploring the role of boron transporters such as members of the NIP or BOR family in B. 

cinerea or other similar fungal infections. Despite this, there is a small body of research that has 

examined the role of exogenously applied boron on B. cinerea and similar fungal pathogens.  

 

Qin et al. (2010) found boron application decreased the rate of decay typically seen in table grapes 

as a result of B. cinerea. Boron is believed to have mitigated B. cinerea in table grapes by 

disrupting the cell membrane of the pathogen, leading to the breakdown of the cell membrane and 

the loss of cytoplasmic material from the hyphae (Qin et al., 2010). Boron in partnership with iron 

was also found to mitigate the effects of Fusarium oxysporum (F. oxysporum) in banana by 

decreasing both the conidial germination rate and overall fungal growth (Dong et al., 2016). Both 

B. cinerea and F. oxysporum are necrotrophic pathogens (Frontiers, n.d.). Necrotrophic pathogens 

kill the cells of the host plant and use the contents of these cells to support their own growth in 

order to complete their lifecycle (Frontiers, n.d.). The classification of fungi as biotrophic, 

hemibiotrophic or necrotrophic is critical to understanding the lifecycle of the fungi inside the cells 

of the host plant. While the genotype nip6-1 is a boron-transporter mutant, ICP-MS results showed 

the concentration of boron was significantly (p<0.05) higher in this genotype compared to Col-0 

and nip5-1. Nevertheless, despite having more boron, nip6-1 had the fastest rate of B. cinerea 

infection based on lesion size compared to Col-0 and nip5-1.  

 

By contrast, numerous studies have explored B. cinerea infections in relation to mutations in 

PMEI’s since the pectin matrix is the main cell wall target of B. cinerea (Lionetti et al., 2017). 

According to Lionetti et al. (2017), over-expression of PMEI10, PMEI11 and PMEI12 all helped 

maintain the integrity of the cell wall in A. thaliana plants infected with B. cinerea. In addition, 

this group of researchers also found A. thaliana plants under-expressing these PMEI’s were 
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compromised in their immunity to B. cinerea. While these three PMEI’s were identified to play 

key roles in mitigating B. cinerea infection, none of these PMEI’s belong to Group 3, the group of 

PMEI’s that includes PMEI5, the PMEI mutated in the p35S::PMEI5 genotype (Lionetti et al., 

2017).  

 

Lionetti et al. (2017) states that Group 1 includes PMEI’s involved in fruit development amongst 

other functions. Group 2 comprises CaPMEI1, an inhibitor involved in resistance to abiotic and 

biotic stress, amongst other PMEI’s such as PMEI4, found in A. thaliana roots (Lionetti et al., 

2017; An et al., 2008). Group 3 includes a range of PMEI’s in addition to related invertase 

inhibitors (RIH’s) (Lionetti et al., 2017). This group also previously showed transformed A. 

thaliana plants over-expressing PMEI1 and PMEI2 were more resistant to B. cinerea, with the 

reduction in symptoms tied to B. cinerea’s reduced ability to grow on methylesterified pectin. 

While an over-expression of PMEI appears to reduce susceptibility to B. cinerea, Raiola et al. 

(2011) also confirmed the important role of pectin methylesterification in B. cinerea infection. 

They found rapid expression of PME3 is critical for the initial colonization of B. cinerea into the 

host tissue, further supporting the concept that the degree of pectin methylesterification influences 

susceptibility to B. cinerea.  

 

5.4.2 Colletotrichum higginsianum 

Contrary to the results obtained from the experiment outlined in Section 5.3.1, a difference in the 

method used for the inoculation of C. higginsianum avoided the challenges outlined in Section 

5.3.1.  

 

The bor1 mutant continuously showed the fastest rate of C. higginsianum infection in comparison 

to the other genotypes. 24hr post-inoculation, bor1 was the only genotype of interest to have 

developed a lesion. The majority of the other genotypes with the exclusion of nip6-1 only 

developed a lesion 72hr post-inoculation. While bor1 showed a larger lesion size throughout the 

period of the infection, in general the other genotypes between 72hr-96hr had lesions similar in 

size. However, the p35S::PMEI5 genotype’s lesion size more than doubled by 120 hrs, resulting 

in the lesion size equivalence between p35S::PMEI5 and the bor1 genotype. Overall, while bor1 
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had a significantly larger lesion size compared to Col-0, nip5-1 and nip6-1, p35S::PMEI5 was not 

statistically different (p>0.05) from any of the genotypes.  

 

The larger lesion size of the p35S::PMEI5 genotype is in contrast to a previous study that found 

the higher degree of pectin methylation (an increase in the level of methylation), in Colletotrichum 

lindemuthianum resistant bean cultivars compared to susceptible genotypes (Boudart et al., 1998). 

However, Engelsdorf et al. (2016) found susceptibility to C. higginsianum was unaffected in 

mutants under-expressing PME3 and PME35-1. As outlined in Chapter 2, PME is responsible for 

the demethylesterification of HG, while PMEI inhibits PME, presumably increasing the level of 

methylation (Wormit & Usadel, 2018). Contrasting evidence may be the result of variation 

between various PME’s and PMEI’s. As outlined in Section 5.4.1, PMEI’s are divided into three 

groups with PMEI5, the PMEI of interest in this study, falling into Group 3 (Lionetti et al., 2017). 

In addition, there have been 27 PME genes and 71 putative PMEI genes identified in A. thaliana 

(Wormit & Usadel, 2018; Xue et al., 2020). While the general function of both PME and PMEI is 

well understood, there appears to be a lack of literature examining specific differences in the 

physiological functions of the various PME’s and PMEI’s. Therefore, it is plausible that the 

contrasting results from this thesis in comparison to those from Boudart et al. (1998) and others 

may be the result of unknown differences between the various PME’s and PMEI’s. Future research 

should focus on examining the physiological differences between these various enzymes, in 

addition to specifically exploring PMEI5 since there does not appear to be any research examining 

this PMEI with respect to any fungal pathogens.  

 

Despite the lack of characterization of the majority of PMEI genes in A. thaliana, differences in 

the various boron transporters are well documented. However, there appears to be a significant 

gap in the literature exploring how boron transporters or the application of boron through foliar 

application influences the susceptibility of plants to C. higginsianum. The differences in biological 

processes between NIP5-1 and NIP6-1, both members of the same family, and BOR1, may be 

responsible for the differences observed between these genotypes and the C. higginsianum lesion 

size (TAIR 2021; TAIR 2015; TAIR 2013). More specifically, the rapid appearance of lesions on 

bor1 leaves in contrast to nip5-1 and nip6-1, coupled with the significantly (p<0.05) larger lesion 
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size observed on leaves of bor1 mutants in comparison to nip5-1 and nip6-1 provides a basis for 

future research.  

 

Another possible scenario which may explain the rapid development of the lesions in bor1 leaves 

in comparison to the other genotypes is the process by which C. higginsianum infects host plants. 

C. higginsianum has the ability to penetrate the cell wall through the use of physical pressure alone 

(Yan et al., 2018). This paper explains the ability to penetrate the cell wall physically without the 

use of enzymes is the result of the ability for high turgor pressure to build in the appressoria, 

something that is not seen in B. cinerea infections. Furthermore, since C. higginsianum is a 

hemibiotroph, it goes through a biotrophic phase first, following the breach of the cell wall, prior 

to switching to the necrotrophic phase. The necrotrophic phase is partially characterized by the 

appearance of “water-soaked” necrotic lesions (Münch et al., 2008). While this phase typically 

begins around 84hr post-infection, the appearance of lesions in bor1 began 24hr post infection. 

The early appearance of lesions at 24hr in bor1 may be indicative that cell walls within the bor1 

genotype are extremely weak. In bor1, C. higginsianum may have had the ability to penetrate the 

cell walls with much less pressure, speeding up the process of infection and in turn making the 

switch from the biotrophic to necrotrophic phase more rapid. 

 

Despite this general trend in the results, there do not appear to be any studies examining NIP, BOR, 

or any other boron-transporters in relation to C. higginsianum. However, there are studies 

examining how boron applied as a foliar spray acts as an antifungal agent for a range of species 

infected with Colletotrichum graminicola (Shi et al., 2012; Shi et al., 2011). These studies are of 

interest as they suggest boron has a protective role in reducing susceptibility to Colletotrichum 

graminicola. However, this is contradictory to our findings from nip5-1 and nip6-1 since although 

these genotypes are boron-transporter mutants, these genotypes had a significantly (p<0.05) higher 

concentration of boron in comparison to Col-0 according to ICP-MS analysis. Unfortunately, bor1 

was not included in that study. The differences may lie in the modifications in the cell wall integrity 

of the bor1 genotype.  
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5.4 Connection to Next Study  

Throughout Chapter 5 as well as Chapter 4, we explored the role of both calcium and boron on 

resistance to dehydration stress and fungal pathogens in various species. However, challenges with 

the method used to inoculate leaves with B. cinerea made it challenging to accept the portion of 

the hypothesis associated with that pathogen. Nevertheless, results obtained from leaves inoculated 

with C. higginsianum clearly showed mutations in boron transporters and PMEI, most notably 

BOR1 and PMEI5, resulted in a more rapid rate of infection compared to Col-0. Thus, the second 

half of the original sub-hypothesis related to C. higginsianum is accepted. The accepted sub-

hypothesis stated, " A. thaliana plants with mutations in boron transporters (NIP5-1, NIP6l-1 and 

BOR1) and a pectin methyl esterase inhibitor overexpressing line (p35S::PMEI5) will show an 

increased rate of C. higginsianum infection based on lesion size”. These experiments were 

performed under the assumption that calcium localized to the cell wall following exogenous 

calcium application. In addition, as various A. thaliana genotypes were utilized with mutations in 

various boron transporters, it was assumed there would be variation amongst the genotypes, nip5-

1, nip6-1 and bor1, and in comparison, to Col-0 and p35S::PMEI5. Thus, it was critical for us to 

perform analyses that would explore these assumptions. In Chapter 6 we utilize both synchrotron 

sciences and microscopy to investigate a range of topics including calcium localization, boron 

speciation and semi-quantification. 
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6.0 UTILIZING SYNCHROTRON SCIENCES AND MICROSCOPY TO ANALYZE 

CALCIUM AND BORON IN ALLIUM SPECIES AND ARABIDOPSIS THALIANA  

 

6.1 Introduction  

Calcium and boron are both known to play key roles in the structure of the cell wall through 

modifications (Matoh & Kobayashi, 1998). Most notably, these structural changes are the result 

of cross-linkages with various forms of pectin (HG and RG-II) (Braccini & Pé Rez, 2001; O’Neill 

et al., 1996). While these concepts are generally well understood, the role of boron within plant 

cells remains less clear than that of calcium. It is well understood that calcium is taken up by Ca2+ 

permeable channels in root cells and within the plant calcium continues to exist as ions (White & 

Broadley, 2003). These ions are also responsible for the creation of “egg-box” structures, a key 

mechanism in which calcium influences the structure of the cell wall (Lara-Espinoza et al., 2018; 

Braccini & Pé Rez, 2001; Ravanat & Rinaudo, 1980).   

 

However, boron is a unique element, as it is the only non-metal in Group 13 (XIII) of the periodic 

table (Kot, 2009). Properties of boron include its nature to form covalent bonds as opposed to ionic 

bonds (National Center for Biotechnology Information, 2021; Kot, 2009; Bassett, 1980). B3+ ions 

have a high oxidation potential and because of the incomplete octet of BX3 compounds, they 

behave as acceptors in order to complete their full octet, therefore within compounds they are 

covalently bonded to other elements (Ball & Key, 2014). In addition, in nature boron is not found 

on its own, rather it occurs in nature as oxo-compounds (Kot, 2009). Oxo-compounds are 

compounds containing an oxygen atom doubly bonded to carbon or another element, in this case 

boron (Nic et al., 2014). Thus, boron is believed to exist only in nature as borates ie. boric acid, 

sodium borate and boric oxide (Kot, 2009). While boron is also able to form covalent bonds with 

nitrogen (N) atoms, the stability of B-N compounds in nature has not yet been confirmed (Kot, 

2009; Goldbach & Wimmer, 2007). Within plants, boron is known to be taken up by the roots as 

boric acid and then remains as boric acid within the plant (Kot, 2009; Power & Woods, 1997; Hu 

et al., 1996). Boric acid is also known to be responsible for the formation of RG-II dimers 

(Funakawa & Miwa 2015; Kobayashi et al., 1996; O’Neill et al., 1996). The formation of these 

dimers plays a critical role in the structure of the cell wall (Matsunaga et al., 2004; Ishii et al., 

2001; Fleischer et al., 1999; O’Neill et al., 1996). However, information on the roles of other B 
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species in plants is not well understood as evidenced by the lack of literature regarding this topic. 

In addition, the majority of papers discussing the role of boron within plants refer to it as boron 

and occasionally boric acid, there do not appear to be any references to other species of boron 

being present in plant tissues (Brown et al., 2002; Blevins & Lukaszewski, 1998; Matoh & 

Kobayashi, 1998; Matoh, 1997).  

 

Therefore, this chapter focuses on the two elements, calcium and boron. The first set of 

experiments outlined in this chapter focus on the speciation and semi-quantification of boron. 

Boron will be analyzed in a range of Arabidopsis genotypes including boron-transporter mutants 

in order to compare the differences in boron between genotypes with mutations in boron 

transporters (nip5-1 and nip6-1) and p35S::PMEI5, a PMEI mutant, and Col-0 (TAIR, 2021; 

TAIR, 2015; Müller, 2013; TAIR, 2013). The analysis of a range of genotypes will help to further 

the understanding of boron species within Arabidopsis in general as well as help to identify more 

specific differences resulting from these mutations. Furthermore, analysis of boron in both calcium 

treated and non-calcium treated A. fistulosum will be conducted in order to not only gain a further 

understanding of boron in Arabidopsis, but also to identify any differences in boron as a result of 

calcium. For example, understanding whether or not the addition of calcium will result in different 

boron species, given that boron can form bonds with calcium creating compounds such as calcium 

borate. Furthermore, while the method used to analyze the species of boron is only semi-

quantitative, calcium is thought to influence the uptake of boron (Tanaka, 1967a). Tanaka (1967a) 

found that boron uptake in radish decreased with increasing calcium, thus it was of interest to see 

if these changes are also seen in A. fistulosum. In addition to speciation and semi-quantification, 

this chapter uses curcumin to localize boron within Arabidopsis leaves. While the use of curcumin 

to identify boron has been done before, primarily in health sciences, the application of this method 

in plants is novel.  

 

The focus of this chapter is centered on the localization of calcium. As outlined above, calcium 

plays a key role in the structure of the cell wall through the formation of cross-linkages to HG 

creating “egg-box” structures (Lara-Espinoza et al., 2018; White & Broadley, 2003; Braccini & 

Pé Rez, 2001; Ravanat & Rinaudo, 1980). Again, pectin is only found within the cell wall 

(Keegstra, 2010; O’Neill et al., 1990). This thesis was based on the assumption that the structural 
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changes observed in Chapter 3 are the result of “egg-box” structures. In addition, differences 

observed in dehydration stress tolerance are based on the assumption that structural changes in the 

cell wall resulting from calcium application may be partially responsible. Therefore, it was critical 

to confirm spatial localization of calcium to the apoplast. This chapter addressed that task using 

both synchrotron sciences and microscopy. Furthermore, pectin as a whole was also semi-

quantified using microscopy in order to detect changes to the quantity of pectin within the cell wall 

as a result of calcium application.  

 

Specifically, this chapter addresses the following hypotheses:  

1. Species and quantity of boron present in the above ground biomass of Arabidopsis thaliana 

will vary based on genotype.  

2. Species of boron present with the epidermal cell layer of A. fistulosum will not vary as a 

result of calcium application. 

3. A. fistulosum treated with CaCl2 accumulates more calcium localized to the cell wall of the 

epidermal cell layer than controls and will have no influence on the quantity of pectin 

within the cell layer.  

 

6.2 Materials and Methods  

6.2.1 Speciation and Semi-Quantification of Boron  

6.2.1.1 Arabidopsis thaliana  

Bulk analysis and speciation of boron was completed on the aboveground biomass and soil 

samples from the respective pots of four A. thaliana genotypes (Col-0, nip5-1, nip6-1 and 

p35S::PMEI5). Plants were grown in a Conviron chamber (Winnipeg, Manitoba, Canada) with the 

following environmental conditions; 20ºC constant temperature, 50% RH, 16-8hr/light-dark 

period and 150 +/-10 µmol m-2s-1. Watering was done every second day, using water from the City 

of Saskatoon. Fertilizer (20-20-20) was applied weekly. Section 4.2.4.1 provides further details 

relating to the genotypes and how the fertilizer solution was prepared.  

 

Six biomass samples and six soil samples were analyzed per each individual genotype. Above 

ground biomass samples, consisting of the leaves and shoots were freeze dried, while soil samples 

were dried by manually pressing water out of the soil using a paper towel. Both the biomass 
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samples and the soil samples were then ground using a mortar and pestle until homogenous. 

Samples were then mounted onto the sample holder using carbon tape (Figure A16). Boron nitride 

(BN) and sodium tetraborate (Na₂[B₄O₅(OH)₄]·8H₂O) were used as standards and were loaded onto 

the sample holders in the same manner describe above. Compressed air was used to remove any 

loose sample prior to loading the sample holders into the beamline. 

 

Data was collected using the Variable Line Spacing Plane Grating Monochromator (VLS-PGM) 

beamline at the Canadian Light Source (44 Innovation Blvd, Saskatoon, SK). More specifically, 

this beamline was used to collect boron K-edge XAS (track s electron transitions) data. The 

incident energy of the beamline was approximately 185eV and the slit size (both entrance and exit 

slits) was 100µm. The vacuum in the chamber was maintained at a value close to or greater than 

1x107 torr, while the energy range was between 185eV to 210eV with a dwell time of 1 second. 

Step Scan was originally used in order to ensure that boron was detectable within the samples, 

prior to switching to Fast (on-the-Fly) Scan. Step Scan differs from Fast Scan, as during Step Scan, 

each measurement taken occurs after the motors have stopped. Step Scan is also slower and 

therefore was only done to initially confirm that boron was detectable in the plant and soil samples.  

Three scans were completed per sample.   

 

6.2.1.2 Allium fistulosum   

The bulk analysis and speciation of boron in A. fistulosum was completed through the analysis of 

epidermal cell layers. Plants were grown and treated with calcium as outlined in Section 3.2.2.2.  

Prior to analysis, epidermal cell layers were air dried for ~10 days. Cell layers were then ground 

using a mortar and pestle and mounted on the slide holder shown in Figure A16 using the method 

outlined in Section 6.2.1.1.  

 

Data was then collected using the VLS-PGM beamline (Canadian Light Source, Saskatoon, SK). 

The parameters were the same as outlined above in Section 6.2.1.1. Three samples were analyzed 

per treatment group (control and calcium treated). This experiment was kindly completed by 

Dongniu (David) Wang and Lucia Zuin from the Canadian Light Source (Saskatoon, SK).   
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6.2.2 Data Analysis  

Normalized FLY (FLY/I0) was used to create the Y-axis for the plots in the Origin software 

by OriginLab. Repeats were averaged prior to the creation of the graphs. The background in the 

pre-edge was removed to make the pre-edge flat, while post-edge was normalized to an edge jump 

of 1 to ensure similar heights allowing for better comparison. Analysis was kindly performed 

by Dongniu (David) Wang from the Canadian Light Source (Saskatoon, SK).  

 

6.2.3 Spatial Localization of CaCl2 in Allium fistulosum  

6.2.3.1 Plant Material (Allium fistulosum) and Experimental Design  

See Section 3.2.2.1 

 

6.2.3.3 Calcium Spatial Localization  

Confocal X-ray microscopy was used to spatially localize calcium within the epidermal cell layer 

of A. fistulosum. A. fistulosum plants were grown and treated with calcium as outlined in Sections 

3.2.2.1 and 3.2.2.2, respectively. Calcium treated plants received 100mL of a 0.05M CaCl2
 (Fisher 

Scientific, Waltham, MA, USA) solution every second day for one month.  

 

Data was then collected at the CLS and Advanced Photon Source (APS) beamline (20-ID: Section 

20- Insertion Device Beamline (Lemont, IL, USA). The following parameters were used: incident 

energy of 10keV, a map size of 160x160µm, step size of 1µm and a dwell time of 10 milliseconds. 

A total of 10 maps were collected at a depth of every 2µm in the sample (Stobbs, J. pers.comm. 

2021). The experiment was kindly conducted by Dr. Zou Finfrock from the Advanced Photon 

Source (Lemont, IL, USA).   

 

6.2.3.4 Image Processing  

All data was preprocessed and normalized in OriginPro 2020. 2D images were then processed by 

first using PyMCA in Python to fit the average spectra of all of the points of the map generated at 

the APS, Origin was then used to increase image quality. 3D images were processed using the 2D 

tiff images previously created with PyMCA and Python. A stack of 16-tiff images was created 

using a custom Python script, which were then used to create a volume rendering in Avizo. False 

colour maps were produced with a physics colour map where blue and red show low and high 
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relative calcium concentration distributions in the sample (Stobbs, J. pers. comm. 2021). Image 

processing was completed by Jarvis Stobbs and Miranda Lavier (Canadian Light Source, 

Saskatoon, SK).  

 

In addition to the aforementioned image processing, the “analyze particles” tool in ImageJ 

(Version 1.53a) was used to analyze the intensity in the colour of the pixels within the images 

created along with individual red, green and blue colored pixels. Analysis conducted in ImageJ 

focused on the apoplast, using the selection tool to select only this region. Values obtained from 

these image analyses (mean weighted intensity, mean blue pixel count, mean green pixel count 

and mean red pixel count) were analyzed using two-tailed t-tests (RStudio Version 1.3).  

 

6.2.4 Staining and Microscopy  

6.2.4.1 Allium fistulosum  

See Section 3.2.2.1 

 

6.2.4.2 Calcium Application  

See Section 3.2.2.2 

 

6.2.4.3 Alizarin Red S 

Slides mounted with a single layer of A. fistulosum epidermal cells were immersed in Alizarin red 

S (Sigma-Aldrich Canada Co., Oakville, ON, Canada), stain for 5 minutes and then washed with 

PBS. Alizarin red S was prepared according to the Histology Procedure Manuals published by 

Pathology Laboratory for Medical Education at The University of Utah (Dahl, 1952). Alizarin red 

S is a very sensitive method of detecting calcium, with the ability to detect calcium that is above a 

surface density of 0.02-0.002 µg/mm2 (Paul et al., 1983; Dahl, 1952). Imaging was performed 

using a digital LEICA DM4 B microscope with a LEICA DFC7000 T camera. Six replicates were 

done per treatment group (control and calcium treated).   
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6.2.4.4 Ruthenium Red  

Ruthenium red (Sigma-Aldrich Canada Co., Oakville, ON, Canada) staining was based on 

protocols outlined in Section 6.2.4.3. Ruthenium red stain was prepared according Hornatowska 

(2005). Six replicates were conducted per treatment group (control and calcium treated).   

 

6.2.4.4.1 Ruthenium Red Image and Statistical Analysis  

ImageJ (Version 1.53a) was used to analyze the intensity and RGB pixels within the images 

obtained. The selection tool was used to trace around the apoplast in order to specifically analyze 

this area. Values obtained were analyzed for statistical significance using T-tests in RStudio 

(Version .2.5033).  

 

6.2.4.5 Arabidopsis thaliana  

Section 4.2.3.1 

 

6.2.4.6 Curcumin  

Slides mounted with above ground biomass from two-week old A. thaliana plants were immersed 

in a curcumin stain (Sigma-Aldrich Canada Co., Oakville, ON, Canada) for 10 minutes while being 

held in a desiccator and then washed with PBS. Curcumin is highly sensitive to boron and has been 

found to detect small amounts of boron, including detection18-58µg of boron in various plant parts 

(roots, stems and leaves) (Wimmer & Goldbach, 1999). However, the range of detection appears 

variable based on the medium in which boron is being detected. To the best of our knowledge, 

curcumin has never been previously used to detect boron in plant cells. Imaging was performed 

using a digital LEICA DM4 B microscope with a LEICA DFC7000 T camera attached at 20x using 

bright field microscopy. Six replicates were done per genotype (Col-0, nip5-1, nip6-1, 

p35S::PMEI5 and bor1).  

 

6.2.4.6.1 Curcumin Image Analysis  

ImageJ (Version 1.53a) was used to measure the areas of the curcumin complexes observed in the 

images obtained from the LEICA DM4 B microscope. This analysis was performed using the 

polygon selection tool to select the area of interest, and then using the “measure” tool under the 
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“analyze” drop-down menu. Values obtained were analyzed for statistical significance using T-

tests in RStudio (Version .2.5033).  

 

6.3 Results  

6.3.1 Speciation and Semi-Quantification of Boron in Arabidopsis thaliana 

6.3.1.1 Leaf Samples    

As shown in Figure 6.1, while differences exist within the level of intensity in the spectra collected 

for each genotype, all of the genotypes exhibit spectra matching that of the boron nitride (BN) 

standard. Each genotype also had spectra matching sodium tetraborate (NaBO4) but of much lower 

intensity than BN (Figure 6.1). Furthermore, nip6-1 showed the highest intensity despite its boron 

transporter mutation. nip5-1, the counterpart to nip6-1 had the second lowest intensity, with 

p35S::PMEI5 having the lowest intensity (Figure 6.1). Since the CLS data is semi-quantitative, 

ICP-MS (kindly performed by Barry Goetz from Dr. Albert Vandenberg’s lab in the Dept. Plant 

Sciences) quantified boron levels within the above ground biomass of the various A. thaliana lines 

(Table A11). Results from ICP-MS analysis found that nip6-1 had the highest concentration of 

boron (34.93ppm) followed by nip5-1 (30.04ppm), Col-0 (25.04ppm) and finally p35S::PMEI5 

(28.24ppm) (Table A11). All of the genotypes analyzed were significantly (p<0.05) different with 

regards to the proportion of B in them (Table A12-14).  
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Figure 6.1 XAS (track s electron transitions) spectra from above ground biomass of various 

Arabidopsis thaliana genotypes (nip5-1, nip6-1, p35S::PMEI5 and Col-0) 

XAS (track s electron transitions) spectra of nip5-1, nip6-1, p35S::PMEI5 and WT leaf material 

from lines of Arabidopsis thaliana. Boron nitride (BN) and sodium tetraborate (NaBO4) were used 

as standards. Intensity, as shown on the Y axis, was normalized to the intensity of the incident 

beam (Io). Six biomass samples were analyzed per each individual genotype (Col-0, nip5-1, nip6-

1, p35S::PMEI5 and bor1). Three scans were completed per sample. Experiment completed at the 

Canadian Light Source, Saskatoon, SK.    

 

6.3.1.2 Soil Samples  

In addition to analyzing the boron species in the above ground biomass of the four A. thaliana lines 

of interest (nip5-1, nip6-1, p35S::PMEI5 and Col-0), soil samples obtained from each pot were 

also analyzed. While both BN and NaBO4 were detected in the soil samples, the intensity of these 

spectra was lower than the plant biomass samples (Figure 6.2). Moreover, while Col-0, had the 

second highest level of intensity in the above ground biomass, soil samples obtained from these 

pots exhibited the lowest intensity spectra when compared to the other lines (Figures 6.1-6.2).   

BN 
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Figure 6.2 XAS (track s electron transitions) spectra from soil collected from pots of various 

Arabidopsis thaliana genotypes (nip5-1, nip6-1, p35S::PMEI5 and Col-0) 

XAS (track s electron transitions) spectra of soil from pots where nip5-1, nip6-1, p35S::PMEI5 

and Col-0 lines of Arabidopsis thaliana was grown. Boron nitride (BN) and sodium tetraborate 

(NaBO4) were used as standards. Intensity, as shown on the Y axis, was normalized to the intensity 

of the incident beam (Io). Six soil samples were analyzed per each individual genotype (nip5-1, 

nip6-1, p35S::PMEI5 and Col-0). Three scans were completed per sample. Experiment completed 

at the Canadian Light Source, Saskatoon, SK.    

 

6.3.2 Speciation and Semi-Quantification of Boron in Allium fistulosum  

While the pectin within the cell walls of A. fistulosum consists of primarily HG, RG-II accounts 

for ~1% of pectin within the cell wall of monocots, which includes Allium species (Mohnen, 1999). 

Therefore, boron likely still plays an important structural role in A. fistulosum cell walls. Thus, the 

VLS-PGM beamline was also used to detect and semi-quantify boron species within epidermal 

cell layers obtained from both A. fistulosum plants treated with calcium as well as those from non-

calcium treated plants.  While both sets of epidermal cell layers contained boron, epidermal cell 

layers obtained from calcium treated plants exhibited a higher intensity boron spectrum (Figure 

6.3). Both cell layers also contained BN and NaBO4, however the intensity for the BN peak was 

greater than the NaBO4 peak for both the calcium treated group and control (Figure 6.3).  

BN 

Na2B4O7 

Col-0 

nip5-1  

nip6-1 

p35S::PMEI5 
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Figure 6.3 XAS (track s electron transitions) spectra from Allium fistulosum epidermal cell 

layers 

XAS (track s electron transitions) spectra from epidermal cell layers obtained 

from Allium fistulosum plants that had received 0.05M of CaCl2 every second day for four-weeks 

(A-Fist Ca), as well as Allium fistulosum plants that received no additional CaCl2. This spectrum 

shows the standards (BN and Na2B4O7) used. Three samples were analyzer per treatment group 

(control and calcium treated). Experiment completed at the Canadian Light Source, Saskatoon, 

SK.    

 

6.3.3 Spatial Localization of CaCl2 in Allium fistulosum  

Assuming the addition of CaCl2 to A. fistulosum results in alterations in cell wall structure, it was 

critical to spatially localize calcium within the epidermal cell layers of A. fistulosum plants. While 

the epidermal cell layer obtained from the non-calcium treated A. fistulosum plant still had calcium 

present, the epidermal cell layer obtained from the A. fistulosum plant treated with calcium had a 

visually higher level of calcium (Figure 6.4 and Figure 6.5). However, quantitative analysis of the 

apoplast (based on the 2D maps) using ImageJ found no significant differences in the mean colour 

intensity or the mean green or red pixel count (Figure 6.6 and Table A47).  

 

In addition, in non-calcium treated plants, calcium was more randomly distributed within the cell 

walls (Figure 6.5). In contrast, in calcium treated plants, calcium appears to be primarily 
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distributed to the radial cell walls (Figure 6.4). The epidermal cell layer of the calcium treated 

plants also shows numerous hot spots of calcium (Figure 6.4). While these hot spots are also 

present in the epidermal cell layer obtained from the non-calcium treated plant, there are fewer of 

them (Figure 6.5).  

 

Unfortunately, issues with the calcium treated epidermal cell layer for the 3D image did not yield 

a clear photo that could provide further details regarding calcium distribution; however, it still 

clearly shows greater calcium accumulation localized to the cell wall compared to the control 

(Figure 6.7 and Figure 6.8).   

 

 
Figure 6.4 2D Calcium map from Allium fistulosum epidermal cell layer obtained from a 

calcium treated plant 

2D Calcium map from a single Allium fistulosum epidermal cell layer obtained from a plant treated 

with 0.05M of CaCl2 every second day for four-weeks. The map was obtained using the 20-ID 

beamline and the X-ray microprobe technique (Advanced Photon Source, Lemont, IL).   
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Figure 6.5 2D Calcium map from Allium fistulosum epidermal cell layer obtained from a non-

calcium treated plant 

2D Calcium map from a single Allium fistulosum epidermal cell layer obtained from a non-calcium 

treated plant (control). The map was obtained using the 20-ID beamline and the X-ray microprobe 

technique (Advanced Photon Source, Lemont, IL).   
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Figure 6.6 Analysis of 2D images of calcium treated and non-calcium treated Allium fistulosum 

epidermal cell layers 

Analysis of 2D images of calcium treated (CA) and non-calcium (NCA) treated Allium fistulosum 

epidermal cell layers obtained from 20-ID beamline and the X-ray microprobe technique 

(Advanced Photon Source, Lemont, IL). Calcium treated plants received 100mL of a 0.05M of 

CaCl2 solution every second day for four-weeks. Graphs from left to right: 1) weighted intensity 

of pixel colours (NCA), 2) red, green and blue pixels added together (NCA), 3) green pixels 

(NCA), 4) red pixels (NCA), 5) blue pixels (NCA), 6) weighted intensity of pixel colours (CA), 

7) red, green and blue pixels added together (CA), 8) green pixels (CA), 9) red pixels (CA) and 

10) blue pixels (CA). Graphs were generated using ImageJ (Version 1.53a) 

1 (NCA) 2 (NCA) 3 (NCA) 

4 (NCA) 5 (NCA) 6 (CA) 

7 (CA) 8 (CA) 9 (CA) 

10 (CA) 
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Figure 6.7 3D Calcium map from Allium fistulosum epidermal cell layer obtained from a non-

calcium treated plant 

3D Calcium map from a single Allium fistulosum epidermal cell layer obtained from a non-

calcium treated plant (control). The map was obtained using the 20-ID beamline and the X-ray 

microprobe technique (Advanced Photon Source, Lemont, IL).   
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Figure 6.8 3D Calcium map from Allium fistulosum epidermal cell layer obtained from a 

calcium treated plant 

3D Calcium map from a single Allium fistulosum epidermal cell layer obtained from 

a calcium treated plant. Plants treated with calcium received 100mL of a 0.05M CaCl2 solution 

every second day for four-weeks. The map was obtained using the 20-ID beamline and the X-ray 

microprobe technique (Advanced Photon Source, Lemont, IL).  

 

6.3.4 Staining and Microscopy  

6.3.4.1 Alizarin Red S 

Staining and microscopy techniques were also utilized to spatially localize CaCl2 within the 

epidermal cell layer in order to confirm the CLS results. Despite the overall yellow hue across the 

epidermal cell layer obtained from a non-calcium treated plant, the epidermal cell layer with 

calcium treatment appears to have a higher level of calcium based on the darker red staining of the 

apoplast (Figure 6.9). The presence of this colour around the borders of the cells indicates that 

calcium primarily localizes within and around the cell wall (Figure 6.9). In addition, while the 
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calcium maps obtained using synchrotron technology showed the distribution of calcium was more 

random in the epidermal cell layer obtained from the control plant, the distribution appears less 

random in Figure 6.9. In both cell layers, calcium appears to be distributed primarily around the 

transverse cell walls, further contrasting observations made from the synchrotron-based calcium 

maps presented above.   

 

 

Figure 6.9 Allium fistulosum epidermal cell layers (obtained from a non-calcium treated [1] and 

calcium treated plants [2]) stained with Alizarin red S 

Allium fistulosum epidermal cell layers obtained from non-calcium treated Allium fistulosum (left) 

and calcium treated Allium fistulosum (right) stained with Alizarin red S for 4min followed by a 

wash with PBS. Plants treated with calcium received 0.05M of a 100mL CaCl2 solution every 

second day for four-weeks. Six replicates were done per treatment group (control and calcium 

treated). Images were taken at 40X on polarized light using a LEICA DM4 B microscope with a 

LEICA DFC7000 T camera.  

 

6.5.4.2 Ruthenium Red  

While visually it is difficult to detect difference between NCA and CA epidermal cell layers 

stained with Ruthenium red, the analysis of these images using ImageJ shows cell layers obtained 

from NCA plants had a significantly (p<0.05) greater mean number of red, green and blue pixels 

(Figure 6.10, Figure 6.11 and Table A48). Ruthenium red is a non-specific dye that binds to 

negative charges including the acidic polysaccharides that make up pectin, thus it can be used to 

detect pectin (McFarlane, 2014).  

1 2 
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Figure 6.10 Allium fistulosum epidermal cell layers (obtained from a non-calcium treated [1] and 

a calcium treated [2] plants) stained with Ruthenium red 

Allium fistulosum epidermal cell layers obtained from non-calcium treated Allium fistulosum 

(right) and calcium treated Allium fistulosum (left) stained with Ruthenium red for 4min followed 

by a wash with PBS. Plants treated with calcium received 0.05M of a 100mL CaCl2 solution every 

second day for four-weeks. Six replicates were conducted per treatment group (control and 

calcium treated). Images were taken at 40X on polarized light using a LEICA DM4 B microscope 

with a LEICA DFC7000 T camera.  

 

 

 

 

 

1 2 
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Figure 6.11 Analysis of images obtained from staining with Ruthenium red 

Analysis of images obtained from staining of single A. fistulosum epidermal cells with Ruthenium 

red. Graphs from left to right: 1) weighted intensity of pixel colours (NCA), 2) red, green and blue 

pixels added together (NCA), 3) green pixels (NCA), 4) red pixels (NCA), 5) blue pixels (NCA), 

6) weighted intensity of pixel colours (CA), 7) red, green and blue pixels added together (CA), 8) 

green pixels (CA), 9) red pixels (CA) and 10) blue pixels (CA). Graphs were generated using 

ImageJ (Version 1.53a). 

1 NCA 2 NCA 3 NCA 

4 NCA 5 NCA 6 CA 

7 CA 8 CA 9 CA 

10 CA 
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6.5.4.2 Curcumin  

Boron was also stained using curcumin. While curcumin is known to bind to boron, creating a 

curcumin-boron complex that can be visualized, using it as a stain in plant species is novel, with 

applications in the literature only describing its use for thin-layer chromatography (TLC) staining 

and staining of mammalian cells. Analysis of various A. thaliana genotypes (nip5-1, nip6-1, 

p35S::PMEI5, bor1 and Col-0) using curcumin stain was able to support some of the results 

obtained from the VLS-PGM beamline. For example, staining showed that p35S::PMEI5 had the 

lowest quantity of orange particulates compared to the other genotypes (Col-0, nip5-1, nip6-1 and 

bor1), supporting results from both the VLS-PGM beamline and ICP-MS (Figure 6.1, Figure 6.12, 

Figure A17 and Table A11). In addition, staining on leaves showed greater accumulation of orange 

particulates on Col-0 leaves compared to nip5-1 (6105 pixels/mm difference), confirming the 

VLS-PGM results (Figure 6.1, Figure 6.12 and Figure A17).  

 

However, despite comparisons that can be drawn between data obtained from ICP-MS, the VLS-

PGM beamline and curcumin staining, amongst the various genotypes there were no significant 

differences in the pixels/mm area of curcumin complexes found on the leaf tissue (Table A49). 

Moreover, while some findings obtained from the staining did support data obtained from the VLS-

PGM beamline, this was not the case for all genotypes. The remaining contradictory findings 

between curcumin staining and the VLS-PGM beamline may be reflective of the novelty for 

curcumin staining in plants and thus the efficacy is unknown. Also, intensity of the spectra 

obtained from the VLS-PGM beamline may not be a direct indicator of concentration as intensity 

can be influenced by multiple factors.  

 

In addition, distribution of boron based on the accumulation of orange particulates appears to show 

uneven distribution in some of the genotypes of interest (Figure 6.12 and Figure A17). This uneven 

distribution appears to be the most pronounced in nip5-1, p35S::PMEI5 and bor1 (Figure 6.12 and 

Figure A17). While this may be indicative of uneven distribution of boron within the leaves of 

these genotypes, it may also be artifact of variable uptake. As mentioned above, the use of 

curcumin staining in plants is novel and therefore the differences in distribution may be a reflection 
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of that. Additional research should be done to find the optimal method of curcumin staining in 

plants in order to understand if boron distribution is truly uneven in those genotypes.  

 

 

 

 

 



 150 

 
Figure 6.12 Leaves from various Arabidopsis thaliana genotypes (nip5-1, nip6-1, bor1, 

p35S::PMEI5 and Col-0) stained with curcumin 

Leaves from various Arabidopsis thaliana genotypes stained with curcumin for 10min followed 

by a wash with PBS. Leaves from the following lines were stained; 1). Col-0, 2). nip5-1, 3). 

p35S::PMEI5, 4). nip6-1, and 5). bor1. Red arrows point to areas where curcumin-boron 

complexes appear to have formed. Six replicates were conducted per genotype. Images were taken 

at 20X on bright field light using a LEICA DM4 B microscope.  
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6.4 Discussion  

6.4.1 Calcium and Pectin  

The localization of calcium to the apoplast was critical to supporting the hypothesis that structural 

changes observed in relation to the strength required to shear through A. fistulosum and changes 

in dehydration stress resistance was due to calcium which results in the formation of pectin “egg-

box” structures in the cell wall and middle lamella. As previously outlined, while calcium plays 

numerous important roles within the cell as a signalling molecule, it is also critical in maintaining 

the structure of the cell wall (Thor, 2019; Hepler, 2005; White, 2000; Matoh & Kobayashi, 1998). 

One of the ways in which calcium influences the structure of the cell wall is through the formation 

of “egg-box” structures (Braccini & Pé Rez, 2001; Matoh & Kobayashi, 1998; Ravanat & Rinaudo, 

1980). “Egg-box” structures are the result of the formation of calcium ion cross-linkages to 

carboxylate ions in galacturonic acid residues of HG that have been demethylesterified in a block-

wise manner (Wormit & Usadel, 2018; Braccini & Pé Rez, 2001).  

 

As pectin is only found within the apoplast of plants (cell wall + middle lamella), these structures 

are exclusive to this region (Keegstra, 2010; O’Neill et al., 1990). Although this thesis did not 

specifically identify “egg-box” structures, the localization of calcium to the apoplast as seen in 

both the calcium maps and microscopic imaging is a strong indicator these structures have likely 

formed within the pectin. Moreover, staining of pectin using Ruthenium red provided additional 

potential evidence supporting the notion that the addition of calcium increased the formation of 

“egg-box” structures. As previously mentioned, the demethylesterification of HG creates negative 

carboxyl groups on the GalA chain, which are subsequently able to form cross-linkages with Ca2+ 

ions, creating “egg-box” structures (Wormit & Usadel, 2018; Braccini & Pé Rez, 2001). Results 

obtained from staining A. fistulosum epidermal cells found non-calcium treated epidermal cell 

layers had a significantly (p<0.05) greater proportion of RGB pixels as a result of the stain. As the 

mechanism of action for Ruthenium red involves binding to negative charges and thus staining 

acidic polysaccharides composing pectin, the greater abundance of RGB pixels in the control is 

suggestive that pectin within this cell layer had more negatively charged carboxyl groups 

(McFarlane, 2014). A larger proportion of negative charged carboxyl groups is likely indicative of 

fewer calcium cross-linkages within the pectin matrix. Therefore, these results further support the 
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notion that the addition of calcium to A. fistulosum resulted in the formation of additional “egg-

box” structures.  

 

6.4.2 Boron  

Since boron is also known to play a critical role in the structure of the cell wall, boron was also 

analyzed, using a range of techniques to perform speciation and semi-quantification. This analysis 

included above ground biomass samples from the A. thaliana mutant genotypes used throughout 

this thesis (Col-0 [wild-type], nip5-1 [boron transporter mutant], nip6-1 [boron transporter 

mutant], bor1 [boron transporter mutant] and p35S::PMEI5 [PMEI mutant]) (TAIR, 2021; TAIR, 

2015; Müller et al., 2013; TAIR 2013). Epidermal cell layers obtained from non-calcium treated 

and calcium treated A. fistulosum plants were also analyzed for differences in B.  

 

As three of these genotypes (nip5-1, nip6-1 and bor1) had mutations in boron transporters, it was 

hypothesized these mutants would show differences in their boron concentrations both between 

the other boron transporter mutants and Col-0 and p35S::PMEI5 (TAIR, 2021; TAIR, 2015; TAIR, 

2013). Given the nature of these mutants, the assumption was that nip5-1, nip6-1 and bor1 would 

have lower boron concentrations compared to Col-0 and p35S::PMEI5. However, this was not the 

case. Both the semi-quantitative results obtained from the VLS-PGM beamline at the Canadian 

Light Source (Saskatoon, SK, Canada) and those gathered from an ICP-MS analysis found the 

concentration of boron was significantly higher in the genotypes with mutations in the NIP 

transporters compared to Col-0 and p35S::PMEI5. More specifically, the semi-quantitative results 

from the VLS-PGM beamline found nip6-1 had the highest concentration of boron followed by 

Col-0, while results from the ICP-MS found nip6-1 followed by nip5-1 had the highest 

concentration of boron. All of the genotypes were found to be significantly different from each 

other with regards to the quantity of boron detected. This finding is of great importance as all of 

the previous chapters that had utilized these mutants were conducted under the assumption the 

boron-transporter mutants had a lower quantity of boron.  

 

Despite the significant variation in the quantity of boron within each genotype detected by ICP-

MS, all of the of the genotypes fell within the normal boron concentration range which is between 

20-100ppm depending on the species (Table A11) (Plank, 1999). Variation between species with 
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respect to the required amount of boron has been closely tied to quantity of pectin within the cell 

wall of higher plants (Hu et al., 1996; Loomis & Durst, 1992; Tanaka, 1967b). For example, the 

primary cell walls in dicots have a higher pectin content in comparison to gramineous monocots 

and therefore dicots also have a higher tissue-B requirement (20-30 μg B g-1 dry weight vs. 3-10μg 

B g-1 dry weight) (Darvill et al., 1992; Jones et al., 1991). This presumably allows for an increase 

in the dimerization of RG-II monomers which plays a key role in the mechanical strength of the 

cell wall amongst other things. However, while the importance of RG-II dimers in maintaining the 

structure of the cell wall should not be underscored, the complete absence of RG-II dimers will 

not inhibit the gelling of pectin (Chormova et al., 2014). Chormova et al. (2014) successfully 

cultured Rosa sp. cells in boron-free medium and found pectin within the cell wall contained RG-

II monomers but no dimers, suggesting that pectin with RG-II domains can be held together in 

pectin by other means then boron bridges. This may be due to the structural nature of pectin, as 

RG-II domains are attached to HG chains which have the ability to cross-link other HG chains via. 

Ca2+ ions (Mohnen, 2008; Ravanat & Rinaudo, 1980).  

 

The limitation of these results is that bor1 was not included in these analyses due to previous issues 

discussed regarding the genotype. Thus, the concentration of boron in bor1 is unknown. While this 

trend does not follow our previous assumption, one plausible hypothesis which may explain why 

lines with mutations in boron-transporters have higher levels of boron is that in the NIP mutant 

lines, other boron-transporters may be over-compensating. This hypothesis is supported by the 

concept of genetic redundancy, meaning more than one gene performs the same function with an 

organism and therefore inactivating one of these genes has little to no effect on phenotype 

(Ascencio & DeLuna, 2013; Nowak et al., 1997). This theory may also explain why nip5-1 and 

nip6-1 did not appear phenotypically different from Col-0.  

 

However, curcumin staining did appear to show bor1 has a lower concentration of boron compared 

to nip6-1 and Col-0. Furthermore, bor1 is also phenotypically very different from the other 

genotypes. Figures A9 and A11, capture some of those differences showing that bor1 is much 

smaller than the other lines at both two-weeks and four-weeks and at two-week old bor1 also 

appears more yellow in colour. On the other hand, both of the genotypes with mutations in NIP 

transporters (nip5-1 and nip6-1) did not appear phenotypically different from Col-0. Therefore, 
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there may be genetic redundancy in the NIP transporters, while it appears as though the loss of 

BOR1 is more detrimental. Unfortunately, there is a lack of additional research available done on 

these genotypes in general and therefore this remains a hypothesis that should be further 

investigated.  

 

In addition to using curcumin to analyze boron in bor1, curcumin was also used to stain the leaves 

of the other genotypes as well. The ability for curcumin to detect boron is a direct result of 

curcumin being a β-diketone ligand, allowing it to act as a chelating ligand towards a number of 

metals including boron (Hope-Roberts & Horobin, 2017; Hardcastle, 1960). These papers go on 

to describe that the chelation of curcumin and boric acid produces a cationic 2:1 complex where 

boron is the central atom with curcumin anions attached in a tetrahedral fashion. This complex is 

known as rosocyanine (Hope-Roberts & Horobin, 2017; Hardcastle, 1960). This method of boron 

detection has been used in various health sciences fields, including pharmacology and cancer 

research. However, to our knowledge, curcumin has not yet been used to stain boron in plant tissue.  

 

Therefore, while our results should be approached with caution given the novelty of the method, 

the results obtained are supportive of those obtained from the VLS-PGM beamline, and to a lesser 

extent those obtained from ICP-MS. Curcumin staining visually appears to show nip6-1 has the 

highest concentration of boron, supporting results from both the VLS-PGM beamline and ICP-

MS. Col-0 followed by nip5-1, bor1 and finally p35S::PMEI5 appeared to visually have the lowest 

concentrations of boron in that order, based on results from staining. While this method did not 

allow for the localization of boron, interestingly, there appears to be variation in the curcumin stain 

across the leaf, both within a single leaf and when comparing leaves of different genotypes. This 

uneven distribution may be indicative that boron is not evenly distributed throughout the leaves, 

however alternatively this could also simply be the result of the novelty of this method. For 

example, the uptake of curcumin by the leaves may be variable, and therefore while distribution 

of boron may appear uneven it may be the result of the uptake of curcumin. Furthermore, while 

we believe the particulates within the leaves are the result of boron-curcumin complexes based on 

the use of this stain in primarily health sciences fields, the confirmation of this was outside the 

scope of this thesis. Therefore, the notion that distribution of boron within the leaves is uneven 
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based on this experiment should be approached with caution given that further exploration into the 

efficacy of this staining method in plants is required.  

 

Even so, the detection of boric acid using curcumin is significant as boric acid is the form of boron 

responsible for the formation of RG-II dimers (O’Neill et al., 1996). As Arabidopsis is a dicot, 

RG-II likely makes up approximately 5% of pectin within the cell wall (Mohnen, 1999). The 

detection of boric acid through the use of curcumin therefore supports the notation that RG-II 

dimers are likely forming. While the exact proportion of these dimers is unknown, in boron 

sufficient conditions, more than 90% of RG-II exists in dimers (Funakawa & Miwa, 2015; O’Neill 

et al., 1996). Therefore, the proportion of RG-II dimers may be around 90% in these genotypes of 

interest. The formation of these dimers in the Arabidopsis leaves likely play a key role in the 

overall structure of the cells, as RG-II dimers formed by RG-II and boric acid have been well 

implicated for their role in maintaining the structure of cells.  

 

However, despite the detection of boric acid by way of curcumin staining, analysis of the various 

boron species with both above ground biomass samples and soil samples obtained from the pots 

used to grow the lines did not detect any boric acid. Speciation performed at the VLS-PGM 

beamline detected boron nitride and to a lesser extent sodium tetraborate. The identification of 

these two boron species within these samples is interesting given what is known regarding the role 

of boron in plants. As previously mentioned, RG-II dimers are formed by a single borate diester 

cross link between the apiosyl residues on side chain A of an RG-II monomer (O’Neill et al., 

2004). O’Neill et al. (1996) demonstrated RG-II dimers can only occur with boric acid. Outside of 

RG-II dimer formation, boron has a hand in numerous key biological processes including ion 

fluxes across membranes, cell division and elongation, etc. (Goldbach & Wimmer, 2007; Blevins 

& Lukaszewski, 1998; Cakmak & Römheld, 1997). Despite its role in these key processes, a 

thorough review of the literature does not reveal any studies investigating whether or not boron is 

present in any other species outside of boric acid. The majority of studies mentioning boron in 

relation to plants commonly refer to it simply as boron, and occasionally boric acid (Brown et al., 

2002; Matoh & Kobayashi, 1998; Blevins & Lukaszewski, 1998; Matoh, 1997). This suggests that 

boron is not present in any other forms within plant tissues.  While in the soil, boron is found in 

the form of boric acid and is also taken up by plants as boric.  
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Thus, results obtained from the VLS-PGM beamline are interesting in their finding of both boron 

nitride and sodium tetraborate. Boron nitride, the most predominant form of boron identified in 

both the plant biomass and the soil samples via. speciation using the VLS-PGM is of keen interest 

given that boron nitride does not appear to have been identified in other plant tissues within the 

literature. In contrast, boron nitride has been used in a range of other commercial applications 

including cosmetics, pencil lead and space applications (Khan, 2016). While additional analysis is 

outside of the scope of this project, further studies should be conducted to better understand the 

presence of boron nitride in plant biomass and soil. In addition, while a literature review also did 

not reveal any studies describing the presence of sodium tetraborate in plant tissues, sodium 

tetraborate is commonly used as fertilizer (Borax). Therefore, its presence may be the result of 

fertilizers used for culture and care.  

 

Overall, the findings from this Chapter do not support the hypothesis which stated different species 

of boron would be present within the above-ground biomass of various Arabidopsis genotypes and 

the soil obtained from the pots used to grow them. However, the results from this Chapter show 

the application of calcium to A. fistulosum does result in an increase in calcium around the apoplast, 

thus supporting that hypothesis.  
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7.0 GENERAL DISCUSSION  
 

The effects of climate change pose an insurmountable threat to agriculture industries across the 

world as the frequency and severity of abiotic and biotic stresses continue to rise as a result. The 

consequences of these stresses which include drought stress, cold stress and pathogens will 

continue to not only threaten global food supplies but also large economies, many of which rely 

heavily on the Agriculture and Agri-Food industry. For example, in Canada the Agriculture and 

Agri-Food industry generated $143 billion (CAD) in 2018, accounting for 7.4% of the GDP 

(Government of Canada, 2020). The success of this industry and in turn many other factors in 

society are at the mercy of climate change, which has the potential to reduce crop yields up to 

100%. Thus, it is critical to find mechanisms within plants that provide defence against a range of 

stresses.  

 

This thesis narrowed in on the potential for the cell wall to act as a physical barrier against 

dehydration stress and fungal pathogens, namely as a result of pectin and the influence of its 

structural modifications on the cell wall. Despite the structural changes observed both in vitro and 

in A. fistulosum sheaths as a result of calcium application and the benefit it had in reducing percent 

water loss in pure pectin, its effect on Allium species was far more complicated. While calcium 

improved tolerance to dehydration stress in some instances, it was also found to increase percent 

water loss, most notably over 15min in A. fistulosum (Figures 4.4). In general, findings showing 

calcium did not significantly (p>0.05) improve tolerance to dehydration stress stand in contrast to 

other previous findings which found calcium improved tolerance to drought stress (Table 4.3) (He 

at al., 2018; Ma et al., 2005). Nevertheless, the variation in the results observed with respect to 

calcium and dehydration stress serve as a valuable reminder as to the complexity of the response 

to dehydration stress and the complex role of calcium in plants.  

 

While the threat of drought stress is increasing as a result of climate change and thus putting plants 

at greater risk of dehydration stress, the risk of damage to crops as a result of cold stress is also 

predicted to rise (Gu et al., 2008). Although drought stress and cold stress are associated with 

opposite weather patterns, they share the overlapping theme of dehydration stress. During cold 

stress as temperatures fall, plants face a risk of freezing. During freezing, ice begins to form in the 
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extracellular space, resulting in the occurrence of extracellular freeze dehydration stress as water 

leaves the cells (Burke et al., 1976). As Liu (2015) found that cold acclimation not only improved 

tolerance to cold stress but also decreased cell wall permeability, it was hypothesized that cold 

acclimation would also reduce percent water loss. However surprisingly, in most instances cold 

acclimation increased percent water loss in A. fistulosum (Figure 4.15 and Figure 4.17).  

 

Despite the seeming disconnect between cold acclimation and percent water loss, cold hardy A. 

fistulosum which has been shown to tolerate temperatures hovering around -40ºC, was far more 

tolerant to dehydration stress compared to A. cepa, which lacks the ability to tolerate cold (Tanino 

et al., 2013, Palta et al., 1977). A. fistulosum lost significantly (p<0.05) less water and had a 

significantly (p<0.05) lower limit of damage based on protoplasmic streaming compared to A. cepa 

(Table A18 and Table A22). This finding indicates that while cold acclimation did not improve 

tolerance to dehydration stress as it does to cold stress, there is likely still a link between tolerance 

to cold stress and tolerance to dehydration stress. This connection may lie within the cell wall and 

the structural role of pectin.  

 

Equally important to plant survival in nature and agricultural fields is resistance to both abiotic 

and biotic stresses. Like dehydration stress, the risk of damage to plants as a result of fungal 

pathogens is on the rise as factors associated with climate change are increasing the frequency of 

these pathogens. Thus, it is also critical to understand the role that pectin, and in turn the cell wall, 

may play in mitigating both stresses.  

 

While not specifically investigated within this thesis, the boron transporter BOR1 appears to 

influence the integrity of the cell wall and in turn impact tolerance to dehydration stress and 

tolerance to C. higginsianum. Over 2-10hr of dehydration stress, bor1 was amongst the least 

dehydration tolerant Arabidopsis genotypes explored, having the highest percent water loss and 

amongst the highest values of percent electrolyte leakage, indicating an increase in the limit of 

damage (Figure 4.21 and Figure 4.22). bor1 was also one of the most susceptible genotypes to C. 

higginsianum (Figures 5.3 and 5.4). While the lesion associated with a C. higginsianum infection 

does not typically show up until ~84hr post-infection (Münch et al., 2008), leaves from bor1 plants 

begun to develop lesions at 24hr (Figure 5.3). Given that C. higginsianum has the capability of 
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penetrating the host plant with shear force alone, the rapid appearance of the lesion is indicative 

that as a result of the mutation in bor1, the cell walls are much weaker (Yan et al., 2018). This may 

be indicative of a lack of RG-II dimers, which are known to play a critical role in the structure of 

the cell wall (O’Neill et al., 2004; Hu & Brown, 1994). Given that RG-II dimers have also been 

shown to reduce porosity, increased water loss in bor1 during dehydration stress may further be 

indicative of structural changes to the cell walls in bor1 plants (Fleischer et al., 1999; Ryden et al., 

2003; O’Neill et al., 2004). These findings further demonstrate the critical nature of the cell wall 

as a barrier to both stresses and the role of RG-II in the structure of the cell wall.  

 

Moreover, the over-expression of PMEI5 also appeared to enhance tolerance to dehydration stress 

and B. cinerea (Figure 4.19, Figures 4.21-4.25, Figure 5.1 and Figure 5.2). While initially the over-

expression of PMEI5 was hypothesized to reduce tolerance to both stresses as the activity of PME 

is critical in the formation of “egg-box” structures, the results from this thesis reject the original 

hypothesis. p35S::PMEI5 consistently lost amongst the lowest amounts of water during periods of 

dehydration and had a significantly (p<0.05) lower overall percent electrolyte leakage following 

12-24hrs of dehydration (Figure 4.19, Figures 4.21-4.25, Table A39 and Table A40). 

p35S::PMEI5 also had a smaller B. cinerea lesion size in comparison to other genotypes (Figure 

5.1 and Figure 5.2). Increased tolerance to B. cinerea in p35S::PMEI5 in comparison to C. 

higginsianum is demonstrative of the different mechanisms used by the pathogens to penetrate the 

cell wall. Unlike C. higginsianum, B. cinerea uses pectinolytic machinery amongst other lethal 

enzymes to cross the cell wall (Boddy, 2016). Demethylesterified pectin is more frequently the 

target of pectinolytic enzymes and therefore the inhibition of PME’s such as by PMEI’s has also 

been shown in multiple other studies to enhance tolerance to B. cinerea (Lionetti et al., 2017, 

Müller et al., 2013; Curvers et al., 2010; Lionetti et al., 2007).  This difference is also demonstrative 

of the variation not only between abiotic and biotic stresses, but within both of those categories as 

well.  

 

Therefore, while this thesis focused on the role of pectin within the cell wall and the potential to 

exploit pectin modifications in order to enhance the role of the cell wall as a physical barrier, it is 

highly likely that a single mechanism may not be effective against all stresses. Nevertheless, it is 

still critical to identify mechanisms which help to mitigate multiple stresses as single stresses are 
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never found in nature and certain combinations of stress are likely to occur more often in tandem 

compared to others.  

 

While this thesis provided strong evidence suggesting that pectin modifications within the cell wall 

are partly responsible for changes to abiotic and biotic stress tolerance, it did not specifically 

eliminate the possibility that other elements within the cell wall may be also influencing stress 

tolerance. Therefore, one of the next steps forward in this research should further focus in on pectin 

within the cell wall while eliminating possible influence from other components within the cell 

wall. In a similar vein, future research based on this thesis should specifically identify the 

formation of “egg-box” structures and RG-II dimers. Furthermore, while this thesis identified 

mechanical changes associated with the addition of calcium and boron, analysis of shear force was 

performed using whole sheaths. While the epidermal cell layer was attached, it is possible other 

structures within the sheath may have been responsible for increased toughness. Subsequent 

studies should seek to further narrow in on the cell wall and identify specific structural and 

mechanical changes occurring within it such as permeability and toughness. Finally, abiotic and 

biotic stress should be applied together. Application of these stresses together would not only fill 

a current gap in the literature but would also provide critical insight into the potential role of the 

cell wall and pectin in stress defense outside of a controlled lab environment, since in nature plants 

experience multiple stresses at once.  
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8.0 GENERAL CONCLUSIONS 

 

In conclusion, while calcium, boron, cold temperatures and cold acclimation, were all found to 

affect mechanical characteristics of pure pectin and A. fistulosum sheaths, as a result of 

modifications presumed to occur within pectin, these changes did not directly translate to enhanced 

tolerance to stress.  

 

While the addition of calcium and boron to pure pectin solutions had a significant effect in reducing 

percent water loss, the effect of these elements in biological systems was less clear. Although 

calcium enhanced dehydration stress tolerance, its effect was often not significant, and variable in 

its efficacy. In general, Arabidopsis genotypes with mutations in boron transporters had reduced 

dehydration stress tolerance, while the over-expression of PMEI5 appeared to enhance tolerance 

to dehydration stress.  

 

Moreover, we found that A. fistulosum which has the ability to cold acclimate and has a high 

freezing tolerance is also more tolerant to dehydration stress loss in comparison to A. cepa which 

lacks the ability to cold acclimate and is freezing sensitive. However, in general, we did not find 

that cold acclimation enhanced dehydration stress tolerance in A. fistulosum.   

 

Furthermore, given that outside of a controlled environment plants are subjected to a multitude of 

stresses at once this thesis also explored the role of the cell wall and pectin modifications in 

tolerance to biotic stress. One key finding from Chapter 5 was the rapid rate of C. higginsianum 

infection in bor1. In Chapter 4, bor1 was also found to be susceptible to dehydration tolerance.  

 

Finally, while we were able to localize calcium to the cell wall, further advancements outside of 

our control are required to localize boron within the cell. Nevertheless, findings from Chapter 6 

further supported the belief that calcium application would increase the formation of “egg-box 

structures”.   

 

Thus, the general all-encompassing hypothesis, “the application of calcium and/or boron results in 

cell wall structural changes which translate into increased resistance to both abiotic and biotic 
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stress in Allium species and Arabidopsis thaliana” is rejected. However, several sub-hypotheses 

were fully supported. The underlined sections of the following sub-hypothesis were supported by 

data from this thesis:  

1. Increasing concentrations of pectins and calcium/boron will reduce water loss over 6hr in 

pure pectin standards. Furthermore, boron will have a greater influence on reducing water 

loss in GB pectin, while calcium will have a larger effect on HG pectin. 

2. The exogenous application of CaCl2 localizes to the apoplast of Allium fistulosum (A. 

fistulosum) 

3. The stress sensitive Allium cepa has greater percent water loss compared to stress 

resistant Allium fistulosum. 

4. Calcium and boron independently increase the viscosity of pectin, in a dose- and 

temperature- dependent manner. *The caveat to this is that boron significantly increased 

pectin concentration independent of temperature, however calcium did not.  

5. Calcium application and cold acclimation will increase the force required to shear 

through Allium fistulosum, and a combined application will further increase resistance to 

shear force in an additive manner.  

6. Arabidopsis thaliana lines with mutations in boron transporters and pectin methylesterase 

inhibitor 5 (p35S::PMEI5) will have a faster rate of Botrytis cinerea and Colletotrichum 

higginsianum infection.  

 

In conclusion, while response to abiotic and biotic stress by plants is highly complex and the ability 

for plants to withstand stress goes far beyond one mechanism, this thesis gives further insight into 

the key role of pectin in the cell wall and the influence of pectin modifications.  
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10.0 APPENDIX  

10.1 Appendix A  

 

Table A1 Pectin solutions analyzed in Chapters 3 and 4 

Twelve pectin solutions, comprising 2 types of pectin (HM=high methylated citrus pectin, 

GB=genu beta), 2 concentrations and 2 treatments were analyzed.  

 

Type of Pectin   Calcium (0.05M)  Boron (0.05M)  Concentration   

HM  +  -  4%  

HM  -  +  4%  

HM  -  -  4%  

GB  +  -  4%  

GB  -  +  4%  

GB  -  -  4%  

HM  +  -  8%  

HM  -  +  8%  

HM  -  -  8%  

GB  +  -  8%  

GB  -  +  8%  

GB  -  -   8%  

 

 

 
 

Figure A1 Geometry used for rheometer  

40mm smooth acrylic geometry was used to analyze the viscosity of the pectin solutions.    
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Figure A2 Placement of Allium fistulosum sheaths in texture analyzer cell  

4cm sections of Allium fistulosum sheaths were placed perpendicularly to the slots in the texture 

analyzer cell. The ligule and epidermal cell layer were left intact for this experiment.  This 

experiment was conducted at 20°C.  

 

 
 

Figure A3 TMS-Pro texture analyzer with 10-blade Allo-Kramer shearing compression cell  

TMS-Pro texture analyzer with the 10-blade Allo-Kramer shearing compression cell attached was 

used to measure shear force.  
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Table A2 Results from ICP-MS conducted on water samples collected throughout a calendar 

year 

Results from an ICP-MS analysis examining calcium and boron on various water samples obtained 

from Lab 2C79 in the Agriculture and Bioresources Building (51 Campus Drive, Saskatoon, SK) 

and the Agriculture Greenhouses (45 Innovation Blvd, Saskatoon, SK) throughout a calendar 

year.   

 

Sample  Calcium (ppm)  Boron (ppm)  

Lab- Winter (February)  51.429  0.023  

Greenhouse- Winter (February)  42.809  0.021  

Lab- Spring (May)  45.535  0.026  

Greenhouse- Spring (May)  45.851  0.026  

Lab- Summer (June)  45.313  0.026  

Greenhouse- Summer (June)  44.914  0.024  

Lab- Fall (September)  44.081  0.023  

Greenhouse- Fall (September)  41.381  0.027  

 

Table A3 Atike information criteria values for GAM’s constructed to analyze pectin viscosity  

AIC values for the 3 GAM’s built to analyze the relationship between pectin type, concentration, 

calcium and boron in relation to temperature and the joint effect on pectin viscosity. A lower AIC 

value is indicative of a better fitting model.  

 

GAM  AIC Value  

No smoother and no by= argument  6331.182  

Smoother and no by=argument   6323.599  

Smoother and by=argument   6296.639  

 

Table A4 ANOVA analyzing viscosity in pectin solutions at 19-20ºC 

ANOVA analyzing viscosity measurements of various pectin solutions taken while the 

temperature of the rheometer was 19-20 ºC. p<0.05 is significant.  

 

  Df  Sum Sq  Mean Sq  F value  P value   

Pectin solutions   11  221519258  20138114  9222.774  <2e-16  

Temperature  1  4250  4250  1.947  0.163  

Pectin solutions: Temperature  11  15092  1372  0.628  0.806  
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Table A5 ANOVA analyzing viscosity in pectin solutions at 11-12ºC 

 

ANOVA analyzing viscosity measurements of various pectin solutions taken while the 

temperature of the rheometer was 11-12 ºC. p<0.05 is significant.  

  Df  Sum Sq  Mean Sq  F value  P value   

Pectin solutions  11  1.617e+09  146980193  33645.895  <2e-16  

Temperature  1  4.980e+02  498  0.114  0.736  

Pectin solutions: Temperature  11  9.266e+03  842  0.193  0.998  

 

Table A6 ANOVA analyzing viscosity in pectin solutions at 3-4ºC 

ANOVA analyzing viscosity measurements of various pectin solutions taken while the 

temperature of the rheometer was 3-4 ºC. p<0.05 is significant.  

 

  Df  Sum Sq  Mean Sq  F value  P value   

Pectin solutions 11  1.368e+10  1.244e+09  22979.764  <2e-16  

Temperature  1  1.111e+04  1.111e+04  0.205  0.651  

Pectin solutions: Temperature  11  1.422e+05  1.293e+04  0.239  0.995   

 

Table A7 ANOVA analyzing shear force in A. fistulosum  

Results from an ANOVA analyzing the effect of cold acclimation (ACC), calcium application 

(CA), and their interaction on the force required to shear Allium fistulosum sheaths. p<0.05 is 

significant.  

 

Data Selection  Degrees of Freedom  F-value  P-value  

Cold acclimation  2  5.100  0.00871   

Calcium 1  5.048  0.02801  

Cold acclimation: Calcium   2  3.838  0.02650   
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Table A8 Effect sizes for treatment groups utilized in analysis of shear force  

Effect sizes for the relationships between each of the treatment groups and the force required to 

shear Allium fistulosum sheaths. NACC is indicative of no cold acclimation and ACC is cold 

acclimated, while NCA is non-calcium treated and CA is calcium treated. Cohen’s d is reported in 

this table. An effect size greater than 0.8 is indicative of a meaningful difference between treatment 

groups.   

 

Treatment Groups Compared  Effect  

NACC/ NCA & NACC/ CA  2.66 

NACC/ NCA & ACC4-4/ NCA 1.66 

NACC/ NCA l & CA/ ACC4-4  2.86 

NACC/ NCA & NCA/ ACC12-4  3.52 

NACC/ NCA & CA/ ACC12-4  2.91  

NACC/ CA & ACC4-4/ NCA 1.24 

NACC/ CA & ACC4-4/ CA 0.2  

NACC/ CA & NCA/ ACC12-4 1.01 

NACC/ CA & ACC12-4/ CA 0.27 

ACC4-4/ NCA & ACC4-4/ CA 1.94 

ACC4-4/ NCA & ACC12-4/ NCA 3.01 

ACC4-4/ NCA & ACC12-4/ CA 2.01 

ACC4-4/ CA & ACC12-4/ NCA 2.34 

ACC4-4/ CA & ACC12-4/ CA  0.19  
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Table A9 Tukey test for analysis of shear force results 

Results from a Tukey test conducted to further analyze the relationship between the various 

treatment combinations and the force required to shear Allium fistulosum sheaths. NACC is 

indicative of no cold acclimation and ACC is cold acclimated, while NCA is non-calcium treated 

and CA is calcium treated. p<0.05 is significant.   

 

Treatment Groups Compared P-value 

CA/ ACC4-4 & CA/ ACC12-4  0.999 

CA/ NACC & CA/ ACC12-4  0.999 

NCA/ ACC12-4 & CA/ ACC12-4  0.978 

NCA/ ACC4-4 & CA/ ACC12-4 0.663 

NCA/ NACC & CA/ ACC12-4 0.011 

CA /NACC & CA/ ACC4-4 0.999 

NCA/ ACC12-4 & CA/ ACC4-4 0.967 

NCA/ ACC4-4 & CA/ ACC4-4 0.704 

NCA/ NACC & CA/ ACC4-4 0.013 

NCA/ ACC12-4 & CA/ NACC 0.906 

NCA/ ACC4-4 & CA/ NACC 0.835 

NCA/ NACC & CA/ NACC 0.026 

NCA/ ACC4-4 & NCA/ ACC12-4 0.237 

NCA/ NACC & NCA/ ACC12-4  0.001 

NCA/ NACC & NCA/ ACC4-4 0.364 

 

 

 
 

Figure A4 Method used to analyze water loss in pure pectin solutions 

Water loss in pure pectin solutions was analyzed by pipetting approximately 1g of each of the 

pectin solutions into a petri dish.  
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𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑊𝑎𝑡𝑒𝑟 𝐿𝑜𝑠𝑠 = (1 − ( 
𝑇0 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇(𝑥)𝑤𝑒𝑖𝑔ℎ𝑡
) × 100) 

 

Equation A1 Equation used to calculate percent water loss, where T is equal to the weight of the 

plant tissue at the time point of interest.   

 

 
 

Figure A5 Placement of plastic slide on weigh boat for analysis over water loss in Allium 

epidermal cell layers over 15min 

A plastic slide was placed over an upside-down weigh boat. The single layer of  

epidermal cells were then placed on top of the slide and placed on the analytical balance.  
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Figure A6 Method used to wrap Allium fistulosum epidermal cell layer for analysis of water loss 

between 12-24hr  

A plastic slide with a single epidermal cell layer (1) was wrapped in two Kimwipes™ that had 

been moistened (2-4) following a period dehydration (12, 14, 16, 18, 20, 22 or 24hr). The slide 

wrapped in wipes was then be placed in a 50mL plastic tube with the lid on (6). Samples were kept 

in the dark for 24hr at ~23°C.  
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Figure A7 Method used to prepare Allium fistulosum sample for analysis of water loss between 

16-18hr   

The youngest leaf with the most developed leaf sheath was cut into a 4cm segment (a cut was also 

made above the leaf collar; this is not shown) (1,2). Vaseline was then applied to the areas where 

the cuts had been made and the segment was then stored in the dark for the period of dehydration. 

Following dehydration, the 4cm segment was wrapped in moist Kimwipes™ and placed in a 

Falcon tube in order to rehydrate (Figure 4.2). Following rehydration, the epidermal cell layer was 

peeled away by gently pulling down the collar (3,4).   

 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑡𝑜𝑝𝑙𝑎𝑠𝑚𝑖𝑐 𝑠𝑡𝑟𝑒𝑎𝑚𝑖𝑛𝑔 

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 
 

 

Equation A2 Equation used to measure the limit of damage based on percent protoplasmic 

streaming. Total cell count was down based on the number of cells within the frame at the 40x 

microscope objective.    
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Figure A8 Leaf imprints taken from the abaxial side of Allium fistulosum leaves using the 

SUMP method and SUMP discs  

Leaf imprints taken from the abaxial side of Allium fistulosum leaves using the SUMP method and 

SUMP discs. Image 1 is from a plant that was exposed to light and therefore shows a stomata that 

is open. Image 2 is from a plant that was kept in dark conditions and therefore the stomata is closed/ 

partially closed.   

 

 
 

Figure A9 Two-week-old Arabidopsis thaliana genotypes   

Two-week old Arabidopsis thaliana plants from each line utilized in the forementioned 

experiments. From left to right: bor1 (boron transporter mutant, p35S::PMEI5 (PMEI mutant), 

nip6-1 (boron transporter mutant), nip5-1 (boron transporter mutant), and Col-0 (wildtype).   

 

Table A10 Primers used to genotype nip5-1, nip6-1 and bor1 

Left and right primers used to genotype nip5-1, nip6-1 and bor1.   

 

Line SALK Left Primer Right Primer  

AT4G10380 

(nip5-1)  

SALK_122287 TCCTAGCTCCATTTTCGTTTTC 

 

CTCCAAGTGTGACGTAAACCC 

 

AT1G80760 

(nip6-1)  

SALK_046323 TGTTGGGACATTGATCCTGA 

 

TCATCTTCTGAAGCTCCTC 

 

AT2G47160 

(bor1)  

SALK_037312 ATGCTTGATGTTCCAATCGTC 

 

ATCCATGTGAGACCAAAGCAG 

 

bor1 
two-weeks 

old 

p35S::PMEI5 
two-weeks old 

nip6-1 
two-weeks 

old 

nip5-1 
two-weeks 

old 

Col-0 

two-weeks 

old 
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Table A11 Results from ICP-MS analyzing above-ground Arabidopsis biomass 

Results of ICP-MS done to analyze boron quantity in various Arabidopsis thaliana  

genotypes (Col-0, nip5-1, nip6-1 and p35S::PMEI5).   

 

Genotype  Boron (ppm)  

Col-0 25.41  

nip5-1  30.04  

nip6-1  34.93  

p35S::PMEI5 28.24  

 

Table A12 ANOVA analyzing ICP-MS results obtained from Arabidopsis 

Results from an ANOVA analyzing data obtained from ICP-MS showing the quantity of boron in 

in various Arabidopsis thaliana genotypes (Col-0, nip5-1, nip6-1 and p35S::PMEI5). p<0.05 is 

significant.   

 

 Df Sum Sq Mean Sq F value P value  

Genotype 3 143.83 47.94 203 6.91e-08 

 

Table A13 Effect sizes corresponding to ICP-MS analysis of Arabidiopsis 

Effect sizes for the relationships between each of the Arabidopsis genotypes of interest (Col-0, 

nip5-1, nip6-1 and p35S::PMEI5). Cohen’s d is reported in this table. An effect size of 0.8 is 

considered large.  

 

Genotypes Compared  Effect Size 

p35S::PMEI5 & Col-0 4.71 

p35S::PMEI5 & nip5-1  3.16  

p35S::PMEI5 & nip6-1  11.73  

Col-0 & nip5-1  7.35 

Col-0 & nip6-1  15.11  

nip5-1 & nip6-1  30.56 
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Table A14 Tukey test for ICP-MS results obtained from Arabidopsis 

Results from a Tukey test conducted to further analyze the relationship between the various 

Arabidopsis genotypes (Col-0, nip5-1, nip6-1 and p35S::PMEI5) and the quantity of boron in the 

above ground biomass of these genotypes detected using ICP-MS. p<0.05 is significant.   

 

Genotypes Compared P-value  

Col-0 & nip5-1 0.0000124 

Col-0 & nip6-1  0.0000000 

Col-0 & p35S::PMEI5 0.0004588 

nip5-1 & p35S::PMEI5 0.0080708 

nip6-1 & nip5-1  0.0000083 

nip6-1 & p35S::PMEI5 0.0000007 

 

𝑃𝑒𝑟𝑒𝑐𝑒𝑛𝑡 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝐿𝑒𝑎𝑘𝑎𝑔𝑒 =
((

𝑃𝑟𝑒−𝐵𝑜𝑖𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑉𝑎𝑙𝑢𝑒

𝑃𝑜𝑠𝑡−𝐵𝑜𝑖𝑙 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑉𝑎𝑙𝑢𝑒 
)∗100)

𝑇0 𝑤𝑒𝑖𝑔ℎ𝑡
  

 

Equation A3 Equation used to calculate percent electrolyte leakage in Arabidopsis thaliana 

following dehydration, where T0 is the time at 0hr.  

 

 
 

Figure A10 Leaf imprints taken from the abaxial side of Arabidopsis thaliana leaves using the 

SUMP method and SUMP discs 

Leaf imprints taken from the abaxial side of Arabidosis thaliana leaves using the SUMP method 

and SUMP discs. Image 1 is from a plant that was exposed to light and therefore shows stomata 

that are open. Image 2 is from a plant that was kept in dark conditions and therefore the majority 

of the stomata are closed or partially closed.   
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Table A15 ANOVA analyzing percent water loss in pectin solutions 

Results from an ANOVA analyzing percent water loss over 6hr in pure pectin solutions. p<0.05 is 

significant.   

 

  Df  Sum Sq.  Mean Sq.  F value  P value   

Pectin solutions 11  1199  109  49.53  < 2e-16  

Time  1  36953  36953  16787.40  < 2-16  

Pectin 

solutions: 

Time  

11  302  27  12.46  8.4e-12  

 

Table A16 ANOVA examining overall percent water loss over 15min in Allium fistulosum and 

Allium cepa 

Results from an ANOVA ran on data examining average percent water loss over 15 minutes 

in Allium fistulosum and Allium cepa epidermal cell layers. p<0.05 is significant.  

 

Data Selection  Df  Sum Sq  Mean Sq  F-value   P-value  

Calcium  1       40        40     0.644    0.46714    

Time   1    15034     15034  243.404  9.86e-05  

Species  1     2803      2803    45.382    0.00253  

Calcium: Time  1       24        24     0.389    0.56647    

Calcium: Species  1       86        86     1.385    0.30452  

Time: Species  1      1304     1304    21.113    0.01007  

Calcium: Time: Species  1       45        45     0.733    0.44029  

 

Table A17 Effect size for overall water loss after 15min in Allium fistulosum and Allium cepa  

Effect sizes for the relationship between overall short term percent water loss (15min) in Allium 

fistulosum and Allium cepa epidermal cells. An effect size greater than 0.8 is indicative of a 

meaningful difference between treatment groups.   

 

Treatments Compared Effect Size 

A. fistulosum (NCa & Ca) and A. cepa (NCa 

& Ca)  

1.01  
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Table A18 ANOVA examining overall percent water loss over 16-18hr in Allium fistulosum and 

Allium cepa (dehydration of sheath with attached cell layer) 

Results from an ANOVA ran on data examining average percent water loss in 4cm sections 

of Allium fistulosum and Allium cepa sheaths with intact epidermal cell layers over 16-

18hr. p<0.05 is significant. 

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Species   1  41.8  41.8  8.635  0.0425  

Calcium   1  1.1  1.1  0.236  0.6527  

Time  1  2452.4  2452.4  506.085  2.31e*-05  

Species: 

Calcium  

1  1.1  1.1  0.233  0.6542  

Species: Time   1  20.2  20.2  4.167  0.1108  

Calcium: Time  1  0.7  0.7  0.142  0.7251  

Species: 

Calcium: 

Time   

1  0.6  0.6  0.124  07422  

 

Table A19 Effect size for percent water loss over 16-18hr in Allium fistulosum and Allium cepa 

(dehydration of sheath with attached cell layer) 

Effect sizes for the relationship between overall long term percent water loss (16-18hr) in Allium 

fistulosum and Allium cepa sheaths with intact epidermal cell layer. Cohen’s d is reported. An 

effect size of 0.8 is considered large.  

.  

Time Effect Size  

16hr 0.57 

18hr 0.46 

 

Table A20 ANOVA examining overall percent water loss over 16-18hr in Allium fistulosum 

(dehydration of sheath with attached cell layer) 

Results from an ANOVA ran on data examining average percent water loss in 4cm sections 

of Allium fistulosum sheaths with intact epidermal cell layers over 16-18hr. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Calcium   1  13.8  13.79  0.047  0.839  

Time   1  1167.4  1167.4  710.917  0.0014  

Calcium: Time  1  6.9  6.9  4.205  0.1768  
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Table A21 ANOVA examining overall percent water loss over 16-18hr in Allium cepa 

(dehydration of sheath with attached cell layer) 

Results from an ANOVA ran on data examining average percent water loss in 4cm sections 

of Allium cepa sheaths with intact epidermal cell layers over 16-18hr. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Calcium  1  0.0  0.0  0.0  0.99900  

Time   1  1458.8  1458.8  210.5  0.00472  

Calcium: Time  1  0.0  0.0  0.0  0.98963  

 

Table A22 ANOVA examining overall limit of damage in Allium fistulosum and Allium cepa 

following 16-18hr dehydration of sheath  

Results from an ANOVA ran on data examining average limit of damage in 

Allium fistulosum and Allium cepa epidermal cell layers following long term dehydration (16-

18hr) of the sheath with the epidermal cell layer intact. p<0.05 is significant.  

 

Data Selection  Df  Sum Sq  Mean Sq  F-value   P-value  

Calcium  1       53  53     0.987    0.37671      

Time   1  1503414617  14617  272.916  7.86e-05  

Species  1     2530  2530  47.235  0.00235  

Calcium: Time  1             32  32  0.594  0.48386  

Calcium: Species  1             69  69  1.282  0.32080  

Time: Species   1     1183  1183  22.094  0.00931  

Species: 

Calcium: Time   

1              36  36  0.670  0.45903  

 

Table A23 Effect size for limit of damage in Allium fistulosum and Allium cepa following 16-

18hr dehydration of sheath  

Effect sizes for the relationship between overall limit of damage (based on protoplasmic streaming) 

in epidermal cell layers following long term dehydration (16-18hr) of Allium fistulosum and Allium 

cepa sheaths with intact epidermal cell layers. An effect size greater than 0.8 is indicative of a 

meaningful difference between treatment groups.   

 

Time Effect Size 

16hr 4.21 

18hr 8.73 
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Table A24 ANOVA examining overall limit of damage in Allium fistulosum following 16-18hr 

dehydration of sheath  

Results from an ANOVA ran on data examining average limit of damage (based on protoplasmic 

streaming) in Allium fistulosum epidermal cell layers following long term dehydration (16-18hr) 

of the sheath with the epidermal cell layer intact. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Calcium   1  121  121  1.468  0.3494  

Time   1  3741.4  3741  45.389  0.0213  

Calcium: Time  1  68  68  0.821  0.4606  

 

Table A25 ANOVA examining overall limit of damage in Allium cepa following 16-18hr 

dehydration of sheath 

Results from an ANOVA ran on data examining average limit of damage (based on protoplasmic 

streaming) in Allium cepa epidermal cell layers following long term dehydration (16-18hr) of the 

sheath with the epidermal cell layer intact. p<0.05 is significant.  

  

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Calcium  1  4  4  0.021  0.89833  

Time   1  12059  12059  488.377  0.00204  

Calcium: Time  1  0.0  0.0  0.0  0.96485  

 

 
 

Figure A11 Allium fistulosum epidermal cells stained with fluorescein diacetate following 18hr 

dehydration and subsequent rehydration 

Allium fistulosum epidermal cell layers stained with fluorescein diacetate. Cell layers had 

previously been dehydrated for 18hr, followed by rehydration (24hr). Cell layers were obtained 

from Allium fistulosum treated with a 0.05M CaCl2 solution every second day for four-weeks or 

from non-calcium treated plants. Cells were stained for 5min followed by a wash with PBS. Images 

from left to right are: 1). Post-18hr dehydration, NCA (-calcium) and 2). Post 18-hr dehydration, 

CA (+calcium). Images were taken at 40X using the GFP filter cube and a LEICA DM4 B 

microscope.   

1 (NCA- 18hr) 2 (CA- 18hr) 
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Figure A12 Allium cepa epidermal cells stained with fluorescein diacetate following 18hr 

dehydration and subsequent rehydration 

Allium cepa epidermal cell layers stained with fluorescein diacetate. Cell layers had previously 

been dehydrated for 18hr, followed by rehydration (24hr). Cell layers were obtained 

from Allium fistulosum treated with a 0.05M CaCl2 solution every second day for four-weeks or 

from non-calcium treated plants. Cells were stained for 5min followed by a wash with PBS. Images 

from left to right are: 1). Post-18hr dehydration, NCA (-calcium) and 2). Post 18-hr dehydration, 

CA (+calcium). Images were taken at 40X using the GFP filter cube and a LEICA DM4 B 

microscope.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 (NCA- 18hr) 2 (CA- 18hr) 
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Table A26 ANOVA examining overall limit of damage in Allium fistulosum following 12-24hr 

dehydration of single epidermal cell layer 

Results from an ANOVA ran on data examining average limit of damage (based on protoplasmic 

streaming) following the long-term dehydration (12-24hr) of single layers of Allium fistulosum 

epidermal cells. p<0.05 is significant.   

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Cold 

Acclimation  

2  375  187  0.942  0.399  

Calcium  1  392        392    1.971    0.169    

Time  1  42192  42192  212.122  <2e-16  

Cold 

Acclimation: 

Calcium  

2  586  293  1.473  0.243  

Cold 

Acclimation: 

Time   

2                    431  215  1.083  0.349  

Calcium: 

Time   

1  6  6  0.030  0.864  

Cold 

Acclimation: 

Calcium: Time  

2  32  16  0.081  0.922  

 

Table A27 ANOVA examining overall limit of damage in Allium fistulosum following 16hr 

dehydration of single epidermal cell layer  

Results from an ANOVA ran on data examining limit of damage (based on protoplasmic 

streaming) following 16hr dehydration of a single layer of Allium fistulosum epidermal cells. 

p<0.05 is significant.  

 

Data Selection  Df  Sum Sq  Mean Sq  F-value   P-value  

Cold Acclimation 2  2045  1022.4  2.059  0.1622  

Calcium  1  2817  2817.3  5.673  0.0309  

Cold 

Acclimation: 

Calcium  

2  2717  1358.7  2.736  0.0971  
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Table A28 ANOVA examining overall percent water loss in Allium fistulosum following 12-

24hr dehydration of single epidermal cell layer  

Results from an ANOVA ran on data examining average water loss over 12-24hr in single layers 

of Allium fistulosum epidermal cells. p<0.05 is significant.   

 

Data Selection  Df  Sum Sq  Mean Sq  F-value   P-value  

Cold Acclimation 2  1  0  0.001  0.999  

Calcium  1  5  5  0.020  0.887  

Time  1  25950  25950  101.979  4.78e-12  

Cold 

Acclimation: 

Calcium  

2  727       364     1.429      0.253  

Cold 

Acclimation: 

Time   

2                    3  1  0.006      0.994  

Calcium: Time   1  1  1  0.004  0.951  

Cold 

Acclimation: 

Calcium: Time  

2  120  60  0.236  0.791  

  

Table A29 ANOVA examining overall percent water loss in Allium fistulosum following 16hr 

dehydration of single epidermal cell layer 

Results from an ANOVA ran on data examining percent water loss following the dehydration of a 

single layer of Allium fistulosum epidermal cells for 16hr. p<0.05 is significant.   

 

Data Selection  Df  Sum Sq  Mean Sq  F-value   P-value  

Cold Acclimation 2  16  8.1  0.043  0.958  

Calcium  1  95  95.0  0.503  0.485  

Cold 

Acclimation: 

Calcium  

2  892  446.2  2.363  0.117  
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Table A30 Effect size for percent water loss over 15min in Allium fistulosum (single epidermal 

cell layer) 

Effect sizes for the relationship between overall percent water loss in epidermal cell layers 

following short term dehydration (15min) of single epidermal cell layers obtained from Allium 

fistulosum treatment groups. Note, calcium application is denoted by CA and cold acclimation is 

referred to as ACC. Cohen’s d is reported in this table. An effect size of 0.8 is considered large.  

 

Treatments Compared  Effect Size  

NACC/ NCA & NACC/ CA 0.03 

NACC/ NCA & ACC4-4/ NCA 0.45 

NACC/ NCA & ACC4-4/ CA 0.20 

NACC/ NCA & ACC12-4/ NCA 0.24 

NACC/ NCA & ACC12-4/ CA 0.48 

NACC/ CA & ACC4-4/ NCA  0.47 

NACC/ CA & ACC4-4/ CA 0.48 

NACC/ CA & ACC12-4/ NCA 0.55 

NACC/ CA & ACC12-4/ CA 0.48 

ACC4-4 & ACC4-4/ CA 0.25 

ACC4-4 & ACC12-4/ NCA 0.21 

ACC4-4 & ACC12-4/ CA 0.02 

ACC4-4/ CA & ACC12-4/ NCA  0.05 

ACC4-4/ CA & ACC12-4/ CA 0.28 

  

Table A31 Effect size for percent water loss over 15min in Allium cepa (single epidermal cell 

layer) 

Effect sizes for the relationship between overall percent water loss in epidermal cell layers 

following short term dehydration (15min) of single epidermal cell layers obtained from Allium 

cepa treatment groups. Note, calcium application is denoted by CA. Cohen’s d is reported in this 

table. An effect size of 0.8 is considered large.  

 

Groups Compared Effect Size 

CA and NCA Allium cepa  0.071 
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Table A32 Atike information criteria values for GAM’s constructed to analyze percent water 

loss over 15min in Allium cepa  

AIC values for the 3 GAM’s built to analyze the relationship between epidermal cell layers 

obtained Allium cepa treatment groups and percent water loss over 15min. A lower AIC value is 

indicative of a better fitting model. 

  

GAM  AIC Value  

No smoother and no by= argument  142.77491  

Smoother and no by=argument   45.02626  

Smoother and by=argument   16.32831  

 

Table A33 Atike information criteria values for GAM’s constructed to analyze percent water 

loss over 15min in Allium fistulosum  

AIC values for the 3 GAM’s built to analyze the relationship between epidermal cell layers 

obtained Allium fistulosum treatment groups and percent water loss over 15min. A lower AIC 

value is indicative of a better fitting model. 

 

GAM  AIC Value  

No smoother and no by= argument  6331.182  

Smoother and no by=argument   6323.599  

Smoother and by=argument   6296.639  

 

Table A34 Effect size for percent water loss over 15min in Arabidopsis genotypes  

Effect sizes for the relationship between overall percent water loss in various Arabidopsis 

genotypes following short term dehydration (15min). Cohen’s d is reported in this table. An effect 

size of 0.8 is considered large.  

 

Genotypes Compared  Effect Size  

Col-0 & p35S::PMEI5 0.13 

Col-0 & nip5-1  0.20 

Col-0 & nip6-1  0.08 

p35S::PMEI5 & nip5-1  0.30 

p35S::PMEI5 & nip6-1  0.20 

nip5-1 & nip6-1  0.10 
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Table A35 Atike information criteria values for GAM’s constructed to analyze percent water 

loss over 15min in Arabidopsis genotypes 

AIC values for the 3 GAM’s built to analyze the relationship between various Arabidopsis 

genotypes and percent water loss over 15min. A lower AIC value is indicative of a better fitting 

model. 

 

GAM  AIC Value  

No smoother and no by= 

argument  

218.56 

Smoother and no by=argument   148.81 

Smoother and by=argument   125.91 

 

Table A36 ANOVA examining overall percent water loss in Arabidopsis genotypes over 2-10hr 

dehydration  

Results from an ANOVA examining average percent water loss over long term dehydration (2-

10hr) in various Arabidopsis thaliana genotypes. p<0.05 is significant. 

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Genotype  4  448  112  0.833  0.52  

Time   1  14955  14955  111.237  1.28e-09  

Genotype: 

Time   

4  4  1  0.008  1.00  

  

Table A37 ANOVA examining overall percent electrolyte leakage in Arabidopsis genotypes 

following 2-10hr dehydration  

Results from an ANOVA examining average electrolyte leakage, which was used as a 

measurement of the limit of damage for various Arabidopsis thaliana genotypes dehydrated for 

between 2-10hr. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Genotype  4  32  7.9  0.039  0.9969  

Time   1  1603  1603.3  7.925  0.0107  

Genotype: 

Time   

4  265  66.4  0.328  0.8558  
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Table A38 ANOVA examining overall percent water loss in Arabidopsis genotypes over 12-

24hr dehydration  

Results from an ANOVA examining average percent water loss over long term dehydration (12-

24hr) in various Arabidopsis thaliana genotypes. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Genotype  3  109  36  0.182  0.908  

Time   1  16685  16685  83.199  2.872-09  

Genotype: 

Time   

3  12  4  0.021  0.996  

   

Table A39 ANOVA examining overall percent electrolyte leakage in Arabidopsis genotypes 

following 12-24hr dehydration 

Results from an ANOVA examining average percent electrolyte leakage from 

various Arabidopsis thaliana genotypes following dehydration between 12-24hr and subsequent 

rehydration. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Genotype  3  224  81.3  7.668  0.00092  

Time   1  1425.4  1425.4  134.392  2.55e-11  

Genotype: 

Time   

3  67.1  22.4  2.110  0.12548  

 

Table A40 Tukey test for results obtained from analysis electrolyte leakage in Arabidopsis 

genotypes following 12-24hr dehydration  

Results from a Tukey test examining the relationship between various Arabidopsis 

thaliana genotypes and average percent electrolyte leakage following dehydration between 12-

24hr and subsequent rehydration. p<0.05 is significant.  

 

Genotypes Compared  P-value   

nip6-1 & nip5-1    0.766  

p35S::PMEI5 & nip5-1     0.003  

Col-0 & nip5-1   0.997   

p35S::PMEI5 & nip6-1   0.025  

Col-0 & nip6-1   0.652  

Col-0 & p35S::PMEI5 0.001  
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Table A41 Effect size for percent electrolyte leakage in Arabidopsis genotypes following 12-

24hr dehydration 

Effect sizes for the relationship between overall percent electrolyte leakages in various 

Arabidopsis genotypes following long term dehydration (12-24hr). Cohen’s d is reported in this 

table. An effect size of 0.8 is considered large.  

 

Genotypes Compared Effect Size  

Col-0 & nip5-1  0.02 

Col-0 & nip6-1  0.36 

Col-0 & p35S::PMEI5 1.34 

nip5-1 & nip6-1  0.39 

nip5-1 & p35S::PMEI5 1.44 

nip6-1 & p35S::PMEI5 0.73 

 

 
 

Figure A13 Four-week-old Arabidopsis thaliana plants  

Four-week-old Arabidopsis thaliana plants from each genotype. From left to right: nip6-1 (boron 

transporter mutant), nip5-1(boron transporter mutant), Col-0 (wild-type), p35S::PMEI5 (pectin 

methylesterase inhibitor mutant), and bor1 (boron transporter mutant). 

 

𝐿𝑒𝑠𝑖𝑜𝑛 𝑠𝑖𝑧𝑒 (𝑐𝑚2)
= 𝐷𝑖𝑎𝑚𝑒𝑡𝑒 𝑜𝑓 𝑒𝑛𝑡𝑖𝑟𝑒 𝑙𝑒𝑠𝑖𝑜𝑛 𝑖𝑛𝑐𝑙𝑢𝑑𝑖𝑛𝑔 𝑎𝑔𝑎𝑟
− 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑎𝑔𝑎𝑟 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑎𝑡 𝑇0 

 

Equation A4 Equation used to calculate lesion size following inoculation with Botrytis cinerea, 

where T0 is the time at 0hr.  

 

nip6-1 
four-weeks-

old 

nip5-1 
four-weeks-old 

 

Col-0  
four-weeks-old 

 

p35S::PMEI5 
four-weeks-old 

 

bor1 
four-weeks-

old 
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Figure A14 Progression of Botrytis cinerea infection on leaves from various Arabidopsis 

thaliana genotypes 

Progression of Botrytis cinerea infection on leaves from various Arabidopsis thaliana genotypes 

over 0-96hr.  

 

0hr 24hr 

48hr 72hr 

96hr 
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𝐼𝑛𝑖𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑠𝑡𝑜𝑐𝑘 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑

=  
(𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑟𝑡𝑎𝑡𝑖𝑜𝑛 ×  𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑)

𝑖𝑛𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 
 

 

Equation A5 Equation used to determine the volume of suspension required from the initial stock 

solution in order to prepare the Colletotrichum higginsianum spore solution.   
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Figure A15 Progression of Colletotrichum higginsianum infection on leaves from various 

Arabidopsis thaliana genotypes 

Progression of Colletotrichum higginsianum infection on leaves from various Arabidopsis 

thaliana genotypes over 0-120hr.  

 

0hr 24hr 

48hr 72hr 

96hr 120hr 
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Table A42 ANOVA examining average lesion size following Botrytis cinerea inoculation in 

Arabidopsis genotypes 

Results from an ANOVA examining average lesion size following Botrytis cinerea inoculation in 

various Arabidopsis thaliana genotypes (Col-0, nip5-1, nip6-1, p35S::PMEI5 and bor1) 0-96hr 

post-inoculation. p<0.05 is significant.  

 

Data 

Selection  

Df  Sum Sq  Mean Sq  F-value   P-value  

Genotype  4  0.6892  0.1723  6.307  0.000349  

Time   1  2.0175  2.0175  73.850  3.53e-07  

Genotype: 

Time   

4  0.4132  0.1033  3.782  0.02551  

 

Table A43 Tukey test for results obtained from analysis of Botrytis cinerea lesion size in 

Arabidopsis genotypes 

Results from a Tukey test examining average lesion size following Botrytis cinerea inoculation in 

various Arabidopsis thaliana genotypes (Col-0, nip5-1, nip6-1, p35S::PMEI5 and bor1) 0-96hr 

post-inoculation. p<0.05 is significant. 

 

Genotypes Compared   P-value   

nip5-1 & bor1    0.040  

nip 6-1 & bor1    0.006  

p35S::PMEI5 & bor1  0.018  

Col-0 & bor1  0.004  

nip6-1 & nip5-1   0.868  

p35S::PMEI5 & nip5-1  0.991  

Col-0 & nip5-1 0.779  

p35S::PMEI5 & nip6-1  0.983  

Col-0 & nip6-1  0.999  

Col-0 & p35S::PMEI5 0.949  

  

Table A44 ANOVA examining average lesion size following Colletotrichum higginsianum 

inoculation in Arabidopsis genotypes  

Results from an ANOVA examining average lesion size following 

Colletotrichum higginsianum inoculation in various Arabidopsis thaliana genotypes (Col-0, nip5-

1, nip6-1, p35S::PMEI5 and bor1) 0-120hr post-inoculation. p<0.05 is significant.  

 

Data Selection  Df  Sum Sq  Mean Sq  F-value   P-value  

Genotype  4  0.1020  0.0255  6.147  0.00215  

Time   1  0.4022  0.4022  96.958  4.1e-09  

Genotype: 

Time   

4  0.0424  0.0106  2.558  0.07403  
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Table A45 Tukey test for results obtained from analysis of Colletotrichum higginsianum lesion 

size in Arabidopsis genotypes 

Results from a Tukey test examining average lesion size following 

Colletotrichum higginsianum inoculation in various Arabidopsis thaliana genotypes (Col-0, nip5-

1, nip6-1, p35S::PMEI5 and bor1) 0-120hr post-inoculation. p<0.05 is significant.  

 

Genotypes Compared   P-value   

nip5-1 & bor1    0.010  

nip6-1 & bor1    0.037  

p35S::PMEI5 & bor1 0.165  

Col-0 & bor1 0.001  

nip6-1 & nip5-1   0.975  

p35S::PMEI5 & nip5-1  0.660  

Col-0 & nip5-1  0.897  

p35S::PMEI5 & nip6-1  0.936  

Col-0 & nip6-1  0.587  

Col-0 & p35S::PMEI5 0.202  

 

Table A46 Effect size for Colletotrichum higginsianum lesion size in Arabidopsis genotypes 

Effect sizes for the relationship between Colletotrichum higginsianum lesion size and various 

Arabidopsis genotypes. Cohen’s d is reported in this table. An effect size of 0.8 is considered large.  

 

Genotypes Compared  Effect Size  

Col-0 & nip5-1  0.44 

Col-0 & nip6-1  0.74 

Col-0 & p35S::PMEI5 1.13 

Col-0 & bor1  2.31 

nip5-1 & nip6-1  0.18 

nip5-1 & p35S::PMEI5 0.43 

nip5-1 & bor1  0.91 

nip6-1 & p35S::PMEI5 0.21 

nip6-1 & bor1  0.85 

p35S::PMEI5& bor1 0.47 
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Figure A16 Sample holder used for the VLS-PGM beamline 

Sample holder used for the VLS-PGM beamline. The section of black carbon tape shown on the 

holder is where the homogenized powder from all of the samples was mounted. The vacuum in 

the chamber was maintained at a value close to or greater than 1x107 torr. The size of the entrance 

and exit slit was 100µm, while the energy range was between 185eV to 210eV with a dwell time 

of 1 second. Six samples were analyzed from each individual A. thaliana line: three biomass 

samples and three soil samples. Three scans were completed per sample.   

 

Table A47 Statistical analysis of 2D calcium maps 

Results from two-tailed T-tests used to analyze 2D calcium maps obtained from Allium fistulosum 

epidermal cell layers.  

 

Analysis  T  Df  P-value  

Intensity (weighted)  11.958 1 0.05312 

Red pixels 3.7934 1 0.1641 

Green pixels 7.426 1 0.08522 

Blue pixels  218.06 1 0.002919 

 

Table A48 Statistical analysis of images obtained from staining with Ruthenium red 

Results from two-tailed T-tests used to analyze calcium treated and non-calcium treated Allium 

fistulosum epidermal cell layers stained with Ruthenium red.  

 

Analysis T Df P-value  

Intensity (weighted)  20.642 1 0.03082 

Red pixels 18.089 1 0.03516 

Green pixels 21.664 1 0.02937 

Blue pixels  23.4 1 0.02719 
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Table A49 Statistical analysis of images obtained from staining with curcumin 

Results from two-tailed T-tests used to analyze leaves obtained from various Arabidopsis 

genotypes that have been stained with curcumin.  

 

Genotypes Compared  P-value  

Col-0 & bor1 0.2766 

Col-0 & nip5-1  0.3968 

Col-0 & nip6-1  0.07843 

Col-0 & p35S::PMEI5 0.3608 

nip5-1 & bor1 0.2367 

nip5-1 & nip6-1  0.3706 

nip5-1 & p35S::PMEI5 0.1013 

nip6-1 & p35S::PMEI5 0.3233 

p35S::PMEI5 & bor1 0.1528  

 

 
Figure A17 Area of orange particulates detected in leaves of Arabidopsis thaliana genotypes 

following staining with curcumin 

Cumulative area (pixels/mm) of orange particulates detected in leaves of Arabidopsis thaliana 

mutants (Col-0, nip5-1, nip6-1, p35S::PMEI5 and bor1) following staining with curcumin. Areas 

were measured using ImageJ (Version 1.53a). Values on this graph are directly representative of 

areas from the images in Figure 6.12.  

  

A 

A 

A 

A 

A 

Col-0 Col-0 

 
p35S::PMEI5 
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10.2 Appendix B  

 

 
Figure A18 Copy of copyright license  

Copyright license obtained from Springer Nature for Figure 2.4  
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Figure A19 Copy of copyright license 

Copy of copyright license obtained from Springer Nature for Figure 2.5 
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Figure A20 Copy of copyright license 

Copy of copyright license obtained from John Wiley and Sons for Figure 2.8 
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