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Abstract 

 Exposure to sub-zero temperatures puts plants at risk of freeze-induced damage associated with 

ice crystal formation causing cellular dehydration, plasma membrane rupture and cell death. Some freeze-

tolerant plants induce expression of ice-binding proteins (IBPs), which adsorb to ice crystals and restrict 

their growth. IBPs can also result in the super-cooling of the apoplast and a modest freezing point 

depression.  Seven IBPs (BdIRI1-7) from the annual brome grass, Brachypodium distachyon, shaped ice, 

restricted ice crystal growth, and exhibited low levels of freezing point depression (~0.1 °C at 1 mg/mL). 

Analysis of the ice-binding domain of one isoform (BdIRI1), suggested it folded as a right-handed beta-

helix with two relatively flat ice-binding faces (IBFs). Site-directed mutagenesis verified that both faces 

were required for ice crystal adsorption, with one face acting as the primary IBF. BdIRI1 also 

significantly depressed the ice nucleation activity of Pseudomonas syringae extracts, suggesting a dual-

function role for ice recrystallization inhibition and anti-pathogenesis.  

 The first knockdown of ice-binding activity from any organism was achieved in B. distachyon 

using a pan-isoform microRNA construct. Electrolyte leakage assays showed that genetically-engineered 

knockdown lines had 13-22% more membrane damage than wild-type plants following freezing to −10 

°C. Knockdown lines also showed trends for reduced whole-plant freezing survival following −8 °C 

treatments, with two lines showing significant decreases.  

 The localization of IBPs, as well as their ability to confer freeze tolerance to a susceptible host 

species, was examined by the expression of IBPs from the ryegrass, Lolium perenne in Arabidopsis 

thaliana. Two isoforms, LpIRI2 and LpIRI3, were localized to the apoplast with the former lacking a 

signal peptide and presumably being secreted through a non-classical pathway, while LpAFP, an 

engineered construct with no signal peptide, remained intracellular. Apoplastically-localized IBPs 

conferred freeze resistance with a significant 13-29% decrease in electrolyte leakage and increased freeze 

survival at temperatures as low as −8 °C. Expression of multiple isoforms further enhanced survival 

indicating that IBPs might provide additive freeze protection. Together, this thesis highlights the 
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importance of IBPs in the freezing-stress response and their potential utility in the generation of future 

cold-hardy crop species. 
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Chapter 1 

Introduction and Literature Review 

 

1.1 Low temperature stress and adaptation 

 

1.1.1 Freeze injury 

 In temperate climates overwintering plants, as well as annuals with spring growth habits, 

will inevitably be exposed to low temperatures. The damage sustained at temperatures below a 

plant’s thermal limit can be separated into two categories: chilling injury and freezing injury. 

Chilling injury occurs at low temperatures above the freezing point (0-15 °C) and is due to the 

slowing of biochemical and metabolic processes required for efficient photosynthesis, respiration, 

and fatty acid synthesis (Levitt, 1980; Öquist et al., 1993; Raison, 1980; Harris and James, 1969). 

Additional damage may occur due to changes in the phase-transition states of membranes (Quinn, 

1988) and decreased water uptake of roots (Aroca et al., 2001). The result is reduced plant 

growth, water soaking of tissues, browning, loss of vigor and surface lesions (Jouyban et al., 

2013). 

 At sub-zero temperatures plants may be subject to freezing injury as a result of ice crystal 

growth in the extracellular space surrounding plant cells (Pearce, 1988; Pearce and Ashworth, 

1992; Wisniewski et al., 1997; Guy, 1990). Large ice crystals that grow at the expense of smaller 

ones, occur through a thermodynamically favourable process known as ice recrystallization. 

Large ice crystals may cause physical damage to the plasma membrane as well as cellular 

dehydration, due to the sequestration of intracellular water into the extracellular space in order to 

equilibrate the osmotic imbalance caused by exclusion of solutes from recrystallized ice 

(Steponkus, 1984; Pearce, 2001). This can have a number of devastating effects on the cell 
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including the inactivation and precipitation of proteins and an increase in reactive oxygen species 

(Thomashow, 1998). If the dehydration is severe, the loss of cell volume may also facilitate the 

collapse of membrane structures causing cells to become damaged and lose compartmentation 

(Zhang and Willison, 1992).  

 Although cellular dehydration is the most widespread source of freezing damage in 

plants, other types of freezing injury can occur. In instances where the freezing point of 

intracellular fluids is exceeded or due to the presence of ice nucleators, intracellular ice crystals 

may form, resulting in irreparable damage to organelles and cellular structures (Levitt, 1980). Ice-

encasement can result in hypoxic shock, with freezing leading to embolisms in xylem vessels, and 

large amounts of organ damage (Gudleifsson, 1993; Langan et al., 1997; Utsumi et al., 1998; 

Ishikawa et al., 1997; Ashworth, 1990). Secondary tissue damage may also occur if freeze lesions 

form on the surface of leaf tissues resulting in new entry points for biotic and abiotic stresses 

including plant pathogens, wind, or sun. 

 Ice crystals form when water molecules join to produce an “ice-nucleus”, serving as an 

initiation point for surrounding water molecules to form an ice crystal lattice. Homogeneous 

nucleation can occur spontaneously at very low sub-zero temperatures (~ −40 °C) while 

heterogeneous nucleation can be catalyzed by the presence of certain substances, molecules, or 

ice-nucleation active (INA) bacteria (Pearce, 2001). Many plants have the capacity to supercool 

their fluids to temperatures well below 0 °C, in some cases to temperatures lower than −5 or −10 

°C (Arny et al., 1976; Lindow et al., 1983; Marcellos and Single, 1979). Such nucleation can 

occur intrinsically, or extrinsically on the surface of plant tissues, with ice gaining entry through 

stomatal openings, hydrathodes, or through cracks in the surface of the cuticle (Ashworth and 

Kieft, 1995; Wisniewski and Fuller, 1999; Pearce and Fuller, 2001). 

 In plants, water is contained in two compartments: the symplast, which encompasses 

water in the cytosol and central vacuole, and the apoplast consisting of water in the xylem-lumen 

space, the cell wall and the extracellular space surrounding cells (Canny, 1995). Since the 
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apoplast generally has a higher freezing temperature and is the first point of access for extrinsic 

ice nucleators, as indicated, ice crystals typically appear first in the apoplastic space. In this 

regard, the apoplast acts a boundary between vital intracellular components and the external 

environment. However, if temperatures drop rapidly intracellular ice crystals form, causing 

irreversible cell damage (Steponkus, 1984). For most plants, if they are to survive, freezing must 

be limited to the apoplast. Some plants secrete ice nucleators into the apoplast in order to 1) 

control the site and rate of ice crystal growth and 2) increase the temperature using the latent heat 

released during ice recrystallization (Wisniewski et al., 2002). It is also important to prevent the 

propagation of ice crystals formed by intrinsic nucleators into more sensitive tissues such as buds, 

flowers and inflorescences and many plants have created effective physical barriers for this 

purpose (Carter et al., 2001; Wisniewski et al., 1997). 

 

1.1.2 Cold acclimation 

 Perennials, biannuals, and hardy annuals from temperate and polar climates appear to 

have frequently acquired a means of adapting to low temperatures without sustaining significant 

damage, so that they can overwinter and produce seeds. These plants must undergo biochemical, 

metabolic, and physiological changes, that allow them to withstand low temperature stress 

(Thomashow, 1999). These adaptations are acquired through exposure to low temperatures and/or 

shortened day lengths prior to freeze events, a process known as cold acclimation. Typically such 

changes are induced in the autumn in order to ready for the impending winter season.   

 Specific temperature sensors have not been identified in plants, but it is thought that 

membrane phase changes, towards lower fluidity, are responsible for low temperature perception 

(Ovar et al., 2000; Los and Murata, 2004).  Membrane rigidification activates mechanosensitive 

channels that result in an influx of extracellular Ca2+, thereby activating a number of Ca2+-binding 

proteins responsible for widespread changes in gene expression (DeFalco et al., 2010; Kaplan et 
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al., 2006). Also, changes in day length slow biochemical reactions that use the products of 

photophysical and phytochemical reactions of photosystems I and II, resulting in transfer of 

electrons to oxygen, generating reactive oxygen species (Winfield et al 2010). In addition to 

causing cellular damage, reactive oxygen species are hypothesized to play a role in the perception 

of cold stress (Suzuki and Mittler, 2006).   

 The degree to which plants are able to acclimate to low temperatures is based largely on 

the underlying genetic background, as well as the environmental conditions, including the 

minimum temperature and duration of exposure. In this regard, plants that have evolved under 

harsher environmental conditions have a greater capacity to acclimate to low temperatures. For 

example, following cold acclimation Arabidopsis thaliana has a maximal freezing tolerance of 

approximately −12 °C, compared to the −5 °C observed in non-acclimated plants (Wanner and 

Junttila, 1999).  Along this trend, cold-acclimated winter wheat and forage grasses can survive 

temperatures below −25 °C (Yoshida et al., 1997; Moriyama et al., 1995) while some plants from 

artic and alpine regions can withstand temperatures below −50 °C (Sakai and Larcher, 1987). 

Notably, temperature is not the only variable affecting cold acclimation; both photoperiod 

(Welling et al., 2002; Fuchigama et al., 1971; Wanner and Junttila, 1999) and the developmental 

stage (Mahfoozi et al., 2001) at the time of cold exposure have been shown to alter freeze 

tolerance capabilities. 

 In order to maximize reproductive success some plants use exposure to prolonged periods 

of low temperatures, followed by warmer temperatures, as a signal to initiate flowering through a 

process called vernalization. Epigenetic changes, largely through methylation at Flowering Locus 

C, allow plants to “remember” the duration of cold exposure to ensure that flowering occurs once 

winter has ended and not after an autumn cold-snap (Baulcombe and Dean, 2014). Variation in 

vernalization mechanisms exist; spring annuals, for example, lack any vernalization requirement 

and can flower multiple times in a growing season. However, cold acclimation and vernalization 

pathways are thought to be associated and plants that have evolved mechanisms to guarantee 
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flowering after winter have also adapted protective mechanisms to survive low temperature stress 

(Paina et al., 2014).  

 Overall, the level of freeze protection afforded to a plant is largely determined by its 

ability to induce mechanisms that protect the plasma membrane from freezing injury and combat 

cellular dehydration. For this reason, modifications to the plasma membrane are one of the first 

changes observed in cold-acclimated plants and these include alterations in the composition of 

lipid constituents towards a larger proportion of unsaturated fatty acids (Steponkus et al., 1988). 

As well, changes in membrane protein composition alters signal transduction pathways and 

allows interaction with cryoprotective proteins (Uemura and Yoshida, 1984). In order to combat 

cellular dehydration, metabolism is redirected towards the production of low molecular weight 

cyroprotectant compounds including fructan, proline, and glycinebetaine, as well as soluble 

sugars (namely raffinose and trehalose) and sugar alcohols (sorbitol and inositol) (Abeynayake et 

al., 2015; Hincha et al., 2000; Krasensky and Jonak, 2012; Thomashow, 1999; Hughes and Dunn, 

1996; McNeil et al., 1999). The accumulation of millimolar quantities of compatible solutes in 

the cytoplasm helps regulate the osmotic balance between cellular compartments, preventing 

cellular dehydration.  

 As an initial response to low temperature many plants hypermethylate their DNA, 

possibly to provide genomic stability (Kovalchuk et al., 2003; Mayer et al., 2014). Throughout 

cold acclimation, dynamic changes in methylation are observed (Baulcombe and Dean, 2014), 

associated with genome wide changes involved in the upregulation of protective proteins 

including cold-regulated proteins (Thomashow, 1998), cold-shock domain proteins (Sasaki and 

Imai, 2012), dehydrins (Houde et al., 1992), and heat shock proteins (Zhang et al., 2008). Ice-

binding proteins (IBPs) are a specialized family of proteins that inhibit the growth of ice crystals 

limiting cellular damage associated with freezing that may also be induced. IBPs have been 

reported, although not fully characterized, in dozens of plants. Other gene expression changes are 

induced that are critical for the stabilization of membranes, scavenging reactive oxygen species 
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and maintaining enzyme activity. Upregulation of plant defense mechanisms and pathogenesis-

related (PR) proteins (Gaudet et al., 2003) are also important given the increased risk of infection 

by psychrotolerant microbial species, which themselves may have freeze protective-mechanisms.  

 

1.2 Ice-binding proteins and freeze protection 

 IBPs are a diverse class of proteins that have been identified across a number of 

biological kingdoms including fish (DeVries et al., 1970), terrestrial insects (Duman and 

Patterson, 1978), plants (Griffith, 1992), algae and microbes (Raymond et al., 2009; Gilbert et al., 

2004). The invariable feature of these proteins is their unique ability to bind to ice and modify its 

growth. Having evolved independently multiple times, IBPs have high functional and structural 

diversity (Davies, 2014; Bar-Dolev et al., 2016). In some cases, they have secondary functions 

not obviously associated with ice adsorption including: PR activities (Griffith and Yaish, 2004), 

transcriptional regulation of genes (Huang and Duman, 2002), and membrane stabilization 

(Tomczak et al., 2002). The ice binding properties of an IBP can be, at least partially, explained 

by the survival strategy employed by the host organism. Some organisms have adopted a freeze 

avoidance approach and supercool their fluids below the temperatures normally encountered in 

their environment, thereby preventing the formation of ice crystals. In contrast, a freeze tolerance 

survival strategy permits ice crystal growth while inducing mechanisms to prevent the damage 

associated with freezing stress. Plants may adapt either of these strategies, avoiding freezing by 

overwintering as seeds with little water content or by depressing the freezing point with sugars 

and polyols (Wisniewski et al., 2014). Alternatively, they can tolerate freezing by cold 

acclimating and using IBPs to protect cells from freeze-induced membrane damage (Thomashow, 

1998).  

 IBPs have been traditionally categorized based on their ability to suppress the freezing 

point of solutions in relation to their equilibrium melting point, a property known as thermal 
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hysteresis (TH) activity (DeVries et al., 1970). Most IBPs identified in fish are moderately active, 

with TH activities up to 2 °C (Fletcher et al., 2001). This activity is sufficient to prevent the lethal 

freezing of interstitial fluids in ice-laden ocean waters. Hyperactive IBPs identified in some 

insects and terrestrial arthropods, as well as certain fish and bacteria, are able to suppress freezing 

points by 2-13 °C (Scotter et al., 2006). Thus, IBPs from these groups of organisms are typically 

known as antifreeze proteins (AFPs). 

 Plant IBPs were only discovered 25 years ago with their description in winter rye 

(Griffith et al., 1992). Unlike hyperactive and moderately active AFPs identified in other 

organisms, the plant proteins are “low thermal hysteresis” IBPs, due to their inability to suppress 

the freezing temperature of solutions more than a fraction of a degree (0.1-0.5 °C, Griffith and 

Yaish, 2004; Gupta and Deswal, 2014b). A notable exception are those produced in Piceae sp. 

with a TH activity of ~2 °C (Jarzabek et al., 2009). Since supercooling promotes intracellular ice 

formation, freezing temperatures closer to the equilibrium freezing point results in higher survival 

(Gusta and Fowler, 1977; Gusta et al., 2004). Thus, it stands to reason that plants would favour 

IBPs with low TH to allow more controlled ice crystal growth (Levitt, 1980). Despite the low 

level of supercooling exhibited by most plant IBPs, many of these proteins are notable for their 

superior ability to restrict ice crystal growth at micromolar concentrations (as low as 3 µg/mL for 

LpAFP; Lauresen et al., 2011) (Table 1.1), a property known as ice recrystallization inhibition 

(IRI) (Knight and Duman, 1986).  

 For the most part, plant IBPs have been identified in apoplastic extracts presumably to 

protect cells from membrane damage associated with ice crystal growth. Although some plants 

avoid freezing, IBPs with a high capacity for IRI appear to be an important for providing freeze 

tolerance. Since their first identification, ice-binding activity has been documented in more than 

60 plant species including monocotyledonous and dicotyledonous angiosperms, vascular plants, 
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Table 1.1 Ice-binding proteins identified in plants. 

Plant of Origin Ice-binding activity Post-translational 
modifications Homology Localization Reference 

Perennial Ryegrass                          
(Lolium perenne) 

TH=~0.3 °C at 1.5 mg/mL, high  
levels of IRI 

Predicted N-linked 
glycosylation Phytosulfokine receptor kinase  Apoplast Sidebottom et al., 2000 

Winter Rye                                        
(Secale cereale) 

TH=0.03°C at 0.1 mg/mL, formed 
hexagonal bipyramidal crystals  None identified 

Two β-1,3-endoglucanases, class-I 
endochitinase, class-II endochitinase, 
two thaumatin-like proteins 

Apoplast Hon et al., 1994; Hon et 
al., 1995; Yeh et al., 2000 

Bittersweet Nightshade                 
(Solanum dulcamara) 

TH=~0.3 °C at >30 mg/mL, high 
levels of IRI 

Glycosylated 
protein identified 

WRKY transcription factor, chitinase-
like protein, class-I endochitinase 

WRKY: Cytoplasm, 
Chitinases: Apoplast 

Duman, 1994; Huang and 
Duman, 2002 

Mongol Menkhargana       
(Ammopiptanthus mongolicus) 

TH=0.15 °C at 5 mg/mL and 0.35 °C 
at 10 mg/mL, hexagonal bipyramidal 
ice shaping, IRI activity 

Predicted to be 
glycosylated Agglutinin Cytoplasm Fei et al., 2001; Wang and 

Wei, 2003; Fei et al., 2008 

Carrot                                             
(Daucus carota) 

TH=0.35 °C at >1 mg/mL, high levels 
of IRI 

N-linked 
glycosylation Polygalacturonase inhibition protein Apoplast Worrall et al., 1998; 

Smallwood et al., 1999 
Winter Wheat                               

(Triticum aestivum) High level of IRI activity None identified Thaumatin-like protein Apoplast Kontogiorgos et al., 2007 

Smooth Brome                                
(Bromus inermis) Hexagonal bipyramidal ice shaping None identified Chitinase Apoplast Nakamura et al., 2008 

Wintersweet                         
(Chimonanthus praecox) 

TH=0.52  °C at 1.5 mg/mL, 
hexagonal bipyramidal ice crystals None identified Class I endochitinase Apoplast Zhang et al., 2011 

Seabuckthorn                            
(Hippophae rhamnoides) 

TH=0.19 °C at 0.2 mg/mL, high IRI 
activity, hexagonal ice shaping Glycosylated Polygalacturonase inhibition protein Apoplast Gupta and Deswal, 2012 

Japanese Radish                         
(Raphanus sativus) 

TH=~0.2  °C at 40 ug/mL, IRI 
activity, hexagonal ice shaping None identified None reported Apoplast Kawahara et al., 2009 

Norway Spruce                                  
(Picea abies) 

TH=2.19 °C at 400 ug/mL, 
bipyramidal ice crystals None identified Chitinase Apoplast Jarzabeck et al., 2009 

Blue Spruce                                      
(Picea pungens) 

TH=2.02 °C at 400 ug/mL, 
bipyramidal ice crystals None identified Chitinase Apoplast Jarzabeck et al., 2009 

Malting Barley                            
(Hordeum vulgare L.) TH= 1.04 °C at 18 mg/mL None identified Alpha-amylase inhibitor protein Unknown Ding et al., 2015 

Chinese Privet                            
(Ligustrum lucidum) TH= 0.38-0.68 °C at 5 mg/mL None identified None reported Unknown Cai et al., 2011 
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trees, ferns, and gymnosperms (Griffith and Yaish, 2004; Table 1.1). Most of these proteins have 

been identified in the leaves and stems of overwintering plants. However, ice-binding activity has 

also been observed in roots, stems, branches, crowns, flowers, fruits, tubers, bark and seeds 

(Antikainen et al., 1996; Doucet et al., 2000; Urrutia et al., 1992; Duman and Olsen, 1993). Over 

15 plant IBPs have been purified and characterized (Table 1.1). Among the most well-

characterized are those from perennial ryegrass (Lolium perenne), winter wheat (Secale cereale), 

bittersweet nightshade (Solanum dulcamara), and carrot (Daucus carota) (Sidebottom et al., 

2000; Yeh et al., 2000; Huang and Duman, 2001; Smallwood et al., 1999). 

 

1.2.1 IBPs as anti-pathogenesis proteins 

 A large number of plant IBP genes show sequence homology to PR genes. Of the six 

IBPs in winter rye two were identified as β-1,3-endoglucanases, two as class I and class II 

endochitinases, and two as thaumatin-like proteins, suggesting more than just a role in overwinter 

protection (Hon et al., 1995). These proteins have both ice-binding and hydrolytic activity (Yeh et 

al., 2000). This presents an interesting evolutionary context for the role of IBPs as dual function 

proteins, providing protection against both freezing and pathogen attack. IBPs with homology to 

chitinase gene sequences have also been identified in Bromus inermis (Nakamura et al., 2008), 

Chimonanthus praecox (Zhang et al., 2011), Picea abies and Picea peungens  (Jarzabeck et al., 

2009). A thaumatin-like protein has also been identified in T. aestivum (Kontogiorgos et al., 

2007).  

 Other proteins, including those from D. carota (Meyer et al., 1999) and Hippophae 

rhamnoides (Gupta and Deswal, 2012) share homology with poly-galacturonase inhibitor proteins 

(PGIPs), although they may no longer possess PGIP activity, as has been shown in D. carota 

(Zhang et al., 2006). The freeze-tolerant grasses from the Pooideae subfamily share homology 

with leucine-rich repeat (LRR) phytosulfokine receptor tyrosine kinases (PS-RTKs) (Sandve et 
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al., 2008), implicated in the recognition of pathogen-associated molecular patterns. However, the 

carboxy-terminal kinase domains of these proteins have been replaced with ice-binding motifs 

and the amino terminal LRR domain lacks close conservation with the PS-RTK from Oryza 

sativa presumed to be the gene of origin. Thus, it is unclear whether these proteins still serve a 

role in the perception of plant pathogens. 

 IBPs may serve an additional role against pathogens by inhibiting ice-nucleating activity 

used by some epiphytic bacteria to promote ice crystal growth on leaves of plants as a method of 

gaining access to nutrient stores (Lindow et al., 1982). Ice-nucleation proteins (INPs) have been 

identified in Gram-negative bacteria including Pseudomonas syringae, P. viridiflava, P. 

fluorescences, P. borealis, Xanthomonas campestries, Erwinia ananas, Er. uredovra, and Er. 

herbicola (Warren and Corotto, 1989; Hirano and Upper, 1995; Wu et al., 2009). Ice-nucleation 

active (INA+) bacteria have been isolated from the leaves of numerous crop species and have 

been predicted to result in billions of dollars in crop loss each year (Hill et al., 2014). Plant IBPs 

have been shown to lower the nucleation temperature and propagation rate of ice formed in the 

presence of P. syringae (Griffith et al., 2005). Moreover, the L. perenne IBP, LpAFP, lowered the 

nucleation temperature of solutions containing P. syringae extracts by ~1.9 °C (Tomalty and 

Walker, 2014). Since LpAFP, like other plant IBPs, has a low TH activity of ~0.3 °C at the 

concentration used, it was suggested that there was a direct INP-AFP interaction.  

 

1.2.2 IBP mechanisms of action 

 

1.2.2.1 Ice crystal adsorption and shaping 

 The ice-binding activity of IBPs results from their ability to adsorb to ice, a process that 

can be visualized by monitoring the “shaping” of ice in the presence of IBP preparations. Water 

or standard buffers will freeze as circular discs that expand quickly from the prism plane at 
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temperatures close to the freezing point (Nada and Furukawa 2005). In contrast, adsorption of 

IBPs to one or more planes of ice (Figure 1.1) results in ice morphologies that are indicative of 

their plane specificity.  

 The shaping of ice in the presence of IBPs has been extensively characterized by Bar-

Dolev et al. (2012). Moderately active IBPs shape ice into bipyramidal crystals by adsorbing to 

prism and/or pyramidal planes. Once the freezing point is reached, these crystals “burst” quickly 

from the c-axes forming needle-like structures. Hyperactive IBPs are able to adsorb to more than 

one plane of ice, resulting in hexagonal bipyramidal or “lemon” shaped ice crystals. In contrast to 

moderately-active IBPs, ice crystals burst normal to the c-axis indicating basal plane affinity in 

addition to adsorption along the prism or pyramidal planes. This “protection” of the basal plane is 

hypothesized to be at least partially responsible for the higher activity of these proteins, since ice 

crystal growth is faster along the c-axis.  

 Somewhat surprisingly, the low TH IBPs from freeze-tolerant organisms, such as the 

perennial ryegrass, L. perenne, have ice crystal morphologies and burst patterns closer to that 

seen with hyperactive IBPs (Figure 1.2). Ice crystals shape as hexagonal bipyramids that grow in 

all directions resulting in expansion of the basal planes, clearly indicating high affinity for the 

basal plane. At low protein concentrations these IBPs take on a hexagonal shape (Figure 1.2D), as 

seen in the cell extracts of cold-acclimated plants. This ice shaping is consistent for all plant IBPs 

identified to date with some minor differences seen in burst patterns, such as that observed with 

winter rye IBPs, which burst from the junctions between the 6 prism planes, resulting in a flower-

shaped crystal (Yaish et al., 2006).  Flower-shaped bursts have also been observed with some 

other plant extracts including low concentration of LpAFP. 

 

1.2.2.2 Thermal hysteresis 

 In the absence of solutes and other modifiers, melting temperatures are at equilibrium 

with and freezing temperatures. Unlike solutes that are able to depress the freezing point 
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Figure 1.1 Ice crystal planes to which IBPs adsorb. Plant IBPs have demonstrated affinity for 

primary and secondary prism planes, as well as basal planes. No plant IBPs have been identified 

with pyramidal plane affinity. LpAFP, for example, binds both primary prism and basal planes. 
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Figure 1.2 Morphologies of individual ice crystals in the absence (A) and presence of an IBP 

from L. perenne (B-H). LpAFP (1 mg/mL) ice crystal shaping with the a-axes facing toward the 

reader is shown in B, and with the c-axis toward the reader in C. Shaping in the presence of low 

concentrations of IBP from B. distachyon (0.01 mg/mL) is shown in D. Panels E-H show an ice 

crystal burst as the freezing temperature is reached. 
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in a colligative manner, IBPs can have a greater effect even at micromolar concentrations (Olijve 

et al., 2016). The adsorption-inhibition model has been used to describe this phenomenon: the 

irreversible adsorption of IBPs to the surface of ice at intervals restricts the area where water 

molecules can join the ice crystal lattice to points between adjacent IBPs (Raymond and DeVries, 

1977). This, in turn, causes a curvature of the ice surface that is energetically unfavourable for 

further ice crystal growth. With the ice crystal unable to grow further at this temperature, the 

liquid surrounding the ice remains in a supercooled state, resulting in freezing point depression. 

Once the supercooling limit of the bound IBP has been reached and the temperature is further 

lowered, the ice-water interface overcomes the energy barrier set in place by the minimum 

curvature of the ice crystal surface and further growth ensues. 

 

1.2.2.3 Ice-recrystallization inhibition 

 As described by the Ostwald ripening effect, ice-recrystallization occurs because the 

growth of large ice crystals at the cost of smaller ones is a thermodynamically favourable reaction 

(Knight and Duman, 1986). It is thought that similar to TH activity, the inhibition of ice crystal 

growth by IBPs occurs by preventing the addition of water molecules from the quasi-liquid layer 

into the ice crystal lattice. This can be observed by monitoring ice crystal growth a few degrees 

below the melting point (Figure 1.3). There is little or no correlation between the degree of TH or 

IRI that an IBP possesses however, the exact mechanisms that distinguishes these properties is 

unclear. However, unlike TH, which requires a relatively high concentration of IBPs, IRI occurs 

at submicromolar concentrations (Tomczak et al., 2003).  

 

1.2.2.4 Principals of ice-binding 

 The mechanism underlying IBP adsorption to ice has been debated for decades. Early 

evidence suggested that hydroxyl groups on the surface of IBPs could generate hydrogen bonds 

between the protein and the ice crystal lattice (Knight et al., 1993). It was later hypothesized that
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Figure 1.3 Ice crystal growth following a 24 h annealing period at −6 °C. Buffer without IBPs 

(-IBP) contains 100 mM Tris-HCl (pH 8.0) and 50 mM NaCl. Samples with L. perenne IBP 

(LpAFP) (+IBP) were diluted to 0.5 mg/mL in the same buffer. 
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the hydrophobicity of IBP surfaces could facilitate adsorption through an entropy-driven reaction 

favouring ice binding over a solvent exposed surface (Sönnichsen et al., 1996). Currently, the 

anchored clathrate waters hypothesis is the most accepted model for ice crystal adsorption 

(Garnham et al., 2011). This model suggests that IBPs organize surrounding water molecules into 

an ice-like lattice by forming water cages around the methyl groups of outward facing residues on 

the ice-binding surface that are hydrogen-bonded to nearby hydrophilic groups. This concept is 

consistent with the ability of IBPs to adsorb to gas hydrates (Walker et al., 2015; Sun et al., 

2015). By forming structures that resemble the quasi-liquid layer existing between water and ice, 

IBPs are then able to merge with ice crystal surfaces. In this model, the protein will eventually 

become “frozen” to the surface after merging resulting in irreversible adsorption.  

 It has been experimentally determined that IBPs adsorb to ice using a specific flat plane 

known as an “ice-binding surface” or “ice-binding face” (IBF). The properties of the IBF dictate 

how the water molecules will be organized and thus, which plane of ice will be bound. This 

binding hypothesis has been considerably strengthened through protein crystallization 

experiments using bacterial and fish AFPs (MpAFP and Maxi), showing that the IBFs organize 

surface waters with excellent complementarity to the primary prism plane and good 

complementarity to the basal plane (Garnham et al., 2011; Sun et al., 2014) Since many IBPs 

crystallize as dimers along their IBF, such analysis is not possible for many of these proteins, 

including LpAFP. 

 

1.3 Structure of plant IBPs 

 As indicated, a few dozen IBPs from plants have been characterized. Of the 15 that have 

been sequenced (Table 1.1) a structure has only been obtained for one, LpAFP. Currently, there is 

no single consensus sequence for IBPs in general or even amongst this diverse class of proteins 

within plants and the only way to identify IBPs is to assay for ice-binding activity. It has been 
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established that IBFs are largely hydrophobic in relation to non-IBFs, which generally contain 

charged solvent exposed residues (Davies and Hew, 1990). In addition, the repetitive nature of 

many IBPs may facilitate the organization of waters into an ice-like lattice (Zhuang et al., 2012; 

Garnham et al., 2008; Marshall et al., 2002; Middleton et al., 2009). The IBF of IBPs with low 

TH, such as LpAFP and DcAFP appear to have a much less ordered array of amino acid residues 

on the IBF than that seen with hyperactive proteins, possibly explaining their lower TH activity.  

 Although, as indicated, the crystal structures of all but one plant IBP are unknown, 

modelling suggests that IBPs could form beta-sandwiches, alpha-helical folds, and globular 

structures (Figure 1.4). LpAFP fold as a right-handed beta-helix with 7 coils consisting of 14-15 

residues per turn with the repeated ice-binding motif NXVXG/NXVXXG, where X is a solvent 

exposed-residue (Middleton et al., 2012). LpAFP is a rather hydrophilic protein compared to 

other IBPs with an abundance of outward facing residues known to bind to ice including 

threonine, serine and valine (Middleton et al., 2009). In contrast, the core of LpAFP is stabilized 

by two rows of hydrophobic valines and neighbouring asparagine residues that form “ladders”. 

Structural modelling initially showed two putative IBFs with relatively flat surfaces (Kuiper et 

al., 2001), however, crystallization revealed that one of these faces was less planar. Site-directed 

mutagenesis confirmed that only the flat “a-face” was involved in ice-binding (Middleton et al., 

2009). Notably, LpAFP is a carboxyl-terminal ice-binding domain derived from a full-length 

protein with an amino-terminal LRR domain and a (Sidebottom et al., 2000). No crystal structure 

has been obtained for the full-length protein however. Given the distinct nature of the two 

domains, and the presence of this partial peptide in apoplast extracts of L. perenne, it is 

hypothesized that cleavage occurs in planta (Sandve et al., 2008). 

 Protein modelling and mutagenesis has given some insight into the structure of DcAFP 

which is also predicted to fold into a beta-helix, in this case, stabilized by a hydrophobic core 

composed of internal leucine residues (Zhang et al., 2004: Figure 1.4B). A 24-amino-acid repeat 
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Figure 1.4 Plant IBP models generated by running GenBank sequences through the Phyre 

2.0 server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). Shown is the crystal 

structure of LpAFP (GenBank ID: AJ277399.1) (A) and models for: DcAFP (AF055480.1) (B), a 

WRKY-IBP (STHP) (AAL268542.1) (left) and a type I endochitinase-IBP (Q84LQ7) (right) 

 from Solanum dulcamara (C), Triticum aestivum thaumatin like-IBP (AAM15877.1) (D), a 

glucanase-IBP (CAJ58506.1) (left) and a type II endochitinase-IBP (right) (AF280438.1) from 

Secale cereale (E), and an IBP from Chorella vulgaris (ABR01234.1) (F). 
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extends across the length of the protein (PXXXXLXXLXXLXLSXNXLXGXI), and mutagenesis 

studies have revealed that unlike LpAFP, asparagine is required for efficient ice crystal 

adsorption. Similar to LpAFP, DcAFP is relatively hydrophilic in comparison to IBPs identified 

in other species. 

 

1.4 Evolution of IBPs in plants 

 The evolution of IBPs in higher plants has occurred multiple times in independent 

lineages (Gupta and Deswal, 2014b) therefore, most plant IBPs are distinct. An exception are the 

IBPs from the Pooideae subfamily, which have evolved from a common ancestral gene roughly 

35 million years ago following their divergence (Sandve et al., 2008). These IBPs include those 

from L. perenne, H. vulgare, and T. aestivum. Although it was originally hypothesized that IBPs 

arose in the Pooideae family due to sequence insertion mediated by transposable elements (TE) 

(Tremblay et al., 2005), the lack of TE signatures demanded another explanation. In 2008, 

Sandve and colleagues conducted a detailed evolutionary analysis of IBPs from the Pooideae 

subfamily and introduced the repeated motif expansion hypothesis, which suggested that the 

repeated motif arose due to errors in recombination, unequal crossing over, or some other 

unknown mechanisms. 

 

1.5 Regulation of IBP gene expression and production in plants 

 

1.5.1 Cellular localization 

 Given that ice-nucleation typically occurs outside cells, it is not surprising that most IBPs 

have been isolated from apoplast extracts. Almost all plant IBPs have confirmed apoplastic 

localization (Antikainen and Griffith, 1997; Griffith et al., 1992; Hon et al., 1994; Marentez et al., 
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1993), or have been predicted to be exported from the cell based on the presence of amino 

terminal signal peptides. However, the possible dual function roles of some IBPs does suggest 

intracellular localization. For example, S. dulcamara produces an IBP that lacks an amino-

terminal signal peptide and shares homology with a WRKY transcription factor, which has been 

implicated in transcriptional regulation of PR genes (Huang and Duman, 2002). This suggests 

that IBPs may act intracellularly to regulate gene expression while also serving to prevent 

intracellular ice-nucleation.  

 

1.5.2 Spatial-temporal regulation 

 IBPs do not show constitutive expression in any plant system but are instead induced in 

response to various stimuli. Cold acclimation is one of the constant regulators of IBP expression 

in plants, however, the length of time at low temperature required for maximal IBP expression is 

variable. IBP transcripts from L. perenne for example, accumulate in as little as 1 h of exposure 

with maximal expression after 7 days (Zhang et al., 2009). Similarly, DcAFP transcripts 

accumulate in as little as 30 min at 4 °C (Meyer et al., 1999). Winter rye glucanase-IBP 

transcripts accumulate after 24 h at 5 °C while chitinase-IBPs from the same plant require 3-7 

weeks for full induction (Hon et al., 1995; Yeh et al., 2000), indicating that IBPs from the same 

plant may also be regulated differentially. The type of cold treatment also affects the induction of 

IBPs as demonstrated in winter wheat, with induction of TaIRI1 and TaIRI2 by both cold-shock 

and gradual temperature drops, whereas chitinase-, glucanase-, and thaumatin-like IBP transcripts 

were only induced by the latter (Winfield et al., 2010). 

 In the field, cold acclimation involves both low temperatures and short photoperiods. 

This has been observed with winter rye IBPs, which accumulate more rapidly under short day 

cycles (8 h light) that more closely resemble autumn conditions, than after long days (16 h light) 

(Marentes et al., 1993). It is possible that turnover of IBPs may be facilitated by temperature 
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changes as seen with cold-induced chitinase-IBPs which degrades 12 h after exposure to 20 °C 

(Hon et al., 1995). Although LpAFP denatures at temperatures >25 °C it can refold (Sidebottom 

et al., 2000). In addition, the thermostability of IBPs from T. aestivum (Kontogiorgos et al., 

2006), H. rhamnoides (Gupta and Deswal, 2012), and R. algida (Lu et al., 2000) suggests that 

many plant IBPs may not be subjected to rapid turnover such as might be experienced on a 

circadian cycle. 

 IBPs from different plant hosts also show distinctive tissue-specific expression patterns. 

For example, chitinase-IBPs from winter rye localize to the parenchymal sheath, mesophyll, 

epidermal and phloem cells of leaves, while no activity was detected in roots (Pihakaski-

Maunsbach et al., 1996). Such localization is distinct from that of DcAFP, which accumulated 

equally in leaves, stems and roots following cold acclimation (Smallwood et al., 1999). IBPs may 

also show tissue-specific variability between isoforms in the same species as seen with TaIRI-1 

from winter wheat, which demonstrates ubiquitous expression, while TaIRI-2 expression has only 

been identified in leaves (Tremblay et al., 2005). 

 Some IBPs are induced by hormones or other biotic and abiotic stimuli. In the absence of 

cold acclimation, winter rye IBPs accumulate when treated with ethephon, an ethylene-producing 

compound (Yu et al., 2001). These same IBPs can be induced with a variety of stress treatments 

including salicylic acid (SA), abscisic acid (ABA), pathogen attack, and drought (Yu et al., 2001; 

Yu and Griffith, 2001). While “IBPs” induced by SA or ABA lack ice-binding activity, both 

drought and ethylene treatments result in IBPs that efficiently adsorb to ice. On the other hand, 

IBPs secreted in suspension cells of R. algida following ABA-induction possessed ice-binding 

activity (Lu et al., 2000). This research provides an interesting context for dual function proteins, 

suggesting that the nature of the inducing stimuli could influence the IBP’s activity. It has been 

hypothesized that such changes could be explained by alternative protein folding (Gupta and 

Deswal, 2014b) or post-translational modifications (Yaish et al., 2006). 
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 Developmental time also appears to be important for IBP induction (Griffith and Yaish, 

2004). Analysis of the leaf tissue of cold-acclimated winter rye indicates that IBPs are induced to 

a higher level in leaves that develop under cold acclimation in contrast to those that develop prior 

to exposure to low temperatures (Hon et al., 1995; Yeh et al., 2000). Additionally, not all IBPs 

are expressed concordantly; in winter rye, glucanase IBPs are induced before thaumatin-like 

IBPs, while chitinase-IBPs are expressed much later. While this could indicate that some IBPs 

require different low temperature exposure periods, since chitinase-IBPs only accumulate in 

tissues which develop at acclimation temperatures and not in plants subsequently transferred to 

cold, a developmental component is more likely (Yeh et al., 2000).   

 The precise orchestration of events responsible for regulating IBP expression is still 

unresolved.  It is likely that similar to other cold-regulated genes, chromatin- and RNA-based 

mechanisms could be partially responsible (Baulcombe and Dean, 2014). Such regulatory 

pathways could involve small interfering RNAs, microRNAs (miRNAs) or changes in 

nucleosome spacing during temperature changes (Szittya et al., 2003; Pecinka et al., 2010; Kumar 

and Wigge, 2010). 

 

1.5.3 Post-translation modification 

 Most IBPs identified in plants are proteinaceous, and several of these proteins are thought 

to be glycosylated. Only recently has a non-proteinaceous glycolipid been identified in S. 

dulcamara, with extraordinarily high TH activity compared to that seen with other plant IBPs (~ 

3 °C; Walters et al., 2011). Glycosylated IBPs have been identified in L. perenne (Sidebottom et 

al., 2000), S. dulcamara (Duman 1994), D. carota (Smallwood et al., 1999), Ammopiptanthus 

mongolicus (Fei et al., 2008), and H. rhamnoides (Gupta and Deswal, 2012). In some cases, 

glycosylation is required for ice-binding activity, such as for IBPs produced in S. dulcamara 

(Duman, 1994), while other plants do not require such modifications. For example, LpAFP, when 
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produced recombinantly in Eschericia coli still maintains IRI, TH and ice-shaping capabilities 

(Pudney et al., 2003). The same is also true for D. carota (Smallwood et al., 1999), and H. 

rhamnoides (Gupta and Deswal, 2014a).  

 Initially, it was hypothesized that post-translational modification may play a role in the 

regulation of dual function proteins in plants, specifically those with antifreeze and hydrolytic 

activities (Yaish et al., 2006). However, no post-translational modification has yet been identified 

that could be attributable to this change in activity. Hydroxylation, however, has been 

documented in chitinase-IBPs of winter rye but this appears to have no effect on ice-binding 

(Sticher et al., 1992; Yeh et al., 2000; Hon et al., 1995). Instead, it has been suggested that the 

activity of dual function proteins may be regulated by interaction with other molecules or proteins 

(Griffith and Yaish, 2004). 

 More recent data has implicated conformational changes in the activity state of IBPs, as 

seen with the chitinase-IBPs from H. rhamnoides that may exhibit Ca2+-dependent refolding 

(Gupta and Deswal, 2014a). However, class-I chitinase IBPs from Bromus inermis are not 

affected by Ca2+ (Nakamura et al., 2008) while winter rye IBPs are inhibited by high Ca2+ 

concentrations (Stressmann et al., 2004). Like many other regulatory factors for IBP activity, the 

role of Ca2+ is still not clear, although this ion does play a role in the appropriate folding of a 

brine-lake bacterial IBP (MpAFP; Guo et al., 2012). 

 

1.6 IBPs for the generation of freeze-tolerant crops 

 The wide distribution of IBPs in a variety of plants and their obvious utility for low 

temperature protection begs the question of the suitability of these sequences for biotechnological 

applications. Indeed, the growth and productivity of crops is largely dependent on temperature, 

which dictates both the geographical range that crops can be grown in and potential crop yield. 

Plants vary in their “cold-hardiness” depending on the level of low temperature stress they can 
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tolerate. Many agricultural crops are in the “very tender” to “half-hardy” range including tobacco, 

tomatoes, berries, squashes, potatoes, corn and apples and have critical temperatures for freezing 

damage between 0 and −4 °C (Ontario Ministry of Agriculture, Food and Rural Affairs; 

http://www.omafra.gov.on.ca/english/crops/facts/85-116.htm). As such, sub-zero temperatures in 

early spring and late autumn not only shorten the growing season but also result in substantial 

crop loss. 

 Earth’s growing population underscores the importance of developing more frost-tolerant 

crops. Apart from tropical zones, frost damage occurs almost everywhere in the world. In 2013, 

California lost approximately 2 billion US dollars in citrus crops due to a single frost event 

(United States Department of Agriculture, National Agricultural Statistics Service). More 

recently, freezing events in March of 2016 devastated Austria’s farms with an 80% loss in fruit 

harvest resulting in €100 million Euro in damages in the fruit sector (Statistics Austria). To 

prevent frost damage, farmers may use passive approaches such as site selection, land clearing, 

soil management or selection of crop varieties that are less temperature sensitive. Alternatively, 

they may employ active approaches including covering crops, use of smoke clouds, wind 

machines, sprinkling or heating. However, these methods have limited success and require quick 

execution. In order to avoid freezing crops can be sown later in the season. However, delaying 

planting decreases potential crop yield and may not outweigh crop loss due to unforeseen freezing 

events. Therefore, it is critical that we develop new technologies to prevent freezing damage, 

such as exploring freeze protection mechanisms adapted by freeze-tolerant plants, as a method for 

developing more hardy crops. 

 Considerable efforts have been employed to generate plants with enhanced freeze 

tolerance using both traditional breeding methods and transgenics. Unfortunately, these efforts 

have been met with limited success. Expression of IBPs presents an opportunity to provide freeze 

protection to sensitive crops exposed to spring and fall sub-zero temperatures. This may allow 

plants without the ability to acclimate to prevent freeze-induced cellular dehydration and 
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membrane damage. Alternatively, in situations where temperatures rapidly drop below zero 

without the necessary cold acclimation periods, constitutive expression of IBPs may limit 

crippling amounts of tissue damage. 

 Several studies have used IBPs from various host organisms in an attempt to provide 

freeze protection (Table 1.2). Initial efforts focused on the expression of moderately active IBPs 

from fish in tobacco and tomato (Hightower et al., 1991; Kenward et al., 1993). Although TH and 

IRI were observed in extracts from plant tissues, when tested for their freezing tolerance 

capabilities, these plants showed little frost resistance and only lowered the lethal temperature for 

freezing damage by 1 °C (Wallis et al., 1997; Worrall et al., 1998; Kenward et al., 1999; Khanna 

and Daggard 2006). The use of hyperactive IBPs from spruce budworm and fire-colored beetle in 

tobacco and A. thaliana were intended to lower the freezing point significantly in order to avoid 

freezing. Although IBPs accumulated and exhibited TH and IRI activity, enhanced freeze survival 

was not observed in these plants (Holmberg et al., 2001; Huang et al., 2002). Only two studies 

have used plant IBPs, from carrot and perennial ryegrass, to develop transgenic plants. In both 

cases the transgenic plants demonstrated decreased electrolyte leakage indicating membrane 

protection and enhanced freeze survival (Fan et al., 2002; Zhang et al., 2010). 

 It is likely that IBPs that from freeze-tolerant organisms are better suited for the 

generation of such crops. This may be true because of the shape of ice crystals as they burst. For 

example, as indicated, fish IBPs produce more spicular ice crystals that could cause significant 

cellular damage. It is also likely that if the freezing points are lowered with a high TH IBP it 

would result in less controlled ice crystal growth. Thus, plant IBPs hold promise for the 

generation of freeze-tolerant crops, however, more research is needed regarding the localization 

and regulation of plant IBPs before such crops could be of practical agricultural value. 

Localization to particular cellular compartments and tissues, for example, could optimize freeze 

protection. Importantly, all of these studies have focused on the use of individual IBPs, while 
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              Table 1.2 Transgenic plants expressing ice-binding proteins and antifreeze proteins. 

Gene Origin Host Plant Transgenic Phenotype Reference

Tobacco (Nicotiana tobacum)

Tomato (Solanum lycopersicum)

Winter Flounder 
(Pseudopleuronectes americanus) Tobacco (Nicotiana tobacum) Protein accumulated at 4 °C Kenward et al., 1993

Winter Flounder 
(Pseudopleuronectes americanus) Potato (Solanum tuberosum)

Reduced electrolyte leakage; lowered LT50 by 
1 °C Wallis et al., 1997

Carrot (Daucus carota) Tobacco (Nicotiana tobacum) Accumulated antifreeze activity in apoplast Worrall et al., 1998

Sea Raven                     
(Hemitripterus americanus) Tobacco (Nicotiana tobacum) Protein accumulated; no frost resistance Kenward et al., 1999

Spruce Budworm         
(Choristoneura fumiferana) Tobacco (Nicotiana tobacum)

IBP accumulated in apoplast; extracts exhibited 
TH/IRI Holmberg et al., 2001

Fire-colored Beetle           
(Dendroides canadensis)

Arabidopsis thaliana AFP accumulated in apoplast; lowered freezing 
temperature but did not enhance freeze survival

Huang et al., 2002

Carrot (Daucus carota) Tobacco (Nicotiana tobacum) Exhibited chilling tolerance at −2 °C Fan et al., 2002

Desert Beetle (Microdera 
punctipennis) Tobacco (Nicotiana tobacum)

Accumulated in apoplast; enhanced cold 
tolerance at −1 °C Wang et al., 2008

Winter Flounder 
(Pseudopleuronectes americanus) Spring Wheat (Triticum aestivum)

Protein accumulated in apoplast; reduced 
electrolyte leakage Khanna and Daggard, 2006

Spruce budworm         
(Choristoneura fumiferana)

Arabidopsis thaliana Reduced electrolyte leakage Zhu et al., 2009

Zhang et al., 2010
Reduced electrolyte leakage at temperatures 

below −8 °C; enhanced survival at temperatures 
between 4 °C and −8 °C 

Hightower et al., 1991IBP accumulation; IRI detected in extracts with 
truncated protein (Spa-Afa5)

Winter Flounder 
(Pseudopleuronectes americanus)

Perennial ryegrass cv. Caddyshack 
(Lolium perenne) Arabidopsis thaliana
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expression of multiple IBPs as seen in plants with their own endogenous IBPs could enhance 

freeze protection. 

 

1.7 Thesis hypotheses and objectives 

 Despite the identification of IBPs in numerous plant species, little is known about their in 

planta role in freeze protection. The localization of IBPs suggests they protect cells from the 

growth of ice crystals in the apoplastic space, which can be damaging to plasma membranes. 

However, the identification of IBPs that remain intracellular indicates that this functionally 

diverse family of proteins might also provide protection without being secreted. Additionally, 

since a “knockdown” has not been generated in any IBP- or AFP-bearing species, we cannot 

formally accept the hypothesis that IBPs are required for freeze protection. The lack of 

knowledge regarding IBP regulation and freeze tolerance mechanisms is, in part, due to the 

absence of a model organism to study IBP function.  

 This thesis aims to understand how IBPs protect plants from low temperature damage 

through the generation of the first IBP-knockdown and expression of IBPs in a freeze-susceptible 

host. I hypothesize that IBPs play a critical role in the protection of membranes at sub-zero 

temperatures and that attenuating expression of these proteins will hamper the ability of plants to 

recover following freezing. Additionally, I hypothesize that expressing various IBPs, individually 

or together, will enhance host freeze protection in a localization-dependent manner that will be 

increased with expression of multiple isoforms.  
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1.7.1 Objective 1: Identification and characterization of IBPs in the model crop, 

Brachypodium distachyon (Chapter 2) 

 As a member of the Pooideae subfamily, the purple brome grass, Brachypodium 

distachyon, has been used as a model for cereal crops and forage grasses. Recently, it has been 

demonstrated that B. distachyon has the molecular circuitry required for cold acclimation and the 

development of freeze tolerance (Draper 2001, Colton-Gagnon, 2014). Winter and spring 

accessions contain seven putative IBP sequences that are upregulated in response to low 

temperatures (Li et al., 2012). However, the ice-binding activity of these proteins has not been 

elucidated. Although this information suggests that B. distachyon could be useful as a model for 

IBP research, however, the ice-binding activity of putative IBP sequences must be verified before 

downstream experiments can be conducted. In order to achieve this, IBPs in B. distachyon must 

be isolated and characterized. This can be best accomplished through the identification of IBP 

gene sequences, cloning into E. coli, and the purification of recombinant IBPs, followed by 

testing for IRI, TH, and ice-shaping capabilities, as well as, their ability to suppress bacterial ice-

nucleation.   

 

1.7.2 Objective 2: Generation and characterization of IBP-knockdown lines in B. distachyon 

(Chapter 3) 

 Although strong circumstantial evidence exists that IBPs are important for the freezing 

stress response in plants, the lack of an IBP-knockdown has not allowed this to be formally 

confirmed. Using microRNA constructs, knockdown of IBP sequences identified in Chapter 2 

will allow the testing of plants for membrane protection and freeze survival. The extraction of 

native IBPs from cold-acclimated B. distachyon will also allow these proteins to be assessed for 

post-translational modifications including peptide cleavage and glycosylation. 
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1.7.3 Objective 3: Generation of transgenic A. thaliana expressing IBPs from the perennial 

ryegrass, L. perenne (Chapter 4) 

 In order to gain a better understanding of how IBPs confer freeze protection, transgenic 

IBP-expressing A. thaliana lines will be generated using IBPs from L. perenne. The localization 

of IBPs will be determined as well as the level of freeze protection afforded to these plants, in 

order to gain valuable insight into how cellular localization effects freeze tolerance. Additionally, 

transgenic lines expressing multiple IBPs will be generated to determine if IBPs work 

cooperatively to enhance freeze survival. 
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Chapter 2 

Ice and anti-nucleating activities of an ice-binding protein from the 

annual grass, Brachypodium distachyon  

 

2.1 Abstract 

Plants exposed to sub-zero temperatures face unique challenges that threaten their 

survival. The growth of ice crystals in the extracellular space can cause cellular dehydration, 

plasma membrane rupture, and eventual cell death. Additionally, some pathogenic bacteria cause 

tissue damage by initiating ice crystal growth at high sub-zero temperatures through the use of ice 

nucleating proteins (INPs), presumably to access nutrients from lysed cells. An annual species of 

brome grass, Brachypodium distachyon (Bd), produces an ice-binding protein (IBP) that shapes 

ice with a modest depression of the freezing point (~ 0.1 °C at 1 mg/mL), but high ice-

recrystallization inhibition (IRI) activity, allowing ice crystals to remain small at near melting 

temperatures.  This IBP, known as BdIRI, is unlike other characterized IBPs with a single ice-

binding face, as mutational analysis indicates that BdIRI adsorbs to ice on either of two faces. 

BdIRI also dramatically attenuates the nucleation of ice by bacterial INPs (up to -2.26 °C). This 

“anti-nucleating” activity is significantly higher than previously documented for any IBP. 

 

2.2 Introduction 

Exposure to sub-zero temperatures results in a number of distinct stresses that plants must 

overcome to survive.  Water sequestration into growing ice crystals in the apoplast, along with 
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solute exclusion from the growing ice, encourages the formation of osmotic gradients that result 

in cellular dehydration, a loss of cell membrane integrity, membrane rupture, and eventual cell 

death (Thomashow, 1998). Cold-acclimated plants, in turn, undergo a number of biochemical and 

physiological changes involving modifications to cell membrane composition (Uemura et al., 

2006), accumulation of compatible solutes (Koster and Lynch, 1992), as well as the upregulation 

of cold shock proteins (Sasaki and Imai, 2011), chaperones (Guy, 1999), and cold-adaptive 

enzymes (Marshall, 1997). Certain freeze-tolerant plants additionally induce the expression of 

ice-binding proteins (IBPs), also known as ice recrystallization inhibition proteins (IRIPs) or 

antifreeze proteins (AFPs), to restrict the growth of large, damaging ice crystals (Sandve et al., 

2008). 

 IBPs are a unique class of proteins found in a range of organisms including plants 

(Sidebottom et al., 2000), insects (Duman, 2001), fish (Davies and Hew, 1990) and microbes 

(Gilbert et al., 2004). While few sequence and structural similarities exist between distinct IBPs, 

they all irreversibly adsorb to ice planes, facilitated by an ice-binding surface that organizes a 

network of ice-like waters (clathrate hydrates) that merge with the embryonic ice crystal 

(Garnham et al., 2011). As described by the adsorption-inhibition hypothesis, ice growth between 

adsorbed AFPs increases the curvature of the ice surface, thus making continued ice growth 

thermodynamically unfavorable (Raymond and DeVries, 1977). As a consequence, there is a non-

equilibrium depression of the freezing point, with little effect on the equilibrium melting point. 

This temperature difference, termed thermal hysteresis (TH), is considered one of the invariable 

features of any IBP. The interaction of IBPs with ice surfaces also results in the characteristic 

“shaping” of ice crystals, due to adsorption onto one or more planes of ice (Bar-Dolev et al., 

2012). 
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 Freeze avoiding organisms such as certain polar fish and some overwintering insects have 

IBPs with moderate or high levels of TH (Scholander et al., 1957 and Duman, 2015).  For 

example, eelpout fish and mealworm insects are considered to have moderate or hyperactive IBPs 

(at 1 mg/mL, TH = ~1.5 °C and ~5.5 °C), respectively (DeLuca et al., 1996; Graham et al., 1997).  

In contrast, plant IBPs show low TH as exemplified by the perennial ryegrass, Lolium perenne 

IBP (LpAFP), which has a TH of ~0.3 °C (1.5 mg/mL; Lauersen et al., 2011). Even in winter rye, 

Secale cereale, low levels of TH activity are only achieved at exorbitantly high IBP 

concentrations (60 mg/mL), with this protein notable for its homology to some pathogenesis-

related proteins (Hon et al. 1995).  

Despite their low TH, plant IBPs have high ice recrystallization inhibition (IRI) activity, 

which prevents thermodynamically-favorable growth of larger ice crystals in the apoplast at 

temperatures close to 0 °C (Pudney et al., 2003; Gupta and Deswal, 2014b), as well as under 

freeze-thaw conditions. The structure of a full-length plant IBP is yet to be solved, but 

crystallization of the IRI domain of an IBP from L. perenne, LpAFP, indicates that this protein 

has two separate faces, one flat and the other less so, composed of hydrophobic residues on 

opposite sides of a parallel β-roll (Middleton et al., 2009). Each of these faces consists of a 

repeating ice-binding motif (NXVXG/NXVXXG, where X denotes an outward facing residue) 

(Middleton et al., 2009). Mutagenesis studies demonstrated that residues along one of the two 

sides, the “a-side”, made up the ice-binding face (IBF) (IBP; Middleton et al., 2009; Middleton et 

al., 2012), and were responsible for TH and IRI activities.   

Although IBPs have been shown to be important for survival at low temperatures 

(Bredow et al., 2016a; Duman, 2015; Zhang et al., 2010), plants have more than spontaneous ice 

growth to contend with as temperatures fall.  Some psychrotolerant bacteria, including 
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Pseudomonas syringae and Xanthomonas campestris, produce ice-nucleating proteins (INPs) 

which prevent supercooling, and initiate ice formation in the apoplast at high sub-zero 

temperatures (Gurian-Sherman and Lindow, 1993). This presumably allows these opportunistic 

bacteria to gain access to intracellular nutrients (Lindow et al., 1982). Since the two distinctive 

ice-associating proteins, from bacteria and plant, would be present together in the apoplast, it is 

possible that they could interact. In agreement with this hypothesis, LpAFP has been shown to 

attenuate bacterial INP activity (Tomalty and Walker, 2014). This may be characteristic of plant 

IBPs since analysis of an AFP produced by fish did not result in the same attenuation of INP 

activity.   

Brachypodium distachyon is a model grass, evolutionarily-related to forage grasses, 

which split from the core Pooideae approximately 35 million years ago (mya), subsequent to the 

evolution of IBP activity (Li et al., 2012; Benvan et al., 2010). Phylogenetic analysis suggests that 

independent expansion of IBP families and other cold-climate adaptations evolved 24-36 mya 

(Sandve et al., 2011). Unlike perennials from the core Pooideae with strictly temperate 

distributions, the annual B. distachyon is native to Mediterranean and Middle Eastern regions 

(Opanowicz et al., 2008). However, having evolved from perennial Brachypodium species 

(Catalán et al., 2012), B. distachyon have maintained freezing-tolerance mechanisms (Li et al., 

2012). In an accession of this annual brome grass (Bd21), 7 IBPs have been identified with 57-88 

% similarity to the IRI domain of LpAFP (Bredow et al., 2016b; Sandve et al., 2008). These 

sequences provide an opportunity to biochemically characterize an IBP from B. distachyon 

(BdIRI1) and compare it to one of the better-understood plant IBPs, LpAFP. Through analysis of 

the IRI domain of BdIRI1 (BdIRI), we have assessed this protein’s ice-binding activity as well as 
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its ability to attenuate bacterial INP activity. Together this analysis has allowed us to gain 

valuable insight into the possible in planta functions of IBPs.  

 

2.3 Experimental Procedures  

 

2.3.1 Bioinformatics analysis and in silico protein modeling 

For analysis of the sequence identity between Bradi5g27350.1 and other IBPs from the 

Pooideae subfamily, the amino acid sequence was aligned against IBPs from L. perenne (LpIRI3; 

accession no. EU680850), Triticum aestivum (TaIRI1; AAX81542), and Hordeum vulgare (Hvc2; 

AK375455.1) using the Clustal Omega Multiple Sequence Alignment tool 

(http://www.ebi.ac.uk/Tools/msa/clustalo/) (Figure 2.1a). In order to distinguish amino acids 

corresponding to the C-terminal IRI domain and to identify putative ice-binding residues, 

Bradi5g27350.1 was aligned to LpAFP (AJ277399) (Figure 2.1b), which has an extensively 

characterized IBF (Middleton et al., 2009). Protein modelling was done using the Phyre 2.0 

algorithm (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) with LpAFP as a 

template. 

 

2.3.2 Cloning  

The DNA sequence corresponding to BdIRI was synthesized by GeneArt™ 

(ThermoFisher Scientific), with the stop codon removed. The gene sequence was subsequently 

cloned into a pET24a(+) vector such that a 6x histidine-tag was added to the C-terminus as an aid 

for protein purification. The construct was transformed into BL21 chemically-competent cells  
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LpIRI3              MAKCLMLLLSFAFLLSAAGTATATPCHRDDLRALRGFAENLGGGGALSLRAAWSGASCCD 60  
Bradi5g27350.1      MAKCWLPHLLLALLLPAAS--MAASCHPDDLRALRGFAGNLSGG-AVLLRATWSGASCCG 57  
TaIRI1              MAKCGLLLLFLAFLLPAA---RATSCHPDDLRALRGFAGNLSGG-AALLRAAWSGASCCV 56  
Hvc2                MAKCGLLLLFLAFLLPVA---RATSCHPDDLRALRGFAGNLSGG-AVLLRAAWSGASCCG 56                         
 
  
LpIRI3              WEGVGCDGASGRVTALWLPRSGLTGP--------------------------IPSWICQL 94  
Bradi5g27350.1      WEGVGCDSASGRVTSLWLPGRGLTGPIQGAASLAGLVRLESLNLADNRLVGTIPSWIGEL 117  
TaIRI1              WEGVNCDGTSGRVTALRLPGHGLVGLIPG-ASLAGLARLEELNLANNKLVGTIPSWIGEL 115  
Hvc2                WEGVGCDGPSGRVTSLRLPGHDLGGAIPG-ASLAGLAWLEELNLANNRLVGTIPSWIGEL 115 
                                                                                  
                                 
LpIRI3              HHLRYLDLSGNALVGEVPKNLQVQLKG-----------ITNMPLHVMRNRRSLDEQPNTI 143  
Bradi5g27350.1      DRLCYLDLSHNASVYEVAKINPS---------------QRSRGVTVSTNRKTLDEEPNTI 162  
TaIRI1              DHLCYLDLSDNSLVGEVPKSLIR-LKGLVIAGHSLGMVFTNMPLYVKRNRRTLDEQPNTI 174  
Hvc2                DHLYYLDLSDNSLVGEVPKSLIR-LKGLAIAGRSSGMIFTNMPLYVKPNRRMLDEQPNTI 174 
 
 
LpIRI3              SGSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVSGNDNTVTGSNHVVSGTNHIVT 203  
Bradi5g27350.1      TGTNNHVRSGKDNALSGNDNTVISGDNNVVTGNHNKILSGSHNAVSGHMHVVSGTYHVVT 222  
TaIRI1              SGSNNTVRSGSTNVVSGNDNTVISGNNNNVAGSNNTVITGNDNTVTGSNHVVSGDKHIVT 234  
Hvc2                SGSNNTVRSGSTNVVSGNDNTVISGNNNNVAGSNNTIVTGSDNT---------------- 218                      
 
 
LpIRI3              DNNNNVSGNDNNVSGSFHTVSGG-------HNTVSGSNNTVSGSNHVVSGSNKVVTDA 254  
Bradi5g27350.1      GNNNAVTRSHNTASGNHNIVSGHHNTVSGDHNTVSGSHNTVSGSNHIVTGNNKVVT-- 278  
TaIRI1              DNNNAVSGTIMYPGASIP-YPGATILYLGPTTLYLGATMSYLG-------ATRS---- 280  
Hvc2                ---------------------------------------------------------- 218                                                                                
 

(a) 

 LpAFP               ------------------------------------------------------------  
 Bradi5g27350.1      MAKCWLPHLLLALLLPAASMAASCHPDDLRALRGFAGNLSGGAVLLRATWSGASCCGWEG     60 
                                                                                  
 LpAFP               ------------------------------------------------------------  
 Bradi5g27350.1      VGCDSASGRVTSLWLPGRGLTGPIQGAASLAGLVRLESLNLADNRLVGTIPSWIGELDRL    120 
                                                                                   
 LpAFP               -----------------------------------DEQP NTISG SN NTVRSG SK NVLAG     24 
 Bradi5g27350.1      CYLDLSHNASVYEVAKINPSQRSRGVTVSTNRKTLDEEP NTITG TN NHVRSG KD NALSG    179                                                             
                                                        **:* ***:* :* * **** .. *.*:*   
 
 LpAFP               ND NTVISG DN NSVSG SN NTVVFTSG ND NTVTG S NHVVSG TN HIVTD NN NNVSGN ---   75 
 Bradi5g27350.1      ND NTVISG DN NVVTG NH NKIL--SG SH NAVSG H MHVVSG TY HVVTG NN NAVTRS H NT   235                        
                     ** ****** ** * *:* .: *.::  ** .. *:*:*   ******  *:**. ** * *: .     
      
 LpAFP               --- -D NNVSG SF HTVSGG H NTVSG SN NTVSG SFT NHVVSG S NKVVT DA  122 
 Bradi5g27350.1      ASG NH NIVSG HH NTVSGD H NTVSG SH NTVSG S-- NHIVTG N NKVVT --  278               
                         . * ***  . :****. * ***** *: ***** *  **:*:* . *****  

(b) 
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Figure 2.1 Amino acid alignment of Bradi5g27350.1 against other known IBPs from the 

Pooideae subfamily. Bradi5g27350.1 aligned against IBPs from L. perenne (LpIRI3; accession 

no. EU680850), T. aestivum (TaIRI1: AAX81542) and H. vulgare (Hvc2; AK375455.1) (a). 

Conserved residues (>80% identity) are highlighted in grey with outliers highlighted in black. 

Alignment of the IRI domain of a full-length IBP (LpAFP; AJ277399) and the amino acid 

sequence corresponding to Bradi5g27350.1 (b). The arrow denotes the beginning of the IRI-

domain. Conserved ice-binding motifs (NXVXG/NXVXXG) on the a- and b-sides are boxed in 

grey and black, respectively. Conserved residues are indicated as follows: (*) denoting a single, 

fully conserved residue; (:) denoting conservation between groups of highly similar properties 

(scoring > 0.5 in the Gonnet PAM 250 score), and (.) denoting conservation between groups of 

weakly similar properties (scoring =<0.5 in the Gonnet PAM 250 score).   
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using standard transformation techniques. Sequences were verified after each cloning step 

(Plateforme de séquençage et de génotypage des genomes; Québec City, QC, CA). 

 

2.3.3 Site-directed mutagenesis 

 Amino acids selected for site-directed in vitro mutagenesis were determined by 

identifying solvent-exposed residues that are known to adsorb to ice (serine, valine and threonine) 

and by their relative position on the predicted IBF (Figure 2.2). Threonine residues at positions 69 

and 76 were selected for substitution to tyrosine residues (T69Y and T76Y, respectively), which 

have been shown to sterically disrupt the ice-binding surface complementarity of IBPs to ice 

(Baardsnes et al., 1999; DeLuca et al., 1998; Garnham et al., 2008; Marshall et al., 2002; 

Middleton et al., 2009).  

Site-directed mutagenesis of the pET24a(+):BdIRI construct was done using the Q5® 

Site-Directed Mutagenesis Kit (New England, BioLabs Inc.), according to the manufacturer’s 

instructions. Primers were designed using NEBaseChanger™ (http://nebasechanger.neb.com/) 

(Table A.1) and sequences were amplified under the following program: 98 °C (30 sec), 25 cycles 

of 98 °C (10 sec), 58-65 °C depending on the construct (30 sec), and a final extension of 72 °C 

for 2 min. Constructs were subcloned into NEB 5-α competent cells. Transformation and 

subsequent sequence verification is described in section 2.3.2.  

 

2.3.4 Protein purification 

Protein expression was induced with 1.0 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) at 18 °C for 20 h and BL21 cultures were grown at 37 °C in Luria-Bertani (LB) medium  
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Figure 2.2 Amino acid sequence of the C-terminal IRI domain of Bradi5g27350.1 (BdIRI). 

Each line represents a predicted loop in the protein structure. Residues corresponding to ice-

binding motifs (NXVXG/NXVXXG, where X is an outward facing residue) are shown in blue 

and outward facing residues on the ice-binding surface are indicated in red. Residues predicted to 

be on the ice-binding surface are highlighted in yellow. Boxes around the threonine residues 

indicate amino acids that were mutated to tyrosine residues.  

a"side' b"side'
1' H" M" D" E" E" P" N" T" I" T" G" T" N" N" H" V" R" S" G" 19'
20' K" D" N" A" L" S" G" N" D" N" T" V" I" S" G" 34'

35' D" N" N" V" V" T" G" N" H" N" K" I" L" S" G" 49'

50' S" H" N" A" V" S" G" H" M" H" V" V" S" 1" G" 63'

64' T" Y" H" V" V" T" G" N" N" N" A" V" T" 1" R" 77'

78' S" H" N" T" A" S" G" N" H" N" I" V" S" 1" G" 91'

92' H" H" N" T" V" S" G" D" H" N" T" V" S" 1" G" 105'
106' S" H" N" T" V" S" G" S" N" H" I" V" T" 1" G" 119'
120' N" N" K" V" V" T" L" E" "" "" "" 127'

"" "" "" "" "" ""
Repeat:' X" X" N" X" V" S" G" X" X" N" X" V" X" 1" G"
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(pH 8.0) until they had reached an OD595= 0.8. Bacterial pellets were collected by centrifugation 

and stored at −20 °C until use. Pellets were then resuspended in lysis buffer (20 mM Tris-HCl 

(pH 8.0), 500 mM NaCl, and 5 mM imidazole) and lysed using a French Press (ThermoFisher 

Scientific, Nepean, ON, CA). Soluble proteins were purified on a nickel-NTA agarose column 

(Qiagen, Toronto, ON, CA) at 4 °C and dialysed against 20 mM Tris-HCl (pH 8.0), 100 mM 

NaCl, and 10% glycerol at 4 °C for two days. To prevent protein aggregation, charged L-amino 

acids (arginine and glutamine) were added to the purified protein at a final concentration of 50 

mM prior to concentration by centrifugation (~1.0-1.5 mg/mL). For the analysis of ice-binding 

activity, glycerol was removed using buffer exchange. 

 

2.3.5 Circular dichroism analysis 

To examine secondary structure and to interrogate protein folding, circular dichroism 

(CD) analysis was done using an Olis Rapid Scanning Monochromater 1000 spectrometer (Olis 

Inc., Bogart, GA) at the Protein Function Discovery Facility (Queen’s University, Kingston, ON). 

Prior to analysis, proteins were dialyzed against deionized water and diluted to a final 

concentration of 0.1 mg/mL. Wild-type BdIRI protein was tested at 4 °C and 25 °C to investigate 

temperature stability. Mutant proteins were tested at 4 °C to determine if mutagenesis resulted in 

misfolded proteins. Experiments were conducted in triplicate. 

 

2.3.6 Ice-binding assays 

Protein concentration was determined using the Pierce Protein Assay Kit (ThermoFisher 

Scientific) prior to ice-binding assays. IRI, TH and ice-shaping assays were conducted in 
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triplicate using protocols developed for the characterization of IBPs in plants (Middleton et al., 

2014). 

 

2.3.7 Ice-nucleation assays 

Ice-nucleation activity was assessed using a previously described technique (Tomalty and 

Walker, 2014; Vali, 1971) with the cumulative number of ice nuclei/mL calculated using Vali’s 

equation. P. syringae INP preparations were purchased from Ward’s Natural Science (USA). INP 

preparations were tested at two concentrations (50 and 5 µg/mL) and in combination with 1 

mg/mL wild-type BdIRI or cytochrome c (Sigma). Purified mutant BdIRI (1 mg/mL T69Y and 

T76Y) was also tested with 50 µg/mL INP preparations. 

 

2.4 Results 

 

2.4.1 Bioinformatics analysis and protein modeling  

Alignment of Bradi5g27350.1 against known IBPs from other members of the Pooideae 

subfamily showed high similarity with more than 70% of all residues showing at least 80% 

conservation between sequences (Figure 2.1a). Bradi5g27350.1 was calculated to have 65%, 

60%, and 70% identity to LpIRI3, TaIRI1 and Hvc2, respectively. Notably, IBPs from T. 

aestivum, H. vulgare, and L. perenne all had higher identity to one another (72-91%) than the B. 

distachyon protein sequence.  

 Alignment of the amino acid sequence of Bradi5g27350.1 against LpAFP facilitated the 

recognition of the IRI domain containing a number of conserved ice-binding motifs 
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(NXVXG/NXVXXG) (Figure 2.1b). BdIRI was modelled against LpAFP (100% confidence 

assessment) using the Phyre 2.0 algorithm as a right-handed beta (β)-helical fold with 8 loops 

composed of 14-15 residues/loop (Figure 2.3a), stabilized by a hydrophobic protein core (Figure 

2.3b). Two putative IBFs were identified (Figure 2.3c and 2.3d) with serine/threonine ladders 

aligned across each of the two surfaces. The flattest face (Figure 3b), herein referred to as the “a-

side”, was predicted to be the IBF since “flatness” has been shown to be important for efficient 

ice crystal adsorption (Doxey et al., 2006; Middleton et al., 2009). The addition of an extra 

peptide in loops 1-3 (Figure 2.2) resulted in a “bump” on the second face (“b-side”) (Figure 2.3c) 

suggesting a less efficacious absorption to ice on this surface. 

 Models of a- and b-side BdIRI mutants (T69Y and T76Y) are shown in Figures 2.3e and 

2.3f, respectively. Bulky tyrosine residues in the mutants were predicted to prevent ice crystal 

adsorption by disrupting the “flatness” of the putative IBFs, which theoretically would prevent 

the organization of waters into a clathrate lattice by known ice-binding residues. 

 

2.4.2 Protein purification and CD analysis 

 

 Purified BdIRI (Figure 2.4) and mutant proteins (data not shown) migrated on an SDS-

PAGE at ~ 16 kDa, which is ~4 kDa larger than expected by molecular weight prediction 

programs (http://web.expasy.org/compute_pi/). A faint second band, corresponding roughly to the 

molecular weight of a dimerization product (~23 kDa) was also frequently observed.  
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Figure 2.3 In silico modeling of BdIRI protein sequence. Protein folding was done using the 

Phyre 2.0 algorithm, using the crystal structure of LpAFP as a template. The protein is predicted 

to be composed of a right-handed β-helical fold with eight coils (a). Two internal rows composed 

of hydrophobic residues (indicated in orange) are thought to stabilize the protein structure (b). 

The flat protein surface, termed the a-side contains two serine-threonine ladders, shown in green 

(c). In contrast, the b-side has a “bump” on the C-terminal end (upper in figure) as a consequence 

of an additional residue in the last three loops, resulting in a less flat ice-binding surface (d). 

Mutation of threonine residues to tyrosine residues on the a- and b-sides (T69Y(e) and T76Y (f), 

respectively) are indicated as red residues.  

(a)$ (c)$ (e)$

(b)$

(d)$ (f)$N$

C$
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Figure 2.4 SDS-PAGE analysis of recombinant BdIRI protein purification. Samples contain 

total insoluble (lane 1) and soluble (lane 2) E. coli lysates obtained after induction, the Ni-NTA 

column protein flow-through (lane 3), column washes using 10 mM, 25 mM, and 50 mM 

imidazole (lanes 4-6, respectively), and elution of the His-tagged protein with 250 mM Imidazole 

(lane 7). The band predicted to correspond to BdIRI is indicated by the lower arrow, with the 

fainter upper band seen frequently. Protein was visualized using coomassie brilliant blue stain. 
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CD analysis of BdIRI (Figure 2.5a) resulted in a spectrum consistent with β-sheet composition 

(Kelly et al., 2005; Middleton et al., 2009; Sieber et al., 1995), and red-shifted, similar to the 

spectrum of LpAFP (Middleton et al., 2009). At 25 °C BdIRI rapidly aggregated, resulting in 

visible flocculent matter. As a result, the spectrum intensity was diminished at 25 °C (Figure 

2.5a). The intensity was not restored when the samples were returned to 4 °C, with peak maxima 

decreasing from 3.3 to 2.3 and peak minima rising from −3.0 to −1.76. CD spectra of mutant 

BdIRI proteins consistently indicated similar β-sheet folding (Figure 2.5b).  

 

2.4.3 Ice-binding activity of wild-type and mutant BdIRIs 

Wild-type BdIRI demonstrated high levels of IRI activity with IRI activity lost between 

0.001 and 0.005 mg/mL (Figure 2.6). In contrast, a- and b-side mutants (T69Y and T76Y) 

showed no ability to restrict ice crystal growth at 0.1 and 0.005 mg/mL, respectively. Ice crystal 

shaping in the presence of wild-type BdIRI resulted in hexagonal bipyramidal crystals indicating 

adsorption to basal and prism planes (Figure 2.7), typical of plant IBPs. When the temperature 

was lowered below the equilibrium freezing point, the resulting burst resembled a flower, with 

growth occurring through the a-axis. Mutation of the a-side (T69Y) dramatically reduced ice-

binding activity, resulting in mild hexagonal ice crystal shaping. The b-side mutant protein 

(T76Y) still shaped ice, however, ice crystals appeared to have an irregular hexagonal shape.  

 TH readings were consistent with both IRI and ice morphology analyses (Figure 2.8). 

Wild-type BdIRI demonstrated low levels of TH activity with 0.092 ± 0.01 °C at 1 mg/mL. 

Mutation of the a-side resulted in a significant decrease in TH activity (70% and 60% decrease at 

0.5 and 1 mg/mL, respectively), compared to wild-type BdIRI protein (p<0.05; unpaired T-test, 

one-tailed). The b-side mutant showed a 56% decrease in TH activity at 0.5  
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Figure 2.5 Circular dichroism analysis of wild-type (BdIRI) and mutant BdIRI proteins. 

Temperature-dependent fold stability was analyzed using wild-type BdIRI (0.01 mg/mL) at 4 °C, 

25 °C, and after a 25 °Cà4 °C transition (a). The CD spectra of a-side (T69Y) and b-side (T76Y) 

mutants at 4 °C (0.1 mg/mL) (b). 
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Figure 2.6 Ice-recrystallization inhibition (IRI) analysis of wild-type (BdIRI) proteins and 

mutant isoforms (T69Y and T76Y). Protein samples (as indicated on the left axis) were 

annealed at −4 °C for 24 h prior to observation of ice crystal growth. Samples were tested at 

concentrations between 0.001-1.0 mg/mL to determine the IRI endpoint for all proteins. All 

experiments were done in triplicate. 
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Figure 2.7 Ice crystal shaping in the presence of wild-type and mutated BdIRI proteins. The 

morphology of ice crystals formed in the presence of wild-type BdIRI proteins (1 mg/mL) were 

compared to a-side (T69Y) and b-side (T76Y) mutants. Buffer was used as a control for ice 

crystal shaping in the absence of IBPs. The ice crystal burst was observed over 30 seconds while 

the temperature was slowly lowered below the equilibrium point. All assays were conducted in 

triplicate. 

BdIRI#

T76Y#

T69Y#

Buffer#
!!!10!μm!

!!!10!μm!



 

 

 

48 

 

 

 

 

 

Figure 2.8 Thermal hysteresis of BdIRI and mutant proteins. Wild-type (BdIRI) protein was 

compared to a- and b-side mutants (T69Y and T76Y, respectively) for the ability to depress the 

freezing point at concentrations between 0.1-1.0 mg/mL. TH was calculated as the difference 

between the melting and freezing points (TF-TM). Error bars represent standard deviation from the 

mean for three replicates. 
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mg/mL (p<0.05; unpaired T-test, one-tailed), however, at 1 mg/mL TH activity was only reduced 

by 17% compared to wild-type BdIRI. 

 

2.4.4 Ice-nucleation assays 

The nucleation temperature of solutions containing INP preparations from P. syringae 

was considerably depressed with the addition of wild-type or the b-side mutants, compared to 

cytochrome c controls (Table 2.1). Both BdIRI and T76Y mutant proteins significantly depressed 

nucleation activity (two-tailed, unpaired t-test; P < 0.01).  In contrast, the a-side mutant did not 

significantly depress the nucleation temperature of the INP preparations (Table 2.1; two-tailed, 

unpaired t-test; P > 0.05). Representative results demonstrating the effect of BdIRI proteins on the 

cumulative number of ice nuclei/mL in INP preparations are shown in Figure 2.9.  

 Wild-type BdIRI (0.5 mg/mL) retained its IRI activity in the presence of INPs (50 

µg/mL) (Figure 2.10a) verifying that INPs did not have an effect on ice-binding activity. There 

was also no effect on ice crystal morphology (Figure 2.10b) or TH activity, with mean values of 

0.047 °C and 0.052 °C, in the presence or absence of the P. syringae INP, respectively. Similarly, 

there was no impact on the ice-binding activity of the b-side mutation (Figure A.1a) however, 

larger ice crystals were observed in IRI assays when the INP preparations were added to the a-

side mutant protein (Figure A.1b). 
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Table 2.1 Mean depression of nucleation temperature for P. syringae INP preparations by 

recombinant IBPs.  

 

Protein Addition 
(1 mg/mL) 

[INP] 

50 µg/mL 5 µg/mL 

BdIRI -1.26 °C  ± 0.26 * -2.26 °C ± 0.18 * 

BdIRI T76Y -1.26 °C  ± 0.19 * n/a 

BdIRI T69Y -0.16 °C  ± 0.29  n/a 
 

Notes: Values annotated with an asterisks (*) indicates significant difference from cytochrome c controls. 
The standard deviation for each value is also shown. Ice nucleation assays were repeated three or more 
times. 
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Figure 2.9 Representative graph of ice-nucleation activity in the presence of BdIRI. The 

cumulative number of ice nuclei per mL determined for P. syringae INP preparations in the 

presence or absence of recombinant IBPs from B. distachyon is shown. Samples include INP 

preparations alone (triangles), INPs combined with wild-type BdIRI (circles), T76Y (diamonds), 

or T69Y (squares), and cytochrome c (crosses). All ice-nucleation assays were performed a 

minimum of three times. 
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Figure 2.10 Ice shaping and ice recrystallization in the presence of BdIRI, INP, and in 

combination. From left to right, buffer, wild-type BdIRI (0.5 mg/mL), INP (0.05 mg/mL) and 

BdIRI with INP were tested for ice-recrystallization inhibition (IRI) activity (a) and ice crystal 

morphology (b). Samples were annealed at −4 °C for 24 h for IRI assays prior to observing ice 

crystal growth.  All assays were run in triplicate. 
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2.5 Discussion 

 

2.5.1 Summary 

The identification and characterization of IBPs from plants offers the prospect of 

understanding how these unique proteins provide freeze protection. Here we have cloned, 

recombinantly expressed, purified and assessed the ice-binding activity of the IRI domain of an 

IBP from B. distachyon. Similar to the related IBP from L. perenne, this protein changes ice 

crystal morphology, has low levels of TH activity, and high levels of IRI. However, distinct from 

LpAFP, both flat faces of the protein participate in ice binding. As well, BdIRI has the ability to 

depress ice-nucleation activity to a larger degree than that seen with LpAFP.  

 

2.5.2 Ice-binding activity of BdIRI 

The ice-binding activity of BdIRI is consistent with that observed for IBPs from other 

plants, with low TH activity, but high levels of IRI, even at very low protein concentrations 

(0.005 mg/mL; Figure 2.6). This observation underscores their role to restrict apoplastic ice 

crystal growth at high, sub-zero temperatures or during periods of freeze-thaw. Similar to the ice-

shaping seen with LpAFP (Figure A.2), BdIRI appears to bind to both prism and basal planes of 

ice (Figure 2.7), however the unique burst pattern through the a-axis closely resembles that seen 

with winter rye IBPs (Yaish et al., 2006). This ice crystal burst pattern has not yet been elucidated 

but suggests affinity for either the primary or secondary prism planes (Olijve et al., 2016). 

Although these IBP genes are evolutionarily linked, a lower basal plane affinity compared to 

LpAFP (Figure A.2) could explain the correspondingly lower TH seen with BdIRI. 
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2.5.3 Structural analysis of BdIRI and the identification of the IBF 

LpAFP and BdIRI are clearly structurally related with the predicted β-helical fold of 

BdIRI (Figure 2.3a) consistent with the folding of IBPs encoded by other Pooideae subfamily 

members (Kumble et al., 2008). The same repeated ice-binding motif (NXVXG/NXVXXG) 

identified in wheat (T. aestivum; Tremblay et al., 2005), tussock grass (Deschampsia antarctica; 

John et al., 2009) and barley (H. vulgare; Sandve et al., 2008), suggests that these proteins may 

fold similarly.  

Structural analysis of both LpAFP and BdIRI indicates a hydrophobic core (Figure 2.3b), 

that is credited with LpAFP’s ability to refold after heating to 100 °C (Sidebottom et al., 2000). 

The perturbed CD spectra of BdIRI at 25 °C (Figure 2.5) and the obvious protein precipitation at 

elevated temperatures suggests that there may have been different selective forces on the two 

grass IBPs. These differences extend to the IBF: while LpAFP has one flat a-face that interacts 

with ice crystals, BdIRI has two (Figure 2.3c and 2.3d), albeit with the a-face having a higher 

affinity. The interaction of IBPs with an ice surface has been shown to require a relatively flat 

hydrophobic surface with a high degree of order (Doxey et al., 2006), and both BdIRI faces 

appear to satisfy this requirement. There was some disruption of ice adsorption after mutation of 

either face involving the substitution of a bulky tyrosine residue for a compact threonine, whose 

methyl and hydroxyl groups are thought to play a key role in establishment of the clathrate-

hydrate water complex on the IBF. Mutants also showed reduction in IRI (Figure 2.6), ice-

shaping (Figure 2.7) and TH activity (Figure 2.8), all supporting the view that both sides of the β-

folded protein can adsorb to ice. The lower IRI endpoint, TH activity and ice shaping of a-side 

mutants when compared to the b-face mutants, supports the conclusion that the a-side constitutes 

the most effective IBF.  
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2.5.4 Suppression of bacterial ice-nucleation activity 

As previously reported for LpAFP, and in contrast to that seen with a fish AFP (Tomalty 

and Walker, 2014), BdIRI suppressed ice-nucleation activity mediated by P. syringae INP 

preparations (Figure 2.9). Strikingly, the level of attenuation of INP activity observed in the 

presence of BdIRI (up to -2.26 °C; Table 2.1) was even greater than that seen with LpAFP (~ -0.9 

°C; Tomalty and Walker, 2014). The suppression of INP activity is 1.2-2.2 °C more than the 

observed TH activity, indicating that the “spoiling” of nucleation is not mediated by adsorption of 

IBPs to ice, but may instead be the result of a direct association of IBPs with INPs (Figure 2.11). 

Additionally, while the “spoiling” of ice-nucleation by LpAFP involves the non-IBF, the primary 

IBF of BdIRI appears to be responsible for the greatest depression of INP activity (Figure 2.9; 

Table 2.1). The larger ice crystals seen in the IRI assays at low concentrations of the a-side 

mutant combined with INP preparations (Figure A.1), also indicates a titration of the primary IBF 

to the INP. 

 

2.5.5 Evolution of B. distachyon IBPs 

The distinction in ice-binding and anti-nucleating activity seen between the two related 

plant IBPs from the perennial L. perenne and the annual B. distachyon could reflect their different 

life histories. B. distachyon evolved from perennial Brachypodium and retained ancestral freeze 

tolerance mechanisms, likely as protection from frost events in early spring and autumn (Catalán 
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Figure 2.11 Proposed model of INP inhibition by IBPs. In the absence of IBPs, INPs (gray) 

oligomerize creating a “staircase” which is used as a template for ice-nucleation (a) as described 

in Wu et al. (2009). Water molecules are organized on the surface of INPs such that clathrate 

waters resemble an ice crystal lattice, thereby promoting ice-nucleation. Binding of IBPs to the 

surface of INPs prevents the organization of water across the protein surface, depressing INP 

activity (b). INP models for Pseudomonas borealis were taken from Garnham et al. (2011). 
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et al., 2012; Li et al., 2012; Des Marias and Juenger, 2015), or perhaps to ensure seed 

overwintering. However, the ability to suppress bacterial ice-nucleation, which occurs at high 

sub-zero temperatures (Lindow et al., 1982), may also be critical for survival. Indeed, a survey of 

several grasses including smooth brome and bent grass, yielded 103-108 INP gene sequences per g 

of leaves, and corresponded to INPs from P. syringae, X. campestris and others (Hill et al., 2014). 

It may not be coincidence that X. campestris is associated with one of the few bacterial infections 

of turf grass, leaf wilt, which can be problematic at low temperatures (Dernoeden et al., 2003). 

We speculate that BdIRI may then have a dual functional role, both to constrain ice 

recrystallization and to inhibit bacterial INP activity. Supportive in vivo experiments will be 

necessary, however, to formally accept this hypothesis. 

 

2.5.6 Conclusions 

The annual plant, B. distachyon, produces BdIRIs with low TH activity but high IRI 

activity. Distinctively, the proteins bind ice on both sides of their β-helix; one dominates in this 

regard, but both sides are responsible for the basal and prism plane adsorption seen in embryonic 

ice crystals. The dominant IBF attenuates bacterial nucleating activity by up to 2.2 °C, which is 

greater than the observed TH activity, and is significantly higher than has been previously 

documented for any IBP. Our results suggest that in addition to classic ice-binding activities, 

BdIRI may have evolved an ability to control bacterial ice nucleation.  
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Chapter 3 

Knockdown of ice-binding proteins in Brachypodium distachyon 

demonstrates their role in freeze protection 

 

3.1 Abstract 

 

Sub-zero temperatures pose a major threat to the survival of cold-climate perennials. 

Some of these freeze-tolerant plants produce ice-binding proteins (IBPs) that offer frost 

protection by restricting ice crystal growth and preventing expansion-induced lysis of the plasma 

membranes. Despite the extensive in vitro characterization of such proteins, the importance of 

IBPs in the freezing stress response has not been investigated. Using the freeze-tolerant grass and 

model crop, Brachypodium distachyon, we characterized putative IBPs (BdIRIs) and generated 

the first ‘IBP-knockdowns’. Seven IBP sequences were identified and expressed in Escherichia 

coli, with all recombinant proteins demonstrating moderate to high levels of ice-recrystallization 

inhibition (IRI) activity, low levels of thermal hysteresis (TH) activity (0.03−0.09 °C at 1 mg/mL) 

and adsorption to ice primary prism planes. Following plant cold acclimation, IBPs purified from 

wild-type B. distachyon cell lysates similarly showed high levels of IRI activity, hexagonal ice-

shaping, and low levels of TH activity (0.15 °C at 0.5 mg/mL total protein). The transfer of a 

microRNA construct to wild-type plants resulted in the attenuation of IBP activity. The resulting 

knockdown mutant plants had reduced ability to restrict ice crystal growth and a 63% reduction in 

TH activity. Additionally, all transgenic lines were significantly more vulnerable to electrolyte 

leakage after freezing to −10 °C, showing a 13−22% increase in released ions compared to wild-
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type. IBP-knockdown lines also demonstrated a significant decrease in viability following 

freezing to −8 °C, with some lines showing only two-thirds the survival seen in control lines. 

These results underscore the vital role IBPs play in the development of a freeze-tolerant 

phenotype and suggests that expression of these proteins in frost-susceptible plants could be 

valuable for the production of more winter-hardy crops. 

 

3.2 Introduction 

Low temperatures pose a major threat to the survival of overwintering plants. 

Uncontrolled growth of ice crystals in the apoplast presumably sequesters water from intracellular 

compartments leading to cellular dehydration, loss of cell membrane integrity, physical rupture of 

plasma membranes and ultimately death (Thomashow, 1999). Special adaptations allow certain 

plants to withstand freezing and prevent this cascade of damage. Such plants are termed “freeze-

tolerant” and have a number of biochemical, metabolic and physiological mechanisms that help 

prevent cell death at sub-zero temperatures.  

Induction of the freezing stress response is facilitated by exposure to low temperatures, a 

process known as cold acclimation. Since a crucial site of freeze injury is the plasma membrane, 

changes in composition are important for providing cryostability during freeze-thaw cycles. 

Although membrane modifications are species specific, they are commonly associated with an 

increase in phospholipid and unsaturated fatty acid content (Uemura et al., 2006). In some plants, 

the accumulation of compatible solutes that act as osmolytes, such as proline and glycine betaine, 

is reported to protect cells by preventing cellular dehydration (Koster and Lynch, 1992). 

Additionally, changes in gene expression can result in the upregulation of a number of highly-

specialized proteins including cold-regulated proteins (Thomashow, 1999), cold-shock domain 
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proteins (Sasaki and Imai, 2002), and ice-binding proteins (IBPs) (Sandve et al., 2008), which are 

also known as antifreeze proteins (AFPs) and ice-recrystallization inhibition proteins (IRIPs). 

IBPs have been identified in a number of freeze-tolerant plant species including the 

grasses Triticum aestivum (Zhang et al., 2007), Secale cereale (Hon et al., 1995), and Lolium 

perenne (Pudney et al., 2003), as well as dicotyledonous plants such as the carrot Daucus carota 

(Smallwood et al., 1999). These proteins have two well-documented properties: ice-

recrystallization inhibition (IRI), which restricts ice crystal growth at temperatures close to 

melting, and thermal hysteresis (TH), or lowering of the freezing point in relation to the 

equilibrium melting point (Raymond and DeVries, 1977). Both properties are derived from the 

ability of IBPs to irreversibly adsorb to ice crystals, modifying their growth (Knight and DeVries, 

1994).  

Since plant IBPs have low TH activities (measured in fractions of a degree) compared to 

those observed for IBPs from other organisms (e.g. 5.5 °C in the yellow mealworm beetle 

(Graham et al., 1997)), it has long been assumed that the primary function of most plant IBPs is 

the restriction of ice crystal growth (Doucet et al., 2000; Griffith et al., 1992; Middleton et al., 

2012; Urrutia et al., 1992). Typically, IBPs are secreted to the apoplast where they can bind to 

embryonic ice crystals and prevent their growth into larger, more damaging extracellular ice 

crystals. However, it has been suggested that some IBPs may remain inside cells to offer 

intracellular protection from freezing damage (Huang and Duman, 2002). The regulation of these 

proteins in planta is an understudied area of inquiry but may involve post-translational 

modifications (PTMs), including N-linked glycosylation (Gupta and Deswal, 2014b) and 

cleavage of the ice-binding domain from the full-length protein (Sandve et al., 2008).  
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The growing body of evidence suggests that IBPs play a vital role in the freezing stress 

response in plants, as well as in other species with such proteins. In plants exposed to low 

temperatures, IBP abundance increases in leaf and vascular tissues, as well as in the roots and 

crowns of some plants (Douet et al., 2000; Huang and Duman, 2002; Duman, 1994). Transgenic 

studies have shown the capacity of plant IBPs, as well as IBPs produced by insects and fish, to 

elicit a freeze-tolerant phenotype to less hardy plants, as indicated by reduced electrolyte leakage 

and increased whole plant freezing survival assays (Huang and Duman, 2002; Bredow et al., 

2016a; Khanna and Daggard, 2006; Zhang et al., 2010). However, in order to unequivocally 

demonstrate the crucial role these proteins play in the freezing stress response, an IBP-

knockdown must be generated. The multicopy nature of IBP genes in freeze avoiding metazoans 

including fish (e.g. 30-40 copies (Gong et al., 1996; Scott et al., 1985) and insects (e.g. ~ 17 

copies (Doucet et al., 2002)), the paucity of sequence data available for most freeze-tolerant 

microbe and plant species, as well as inefficient transformation techniques available for some 

organisms, have hitherto precluded the generation of knockdown lines in many of these species.  

Generation of knockdown mutants is feasible using the annual temperate grass 

Brachypodium distachyon. This model species is closely related to cereal grain species as well as 

forage grasses including L. perenne.  B. distachyon has the ability to acclimate at low non-

freezing temperatures and induce a freezing-tolerance stress response that includes cold-regulated 

induction of IBPs (Colton-Gagnon et al., 2013; Li et al., 2012). Importantly for the development 

of an IBP-knockdown, only 7 IBP genes have been identified in B. distachyon (BradiIRI (Li et 

al., 2012)), henceforth termed BdIRIs. Here we verify that all 7 of these proteins function as IBPs 

through the characterization of both recombinantly-produced proteins and native isoforms. 

Additionally, because of the molecular tools available for B. distachyon as well as the relatively 
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low IBP gene copy number, we were able to successfully design a microRNA construct to 

generate the first IBP-knockdown plants. By comparing the freezing tolerance capabilities of 

knockdown lines to their wild-type counterparts we have clearly established the protective role of 

these proteins in freeze-tolerance.  

 

3.3 Materials and Methods 

 

3.3.1 Bioinformatics analysis 

Putative BdIRI proteins were identified through a BLAST search against the published B. 

distachyon genome using the amino acid sequence for the L. perenne IBP, LpAFP (accession 

number AJ277399). Amino acids corresponding to putative ice-binding residues were predicted 

through alignment with the LpAFP amino acid sequence for which the ice-binding residues have 

been characterized (Middleton et al., 2009) using the ClustalW2 multiple sequence alignment tool 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Potential peptide cleavage sites were predicted by 

comparing sequences with LpAFP, which is hypothesized to be a processed isoform, and also by 

using the ExPASy Peptide Cutter (http://web.expasy.org/peptide_cutter/). The SignalP 4.1 server 

(http://www.cbs.dtu.dk/services/SignalP/) was used to identify putative amino (N)-terminal signal 

peptides for secretion to the apoplast.  Protein modeling was done using the Phyre 2.0 server 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). Possible sites for glycosylation 

were predicted using the NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/) for 

the identification of N-glycosylated sites.  
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3.3.2 Plant material and growth conditions 

B. distachyon seeds (ecotype Bd21) were surface sterilized and exposed to a one week 

stratification period at 4 °C (no light) as previously described (Alves et al., 2009). The seeds were 

then sown to soil and grown in a temperature controlled growth chamber (Queen’s University, 

Kingston, Ontario, CA) for three weeks on a 20 h/4 h light/dark cycle at 24 °C/ 18 °C, with 

humidity and light regulated at 70% and 150 µmol m−2 s−1, respectively. Prior to experimentation, 

plants were cold-acclimated at 4 °C on a short day cycle (6 h light) for 2 d, unless stated 

otherwise.  

 

3.3.3 Ice affinity purification of native IBPs 

In order to purify native proteins, ice-affinity purification was conducted using three-

week-old cold-acclimated B. distachyon. Leaf tissue (20 g) was ground in liquid nitrogen using a 

mortar and pestle and the resulting powder was added to 20 mL of native protein extraction 

(NPE) buffer (10 mM Tris-HCl (pH 7.5), 25 mM NaCl) with two EDTA-free protease inhibitor 

tablets (Roche). After gentle overnight shaking at 4 °C, cellular debris was removed by sieving 

the lysate twice through three layers of cheesecloth with the remaining debris pelleted by 

centrifugation at 4,000 x g for 40 min (4 °C). The total soluble lysate was used for ice-affinity 

purification using a modified protocol (Middleton et al., 2014). The temperature of the ice probe 

was lowered to −3 °C at a rate of 1 °C/ d. The ice fraction was melted and the recovered proteins 

were concentrated by centrifugation (~2 mg/L). Protein concentration was determined using the 

Pierce BCA Protein Assay Kit (Fisher Scientific). 

A sample of the concentrated protein (2 µg) was sent to the SPARC BioCentre at the 

Hospital for Sick Children (Toronto, ON CA) for liquid chromatography mass spectrometry (LC-

MS/MS). Proteins were subjected to an in-solution tryptic digestion using bovine trypsin and 
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subsequently purified with ZipTips Pipette Tips (Millipore) prior to mass spectrometry using Q 

Exactive (ThermoFisher) instrumentation.  Data were analyzed using PEAKS studio and 

predicted peptides were aligned against the B. distachyon NCBI database. Searches for PTMs, 

relative abundance and other properties were conducted using Scaffold Proteome Software 

(http://www.proteomesoftware.com/products/free-viewer/).  

 

3.3.4 Crude Cell and Apoplast Extracts 

For the analysis of ice-binding activity of wild-type and transgenic lines, cell extracts 

were prepared by grinding leaves that had been frozen with liquid nitrogen, using a mortar and 

pestle and suspending the resultant powder in NPE buffer. After shaking the suspension for 18 h 

at 4 °C, the samples were centrifuged and the soluble fraction was collected for analysis, as 

described for the ice-affinity purification protocol. Apoplast extracts were prepared using a 

protocol previously described by Fursova and colleagues (2009). Briefly, ~0.2 g of cold-

acclimated leaf tissue was cut into horizontal stripes, placed in a syringe containing pre-chilled 

extraction buffer (25 mM Tris, 50 mM EDTA, and 150 mM MgCl2; pH 7.4), and put at 4 °C 

under vacuum for 30 min.  After vacuum infiltration, the leaves were patted dry, centrifuged at 

4,000 x g for 25 min (4 °C) and the supernatant was used for analysis. 

 

3.3.5 Cloning and purification of recombinant IBPs 

The open reading frames (ORFs) corresponding to the genome accession numbers 

Bradi5g27350.1 (BdIRI1), Bradi5g22880.1 (BdIRI2), Bradi5g27340.1 (BdIRI3), Bradi5g27330.1 

(BdIRI4), Bradi5g27310.1 (BdIRI5), Bradi5g27300.1 (BdIRI6), and Bradi5g22870.1 (BdIRI7) 

were synthesized by GeneArt™ (Invitrogen, Carlsbad, CA, USA). The nucleotides coding for the 
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stop codon were removed in order to incorporate a 6 residue histidine (His)-encoding tag for each 

of these genes. The ORFs were then ligated into pET24a(+) vectors and transformed into 

Origami2™ (DE3) competent cells designed to fold proteins that require disulphide bridge 

formation. Sequences were confirmed for all constructs after each cloning step (Plateforme de 

séquençage et de génotypage des genomes; Québec City, QC, CA).  

Bacterial cultures were grown to an optical density (OD) of 0.8 at a wavelength of 595 

nm and induced with 0.5 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG) at 18 °C for 48 h. 

Induced cells were lysed using a French Press (ThermoFisher Scientific, Nepean, ON, CA) and 

the soluble protein homogenates were collected before the His-tagged proteins were purified 

using a Nickel-NTA agarose column (Qiagen, Toronto, ON, CA). Purified protein was dialyzed 

against buffer containing 20 mM Tris HCl (pH 8.0), 100 mM NaCl and 10% glycerol at 4 °C for 

32 h.  

 

3.3.6 MicroRNA design and construction 

The artificial microRNA for attenuation of putative B. distachyon IBP expression was 

designed using the WMD3 Web MicroRNA Designer (http://wmd3.weigelworld.org/cgi-

bin/webapp.cgi) to target the expression of all 7 isoforms using the primers in Supplementary 

Table A.2. The construct was assembled according to the cloning protocol described for the 

design of artificial microRNAs (amiRNAs) 

(http://wmd3.weigelworld.org/downloads/Cloning_of_artificial_microRNAs.pdf). The amiRNA 

containing the precursor miR319a in a pRS300 plasmid (Addgene) was used as a template for 

site-directed mutagenesis. Fragments “a” and “b” and “c” were generated through PCR using Pfu 

DNA polymerase (ThermoFisher Scientific) using the following conditions: 94 °C for 5 min, 
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followed by 40 cycles of 94 °C (30 sec), 52 °C (30 sec) and 72 °C (2 min) and a final elongation 

of 72 °C for 5 min. Fragment “d” was generated using the same PCR protocol described above 

for fragments “a”, “b”, and “c”. Fragment “d” was digested with PmlI and BglII restriction 

enzymes and ligated into the binary vector pCambia1305.1 (pCambia1305.1:mirBdIRI). Prior to 

transformation the completed sequence was confirmed by sequencing as described for other 

constructs. We verified that the amiRNA sequence (5’-TAGGTTGAGCGACTCCCACTG-3’) 

would not attenuate the expression of other unintended sequences using the Target Search 

provided by the WMD3 website (http://wmd3.weigelworld.org/cgi-

bin/webapp.cgi?page=TargetSearch;project=stdwmd), allowing for 5 mismatches. 

 

3.3.7 Generation of transgenic B. distachyon plants 

The pCambia1305.1:miRBdIRI construct was transformed into Agrobacterium 

tumefaciens, strain AGL1 (Invitrogen) using electroporation and subsequently into B. distachyon 

using an established protocol for Agrobacterium-mediated transformation (Vogel and Hill, 2008). 

Transgenic plants were selected on 0.5x Murashige and Skoog (MS) medium plates containing 

hygromycin (50 µg/mL). Four independent lines were generated and designated miRBdIRIa-

mirBdIRId. Similarly, pCambia1305.1:mOrange (UniProtkB ID DOVWW2_DISSP) lines were 

generated. 

 

3.3.8 B. distachyon IBP transcript analysis 

RNA was collected from the leaves of cold-acclimated plants using the RNeasy Plant 

Mini Kit (Qiagen, Toronto, ON, CA) and used for cDNA synthesis using Superscript® III First-

Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). PCR was performed using isoform-
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specific primers (S1a Table) under the following program: 95 °C for 5 min, followed by 35 cycles 

of 94 °C (30 sec), 53 °C (30 sec), and 72 °C (30 sec) and a final elongation of 72 °C for 1 min. 

Amplification of a housekeeping gene, s-adenosylmethionine decarboxylase transcript (SamDC) 

(Hong et al., 2008), used as a gel loading reference for IBP transcripts, was done using the same 

program but with a 55 °C annealing temperature.  

 

3.3.9 Ice-binding and protein activity assays 

Prior to analysis of ice-binding activity, protein concentrations for recombinant proteins, 

as well as cell extracts were determined as indicated earlier. IRI activity, ice-shaping and TH 

measurements were assessed using protocols that have been optimized for the analysis of ice-

binding activity of plant proteins (Middleton et al., 2014).  All experiments were done in 

triplicate. 

 

3.3.10 Electrolyte leakage assay 

In order to assess the level of membrane damage associated with freezing, three-week-old 

cold-acclimated plants were used to conduct electrolyte leakage assays using a modified protocol 

(Bredow et al., 2016a). Briefly, one leaf was cut from the base of each plant, placed in 100 µL of 

deionized water, and immersed in a programmable circulating ethylene glycol bath set to 0 °C. 

After lowering the temperature to −1 °C over 30 min, the sample was nucleated with a single ice 

chip to initiate ice crystal growth. The temperature of the bath was then lowered by 1 °C/ 15 min 

to a final temperature of −10 °C and samples were allowed to recover overnight at 4 °C. Leaves 

taken from identically treated cold-acclimated plants that remained at 4 °C served as controls. All 

samples were transferred into conical tubes containing 25 mL of deionized water, and shaken at 
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150 rpm for 18 h. Conductivity measurements were taken before (Ci) and after (Cf) autoclaving 

samples to account for the total leaf mass, using a direct reading conductivity meter (Bach-

Simpson Ltd., London, ON, CA) and presented as a percentage (100 CiCf
−1) with 10 individual 

plants for each independent line. The entire procedure was carried out in triplicate. 

 

3.3.11 Whole plant survival assay 

Three-week-old plants sown to soil and exposed to a 2 d cold acclimation period, were 

placed in a temperature regulated growth chamber set to −1 °C and allowed to acclimate for 12 h. 

Plants were sprayed lightly with ice water and incubated at −1 °C for 1 h before the temperature 

was then lowered to −8 °C (1 °C/h). Plants recovered at 4 °C (no light) for 2 d prior to returning 

to standard growth conditions for 7 d after which the percent survival was recorded. Assays were 

done using 10 plants per independent line and the entire procedure was repeated in triplicate. 

 

3.4 Results 

 

3.4.1 Bioinformatics analysis 

Putative BdIRI proteins were identified through a BLAST search using the amino acid 

sequence corresponding to the LpAFP gene sequence (genome accession number AJ277399). 

Seven sequences were identified in the B. distachyon database corresponding to accession 

numbers Bradi5g27350.1, Bradi5g22880.1, Bradi5g27340.1, Bradi27330.1, Bradi5g27310.1, 

Bradi5g27300.1, Brad5g22870.1, and for ease of nomenclature, these accessions have been 

designated to encode proteins BdIRI1-7, respectively. BdIRI1-7 show 88%, 84%, 83%, 81%, 

77%, 72%, and 57% similarity (67%, 53%, 49%, 47%, 45%, 30%, 21% identity) to LpAFP, 
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respectively. Alignment of putative BdIRI proteins with the amino acid sequences of IBPs from 

L. perenne (LpIRI1, LpIRI3, and LpIRI4; EU680848.1, EU680850.1 and EU680851.1) identified 

conserved motifs found in many plant IBPs. The amino (N)-terminal domain of all the B. 

distachyon proteins were predicted to have secretion signals for apoplastic localization followed 

by a varying number of leucine-rich repeats (LRRs) and a carboxyl (C)-terminal domain with a 

number of conserved ice-binding motifs (NXVXG/NXVXXG, where X represents an outward 

facing residue) (Figure 3.1). 

 In silico modeling (Figure 3.2A) showed that the N-terminal domains were similar to an 

LRR receptor-like kinase form Arabidopsis thaliana, FLS2, with a highly conserved structure that 

is shared generally amongst LRR-containing proteins. This consists of coils with β-sheets on one 

side and irregular α-helices on the other, creating a concave shape on one surface. Similar to other 

plant IBPs, the C-terminal domain of all 7 proteins were predicted to fold into a right handed β-

helix with two relatively flat faces (Figure 3.2B). Notably, with the exception of Bradi5g27350.1 

(BdIRI1), these isoforms contain fewer β-helical turns than IBPs found in other plants, with 

Bradi5g22870.1 (BdIRI7) only predicted to have two coils.  

Putative N-linked glycosylation sites were identified for all 7 isoforms (Table A.3) 

although it should be noted that such algorithms were developed for animal sequences and thus 

may not be applicable to plants. Nevertheless, such glycosylation sites were predicted to occur in 

the N-terminal domain of BdIRI isoforms 1, 2, 3, 4, and 7 and both the N- and C-terminal 

domains of BdIRI isoforms 5 and 6. 
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Figure 3.1 Amino acid sequence alignment of BdIRI proteins. The BdIRI amino acid 

sequences were aligned against the sequences of an L. perenne IRI isoform, LpIRI3 (EU680850), 

using ClustalW2 multiple sequence alignment tool. N-terminal signal peptides, predicted by the 

SignalP 4.1 server, are underlined. Conserved leucine-rich repeat motifs (LXXL, where X 

represents a non-conserved residue) are highlighted in grey. The ice-binding motifs NXVXG and 

NXVXXG are outlined in black and grey boxes, respectively. The amino acids predicted to 

compose one β-helical coil, as indicated by the Phyre 2.0 algorithm are presented as different 

colors. A black arrow marks the location of potential cleavage sites in the aligned residues (see 

text).  
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Figure 3.2 Structural model of the BdIRI1 protein sequence. The amino (N)- (A) and carboxyl 

(C)- (B) terminal domains were modeled individually using the Phyre 2.0 algorithm. The N-

terminal domain modeled to A. thaliana FLS2 (At5g46330.1) crystal structure corresponding to a 

flagellin receptor protein. The C-terminal domain was modeled to the crystal structure of LpAFP 

(AJ277399), an IBP identified in L. perenne. Putative ice-binding residues identified on the flat 

surfaces of the C-terminal domain are shown as sticks.  
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3.4.2 Identification and characterization of native BdIRI proteins 

Restricted ice crystal growth was clearly observed in crude cell extracts collected from 

wild-type B. distachyon following a 48-h cold acclimation period, but not following shorter cold 

treatments (Figure 3.3). After a 48-h acclimation period, native BdIRI proteins were isolated 

using ice-affinity purification, which resulted in “ice-etching”, observed as a rough and 

sometimes tinted polycrystalline hemisphere of ice, indicating protein incorporation (Figure 3.4). 

The melted ice fraction had high IRI activity (at 0.1 mg/mL protein; Figure 3.5), with a mean TH 

activity of 0.15 °C ± 0.005 °C (0.5 mg/mL). The morphology of the ice crystal was hexagonal, 

suggestive of binding to the primary prism plane and basal of ice (Figure 3.6), and when the 

equilibrium was exceeded, the ice crystal’s ‘burst’ showed growth along the a-axes. This type of 

burst morphology is typical of samples with low IBP concentrations. 

Two predicted IBP sequences were identified in the ice-purified lysates of cold-

acclimated B. distachyon through LC-MS/MS with 100% identity to proteins encoded by genes 

corresponding to genome accession numbers Bradi5g27340.1 and Bradi5g27330.1 (BdIRI-3 and -

4), with the former isoform being 25-fold more abundant (Figure 3.7). No sequence reads were 

identified for the LRR domain (corresponding to amino acid positions 1-148 for both BdIRI-3 

and -4), indicating that the purified proteins were processed, and further that the cleaved N-

terminal domain was not recovered by ice-affinity. Use of the ExPASy Peptide Cutter had 

predicted a number of cleavage sites, however, since it is unlikely that cleavage would arise 

within the ice-binding domain itself, we had hypothesized that cleavage would occur just after the 

LRR domain. Cleavage sites were identified 3 amino acids N-terminal to the predicted ice-

binding motifs corresponding to asparagine endopeptidase hydrolysis, aligning perfectly with the 
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Figure 3.3 Assessment of the induction of ice-binding activity in wild-type B. distachyon. Crude lysates (0.1 mg/mL of total protein) collected 

from the leaves of B. distachyon were used to test for IRI activity over a 48-h cold acclimation period at 4 °C. Ice crystals were observed at time 

zero and after annealing at −4 °C for 18 h. Assays were done in triplicate.
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Figure 3.4 Representative ice hemisphere obtained during the ice-affinity purification of 

native BdIRI proteins. The polycrystalline ice hemisphere shown was obtained after two rounds 

of ice-affinity purification using crude cell lysates of cold-acclimated (1 week at 4 °C) wild-type 

B. distachyon leaf tissue (20 g). The ice etching observed across the surface of the ice hemisphere 

indicates successful incorporation of IBPs. The procedure was conducted in triplicate.  

1	cm



 

 

 

75 

 

 

 

 

 

 

 

 

 

Figure 3.5 Monitoring ice-binding activity during ice-affinity purification of proteins from 

B. distachyon leaves. The crude cell lysates (0.1 mg/mL of total protein) of non-acclimated (NA) 

and cold-acclimated (CA) (1 week at 4 °C) leaf tissue, as well as samples collected from the ice 

and liquid fractions during the purification procedure were tested for ice-recrystallization 

inhibition activity. Samples were observed at time 0 and following an 18-h incubation period at 

−4 °C with all assays conducted in triplicate. 
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Figure 3.6 Ice crystal shaping of wild-type B. distachyon lysates. The morphology of ice 

crystals formed in the presence of lysates of non-acclimated B. distachyon (A) was compared to 

those produced by cold-acclimated (CA) B. distachyon lysates (B). The ice crystal “burst” 

observed in the presence of CA lysates is shown in panels (C) and (D). The arrow indicates the 

direction of the a-axis in one of the images. Assays were conducted using 0.5 mg/mL of total 

protein, in triplicate. 
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Figure 3.7 Alignment of BdIRI peptides recovered by ice-affinity purification. Peptide 

fragments identified by LC-MS/MS were aligned against the full-length amino acid sequences of 

BdIRI3 (A) and BdIRI4 (B). Amino acid coverage is indicated in yellow. Peptide fragments 

recovered by LC-MS/MS are indicated by grey boxes.   



 

 

 

78 

algorithm-based predictions (Figure 3.1), and the recovered sequence reads obtained after LC-

MS/MS. No other PTMs were identified for either peptide. 

 

3.4.3 Ice-binding activity of recombinant BdIRI proteins 

Initially, DNA fragments corresponding to the BdIRI ORFs were cloned in pET24a(+) 

vectors and expressed in BL21 cells resulting in the presence of ~95% of the recombinant protein 

in the insoluble protein fraction (Middleton et al., 2012). Various methods including denaturation 

of the recombinant proteins followed by renaturation in vitro, as well as expression in 

ArcticExpress™ competent cells were tried in an attempt to solubilize the proteins but these 

procedures all proved unsuccessful. Thus, constructs were made for expression in Origami2™ 

(DE3) cells, with the result that the recombinantly-produced proteins were mostly soluble (~75%) 

and all 7 proteins demonstrated IRI activity at 1 mg/mL (Figure 3.8A). Five of the isoforms were 

very active, showing no growth of ice crystals when diluted below 0.1 mg/mL, but two isoforms, 

BdIRI6 and BdIRI7, lost IRI activity at 0.1 mg/mL and 0.5 mg/mL, respectively (Figure A.3). All 

proteins, except BdIRI7, appeared to bind to the primary prism planes of ice (Figure 3.8B). This 

was indicated by the hexagonal shaping of individual ice crystals in the presence of BdIRI1 and 

BdIRI3-6. Ice crystals formed in the presence of BdIRI2, unlike the other BdIRI isoforms, which 

showed the basal plane, displayed the prism plane (Figure 3.8B). This “rectangular” shaping is 

also suggestive of adsorption to the primary prism plane by BdIRI2. Low TH activities were 

observed for all BdIRI proteins (Table 3.1A). Compared to other isoforms, BdIRI6 and BdIRI7 

had a decreased capacity to adsorb to ice crystals and lower TH activity. This activity was 

directly correlated with the putative number of ice-binding motifs (Figure 3.1) as well as the 

overall percent similarity to LpAFP.
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Figure 3.8 Ice-binding activity of BdIRI proteins produced in E. coli. Ice recrystallization inhibition activity was observed for all 7 BdIRI 

recombinant proteins as indicated, as well as purified recombinant LpAFP and buffer controls (see text). Images were captured immediately (time 

0) and following an annealing period of 18 h at −4 °C (A). Ice crystal morphologies were also observed for all proteins (B). Assays were 

conducted using 1 mg/mL of recombinant protein, in triplicate with representative photos shown.
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Table 3.1 Thermal hysteresis readings for recombinant proteins (A) and plant crude lysates (B).  

A Isoform Thermal Hysteresis Activity (°C)  

 
BdIRI1 0.093 ± 0.002 

 
BdIRI2 0.082 ± 0.002 

 
BdIRI3 0.079 ± 0.002 

 
BdIRI4 0.087 ± 0.004 

 
BdIRI5 0.081 ± 0.003 

 
BdIRI6 0.064 ± 0.004 

 
BdIRI7 0.059 ± 0.003 

 
LpAFP 0.14 ± 0.001 

 
Buffer 0 

B Line Thermal Hysteresis Activity (°C) 

 Wild-type  0.079 ± 0.012  

 miRBdIRI-a  0.013 ± 0.003 

 miRBdIRI-b 0.011 ± 0.014  

 miRBdIRI-c 0.034 ± 0.017  

 miRBdIRI-d 0.009 ± 0.002  

 

Notes: ± represents the standard deviation of the mean 
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3.4.4 Attenuation of IBP expression in transgenic B. distachyon  

Following cold acclimation, transcripts for all BdIRI genes were present in the leaf tissue 

of both wild-type and miRBdIRI-knockdown lines (Figure 3.9). No transcripts were present in 

non-acclimated leaf tissue collected from wild-type plants (Figure A.4). When crude cell lysates 

and apoplast extracts were collected from cold-acclimated knockdown lines, they showed reduced 

IRI activity (Figures 3.10A and 3.10B) compared to wild-type controls. As well, the circular disc 

morphology of the ice crystals formed in the presence of the cold-acclimated knockdown lines 

was distinct from the hexagonal ice crystals seen in the presence of wild-type lysates (Figure 

3.10C). Accordingly, the average TH activity of the miRBdIRI plants was reduced by 57-88% 

across all four transgenic lines compared to wild-type plants (Table 3.1B). Notably, miRBdIRI 

line-c indicated somewhat weaker translational repression than other lines, nevertheless ice-

binding activity was clearly reduced. Analysis of the ice-binding activity of B. distachyon lines 

transformed with control pCambia:mOrange constructs confirmed that vector insertion did not 

result in the altered ice-binding phenotypes.  

 

3.4.5 Phenotypes of transgenic IBP knockdown plants 

Each of the four independent miRBdIRI-knockdown lines were maintained as 

heterozygotes since homozygosity is not required for attenuation using microRNAs. They were 

together notable for their distinct phenotype including shorter stature (Figure A.5) and 

dramatically reduced seed number in each pod compared to wild-type plants (Table 3.2). Empty 

vector control plants did not show reduced seed set, with an average of 76-361 seeds across five 

independent lines, suggesting that the pleiotropic effects were associated with IBP  
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Figure 3.9 Transcript analysis of BdIRIs in wild-type and knockdown (miRBdIRI) plants. 

Transcripts were amplified for four independent lines (miRBdIRIa-d) as well as wild-type plants 

with PCR performed using the isoform-specific primers listed in Table A.2B. The SamDC 

transcript was used as a PCR loading reference. Assays were done in triplicate. 
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Figure 3.10 Ice-binding activities in wild-type B. distachyon and transgenic knockdown lines 

(miRBdIRIs). Ice-recrystallization inhibition was assayed in buffer controls and crude cell 

lysates (A) as well as apoplast extracts (B), from wild-type plants and knockdown lines 

(miRBdIRIa-d) after annealing at −4 °C for 24 h, at a total protein concentration of 0.1 mg/mL. 

Ice crystal morphologies (C) were tested at 0.5 mg/mL of total protein collected from crude cell 

extracts. All assays were performed in triplicate. 
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Table 3.2 Developmental characteristics of wild-type B. distachyon and miRBdIRI knockdown 

lines.  

 
 Parameter 

Line Height 
(cm) 

Number of 
Florets Number of Seeds Percent 

Germination 

Wild-type 29.3 ± 2.3 204.3 ± 27.2 150.7 ± 31.5 89.4 ± 3.6 

miRBdIRI-a 18.8 ± 6.5 191.6 ± 40.6 3.9 ± 4.0 41.6 ± 13.7 

miRBdIRI-b 23.6 ± 4.8 224.2 ± 21.3 9.1 ± 7.1 62.7 ± 12.4 

miRBdIRI-c 17.9 ± 5.0 197.7 ± 46.6 7.9 ± 5.3 70.4 ± 4.6 

miRBdIRI-d 12.8 ± 4.8 200.1 ± 16.2 9.4 ± 6.0 77.6 ± 20.7 

Notes: ± represents the standard deviation from the mean. Data was compiled from 5 independent 
growth trials using at least 8 plants for each transgenic line (miRBdIRIa-d) and wild type plant. Height 
was measured at 12 weeks. Percent germination was determined by plating seeds on MS agar and 
growing under standard growth conditions (refer to experimental procedures). 
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attenuation. Indeed, the very low number of viable seeds made the analysis of freeze tolerance in 

the transgenic plants a challenge. 

It has been hypothesized that IBPs protect plasma membranes through freeze-thaw cycles 

by restricting the growth of extracellular ice crystals, preventing dehydration-induced rupture of 

the plasma membrane (Sandve et al., 2011), as well as by associating with the plasma membrane, 

providing stabilization (Hays et al., 1996; Rubinsky et al., 2001; Tomczak et al., 2002). To test 

these hypotheses, electrolyte leakage was assayed in the four lines. Compared to leaves from 

cold-acclimated wild type plants, a significant increase in electrolyte leakage was seen across all 

transgenic lines (T-test, p<0.005) following freezing of leaf samples to –10 °C, with an overall 

increase of 21.9%, 14.8%, 15.9% and 12.6% for miRBdIRI knockdown lines a-d, respectively 

(Figure 3.11). Few electrolytes were released from plants incubated at 4 °C. 

Whole plant freeze survival assays conducted at −8 °C showed 93.3% survival of wild-

type plants (Figure 3.12). In contrast, survival was reduced in miRBdIRI-knockdown lines, with 

mean survival rates of 60.2 %, 66.7%, 89.7%, and 73.3% for miRBdIRI lines a-d, respectively. 

Of note, miRBdIRI-c plants showed the highest level of freeze survival of all independently 

generated transgenic lines, in accordance with the higher levels of IRI, ice shaping and TH 

activity when compared to other transgenic lines (Figure 3.10 and Table 2.1B). Despite the fact 

that extraordinary efforts were put into place to cultivate all these lines, there was only sufficient 

material to test 10 plants per independent transgenic line (repeated in triplicate). A reduction in 

survival was observed in all lines, however, likely due to the restricted sample size, there was a 

statistically significant reduction in two of the lines. 
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Figure 3.11 Ion-leakage assays conducted using leaf tissue from cold-acclimated wild-type 

B. distachyon and miRBdIRI knockdown lines. Controls were kept at 4 °C (white bars) and 

treated samples (red bars) were frozen to a final temperature of −10 °C over a 4 h period before 

assaying for ion leakage (%), calculated as the number of ions leaked following freezing 

treatment divided by the total number of ions contained in the leaf sample.  Error bars represent 

standard error of the mean with significance denoted by an asterisk and indicating p<0.005 

(unpaired T-test, one-tailed). Experiments were done in triplicate (n=10). 
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Figure 3.12 Whole plant freeze survival assays of wild-type B. distachyon and transgenic 

knockdown lines (miRBdIRIs).  Cold-acclimated wild-type and knockdown lines (miRBdIRIa-

d) were slowly frozen to −8 °C at a rate of 1 °C/ h. Plants were then allowed to recover for 2 d at 

4 °C (no light), and placed back in standard growth conditions for 7 d, after which survival was 

recorded. Values are represented as a mean of three trials (n=10 plants) with error bars 

representing standard error of the mean, and significance denoted by asterisks for p<0.005 

(unpaired T-test, one-tailed).  
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3.5 Discussion 

The evolution of IBPs in freeze-tolerant organisms points to their role in protecting cells 

from damage incurred at sub-zero temperatures. However, without a knockdown to verify the role 

of these proteins, these claims remained formally unsubstantiated. Accordingly, we have 

identified and functionally characterized 7 IBPs in the model cereal, B. distachyon, and generated 

knockdown lines with demonstrably reduced IBP activity. Using these knockdown lines we have 

now confirmed that IBPs are important players in the freezing stress response. In these plants 

specifically, and in conjunction with other transgenic expression studies (for example, Bredow et 

al., 2016a; Zhang et al., 2012), our results highlight the value of IBPs as candidates for the 

development of freeze-tolerant crops. 

Analysis of the ice-binding activity of wild-type B. distachyon cell extracts showed that 

following a short cold acclimation period, these plants induced the expression of proteins capable 

of restricting ice crystal growth (Figure 3.3), shaping ice (Figure 3.6) and depressing the freezing 

point (0.14 °C at 0.5 mg/mL). We isolated proteins that adsorbed to ice in order to validate the 

identity of native BdIRI proteins. Somewhat surprisingly, only 2 of the 7 BdIRI proteins (BdIRI3 

and BdIRI4) were recognized following ice-affinity purification. This may be due to differing 

capacities for ice crystal adsorption, although this is not obvious from TH, IRI, or ice-shaping 

activities, except for the less active BdIRI6 and BdIRI7 proteins (Table 3.1A and Figure 3.8). 

Notably, these two isoforms have the least similarity to LpAFP, and the reduced number of 

conserved ice-binding residues may result in a lower capacity for ice crystal adsorption. 

However, it is not known why peptides corresponding to the other three proteins were not 

recovered; we speculate that this could reflect varying isoform expression in leaves at this 

particular point in the cold acclimation process.  
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The isolated native BdIRI proteins provided insight into the processing of IBPs in planta. 

Previous research has shown that some plant IBPs undergo PTMs, including N-linked 

glycosylation (Pudney et al., 2003; Duman, 1994; Fei et al., 1994; Gupta and Deswal, 2012; Lu et 

al., 2000; Worrall et al., 1998). While glycosylation is necessary for the ice-binding activity of 

IBPs produced in Solanum dulcamara (Gupta and Deswal, 2014a), both glycosylated and 

deglycosylated forms of IBPs produced in other plants have shown similar levels of ice-binding 

activity (Pudney et al., 2003; Duman, 1994; Gupta and Deswal, 2012). The identification of 

algorithm predicted N-linked glycosylation sites in the coding sequences of BdIRI proteins (Table 

A.3) suggested that these proteins too, may be glycosylated. However, according to LC-MS/MS 

analysis, the two BdIRI isoforms recovered from ice-affinity purification were not glycosylated. 

IBPs isolated from T. aestivum are also not glycosylated (Kontogiorgos et al., 2007) and while the 

IBPs produced in L. perenne are postulated to be glycosylated, experiments with the bacterially-

produced recombinant IBP have shown that ice-binding occurs through the protein backbone and 

glycosylation is not required for activity (Pudney et al., 2003; Lauersen et al., 2011). Together, 

this evidence suggests that while glycosylation may be an important PTM for the activity of some 

IBPs, it is likely not required for the activity of those produced in the Pooideae family of freeze-

tolerant grasses.           

In addition to glycosylation, some studies have suggested that IBPs from freeze-tolerant 

grasses may undergo specific proteolytic cleavage in planta (Sandve et al., 2008). Indeed, the 

native BdIRI3 and BdIRI4 proteins appeared to have been fully processed, with no peptides 

corresponding to the N-terminal LRR domain identified in the ice-purified fraction. The 

processed proteins match algorithm-based predictions (Figure 3.1) with hydrolysis occurring 

three amino acids N-terminal to the ice-binding domain. It should be mentioned that studies with 
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recombinant IBPs that are N-terminally tagged are capable of adsorption to ice (for example, 

LpAFP (Lauersen et al., 2011)). Thus, while even non-processed IBPs could adsorb to ice, it may 

be the case that removal of the LRR domain, which is predicted to have a concave structure on 

one surface, is required for maximal ice crystal adsorption, since efficiency of adsorption has 

been associated with the “flatness” of the ice-binding surface (Yang et al., 1998). Following 

processing, the LRR domain itself could have a function, as suggested below.  

Assessment of the ice-binding activity of the recombinantly-produced proteins revealed 

that all isoforms had the capacity to restrict ice crystal growth, depress the freezing point, and 

with the exception of BdIRI7, shape ice (Table 3.1A and Figure 3.8). In addition to the lowest TH 

activities, ice crystals annealed in the presence of BdIRI6 and BdIRI7 were noticeably larger than 

those observed with the other five isoforms. However, the other recombinant isoforms with 

comparatively higher TH activity were still modestly lower (~0.1 °C at 1 mg/mL) (Table 3.1A) 

than LpAFP (~0.3 °C at 1.5 mg/mL) (Lauersen et al., 2011) and DcAFP (~0.3 °C at 1 mg/mL) 

(Zhang et al., 2004). Nonetheless, the ice-binding activity of BdIRI isoforms was substantially 

greater than purified proteins from winter wheat, which did not show TH or ice crystal shaping at 

reasonable concentrations (~0.33 °C at 60 mg/mL) (Griffith et al., 2012). While TH activity may 

be the hallmark property of IBPs, it is well documented that IRI activity is more functionally 

relevant in plants than in other freeze-avoidant species (Griffith and Yaish, 2004). In this regard, 

while BdIRI isoforms 1-5 can most certainly be classified as IBPs, the lower IRI activity of 

BdIRI6 and BdIRI7 at concentrations below 1 mg/mL suggests that if these isoforms were 

expressed by themselves, they might not serve as effective IBPs in planta. 

A marked difference in the activity levels of native extracts (0.14 °C at 0.5 mg/mL) and 

recombinantly-produced isoforms (0.06-0.09 °C at 1 mg/mL) (Table 3.1A) was observed. 
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Initially, we hypothesized that glycosylation might be required for the optimal ice-binding 

activity of these proteins. However, since glycosylation was not seen in the two native IBPs 

identified after mass spectrometry, the enhanced ice shaping and TH activity seen with native 

proteins compared to the individual recombinantly-produced BdIRIs could instead be explained 

by the presence of more than one isoform. Indeed, the expression of multiple IBPs is reported to 

enhance ice-binding and TH activity (Bredow et al., 2016a; Burcham et al., 1984; Nishimiya et 

al., 2005). Additionally, since the recombinant proteins used in this study were those representing 

the full coding sequence and native BdIRI proteins appear to be cleaved, it is possible that the 

absence of processing could also explain the discrepancy between ice crystal adsorption of the 

native and recombinant IBPs. 

Having now verified the ice-binding activity of BdIRI proteins, we generated four 

independent knockdown lines with attenuated IBP activity. The presence of transcript in 

knockdown lines indicated that the miRNA regulates expression by repressing the translation of 

the BdIRI transcripts as has been seen with other miRNAs in plants (Yu and Pilot, 2014; Iwakawa 

and Tomari, 2013; Brodersen et al., 2008). The loss of ice-binding activity in transgenic lines was 

observed in crude cell extracts containing both intracellular and extracellular components, but 

also in the apoplastic extracts of IBP knockdowns (Figure 3.10). Most plant IBPs have been 

shown to localize to the apoplast (Griffith et al., 1992; Bredow et al., 2016a; Antikainen and 

Griffith, 1997; Griffith et al., 1995; Marentes et al., 1993) and recent research has demonstrated 

that localization of IBPs to the extracellular space may be required for full freeze protection 

(Bredow et al., 2016a). In addition to the identification of putative extracellular signal peptides in 

the N-terminal domain of all 7 BdIRIs (Figure 3.1), the presence of IRI and TH activity, as well 
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as ice shaping in the apoplastic extracts of wild-type B. distachyon lines, suggests that BdIRI 

proteins are localized to extracellular compartments. 

Electrolyte leakage assays demonstrated that attenuation of IBP expression resulted in a 

loss of cell integrity at sub-zero temperatures when compared to wild-type B. distachyon (Figure 

3.11). Since electrolyte leakage is an indicator of the level of cell membrane stability (Bajji et al., 

2002), the substantial increase in the percentage of leaked ions in the transgenic lines following 

freezing indicates an increase in membrane damage associated with the reduction in BdIRI levels. 

Previous research has suggested that some plant IBPs could be affiliated with membranes, 

presumably to provide stabilization during freeze-thaw cycles (Rubinsky et al., 1991; Tomczak et 

al., 2002; Hirano et al., 2008). However, given the extracellular localization of these proteins, 

another possible explanation for the membrane protection is that IBPs restrict the growth of ice 

crystals in the apoplastic space during freezing, preventing physical damage to the membranes 

caused by the growth of large ice crystals.  Additionally, it is thought that plasma membrane 

association occurs though the sugar moiety of antifreeze glycoproteins (AFGPs) (Muthukumaran 

et al., 2011) and since BdIRI proteins do not appear to be glycosylated, an association with 

membranes may be unlikely. 

Although it has long been speculated that IBPs are required for freezing protection, until 

now, there has been no direct test of the importance of this particular protein family for low-

temperature endurance. Whole plant survival assays (Figure 3.12) revealed that all IBP 

knockdown lines had reduced rates of viability following freezing. Although a significant 

decrease in survival was only seen in two lines, it is noteworthy that viability was correlated with 

the level of ice-binding activity. Specifically, the knockdown line miRBdIRI-c, which retained 

the highest IRI and ice-shaping activity of all transgenic lines (Figure 3.10) also showed the 
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greatest freeze survival. This observation suggests that the level of IBP expression is an important 

factor in determining the degree of freeze tolerance. Notwithstanding the low fecundity of the 

transgenic lines necessitating the limited number of plants for testing (N=10), marked differences 

were still seen in three lines. We submit this as evidence of the importance of IBPs in the 

freezing-tolerance stress response in B. distachyon.    

As indicated, in all independently derived lines, knockdown of IBPs resulted in 

pleiotropic phenotypes including lower seed set and germination rates, as well as reduced above 

ground biomass (Table 3.2). Algorithm-based amiRNA target predictions, using the fully 

annotated B. distachyon genome, did not identify any off-target ‘hits’ and therefore, we suspect 

there is another explanation for this phenotype. One possibility is that these detrimental effects 

are directly attributable to the knockdown of the N-terminal LRR domain. LRR proteins have 

roles in inflorescence architecture, the development of floral meristem cells, floral organ 

abcission, plant defense and pathogen recognition, as well as microsporogenesis and male sterility 

(Albrecht et al., 2005; Clark et al., 1997; Colcombet et al., 2005; Gao et al., 2009; Gómez-Gómez 

et al., 2001; Jinn et al., 2000; Torii et al., 1996; Zhao et al., 2002). IBP transcripts have been 

identified in the embryos and seeds of closely-related species (Schreiber et al., 2009; Yu et al., 

2014) and although the ice-binding ß-domain may not be stable at standard growth temperatures 

(Lauersen et al., 2011), it is possible that the cleaved LRR domain could still accumulate in the 

apoplast at some stages of development. These observations, although preliminary, warrant the 

investigation of these additional phenotypes in future studies to fully understand the possible 

multifunctional roles of IBPs in plants.  

 To recapitulate, for the first time, we have generated an IBP knockdown to test the role of 

IBPs in plant freeze tolerance. The attenuation of expression of 7 proteins with confirmed ice-
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binding activity resulted in plants that suffered increased membrane damage and had lower rates 

of survival following freezing. Our results suggest that the freeze protection provided by BdIRI 

proteins could be due to the restriction of ice crystal growth by these proteins. Given the 

pleiotropic effects incurred on these knockdown lines, future studies using spatial and/or 

temporally controlled promoter systems would be valuable in order to elucidate the specific roles 

of these proteins in plant systems. 
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Chapter 4 

Ice-binding proteins confer freezing tolerance in transgenic Arabidopsis 

thaliana 

 

4.1 Abstract 

Lolium perenne is a freeze-tolerant perennial ryegrass capable of withstanding 

temperatures below −13 °C. Ice-binding proteins (IBPs) presumably help prevent damage 

associated with freezing by restricting the growth of ice crystals in the apoplast. We have 

investigated the expression, localization, and in planta freezing protection capabilities of two L. 

perenne IBP isoforms, LpIRI2 and LpIRI3, as well as a processed IBP (LpAFP). One of these 

isoforms, LpIRI2, lacks a conventional signal peptide and was assumed to be a pseudogene. 

Nevertheless, both LpIRI2 and LpIRI3 transcripts were upregulated following cold acclimation. 

LpIRI2 also demonstrated ice-binding activity when produced recombinantly in Escherichia coli. 

Both the LpIRI3 and LpIRI2 isoforms appeared to accumulate in the apoplast of transgenic 

Arabidopsis thaliana plants. In contrast, the fully processed isoform, LpAFP, remained 

intracellular. Transgenic plants expressing either LpIRI2 or LpIRI3 showed reduced ion leakage 

(12-39%) after low temperature treatments, and significantly improved freezing survival, while 

transgenic LpAFP-expressing lines did not confer substantial sub-zero protection. Freeze 

protection was further enhanced by the introduction of more than one IBP isoform; ion leakage 

was reduced by 26-35%, and 10% of plants survived temperatures as low as −8 °C. Our results 
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demonstrate that apoplastic expression of multiple L. perenne IBP isoforms show promise for 

providing protection to crops susceptible to freeze-induced damage.      

4.2 Introduction 

Many overwintering temperate plants are susceptible to freeze injury during the coldest 

months. At sub-zero temperatures, ice crystals form in extracellular spaces, or the apoplast, 

creating an osmotic gradient that can result in cellular dehydration, expansion-mediated lysis of 

plasma membranes, and sometimes plant death (Thomashow, 1998). In order to better adapt to 

freezing temperatures some overwintering plants induce the expression of a family of protective 

proteins, designated ice-binding proteins (IBPs). IBPs are members of a highly diverse family of 

proteins that have been identified in certain organisms including fish (Davies and Hew, 1990), 

insects (Duman, 2001), bacteria (Gilbert et al., 2004) and plants (Sidebottom et al., 2000). The 

activity of IBPs stems from their ability to irreversibly adsorb to ice crystals, resulting in the 

“shaping” of ice as they become incorporated into the ice crystal lattice (Bar-Dolev et al., 2012).  

IBPs are known to enhance freezing tolerance through two distinct properties: ice-

recrystallization inhibition (IRI), which prevents the growth of ice crystals at high sub-zero 

temperatures (Sandve et al., 2011) and thermal hysteresis (TH), or the depression of the freezing 

point in relation to the equilibrium melting point (Raymond and DeVries, 1977). While freeze-

avoidant organisms produce IBPs that depress the freezing point by several degrees, often 

referred to as antifreeze proteins (AFPs) (Davies and Hew, 1990; Duman, 2001), plants encode 

IBPs with low TH activity and rely on restricting ice crystal growth as a primary survival strategy 

(Sandve et al., 2011).  

Although IBPs are not commonly found in plants and are absent in Arabidopsis thaliana 

for example, they have been purified but not conclusively identified in more than a dozen plants 
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including bittersweet nightshade (Solanum dulcamara) (Huang and Duman, 2002), carrot 

(Daucus carota) (Smallwood et al., 1999), winter rye (Secale cereale) (Hon et al., 1995) and 

perennial ryegrass (Lolium perenne) (Pudney et al., 2003).  Since ice crystal growth is commonly 

propagated in the apoplast, secretion of IBPs from the cytoplasm would prevent the 

recrystallization of extracellular ice, protecting cells from the effects of freeze-induced cellular 

dehydration. Thus, it is not surprising that most of the IBPs that have been studied have been 

recovered from the apoplastic extracts of cold-acclimated leaf tissue (Antikainen and Griffith, 

1997; Griffith et al., 1992; Hon et al., 1994; Marentes et al., 1993). The presence of an N-terminal 

signal peptide in most IBPs suggests secretion through the endoplasmic reticulum (ER) secretory 

pathway. An IBP from S. dulcamara has been reported to lack a signal peptide and remains 

intracellular (Huang and Duman, 2002), suggesting that IBPs might also function to prevent 

damage associated with intracellular ice-nucleation. 

The freeze-tolerant perennial grass, L. perenne (Lp), is native throughout Europe and 

Eastern Asia where it can survive at temperatures as low as −13 °C (Thomas and James, 1993). 

Their IBPs have been termed ice-recrystallization inhibition proteins (LpIRIPs) due to their low 

TH activity (~0.3 °C at 1 mg/mL) (Lauersen et al., 2011),  but relatively high IRI activity 

(Pudney et al., 2003).  Four LpIRIPs have been identified in L. perenne: LpIRI1, LpIRI2, LpIRI3, 

and LpIRI4 (Sandve et al., 2008).  A partial protein product, named LpAFP, was identified in 

another L. perenne cultivar (Sidebottom et al., 2000) and has been the subject of much in vitro 

characterization (Lauersen et al., 2011; Middleton et al., 2009).  

LpIRIPs have two distinct domains: a leucine-rich repeat (LRR) domain and a carboxyl 

(C)-terminal IRI domain, which consists of a series of repeated “ice-binding motifs” 

(NXVXG/NXVXXG, where X represents an outward facing residue). The IRI domain of these 
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proteins have been predicted to fold into a β-helix and the crystal structure of LpAFP has verified 

this fold (Middleton et al., 2009). Specific residues on the ice-binding face (IBF) allow LpIRIPs 

to adsorb to ice crystals on the basal and primary prism planes resulting in hexagonal bipyramidal 

crystals (Kumble et al., 2008). N-terminal to the IRI domain is a varying number of LRR motifs, 

likely derived from phytosulfokine LRR receptor tyrosine kinase sequences (Sandve et al., 2008). 

The retention of the LRR domain in three of the IBP isoforms may simply have allowed for the 

presence of the N-terminal signal peptide for secretion to the apoplast.  

Notably, one isoform, LpIRI2, lacks most of the region upstream of the IRI domain, 

including an identifiable signal sequence, and likely evolved through duplication of LpIRI4 and 

the subsequent deletion of the N-terminal domain (Sandve et al., 2008). The absence of a signal 

peptide has led to the hypothesis that LpIRI2 is a pseudogene. However, the modest sequence 

divergence following duplication of LpIRI4 suggests that the gene may still be under selective 

pressure and thus, retain some function (Sandve et al., 2008). Therefore, whether LpIRI2 is a 

pseudogene, acts as an intracellular IBP, or is secreted via a non-classical pathway is not known.  

Biotechnological applications of IBPs for the enhancement of freeze tolerance have been 

tested in tobacco (Nicotiana tabacum) (Holmberg et al., 2001), potato (Solanum tuberosum) 

(Wallis et al., 1997) and tomato (Solanum lycopersicum) (Hightower et al., 1991). Generally such 

transgenic plants have shown IBP accumulation in the apoplast, but few efforts have reported 

significant differences in freezing tolerance as shown by 50% lethality (LT50) assays. An 

exception is the enhanced freeze survival following the transfer of IBP sequences to A.  thaliana 

(Zhang et al., 2010).  However, these studies have focused on the expression of a single IBP from 

a protein family, and we considered that the isoforms could work synergistically or cumulatively 

to restrict ice crystal growth. As well, we were particularly interested in determining if LpIRI2 
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has retained ice-binding activity and thus function in planta, despite the loss of the N-terminal 

signal peptide. We have now addressed these outstanding concerns through the expression of 

various LpIRIP isoforms in A. thaliana, alone and in combination, in order to provide insight into 

the mechanisms underlying IBP-mediated freezing tolerance.   

 

4.3 Materials and Methods 

 

4.3.1 Bioinformatics analysis 

The translated sequences corresponding to the open reading frames (ORFs) of LpIRI1 

(GenBank accession no. EU680848), LpIRI2 (EU680849), LpIRI3 (EU680850), LpIRI4 

(EU680851) and LpAFP (AJ277399), were aligned using ClustalW2 Multiple Sequence 

Alignment Tool (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Predictions regarding the IRI-

domain and putative ice-binding residues for LpIRIP sequences were made based on alignment 

with LpAFP, for which the IBF has been well characterized (Middleton et al., 2009). SignalP4.1 

(http://www.cbs.dtu.dk/services/SignalP/) was used to predict sequences encoding putative signal 

peptides. The Phyre 2.0 algorithm (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) 

was used to predict tertiary protein structure. 

 

4.3.2 Cloning and protein purification of recombinant LpIRIPs 

Sequences corresponding to the ORFs of LpIRI2 and LpIRI3 were synthesized by 

GeneArt™ (Invitrogen, Carlsbad, CA, USA), and the stop codons were removed by PCR with the 

primers LpIRI2NdeIFW/LpIRI2nostopXhoIRV (Table A.4A) for LpIRI2 and 

LpIRI3NdeIFW/LpIRI3nostopXhoIRV (Table A.4A) for LpIRI3, in order to incorporate a 6-
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residue histidine tag to facilitate protein purification. Amplification was done using Platinum Pfu 

Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA) using the following program: 2 min at 94 

°C followed by 35 cycles of 30 sec at 94 °C, 30 sec at 54 °C, and 1 min 50 sec at 72 °C, with a 

final extension at 72 °C for 7 min. The amplified products were then ligated into pET24a(+) 

vectors (Novagen, Etobicoke, ON, CA) and transformed into ArcticExpress™ Escherichia coli 

cells (New England Biolabs Inc., Whitby, ON, CA) using chemical transformation, with each 

construct subsequently confirmed by sequencing (Plateforme de séquençage et de génotypage des 

genomes; Québec City, QC, CA) after each cloning step.   

Bacterial cultures were grown to an optical density (OD) of 0.8 (λ=595) and induced for 48 

h at 16 °C, using 0.5 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were lysed 

using a French Press (ThermoFisher Scientific, Nepean, ON, CA) and recombinant proteins 

purified from soluble lysates using a Nickel-NTA agarose column (Qiagen, Toronto, ON, CA) as 

previously described (Lauersen et al., 2011). Purified proteins were dialysed against 50 mM Tris-

HCl, 100 mM NaCl, pH 8.0 for 24 h and used immediately for ice-binding and protein assays or 

frozen at −20 °C until analyzed. 

 

4.3.3 Cloning of LpIRIP constructs for expression in A. thaliana 

For expression in A. thaliana, the ORFs of LpAFP, LpIRI2 and LpIRI3 were PCR amplified 

using LpAFPBglIIFW/LpAFPPmlIRV, LpIRI2BglIIFW/LpIRI2PmlIRV and 

LpIRI3BglIIFW/LpIRI3PmlIRV primers, respectively (Table A.4B) with the following protocol: 

95 °C for 2 min followed by 35 cycles of 95 °C for 45 sec, 50 °C for 45 sec and 72 °C for 1 min, 

with a final extension of 7 min at 72 °C. All fragments were ligated into pCAMBIA1305.1 

vectors (Cambia, Canberra, ACT, AU) under the control of a cauliflower mosaic virus (CaMV) 
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35S promoter and a nopaline synthase (NOS) terminator. The construct for the simultaneous 

expression of LpIRI3 and LpAFP (A3) was generated by PCR amplification of 35S:LpAFP:NOS 

with 35SBamHIFW/NOSterHindIIIRV primers (Table A.4B), using the protocol described 

above, and inserting the amplified fragment into the pCAMBIA1305.1:LpIRI3 construct. 

Subsequently, 35S:LpIRI2:NOS was amplified using 35SEcoRIFW/NOSterSacIRV (Table A.4B) 

and inserted into the A3 construct for expression of all three isoforms (2A3), again using the 

same program.   

The gene sequence corresponding to mOrange-LpAFP was ligated into pCAMBIA1305.1 

following PCR-amplification using OFPBglIIFW/LpAFPPmlIRV primers (Table A.4) under the 

following thermocycler program: 94 °C for 2 min, followed by 35 cycles of 94 °C for 30 sec, 57 

°C for 30 sec, and 72 °C for 1 min 30 sec with a final extension of 72 °C for 10 min. LpIRI2 and 

LpIRI3 were amplified using LpIRI2NcoIFW/LpIRI2nostopBglIIRV and 

LpIRI3NcoIFW/LpIRI3nostopBglIIRV primers (Table A.4B), respectively using the PCR 

conditions described for recombinant LpIRIP constructs, and inserted upstream of the mOrange 

tag to avoid disruption of the N-terminal signal sequence. In contrast, by placing the mOrange tag 

upstream of LpAFP, we could ensure that this protein remained intracellular, serving as control 

for cytoplasmic localization. Gene sequences were again confirmed by sequencing. 

 

4.3.4 Plant materials and growth conditions 

L. perenne seeds (Pacific Seed diploid variety; Premier Specific Seeds, Surrey, BC, CA) 

used for transcript analysis were grown in potting soil and maintained in a growth chamber 

(Queen’s University, Kingston, ON, CA) on a 20 h/4 h light/dark cycle at 22 °C/18 °C with 

humidity and light regulated at 70%, and 175 µmol m−2 s−1, respectively. Prior to reverse 
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transcription (rt)-PCR analysis plants were grown for three weeks and exposed to a 6 d 

acclimation period at 21 °C (no light; control) or a cold acclimation period at 4 °C (no light). 

All transgenic expression experiments were conducted using wild-type A. thaliana 

(ecotype: Col-0). For crude cell extractions, apoplast extractions, collection of guttation fluid, and 

electrolyte leakage assays, A. thaliana were sown in potting soil and grown in a growth chamber 

for three weeks under standard growth conditions with a 16 h/8 h light/dark cycle at 22 °C/20 °C, 

70% relative humidity, and light ~150 µmol m−2 s−1. Seeds used for survival assays were surface 

sterilized using 70% (v/v) ethanol with 0.05% (v/v) Triton X-100 for 5 min, followed by a 95% 

(v/v) ethanol wash for 5 min, and plated on 0.5x Murashige and Skoog (MS) agar prior to transfer 

to standard growth conditions. 

Prior to experimentation, plants were cold-acclimated (CA) at 4 °C, on a short day cycle (6 

h/18 h light/dark), with ~175 µmol m−2 s−1 light for 48 h. These conditions were imposed for two 

reasons: first, we sought to prevent LpIRIP misfolding, which occurs above 16 °C (Lauersen et 

al., 2011) and secondly, we wished to limit the time at 4 °C, since A. thaliana reaches optimal 

freezing tolerance after one week of low temperature exposure (Uemura et al., 1995). Thus, we 

attempted to balance the accumulation period of well-folded LpIRIPs and at the same time reduce 

the possible confounding effect of upregulating other cold-induced freezing tolerance host 

mechanisms.  

 

4.3.5 Generation of A. thaliana transgenic lines 

Tagged and untagged LpIRIP constructs designed for expression in A. thaliana were 

transformed into GV3101 Agrobacterium tumefaciens cells by electroporation. Agrobacterium-

mediated transformation of A. thaliana was done using the floral dip method (as described in 
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Middleton et al., 2014). Successfully transformed plants were selected on 0.5x MS medium plates 

containing hygromycin (50 µg/mL). Four independent, homozygous lines were generated for 

each construct.  

 

4.3.6 Endogenous LpIRIP transcript analysis  

RNA was collected from the leaf tissue of CA L. perenne grown under the conditions 

described above. Extractions were done using the RNeasy Plant Mini Kit (Qiagen, Toronto, ON, 

CA) followed by cDNA synthesis using Superscript® III First-Strand Synthesis System 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturers specifications. rt-PCR was 

carried out using the following cycle conditions: 95 °C for 5 min, 94 °C for 30 sec, 53°C for 30 

sec, and 72 °C for 1 min, for 35 cycles. LpIRI2 was amplified using 

LpIRI2BglIIFW/LpIRI2PmlIRV primers (Table A.4) and LpIRI3 was amplified using 

LpIRI3BgIIIFW/LpIRI3PmlIRV primers (Table A.4). A ‘housekeeping gene’, s-

adenosylmethionine decarboxylase transcript (SamDC) was amplified with primers as previously 

described (Hong et al., 2008) using the following cycle conditions: 95 °C for 2 min, followed by 

35 cycles of 94 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 30 sec.  

 

4.3.7 Ice-binding and protein assays   

Ice-binding assays were done using protocols that have been optimized for plant IBPs as 

described previously. IRI activity was assessed using splat assays and ice-shaping and TH activity 

assayed using a nanolitre osmometer (Middleton et al., 2014). Prior to analysis, crude cell lysates 

(Lauersen et al., 2011), apoplast extracts (Villers and Kwak, 2013), and guttation fluid (Madsen 
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et al., 2016) were prepared from four-week-old CA A. thaliana leaf tissue as described 

previously. Plant extracts were suspended in a native protein extraction buffer (10 mM Tris-HCl, 

25 mM NaCl, pH 7.5). Recombinant proteins used for ice-binding assays were prepared as 

described above. Protein concentration was determined using the Pierce™ BCA Protein Assay 

Kit (ThermoFisher Scientific, Nepean, ON, CA) following the manufacturer’s instructions, with 

all experiments done in triplicate. 

 

4.3.8 Electrolyte leakage assay 

Electrolyte leakage assays using four-week-old CA A. thaliana plants were carried out 

using a modified protocol from Thalhammer et al. (2014). Two mature rosette leaves were cut 

and placed in glass tubes containing deionized water (100 µL). Treatments were conducted by 

placing tubes in a circulating water bath at 0 °C and lowering the temperature to −1 °C, over 30 

min. Samples were then nucleated using a single ice chip (~0.5 cm3) and the temperature was 

decreased (1 °C every 15 min) to −6 °C. Following treatment, experimental samples were 

removed from the circulating water bath and allowed to recover overnight at 4 °C in the dark. 

Control samples were left covered in the dark at 4 °C while treated experimental samples were 

prepared and allowed to recover at 4 °C overnight. All cut leaf samples were then transferred to 

conical tubes (50 mL containing 20 mL of deionized water) and shaken for 18 h at 24 °C, 150 

rpm. Initial (Ci) and final conductivity (Cf) measurements were taken before and after autoclaving 

samples using a direct reading conductivity meter (Bach-Simpson Ltd., London, ON, CA) and 

presented as a percentage (100 CiCf
−1) with 12 individual plants for each independent line, in 

triplicate. Significance was evaluated using two-tailed T-tests (P<0.05). 
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4.3.9 A. thaliana freeze survival assay 

Whole plant freeze survival assays were modified from Xin and Browse (1998). A. 

thaliana seedlings (~2000 per experiment) were grown for four weeks on MS agar plates rather 

than soil to reduce the presence of any ice-nucleating bacteria. Plates were then transferred to −1 

°C (no light) for 2 h prior to nucleation using an ice-chip in the centre of the plate, and kept at this 

temperature for 12 h to ensure that the agar was frozen. The temperature was then lowered by 1 

°C every 2 h, until the temperature reached −8 °C. One plate for each line was removed at 

temperatures indicated in the Results (between −5 and −8 °C) and allowed to recover at 4 °C (no 

light) for 24 h, prior to transfer to standard growth conditions for 14 d, when percent survival and 

LT50 were calculated. Assays were done using 100 seedlings per independent line, in triplicate, 

with significant differences evaluated using a two-tailed T-test (P<0.05). 

 

4.3.10 Fluorescence readings 

The level of mORANGE-tagged protein present in the apoplast extracts of transgenic A. 

thaliana plants was determined using the SpectraMax Gemini XS microplate reader (Molecular 

Devices, Sunnyvale, CA., USA). Emission and excitation wavelengths of 562 nm and 548 nm, 

respectively were used based on the specifications of the mORANGE protein product. Readings 

were taken at a total protein concentration of 0.1 mg/mL. 
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4.4 Results 

 

4.4.1 Bioinformatics analysis of LpIRIP isoforms  

Amino acid alignment of LpIRIP isoforms shows high conservation of the C-terminal 

residues, while the N-terminal domains are more divergent (Figure 4.1). The N-terminal domains 

of LpIRIP isoforms have retained few LRR motifs (0-5 motifs across isoforms), with some 

isoforms having large deletions, or in the case of LpIRI2, having not retained this domain all 

together. An N-terminal signal peptide was identified for LpIRI1, LpIRI3 and LpIRI4, however as 

previously reported (Sandve et al., 2008), there is no apparent secretion signal within LpIRI2 or 

LpAFP amino acid sequences. Putative ice-binding amino acids appear to be conserved across 

four sequences with the unprocessed proteins ranging in size from 151-285 residues. The Phyre 

2.0 algorithm predicted that all proteins would fold into a right-handed β-helix. While the LpIRI3, 

LpAFP and LpIRI1 isoforms were predicted to fold into secondary structures with eight β-helical 

loops, LpIRI2 and LpIRI4 were predicted to have ten loops, as the result of three additional ice-

binding motifs (Figure 4.1). 

 

4.4.2 Functional activity and transcript analysis of LpIRIP sequences 

When constructs encoding LpIRI2 and LpIRI3 isoforms were expressed in E. coli, both 

purified, recombinantly-produced proteins restricted ice crystal growth in a splat assay (Figure 

4.2). However, recombinant isoforms were not equally effective at IRI. High levels of activity 

were seen with LpAFP and LpIRI3 at 0.01 mg/mL, however LpIRI2 only demonstrated mild IRI 

activity, with some ice crystal growth at the same concentration. 
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Figure 4.1 Amino acid sequence alignment of LpIRIP sequences. LpIRI3 (EU680850), LpAFP 

(AJ277399), LpIRI1 (EU680848), LpIRI2 (EU680849), and LpIRI4 (EU680851) were aligned 

using the ClustalW2 Multiple Sequence Alignment tool. Putative signal peptides, predicted using 

the SignalP 4.1 server, are underlined. Leucine rich repeat (LXXL) motifs are in grey-filled boxes 

and the amino acids corresponding to the predicted ice-binding and non-ice-binding faces are in 

in black and grey boxes, respectively. Each β-helical coil, predicted by the Phyre 2.0 algorithm, is 

identified by a distinct color. (*) denotes a single, fully conserved reside; (:) denotes conservation 

between groups of highly similar properties (scoring > 0.5 in the Gonnet PAM 250 score), and (.) 

denotes conservation between groups of weakly similar properties (scoring =< 0.5 in the Gonnet 

PAM 250 score). 

LpIRI3   MAKCLMLLLSFAFLLSAAGTATATPCHRDDLRALRGFAENLGGGGALSLRAAWSGASCCD    60 
LpAFP    ------------------------------------------------------------ 
LpIRI1   ---MGLLLLFLGFLLPAA-CAATSSCHPDDLRALRGFAKNVGGGGVL-LRTAWSGTSCCV    55 
LpIRI2   ------------------------------------------------------------ 
LpIRI4   MAKCWQLLLFLALLLPAA---SAASCHPDDLYALRDFAGNLRGGGVL-LRAALPGASCCG    56 
                                                                        
LpIRI3   WEGVGCDGASGRVTALWLPRSGLT-------------------------GPIPSWICQLH    95 
LpAFP    ------------------------------------------------------------ 
LpIRI1   WEGVGCNGASGRITSLWLPRRGLAGTITGASLAGLAGLESLNLANNRLVGTIPSWIGELD    115 
LpIRI2   ------------------------------------------------------------ 
LpIRI4   WEGVGCDGASGCVKS---------------------------------------------    67 
                                                                       
LpIRI3   HLRYLDLSGNALVGEVPKNLQVQLKGIT-----------NMPLHVMRNRRSLDEQPNTIS   144 
LpAFP    ----------------------------------------------------DEQPNTIS   8 
LpIRI1   HLLYLDLSHNSLVGELPNRLRIRLKGLTTTGHLLGMTFTNMPLDVKHNRRTLAIQPNTIS   175 
LpIRI2   ----------------------------------------MPLHVKRSQGTLDEDHNTIT   20 
LpIRI4   -------------------FQILLKGLTAAGRSLGKAFTHMPLHVKPSQGTLDEDHNTIT   112 
                                                                : ***: 
              
LpIRI3   GSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVV--SGNDNTVTGSNHVVSGTNHIV  202 
LpAFP    GSNNTVRSGSKNVLAGNDNTVISGDNNSVSGSNNTVVFTSGNDNTVTGSNHVVSGTNHIVT 68 
LpIRI1   GTNNLVLSGRNNVVSGNDNTVISGNNNTVSGSFNTVV--TGSDNILTGSNHVVSGRSHIV  233 
LpIRI2   GSHNTVRSGSNNVVSGNDNTVISGNNNVMSGSHNTVIF--GGDNFVSGSYHVVSGNHHVV  78 
LpIRI4   GINNTVRSGSNNVVSGNDNTVISGNNNVVSGSHNTVV--FGGDNFISGSYHVVSGNHHVV  170 
         * .* * ** :**::*********:** :*** ***:   * ** ::** *****  *:* 
   
LpIRI3   TDNNNNVSGNDNNVSGSFHTVSGGHNTVSGSNNTVSG----------------------N  241 
LpAFP    TDNNNNVSGNDNNVSGSFHTVSGGHNTVSGSNNTVSGF--------------------TN  109 
LpIRI1   TDNNNSVSGDDNNVSGSFHKVSGSHNTVSGSNNTVSG----------------------N  272 
LpIRI2   TDNKNAVSGDHNTVSGTQNTVSGNHQIVSGSHGTVSGNHNTVSGRNNSVYGNKNIVSGSN  138 
LpIRI4   TDNKNAVSGDHNTVSGSQNTVSGNHQIVSGSHSTVSGNHNTVSGRNNSVYGNNNIVSGSN  230 
         ***:* ***:.*.***: ..*** *:****.  ****                      * 
      
LpIRI3   HVVSGSNKVVTDA  254 
LpAFP    HTVSGSNKVVTDA  122 
LpIRI1   HVVSGSNKVVTGG  285 
LpIRI2   HVVYGNNKVVTGG  151 
LpIRI4   HVVYGNNKVVTGG  243 
         *** *.***** . 
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Figure 4.2 Ice recrystallization inhibition assessment of recombinantly produced LpIRIPs. 

Purified LpAFP, LpIRI3 and LpIRI2 proteins were used for a splat assay by diluting samples to a 

concentration of 0.01 mg/mL and holding ice crystals at −4 °C for 20 h. Shown here are 

representative images from triplicate assays. 
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Endogenous L. perenne transcript analysis generated ~500 bp and ~850 bp amplification 

products for LpIRI2 and LpIRI3, respectively. Low levels of LpIRI3 transcript were produced 

following incubation at 21 °C, but there was no evidence of the LpIRI2 transcript (Figure 4.3). 

However, following a 6 d cold acclimation period at 4 °C both LpIRI3 and LpIRI2 transcripts 

were abundant.  

 

4.4.3 Ice-binding activity and localization of LpIRIPs in A. thaliana  

Following cold acclimation, crude cell extracts taken from all four independently 

generated A. thaliana lines transgenic for each of LpAFP, LpIRI2, LpIRI3, LpAFP and LpIRI2 

(designated A3), and all three LpIRIP sequences (designated 2A3) showed functional ice-binding 

activity as demonstrated by IRI analysis (Figure 4.4A). There was no IRI activity in control CA 

plants, and very low activity in those transgenic plants kept at room temperature prior to assay 

(not shown). This was expected since, at least for LpAFP, circular dichroism-monitored 

conformational changes to the β-helical structure at temperatures >16 °C were coincident with a 

loss of activity (Lauersen et al., 2011). All CA LpIRI2-transformed lines consistently showed IRI 

but they had lower activity than LpAFP- and LpIRI3-expressing lines (Figure 4.4A).  Extracts 

from the transgenic plants expressing LpIRI2 and LpAFP demonstrated hexagonal ice-shaping 

indicative of adsorption to the primary prism plane (Figure 4.4B). Notably, LpIRI3, A3 and 2A3 

transgenic lines showed hexagonal bipyramidal ice-shaping, which is seen with more active AFPs 

that bind both the primary prism and basal planes.  

TH activity depends on both ice-binding properties and protein concentration. Indeed, TH 

values obtained from cell lysates of our transgenic plants were similar for all the single  
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Figure 4.3 Reverse transcription PCR analysis of endogenous LpIRI3 and LpIRI2 transcript 

levels. RNA was collected from the leaves of L. perenne grown at 21 °C or CA for 6 d at 4 °C. 

The SamDC transcript was used as a reference loading control. Experiments were conducted in 

triplicate. 
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Figure 4.4 Ice-binding phenotypes in transgenic A. thaliana. Ice recrystallization inhibition 

analysis of crystals annealed at −4 °C for 18 h (A) and ice crystal morphologies (B) using crude 

cell lysates collected from control (Col-0) and transgenic plants, including lines expressing 

LpAFP and LpIRI3 (A3) and all three sequences, LpIRI2, LpAFP and LpIRI3 (2A3). A total 

protein concentration of 0.1 mg/mL was used for all assays. Only one representative sample is 

shown for each of the four LpIRIP-expressing lines. All experiments were done in triplicate. 

Buffer

Time 0

Col-0

LpAFP 

LpIRI3 

LpIRI2

Anneal 
for 18 hA B

A3

2A3

!!!5!μm!!500!μm!



 

 

 

112 

expression lines with the multiple A3 and 2A3 lines showing greater activity levels (Table 4.1A). 

In order to localize IBP activity, the ORFs of LpIRIPs fused to fluorescent markers were 

expressed in A. thaliana. Confocal microscopy confirmed protein expression in all LpAFP, 

LpIRI2 and LpIRI3 transgenic lines. It was difficult to resolve cytoplasmic and apoplastic 

locations however, due to the large vacuoles in leaf and root tissues (Figure A.6). Nevertheless, 

apoplastic extracts of transgenic A. thaliana lines expressing LpIRI2-mOrange and LpIRI3-  

mOrange showed fluorescence and had high levels of IRI activity (Table 4.2 and Figure 4.5A). 

Additionally, LpIRI2-mOrange lines consistently showed hexagonal, primary prism plane ice-

shaping and LpIRI3-mOrange lines exhibited hexagonal bipyramidal crystals, consistent with 

basal and primary prism planes adsorption (Figure 4.5B). Both LpIRI2-mOrange and LpIRI3-

mOrange lines also demonstrated TH activity (Table 4.1B). In contrast, apoplastic extracts from 

mOrange-LpAFP lines had similar levels of ice-binding activity to that of mOrange transgenic 

controls, with low levels of fluorescence (Table 4.2), no observable IRI activity, ice-shaping, or 

TH activity (Figure 4.5 and Table 4.1B). To determine if the mOrange-tag had disrupted the ice-

binding activity of LpIRIPs, the crude cell extracts of transgenic plants were assayed for IRI 

activity (Figure 4.6). While mOrange-expressing lines had no ice crystal inhibition, all LpIRIP-

expressing lines retained high levels of IRI activity. Investigations with guttation fluid of 

transgenic LpIRIP-expressing lines revealed similar results to the apoplastic extracts: Transgenic 

LpAFP-expressing A. thaliana and control plants had no detectable IRI activity with LpIRI3 and 

LpIRI2 lines with high levels of IRI activity (Figure 4.7). It should be noted, however, that the 

activity observed in LpIRI2-expressing lines was less than in guttation fluid obtained from LpIRI3 

lines (Figure 4.7).   
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Table 4.1 Thermal hysteresis values obtained from crude cell extracts (A) of transgenic lines 

expressing individual LpIRIP sequences, LpAFP and LpIRI3 (A3), and all three sequences (2A3), 

compared to wild-type A. thaliana (Col-0), as well as apoplast extracts (B) of mOrange-tagged 

LpIRIP lines compared to wild-type A. thaliana plants and plants expressing mOrange alone. 

 
A Transgenic Line Thermal Hysteresis Activity (°C)  

 Col-0 0 

 LpAFP 0.11 

 LpIRI2 0.08 

 LpIRI3 0.13 

 A3 0.15 

 2A3 0.18 

B Transgenic Line Thermal Hysteresis Activity (°C) 

 Col-0 0 

 mOrange 0 

 mOrange-LpAFP 0 

 LpIRI2-mOrange 0.035 

 LpIRI3-mOrange 0.07 
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Table 4.2 Mean fluorescence readings (wavelength emission and excitation of 562 nm and 548 

nm, respectively) obtained using apoplast extracts (0.1 mg/mL total protein; triplicate samples) of 

mOrange-tagged LpIRIP-expressing A. thaliana lines (as described in Table).  

 

Transgenic Line Relative Fluorescence Units (RFUs) 

mOrange 1037 

mOrange-LpAFP 1100 

LpIRI2-mOrange 12834 

LpIRI3-mOrange 13474 

Notes: Values were normalized based on the level of fluorescence emitted in 

control, non-transgenic lines. 
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Figure 4.5 Ice-binding phenotypes in apoplast extracts collected from transgenic A. thaliana 

plants bearing fluorescently-tagged LpIRIP sequences. Shown are the ice crystals seen during 

ice recrystallization inhibition analysis following an 18 h annealing period at −4 °C (A) and the 

corresponding ice crystal morphologies (B). The apoplast extracts of transgenic lines expressing 

fluorescently-tagged LpIRIP constructs were compared to control (Col-0) non-transgenic plants, 

at a total protein concentration of 0.1 mg/mL. Only one representative sample is shown for each 

LpIRIP-expressing line. Both assays were conducted in duplicate. 
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Figure 4.6 Ice-recrystallization inhibition (IRI) analysis of plants expressing fluorescently-

tagged LpIRIPs. Crude cell extracts were annealed at −4 °C for 18 h. Samples were assayed at a 

total protein concentration of 0.1 mg/mL. Only one representative sample is shown for each 

transgenic line. Assays were done in triplicate. 
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Figure 4.7 Ice recrystallization inhibition analysis of guttation fluid collected from 

transgenic LpIRIP-expressing A. thaliana plants. Guttation fluid collected from LpAFP-, 

LpIRI3- and LpIRI2-expressing lines was used for a splat assay. Samples were held at −4 °C for 

24 h and compared to non-transgenic control plants (Col-0). A total protein concentration of 0.1 

mg/mL was used for all experiments. Only one representative sample is shown for each LpIRIP-

expressing line. Assays were conducted in triplicate. 
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4.4.4 Electrolyte leakage in transgenic leaves 

When leaves were collected from CA transgenic A. thaliana plants and incubated at 

temperatures slowly ramped down to −6 °C, freezing resulted in the leakage of ions, as assessed 

by conductivity. The expression of LpAFP in transgenic plants appeared to reduce leaf ion 

leakage by 6−10% in three of the four independent lines, but these values were statistically 

insignificant when compared to control plants (Figure 4.8A). In contrast, expression of LpIRI3 

and LpIRI2 decreased ion leakage by 30−39% and 12−22%, respectively (Figures 4.8B and 

4.8C). Transgenic plants expressing multiple LpIRIPs also showed reduced electrolyte leakage 

compared to controls. A. thaliana leaves from plants expressing A3 constructs showed a 28−35% 

decrease in electrolyte leakage following a −6 °C treatment (Figure 4.9A). Transgenic 2A3 lines 

similarly showed a 26−35% reduction in electrolyte leakage (Figure 4.9B). 

4.4.5 LpIRIPs and A. thaliana freeze protection 

The addition of the various LpIRIP-bearing sequences dramatically enhanced the freeze 

survival of whole transgenic A. thaliana plants. Freeze survival was significantly increased 

compared to controls in two of the four LpAFP-expressing lines following freezing at −6 °C  

 (Figure 4.10A). In one of the LpAFP lines there was also a significant increase in survival at −7 

°C, however the overall LT50 was not changed, remaining at −5.6 °C, not significantly different 

from the LT50 of −5.2 °C seen in control, non-transgenic plants. Significant increases in survival 

were seen in all four LpIRI3-expressing lines at all tested temperatures between −5 °C and −7 °C 

(Figure 4.10B), and this was reflected in a mean LT50 of −6.1 °C.  Similarly, LpIRI2-transgenic A. 

thaliana showed enhanced freeze survival at all temperatures between −5 °C and −7 °C (Figure 

4.10C). In these lines the mean LT50 was −6.0 °C compared to −5.4 °C in control plants assayed 

at the same time.
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Figure 4.8 Ion leakage produced by the leaves of transgenic LpIRIP-expressing A. thaliana lines. Shown are the results of A. thaliana plants 

expressing LpAFP (A), LpIRI3 (B) and LpIRI2 (C) constructs following incubation at 4 °C (white bars) or freezing to −6 °C (red bars). Transgenic 

plants were compared to non-transgenic A. thaliana plants (Col-0). Ion leakage is represented as the proportion of ions leaked following treatment 

in relation to the total number of ions in the leaf sample. All experiments were done in triplicate (n=12). Error bars represent standard errors of the 

mean and asterisks denote a significant reduction in ion leakage compared to controls (*P<0.05, **P<0.005, ***P<0.0005; two-tailed T-tests). 
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Figure 4.9 Ion leakage produced by the leaves of transgenic A. thaliana lines expressing 

multiple LpIRIPs. Plants expressing LpAFP and LpIRI3 (A3) (A) and lines transformed with 

LpIRI2, LpAFP, and LpIRI3 (2A3) (B) were compared to non-transgenic A. thaliana (Col-0) 

plants. Leaves of transgenic and control A. thaliana plants were incubated at 4 °C (white bars) or 

frozen to −6 °C (red bars) prior to measuring ion leakage, which is represented as the proportion 

of ions leaked following treatment in relation to the total number of ions in the leaf sample. All 

experiments were done in triplicate (n=12 for each experiment). Error bars represent standard 

errors of the mean and asterisks denote a significant reduction in ion leakage compared to control 

plants (*P<0.05, **P<0.005, ***P<0.0005; two-tailed T-tests). 
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Figure 4.10 Freezing-survival of transgenic A. thaliana expressing individual LpIRIP isoforms. Shown are the survival rates of LpAFP- (A) 

LpIRI3- (B) and LpIRI2- (C) expressing A. thaliana following recovery from temperatures between 0 and −8 °C. Transgenic plants were compared 

to non-transgenic A. thaliana plants (Col-0). Error bars represent the standard errors of the mean and asterisks denote lines with significantly 

enhanced freezing survival compared to Col-0 plants (*P<0.05, **P<0.005; two-tailed T-tests). Experiments were conducted using 100 seedlings 

for each independently generated transgenic line, in triplicate. 
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Transgenic plants expressing multiple LpIRIPs also showed enhanced freezing tolerance. 

Survival was significantly increased in both the A3 and 2A3 lines at temperatures between −5 °C 

and −8 °C (Figures 4.11A and 4.11B) with a concomitant significant decrease in LT50 to −6.0 °C 

and −6.4 °C, respectively, compared to the LT50 of −5.2 °C and −5.4 °C for the corresponding 

non-transgenic controls. Notably, none of the lines bearing a single LpIRIP sequence or even the 

A3 lines showed any survival at −8 °C (Figures 4.10 and 4.11A), but each of the four 2A3 lines, 

with all three LpIRIP sequences, showed some survival (10−17 %) at this low temperature 

(Figure 4.11B). 
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Figure 4.11 Survival rates of transgenic A. thaliana plants expressing multiple LpIRIPs. 

Survival was calculated for A. thaliana plants expressing LpAFP and LpIRI3 (A3) (A) and 

LpIRI2, LpAFP, and LpIRI3 (2A3) (B) following recovery of plants from temperatures between 0 

and −8 °C. Error bars represent standard errors of the mean. Asterisks denote a significant 

increase in freezing survival (*P<0.05, **P<0.005, ***P<0.0005; two-tailed T-tests) compared to 

Col-0 lines. All experiments were done using 100 seedlings per transgenic line, in triplicate. 
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4.5 Discussion 

Freezing tolerance is a complex trait involving biochemical, metabolic and physiological 

changes. In certain plants, IBPs almost certainly serve as part of a freeze survival strategy to 

regulate ice crystal growth and to lower the probability of plasma membrane rupture. These 

proteins have also been shown to lower the activity of bacterial ice-nucleation, aiding in freeze 

survival (Tomalty and Walker, 2014). The L. perenne family of IBPs includes the “processed” 

protein sequence, LpAFP, which has been extensively characterized in vitro (Lauresen et al., 

2011; Middleton et al., 2009), however, the in planta function and activity of the proteins 

transcribed and subsequently translated from the full length LpIRIPs, are less known. Here, our 

experiments demonstrate that in transgenic A. thaliana the presence of LpIRI2 and LpIRI3 not 

only reduced electrolyte leakage but also significantly enhanced freeze survival (Figures 4.8-

4.11).  

Importantly, the degree of freeze protection afforded by LpIRIPs in A. thaliana was 

correlated with the ice-binding activity localized to the apoplast (Figure 4.5). Most ice-nucleation 

occurs outside of the cell (Kajava and Lindow, 1993; Xu et al., 1998). Intracellular ice-nucleation 

typically only occurs as a result of rapid temperature drops (Siminovitch et al., 1978) and since 

temperatures were lowered slowly (0.5 °C/ h), intracellular ice crystal growth would not be 

expected in these experiments. In this regard, it may be curious that in two LpAFP-expressing 

lines, in which the ice activity appeared to have remained intracellular, there was a modest 

increase in freeze survival, suggesting that intracellular IBPs might additionally contribute to a 

freeze-tolerant phenotype. Indeed, it is possible that due to the absence of extracellular IBPs and 

thus the increased probability of plasma membrane rupture, release of intracellular LpAFP 

facilitated the protection of neighbouring cells in whole plants, explaining the increased survival 
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of one of the LpAFP lines at −7 °C (Figure 4.10A). Nevertheless, the large increases in freezing 

stress survival rates observed in LpIRI3-expressing A. thaliana lines underscores the dramatic 

freeze protection conferred by extracellular IBPs. In addition to restricting ice crystal growth, it 

has also been suggested that IBPs are capable of preventing cell lysis through physical association 

with the plasma membranes (Beirão et al., 2011; Hays et al., 1996; Rubinsky et al., 1991; 

Tomczak et al., 2001). Our results showing reduced electrolyte leakage in transgenic LpIRI2 and 

LpIRI3 A. thaliana lines are consistent with the interpretation that membrane protection is 

occurring, however, there is no in planta evidence of a direct association between IBPs and 

plasma membranes.  

Transgenic expression of multiple LpIRIPs reduced ion leakage and increased freeze 

survival at lower temperatures than in many of the lines bearing a single LpIRIP sequence 

(Figures 4.10 and 4.11). It is thus likely that multiple transgenes result in a greater accumulation 

of LpIRIPs, even if this was not reflected in TH values given the hyperbolic relationship between 

TH activity and protein levels. However, the activity of LpIRIPs can be distinguished on the basis 

of their adsorption to distinct ice crystal planes. Amino acid alignment suggests that the LpIRI3 

isoform has the most regular fold, and highest conservation amongst putative ice-binding residues 

(Figure 4.1). In accordance with this observation, transgenic plants with the LpIRI3 sequence 

either as a single copy, with LpAFP, or with LpAFP and LpIRI2, showed adsorption to both the 

primary prism and basal planes, characteristic of hyperactive AFPs (Pertaya et al., 2008). It is 

possible that there could be some synergistic activity with the different transgenes, resulting in 

reduced ice crystal growth when IBPs with slightly different ice plane affinities are combined. As 

well, IBPs could have differing affinities for any putative membrane-binding sites, which in turn 

could enhance freeze survival. 
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These results are reminiscent of the enhancement of TH activity shown when a low activity 

type III AFP isoform was expressed in the Notched-fin eelpout along with a high activity AFP 

isoform (Nishimiya et al., 2005). It was suggested that AFP isoforms might act cumulatively to 

enhance activity levels by high activity AFPs slowing the growth of ice crystals sufficiently so 

that less active AFPs would have time to adsorb, or alternatively, that less active AFPs could 

adsorb at ice crystal sites located between the binding sites of more active AFP isoforms 

(Nishimiya et al., 2005). Similarly, Burcham et al. (1984) hypothesized that antifreeze activity 

was enhanced in the presence of high and low activity antifreeze glycoprotein (AFGP) isoforms, 

as a result of a co-operative coverage of the initial ice crystal. It is possible that LpIRIPs may 

function similarly, restricting growth of the initial seed crystal more effectively when more than 

one isoform is present, providing optimal freeze protection to plants.  

Putting aside possible isoform differences in ice or membrane substrate affinity, our results 

clearly demonstrate that the LpIRI2 isoform with no identifiable signal sequence, shows ice-

binding activity (TH, ice-shaping and IRI), CA accumulation in the apoplast, and can confer 

freeze protection to a host plant. Thus, the evolutionary loss of the N-terminal domain does not 

render this protein non-functional. Similar transcript level estimates of LpIRI2 and LpIRI3 in CA 

L. perenne leaves, and the reduction in A. thaliana leaf electrolyte leakage, further supports our 

contention that LpIRI2 is not a pseudogene and could therefore play a role in L. perenne 

overwintering. Since intracellularly localized IBPs are produced in certain plants including the 

desert evergreen shrub, Ammopiptanthis mongolicus (Fei et al., 1994), the flowering shrub, 

Forsythia suspense s (Simpson et al., 2005), and S. dulcamara (Duman, 1994) as well as the 

Antarctic microalga, Chaetoceros neogracile (Gwak et al., 2014), we initially suspected that 

LpIRI2 functioned similarly. Of note, intracellularly localized IBPs in addition to restricting ice 
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crystal growth, have demonstrated comparably lower ice-binding activity (Duman, 1994). 

Nonetheless, our experiments indicate that the LpIRI2 isoform is secreted (Table 4.2 and Figures 

4.5 and 4.7). Although levels of IRI and TH activity in the apoplast were admittedly lower than 

that observed with LpIRI3-expressing lines, the fact that recombinant LpIRI2 showed a reduced 

ability to restrict ice crystal growth compared to LpIRI3 (Figure 4.2) suggests that such 

differences may be due to varying affinities for ice crystal planes or less efficient ice crystal 

adsorption, although in vitro analysis would be needed to confirm this hypothesis. Attempts to 

localize this isoform, as well as other IBPs, using fluorescently-tagged proteins in planta did not 

allow us to unambiguously distinguish between the intracellular plasma membrane and the 

apoplast (Figure A.6). Nevertheless, IRI and ice-shaping activity, as well as fluorescence, were 

present in apoplast extracts and guttation fluid of LpIRI2-expressing A. thaliana lines (Figures 4.5 

and 4.7, and Table 4.2). Additionally, the level of freeze tolerance observed in LpIRI2 lines was 

superior to that seen for the intracellular LpAFP lines, in accordance with extracellular 

localization. Therefore, taken together, these observations support the hypothesis that LpIRI2 is a 

secreted protein.  

Protein secretion using non-classical pathways is a relatively unexplored area of research. 

Despite this, it has been estimated that 60% of proteins identified in the secretome of A. thaliana 

are leaderless secreted proteins (LSPs) (Regente et al., 2012). The mechanisms involved in the 

recognition of LSPs are not well known, and may not be conserved amongst or within secretion 

systems, suggesting that such mechanisms have evolved independently. Therefore, reliable 

prediction is not possible. Intriguingly, a non-classical secretion system appears more common 

amongst protein families involved in environmental stress responses (Cheng et al., 2009; Deswal 

2012; Gupta and Deswal, 2012; Kim et al., 2009). Thus, it is possible that non-Golgi secretion 
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could provide flexible spatial localization, allowing proteins to take on dual function roles inside 

and outside of the cell. Perhaps as important, given the large number of proteins upregulated 

during the freezing stress response, non-classical secretion could provide an alternative, and 

potentially more efficient secretion for critical proteins under these circumstances, allowing other 

necessarily ER-linked proteins to monopolize the “traditional” pathway. 

Secretion through the ER-Golgi pathway is required for the post-translational modification 

of proteins. In this regard, a number of putative glycosylation sites have been identified in LpIRIP 

family members (Kuiper et al., 2001). Nevertheless, recombinantly-produced LpAFP retains IRI 

and TH activity, indicating that such modifications are not necessary for proper ice-binding 

activity (Lauresen et al., 2011) and there has been no demonstration that LpIRIPs are post-

translationally modified in planta. Further experiments regarding the localization of IBPs lacking 

classical secretion signals, as well as the possible non-classical mechanisms of protein secretion, 

could prove useful in understanding the roles that IBPs play in plant freeze tolerance. 

We believe that a lack of knowledge regarding the mechanisms underlying IBP-induced 

freezing tolerance has hindered the development of freeze-tolerant crops. In the past, a great deal 

of effort has been invested into the transfer of fish and insect AFPs to plants (eg. Hightower et al., 

1991; Holmberg et al., 2001; Huang et al., 2002; Kenward et al., 1991). These transgenes were 

considered attractive candidates given the ability of these proteins to depress the freezing point by 

several degrees. However, the expression of moderately TH-active fish AFPs in plants has not 

yielded favourable results, likely due to the catastrophic needle-like crystals that are formed once 

the freezing point is reached. These ice crystal burst patterns are due to adsorption of AFPs to the 

primary prism plane exclusively, resulting in growth from the c-axis (Fletcher et al., 2001). 

Although insect AFPs direct the formation of hexagonal bi-pyramidal crystals, similar to those 
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produced in the presence of plant IBPs, they have high TH activity. This could allow intracellular 

freezing at the same time or earlier than extracellular freezing, which would not be compatible 

with crop survival. We suggest that plant IBPs with their low TH activity, but relatively high IRI 

activity and ‘gentle’ burst morphologies (Middleton et al., 2012), should prove more efficacious 

for such applications. Certainly, given the inevitability that most overwintering plants will freeze, 

the use of IBPs that have evolved from a freezing tolerant survival strategy would logically 

appear to be more promising than AFPs that have evolved in species where freezing of the 

interstitial fluid is lethal. Here we have shown that the expression of LpIRIPs in A. thaliana 

produced a freeze-tolerant phenotype that was enhanced in the presence of more than one 

isoform. These results strongly suggest that the expression of multiple LpIRIP isoforms in a cold-

adapted but freeze-susceptible crop may allow for even more substantial freezing tolerance 

capabilities than the striking ~2 °C seen here.  

 

 

4.6 Acknowledgments 

We acknowledge Dr. P. Davies for use of his nanolitre osmometer and Dr. Moez Hanin 

for generously donating the mOrange-LpAFP construct. We also thank Dr. K. Lauersen and Lena 

Dolman for their efforts in preliminary studies. This work was funded by the NSERC Discovery 

grant to VKW. 

 

 

 

 

 



 

 

 

130 

Chapter 5 

General Discussion and Future Prospects 

 

5.1 Introduction 

 Low temperature can be a major source of abiotic stress. As such, plants regularly 

exposed to temperatures below their thermal optimum have adapted tightly regulated mechanisms 

for protecting tissues from damage. These mechanisms increase their overwintering survival as 

well as their ability to flower and produce seeds. Ice-binding proteins (IBPs) represent a class of 

protective proteins produced by some plants in response to cold acclimation. In freeze-tolerant 

organisms, the primary function of IBPs is thought to be ice-recrystallization inhibition (IRI), 

whereby these proteins adsorb to ice crystals and restrict their growth (Knight and Duman, 1986). 

However, several IBPs, including those first identified in winter rye (Secale cereale; Yeh et al., 

2000), appear to serve as dual function proteins with roles in DNA-binding (Huang and Duman, 

2002), the maintenance of osmotic homeostasis (Simpson et al., 2005), or even protection from 

psychrophilic pathogens (Griffith and Yaish, 2004). The diverse nature of IBPs, attributed to their 

several independent evolutionary lineages (Gupta and Deswal, 2014b), has led to new and 

exciting discoveries. Ironically, such varied properties may have limited past in-depth analysis of 

IBP function including regulation, localization, and their role in in planta freeze protection.  
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5.2 Brachypodium distachyon as a model for IBP function 

 Cold acclimation has been widely studied and arguably could be one of the best 

understood areas of plant biology. Most of what we know today regarding cold perception, signal 

conductance, and the corresponding biochemical, metabolic and physiological response has been 

established in the model dicot, Arabidopsis thaliana (Gilmour et al., 1988; Thomashow, 1999; 

Uemura et al., 1995; Hannah et al., 2005; Kaplan et al., 2007). While the identification of A. 

thaliana mutants with altered sensitivity to freezing stress (Kiowa et al., 2000) has allowed 

researchers to gain foundational knowledge of this subject area, a freeze-tolerant model plant 

would be advantageous for a more in-depth analysis. 

 The annual brome grass, Brachypodium distachyon, was first proposed as a model 

monocot due to its ease of growth and maintenance, small genome size (272 Mbp), and its close 

phylogeny to Pooideae species including forage grasses and temperate cereals (Draper, 2001). 

The availability of spring and winter accessions in this freeze-tolerant species also provides 

opportunities to study low temperature adaptation (Vogel et al., 2010). Moreover, the 

upregulation of cold-regulated genes, and the production of protective molecules and soluble 

sugars associated with freeze protection, has highlighted the use of B. distachyon as a model for 

freezing-tolerance studies (Li et al., 2012; Colton-Gagnon, 2014).  

 In this thesis, Chapters 2 and 3 have established the use of B. distachyon for the 

investigation of IBP function. Until now IBP sequences in B. distachyon have been surmised 

based on their homology to known IBPs and transcriptional induction following low temperature 

exposure. We have now shown that B. distachyon expresses 7 IBPs (BdIRIs) (Figure 3.9) with the 

capacity to shape ice (Figure 3.8B), produce low levels of thermal hysteresis (TH) (Table 3.1), 

and restrict ice crystal growth at micromolar concentrations (Figure 3.8A and Figure A.3). Since 
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plasma membrane injury is one of the most detrimental consequences of sub-zero exposure, and 

the IRI capabilities of IBPs in the apoplast likely serve to indirectly mitigate this damage, it has 

long been hypothesized that these proteins are critical for the survival of temperate species. 

However, the absence of a model organism that could be genetically manipulated left these 

claims unsubstantiated. In this regard, B. distachyon has served as an invaluable tool for the 

investigation of IBP function, allowing us to underpin the vital role of IBPs in freeze protection 

through the generation of BdIRI-knockdown plants (Chapter 3), and by extension, the value of 

IBPs in other organisms. 

 For our experiments we used the spring annual B. distachyon accession, Bd21, which was 

classified based on its ability to flower without vernalization (Schwartz et al., 2010; Des Marias 

& Juenger, 2015). Since the mechanisms responsible for freezing tolerance are tightly associated 

with vernalization requirements (Fowler et al., 1996; Dhillon et al., 2010), we might expect that 

Bd21 would not have the same capacity to acclimate to low temperatures as winter accessions. 

However, recent data has suggested that Bd21 plants have a facultative growth habit, lacking a 

vernalization requirement while still maintaining comparable levels of freeze tolerance as winter 

genotypes (Colton-Gagnon et al., 2014). In agreement with this observation, we have now shown 

that ice-binding activity is rapidly induced in the leaves and roots of acclimated plants (Figure 3.3 

and not shown) and that these plants demonstrate higher levels of freeze tolerance than their non-

acclimated counterparts (Barbara Vanderbeld, unpublished data). Further, this protection was lost 

in plants with attenuated IBP-expression (Figures 3.11 and 3.12). 

 A common distinction between spring and winter annuals is the time required for 

induction of freeze protective mechanisms, with a more rapid induction of cold-regulated genes in 

winter genotypes, translating into a more widespread cumulative change in gene expression 
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(Winfield et al., 2010). Despite this classification, our experiments have clearly demonstrated that 

the Bd21 B. distachyon genotype is a suitable model for downstream analysis of IBP function. 

However, it is recommended that future comparisons should be done regarding the regulation and 

ice-binding activity of the BdIRIs described in this thesis, to those produced in winter accessions 

(Bd1-1, Bd18-1, and Bd29-1) and the perennial B. sylvaticum (Steinwand et al., 2013). Such 

experiments could allow greater insight into the specific roles of IBPs in overwintering protection 

and survival of early spring and late fall freeze events. 

 

5.3 Induction of IBPs in planta 

 Cold-regulated genes are induced by a number of stimuli including low temperature 

(Guy, 1990), changes in day length and light quality (Catalá et al., 2011), development (Hoseini 

et al., 2016), and dehydration (Alves et al., 2011). In Chapters 3 and 4, we have shown that low 

temperature, in combination with short day length, is sufficient to induce the expression of IBP 

transcripts in B. distachyon and L. perenne, as evidenced by the presence of ice-binding activity 

in tissue extracts (Figures 3.3, 3.6, 3.9 and 4.3). Since transcripts of all 7 BdIRIs were present 

after acclimation for two and 7 days, the identification of only two BdIRI isoforms (BdIRI3 and 

BdIRI4) in ice affinity-purified leaf extracts was surprising (Figure 3.7). The lower TH, ice-

shaping and IRI of BdIRI6 and BdIRI7 (Figure 3.8 and Figure A.3) do suggest a lower affinity for 

ice that could explain their exclusion from the polycrystalline ice hemisphere. In the future, a 

newer ice-affinity purification technique (Marshall et al., 2016) could be used in the event that 

proteins with lower affinity might be recovered. Nevertheless, the absence of BdIRI1, 2, and 5 

cannot be obviously explained by weaker in vitro ice adsorption capacity. Since quantitative 

transcript analysis was not conducted it is plausible that disparities in transcript levels could 
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reflect and account for the absence of certain peptides, as clearly indicated by the 25-fold 

discrepancy in the number of peptide reads for BdIRI3 and BdIRI4. Previous reports of BdIRI 

expression have shown induction ratios between 0.89 and 24.18 for specific transcripts, following 

24 h cold exposure (Li et al., 2012), with three of these sequences (BdIRI1, 3, and 4) having the 

highest induction ratios (24.18, 25.46, and 14.38, respectively). The absence of BdIRI1 then is 

particularly curious and could indicate a post-transcriptional regulation of IBP transcripts as 

shown previously for some cold-regulated genes (Floris et al., 2009), or post-translational 

modifications that alter IBP ice-binding activity (see Section 5.5). It is suggested that this would 

be an interesting area of exploration in the future.  

 Due to the ease of protein extraction, and higher overall biomass, most of my 

experiments were conducted using leaf tissue. Therefore, tissue-specific localization of BdIRI 

isoforms could also account for the absence of certain peptides in native extracts. In fact, 

microarray analysis of spring accessions of wheat indicate that more stress-related gene 

transcripts accumulate in the crown than in leaves (Winfield et al., 2010). Indeed, we have 

verified the presence of ice-binding activity in both roots and stratified seeds (data not shown), in 

agreement with previous observations that IBPs show large heterogeneity in tissue-specific 

localization (Schreiber et al., 2009; Yu et al., 2014). It is also possible that the profile of induced 

BdIRI isoforms could be influenced by the type of induction stimuli. For example, some dual-

function IBPs are reported to be induced by drought, pathogen attack, ethylene, abscisic acid and 

salicylic acid (Yu et al., 2001; Yu and Griffith, 2001), some of which cannot always be tightly 

controlled during different experiments, even in the phytotron. As will be discussed later, the 

possible dual function activity of BdIRIs, warrants the investigation of alternate induction 

pathways. 
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5.4 Cellular localization of IBPs 

 In agreement with the hypothesis that IBPs protect cells from damage associated with the 

growth of ice crystals in the apoplast, ice-binding activity was present in the apoplastic extracts of 

cold-acclimated B. distachyon (Figure 3.10B). The presence of putative N-terminal signal 

peptides implies secretion via the endoplasmic reticulum and Golgi apparatus secretion pathway 

(Figure 5.1). Although most IBPs from L. perenne and B. distachyon contain similar secretion 

signals, LpIRI2, as the result of a deletion event, contains few residues upstream of the ice-

binding domain, including a signal peptide (Sandve et al., 2008; Table 5.1). We initially 

hypothesized that LpIRI2 would remain intracellular, possibly providing protection to plants 

through membrane stabilization or by controlling intracellular ice crystal growth. Nevertheless, in 

LpIRI2-expressing A. thaliana, ice-binding activity was present in apoplast extracts (Figure 4.5 

and Table 4.2) and guttation fluid (Figure 4.7). Taken together, these observations strongly 

suggest the secretion of this isoform, despite the absence of an identifiable signal peptide. Such 

secretion could occur via a non-classical pathway through direct translocation channels, secretory 

lysozymes, membrane blebbing, or multi-vesicular bodies (Cheng and Willimson, 2010; Figure 

5.1). Non-Golgi secretion pathways are predicted to be responsible for ~60% of the A. thaliana 

secretome, composed largely of stress-related proteins (Regente et al., 2012), which to my 

knowledge, remain for the most part, unidentified. It is possible that some non-classical secretion 

pathways could allow more rapid secretion of proteins and could provide a selective advantage 

under environmental stress conditions (Keller et al., 2008).  

 Other IBPs lacking signal peptides have been identified in Ammopiptanthus mongolicus 

(Fei et al., 2001; Fei et al., 2008), Forsythia suspensa (Simpson et al., 2005), and S. dulcamara 

(Duman 1994; Huang and Duman, 2002) with homology to agglutinins, dehydrins and WRKY 
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Figure 5.1 Proposed mechanism of IBP-induced protection of plant cells at sub-zero 

temperatures. Localization of IBPs to the apoplast protects plants by restricting ice crystal 

growth and inhibiting bacterial ice-nucleation activity (INA). Most IBPs (LpIRI3 and BdIRI1-7), 

containing amino-terminal secretion signals, are likely secreted through the endoplasmic 

reticulum (ER)-Golgi pathway.  LpIRI2, which lacks a known signal sequence, could be secreted 

through non-classical mechanisms. Intracellularly localized LpAFP may protect neighboring cells 

through rupture-induced release. IBP hydrolysis between LRR and IRI domains may facilitate 

ice-binding activity, freeing the LRR domain for unknown functions. 
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                  Table 5.1 Models and properties of recombinantly-produced L. perenne (Chapter 4) and B. distachyon (Chapters 2 and 3) IBPs. Table	5.1	Ice-binding	properties	of	recombinantly	produced	 IBPs	under	investigation.	Lolium perenne	IBPs	are	characterized	in	Chapter	
4.	Full	length	IBPs	fro	Brachypodium	distachyon	are	characterized	in	Chapter	3	with	a	more	detailed	analysis	of	BdIRI in	Chapter	2.

Isoform Conceptual	Model2
TH3 and
IRI	activity

Ice crystal	
morphology

Lo
liu
m
pe
re
nn
e LpIRI2 Low	IRI Hexagonal

LpIRI3 High	IRI Hexagonal

LpAFP1 TH:	~0.14	 °C	
High	IRI

Hexagonal
bipyramidal

Br
ac
hy
po
di
um

di
st
ac
hy
on

BdIRI1 TH:	~0.093	 °C
High	IRI

Hexagonal

BdIRI2 TH:	~0.082	 °C
High	IRI

Hexagonal

BdIRI3 TH:	~0.079	 °C
High	IRI

Hexagonal

BdIRI4 TH:	~0.087	 °C
High	IRI

Hexagonal

BdIRI5 TH:	~0.081	 °C
High	IRI

Hexagonal

BdIRI6 TH:	~0.064	 °C
Moderate	IRI

Hexagonal

BdIRI7 TH:	~0.059	 °C
Moderate	IRI

No	shaping

BdIRI1 TH:	~0.092	 °C
High	IRI

Hexagonal	
bipyramidal

Notes:
1 Partial	peptide	sequences	with	deletion	of	amino-terminal	domains
2 Red	boxes:	Signal	peptides;	Purple	boxes:	LRR	domains;	Green	boxes:	Ice-binding	domains.	Values	indicate	number	of	motifs	
identified.
3 TH	values	are	an	average	of	three	runs	measured	at	1	mg/mL	of	purified	protein

8.5$3$

6.5$2$

6.5$3$

6.5$2$

5.5#3#

6.5$3$

2.5$3$
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8"

9.5$

8"2"
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transcription factors, respectively, and have been hypothesized to act as dual function proteins. 

Perhaps related to these observations, our experiments show that moderate freeze protection is 

afforded to transgenic A. thaliana expressing intracellularly-localized LpAFP (Table 5.2). This 

could be the result of membrane stabilization or opportunistically through the release of IBPs 

following cell lysis and the subsequent protection of neighbouring cells (Figure 5.1). This does 

indicate that the engineered IBP from L. perenne (LpAFP) must then be properly folded within 

cells. Since intracellular ice nucleation in plants is rare (Pearce, 1988; Guy, 1990; Pearce and 

Ashwoth, 1992; Wisniewski et al., 1997), and is reported to result in irreparable cellular damage 

(Steponkus, 1984), the production of any endogenous intracellular IBPs would seem 

disadvantageous unless they have another intracellular function. If one assumes that all native 

IBPs from L. perenne are secreted, then an alternative pathway must be used for LpIRI2 if not 

other LpIRIs and BdIRIs. While it is not entirely understood why non-Golgi secretion systems 

have evolved in plants, it is possible that such mechanisms could provide spatial flexibility for 

dual-function proteins (Müller et al., 2001). I speculate that under conditions of freezing stress, 

perhaps combined with pathogen attack, that the Golgi apparatus might be overwhelmed or 

damaged and the use of alternative pathways may have been adaptive. It is not known if the other 

IBPs with consensus secretion signals can be routed to an alternative pathway however, these 

outstanding questions warrant further investigation of the secretion of plant IBPs.  

 

5.5 Ice-binding activity of IBPs 

In Chapters 3 and 4, the ice binding capacity of IBPs from B. distachyon and L. perenne 

was evaluated, with a detailed analysis of the ice-binding domain of BdIRI1 (BdIRI) in Chapter 2 

(Table 5.1). It is thought that the activity of IBPs is achieved through the presence of repetitive  
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  Table 5.2 Compendium of freeze protection in LpIRI expressing A. thaliana plants (Chapter 4). 

   
 

 

 

 

 

 

 

Isoform'

Signal'

pep0de'

'(Y/N)'

Localiza0on'

Thermal'

Hysteresis'

'(°'C)'

Electrolyte'Leakage'

(−6'°C)'
LT

50
'

LpIRI2# N' Apoplast' 0.08' *'Decreased'12O22%'
*−6.0'°C'

'

LpIRI3# Y' Apoplast' 0.13' *'Decreased'30O39%' *−6.1'°C'

LpAFP# N' Cytoplasm' 0.11' Decreased'6O10%' −5.6'°C'

A31' N/A' N/A' 0.15' *'Decreased'28O35%' *−6.0'°C'

2A32' N/A' N/A' 0.18' *'Decreased'26O35%' *−6.4'°C'

1'Construct'containing'both'LpAFP'and'LpIRI3'
2'Construct'containing'LpIRi2,'LpAFP,'and'LpIRI3'
*'Indicates'values'significantly'different'from'wildOtype'Arabidopsis#thaliana#plants'(p<0.05;'twoOtailed'TOtest)'
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ice-binding motifs that promote the arrangement of water molecules into an ice-like lattice that 

facilitates adsorption to ice (Garnham et al., 2011). The level of ice-binding activity has 

previously been correlated with the number of ice-binding motifs that would thereby increase the 

surface area for ice interaction. Engineering additional coils (1-3) to a beta (β)-helical antifreeze 

protein (AFP) from Tenebrio molitor for instance, significantly increased TH activity (Marshall et 

al., 2004). Certainly, this correlation appears to hold true for BdIRIs since BdIRI7, with a 

truncated ice-binding domain containing 2.5 NXVXG/NXVXXG repeats, showed lower activity 

compared to other isoforms with 5.5-8.5 repeats (Figures 3.1 and Table 5.1). As well, BdIRI7 

exhibited no ice-shaping (Figure 3.8), lost IRI activity at a comparably high concentration (0.5 

mg/mL) (Figure A3), and showed the lowest TH at ~0.059 °C (compared to ~0.093 °C for BdIRI; 

Table 3.1). This of course begs the question of the utility of this particular isoform, unless it plays 

a supporting role to other IBPs, which could be investigated using recombinant proteins. 

Nevertheless, the relationship between repeat length and activity for BdIRI isoforms is not always 

consistent. For example, BdIRI6 contains 6.5 ice-binding repeats, compared to the 5.5 identified 

in BdIRI5, but demonstrates lower TH and IRI activity, indicating that the area of the ice-binding 

face (IBF) alone does not determine ice-binding capacity. Similarly, LpIRI2, with 1.5 more ice-

binding motifs than LpAFP and LpIRI3, had lower IRI activity. I believe that these observations 

could be explained by the presence of solvent-exposed residues known to be important for ice-

binding (serine and threonine) on the IBF of higher activity isoforms, with residues with no 

known ice-association properties present in similar positions in less active isoforms. For example, 

LpIRI2 contains a phenylalanine, and two isoleucine residues at positions 63, 115, and 225, 

respectively, which if modelled correctly would be solvent exposed residues on the IBF.  Site-
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directed mutagenesis studies could be used to determine if substituting these residues to serine or 

threonine enhances activity. 

 Certainly, differences in tertiary structure are also important determinants of ice-binding 

activity with flat IBFs allowing a closer “fit” with adsorbed ice crystals (DeLuca et al., 1998). 

Alignment of IBPs with LpAFP (Figures 3.1 and 4.1) and protein modelling of BdIRI (Figures 

and 2.3 and 3.2) indicates that all BdIRIs and LpIRIs likely form β-helices with relatively flat 

faces. Nonetheless, an additional residue in even a single coil could severely perturb the 

regularity of the IBF, as seen with the extra residue in loops 1-3 of LpAFP and BdIRI resulting in 

a “bump” on one of the two faces (Middleton et al., 2009 and Figure 2.3).  

 Given the high 67% identity of LpAFP and BdIRI, we did not expect that the less planar 

b-face would adsorb to ice, since at least in LpAFP, only the flat a-face is required for ice-binding 

(Middleton et al., 2009). With the exception of the compound IBF of Type III AFP (Garnham et 

al., 2010), a singular IBF has been identified for all studied IBPs. While this could indicate that 

BdIRIs have evolved the ability to adsorb to ice on two faces, the lower activity of BdIRIs 

compared to LpAFP, suggests that activity is not enhanced by such an adaptation. It may be that a 

second IBF evolved as an alternative, albeit less efficient IBF when BdIRIs are bound with a 

pathogen’s ice nucleating proteins (INPs) through the primary IBF (Chapter 2; See Section 5.7). 

It should however be noted that since mutation of the “b-side” did not result in complete 

abolishment of ice-binding activity, others may not agree that BdIRI contains two IBFs. 

Notably, native BdIRIs showed higher activity compared to those produced 

recombinantly, with ~0.05 °C higher TH at a total protein concentration of 0.5 mg/mL (Chapter 

3). This could be due to the presence of multiple isoforms, each with their own affinity to ice 

crystal planes, which work additively to control ice crystal growth, as described previously for 
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Type III AFPs from Notched-fin eelpout (Burcham et al 1984; Nishimiya et al., 2005). This is 

corroborated by the higher levels of freeze protection provided to transgenic A. thaliana 

expressing multiple LpIRIs (see Section 5.6). It is formally possible that enhanced activity could 

also result from post-translational modifications such as glycosylation, as is required for the 

activity of an IBP from Solanum dulcamara (Duman, 1994). It should be recalled that I did not 

identify this type of modification in the two ice-affinity purified IBPs from B. distachyon. It is 

also worth considering that some native IBPs interact with other molecules, such as calcium, that 

could enhance their activity in planta as seen with some winter rye IBPs (Stressman et al., 2004). 

In the future, glycosylation and ion binding could be investigated for these grass IBPs. 

Of interest, in the repertoire of ice-affinity purified proteins from B. distachyon leaves 

was the absence of N-terminal peptides corresponding to the LRR domain of these proteins; no 

such peptide sequences were identified in ice-purified fractions (Figure 3.7). Given the unique 

protein architecture of these two domains (Figure 3.2), coupled with the putative identification of 

a protease recognition site between the two, it is possible that hydrolysis of the two domains is 

required for efficient ice adsorption. If some of the isoforms were not hydrolyzed in the apoplast 

under the conditions tested, it could account for their absence from the polycrystalline ice 

hemisphere. Accordingly, the IRI domain of BdIRI1 achieved TH values of ~0.12 °C at 1.5 

mg/mL, while the corresponding full-length protein never reached these levels of TH (~ 0.098 °C; 

data not shown).  

 

5.6 IBPs as regulators of freeze protection 

 The attenuation of endogenous BdIRIs as described in Chapter 3 and the expression of 

LpIRIs in A. thaliana in Chapter 4 provide direct evidence for the freeze protective role of IBPs in 
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planta. Electrolyte leakage assays conducted in both plant systems indicate that IBPs limit freeze-

induced membrane damage (Figure 3.11, 3.12 and 4.8-4.11), either directly through an 

association with plasma membranes, or indirectly by preventing the growth of ice crystals in the 

apoplast. We investigated the possibility that BdIRIs might associate with cold-acclimated 

membranes through the isolation of plasma membrane fractions and subsequent identification of 

peptides using nano-liquid chromatography mass spectrometry (protocol modified from 

Takahashi et al., 2013; not shown). Several defense-related proteins were identified to be 

significantly upregulated compared to non-acclimated plants (Table A.5) and water transport 

appeared to be reduced, as signified by the downregulation of a number of putative aquaporins 

(Table A.6). However, no known IBPs were identified amongst these peptide sequences. 

Therefore, at least in B. distachyon, IBPs most likely provide freeze protection through their 

capacity for IRI, and not via membrane stabilization as has been suggested previously for other 

IBPs (Hays et al., 1996; Rubinsky et al., 2001; Tomczak et al., 2002). 

 While our knockdown experiments have indicated that IBPs are important for freeze 

protection in B. distachyon (Chapter 3), previous reports have concluded that BdIRI transcript 

levels are not a good indicator of freeze tolerance (Colton-Gagnon et al., 2014). However, this 

study monitored the transcript corresponding to Bradi5g27350.1 (BdIRI1), while ours and 

previous studies (Li et al., 2012), have shown that all 7 BdIRI transcripts were upregulated in 

response to low temperatures and encode proteins with the capacity to control ice crystal growth 

(Figure 3.8). Thus, while BdIRI1 transcript levels did not correlate with the degree of freeze 

protection, the cumulative expression of all transcripts might. The method of cold treatment could 

also account for these differences. Our experiments used a relatively short acclimation period (2 d 

at 4 °C) more accurately classified as a “cold-shock” treatment, in order to induce IBP expression 
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while limiting other adaptations, in contrast to the 28 d cold acclimation period used by Colton-

Gagnon et al. (2014). It is therefore possible that BdIRIs are important for freeze protection under 

our experimental “cold-shock” conditions but perhaps they are less important once plants have 

fully acclimated. In this regard, we do not know the half-life of these proteins in planta. Since 

Bd21 plants overwinter as seeds, in nature they are more likely to be exposed to rapid drops in 

temperature associated with snap-freezing events in early spring, than the gradual autumn to 

winter transition that prepares plants for overwintering. In this scenario, the rapid induction of 

IBPs to limit cellular damage would almost certainly be important for survival. Indeed, we have 

detected IRI activity in seeds (not shown).  

 Using IBPs from L. perenne, we have shown that apoplastically-localized proteins 

provide freeze protection to A. thaliana with transgenic plants showing lower levels of membrane 

damage and higher overall whole plant freeze survival (Table 5.2). The most outstanding 

demonstration of IBP-facilitated protection was seen in transgenic lines expressing more than one 

isoform. As indicated, this could be attributed to an additive effect of IBPs. This thesis represents 

the first experiments to express multiple IBP isoforms and indicates that expressing entire protein 

families, as would be seen in native plants, could hold promise for even greater protection if this 

principle was applied to modern agriculture.  

 This thesis, in combination with previous attempts to develop freeze-tolerant plants 

(Table 1.2), suggests that plant IBPs hold the key to freeze protection of susceptible crop species. 

Despite the shared ability to adsorb to ice, IBPs from plants have evolved ice-binding properties 

distinct from those produced in freeze-avoiding metazoans. Moderately active IBPs from fish, for 

example, produce ice crystal morphologies that are spicular and generate striking burst patterns 

(Dolev et al., 2012) that would likely damage cells by physically rupturing membranes. While 
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hyperactive IBPs produce ice crystals with similar morphologies to plant IBPs, due to prism and 

basal plane affinities (Dolev et al., 2012), the exorbitantly high TH activity would likely be 

detrimental, since plants show less tissue damage when freezing occurs closer to their equilibrium 

freezing point (Gusta and Fowler, 1977; Gusta et al., 2004). Thus, I would advise applied 

biotechnologists to seriously consider plant IBPs in any transgenic strategy to develop crops that 

are less frost susceptible. 

 

5.7 Dual-function role of IBPs in plants 

 IBPs produced in plants have a long supposed role as dual function proteins, providing 

protection against low temperature freeze damage and psychrophilic microbes through hydrolytic 

activity (Griffith and Yaish, 2004). In Chapter 2, we presented evidence for an additional function 

of IBPs, as suppressors of bacterial INA. This phenomenon has been previously reported for 

LpAFP (Tomalty and Walker, 2014), however, BdIRI demonstrated a superior capacity for the 

perturbation of membrane-associated INP preparations derived from Pseudomonas syringae 

(Table 2.1 and Figure 2.9). This was unexpected since this observation is in contrast to the lower 

ice-binding activity of BdIRIs compared to LpAFP (Table 5.1). Unlike LpAFP, mutagenesis 

studies have shown that the INP-perturbation activity of BdIRI is provided by the primary IBF, 

which presumably would sequester IBPs and prevent their association with ice crystals. This 

could explain why BdIRI possesses a secondary IBF, or alternatively, could reflect different 

selective forces on these two species. We have proposed that IBPs suppress INA through a direct 

interaction with INPs. This would prevent the organization of water molecules into an ice-like 

lattice across the INP surface or perhaps less likely, inhibit INPs from forming membrane bound 

complexes that are required for nucleation (Figure 2.11). The repetitive β-helical fold of IBPs that 
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closely resembles that of INPs might afford them the ability to interact. In fact, it has been 

proposed that INPs themselves interact along the length of their repetitive units and modelling 

studies show that these interactions are a good “fit” (Garnham et al., 2011). The interaction of 

INP and IBPs could be explored by assessing the in vitro capacity of these two proteins to interact 

using pull-down assays or by co-crystallizing the protein complex.  

 When IBPs were knocked down using an artificial miRNA in B. distachyon, some 

unexpected phenotypes resulted, including short stem length, low seed set and lower germination 

rates compared to wild type plants (Table 3.2). Further investigation is needed to rule out non-

target knockdown. Although miRNA translation inhibition can be associated with the attenuation 

of disparate gene products, these phenotypes that were shared in every independent line obtained 

may reflect another role for these IBPs. Retention of the N-terminal LRR domain in grass IBP 

sequences has previously been hypothesized as simply reflecting the requirement for the N-

terminal signal sequence (Sandve et al., 2008). The LRR domain of the IBPs from monocot 

Pooideae species appears to have arisen from an ancestral Oryza sativa gene encoding a 

phytosulfokine receptor tyrosine kinase (PS-RTK), which is involved in the recognition of 

bacterial flagellin. Substitution of the kinase domain with repeated ice-binding motifs would have 

destroyed the kinase activity, however the LRR sequence has been retained. The role of LRR 

proteins have been implicated in a number of different pathways that could explain the additional 

phenotypes reported in Chapter 3, including the development of floral meristems, floral organ 

abcission and microsporgenesis (Albrecht et al., 2005; Colcombet et al., 2005; Gao et al., 2009). I 

have identified a number of endosperm-specific transcriptional binding sites (Brachypodium.org) 

in the promoter of Bradi5g27350.1. These could implicate LRR sequences in germination 

success. While we have shown that BdIRI rapidly precipitates at least in vitro at temperatures 
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compatible with germination, our mass spectrometry data indicates that hydrolysis of the two 

domains likely occurs, allowing the LRR and IRI proteins to act autonomously. Importantly, 

these hypotheses are highly speculative and would need to be investigated to validate the role of 

the LRR domain in other functions. 

 

5.8 Conclusions and prospects for the generation of freeze-tolerant crops 

 This thesis highlights the protective role of IBPs against freeze-induced membrane 

damage and bacterial ice-nucleation. Knockdown experiments confirmed that IBPs are required 

for membrane protection and plant survival under freeze-thaw conditions, and the expression of 

LpIRIs in A. thaliana demonstrated that IBPs have the capacity to provide protection to a freeze-

susceptible host. Moreover, our experiments suggest that controlling the localization of IBPs, as 

well as the number of isoforms expressed, could enhance overall protection to crops. An added 

advantage of plant IBPs for crop enhancement is their putative ability to suppress ice-nucleation 

associated with pathogenic bacteria, although in planta evidence is required to validate these 

findings. A more detailed analysis of the tissue-specific localization of IBPs in freeze-tolerant 

grass species and a more in depth analysis of the mechanisms regulating the induction and 

activity of IBPs would also greatly benefit attempts to develop crops with optimal freeze-

protection. The lack of a freeze-tolerant model organism for the study of IBP function has been 

one of the greatest limitations of plant IBP research. The identification and characterization of a 

family of plant IBPs that are required for protection against freezing damage, indicates that B. 

distachyon and other perennial species of Brachypodium will be a valuable tool for the study of 

plant IBPs in the future. 
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Figure A.1 Ice recrystallization inhibition analysis of mutant BdIRI proteins in the presence 

of INPs. A-side (A) and b-side (B) mutant IBPs (0.5 mg/mL) and INPs (0.05 mg/mL) were 

annealed at −4 °C for 24 h, with images compared to images taken at time 0. See Chapter 2 for 

mutant identification. All assays were run in duplicate. 

 

 

 

 

 

 

Buffer& T76Y& T76Y&+&INP&INP&

Time&0&

Anneal&
for&24&h&

(B)&

0.5&mm&

Buffer& T69Y& T69Y&+&INP&INP&

Time&0&

Anneal&
for&24&h&

(A)&

0.5&mm&



 

 

 

177 

 

 

 

 

 

 

Figure A.2 Ice crystal morphology and burst in the presence of an IBP from L. perenne 

(LpAFP).   
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Table A.1 Primer sequences used for the construction of BdIRI mutants using site directed 

mutagenesis. 

Construct Primer Primer Sequence Tm (°C) TA (°C) 

pET24a(+):BdIRI(T69Y) T69Y_FWD 5’-TCATGTTGTTTATGGTAATAACAATGCAGTTACCCGTAGC-3’ 61 64 T69Y_REV 5’-TAGGTGCCGCTAACAACATG-3’ 64 

pET24a(+):BdIRI(T76Y) T76Y_FWD 5’-CAATGCAGTTTATCGTAGCCATAATACCGCAAG-3’ 57 59 T76Y_REV 5’-TTATTACCCGTAACAACATG-3’ 56 
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   Table A.2 Primer sequences utilized for PCR1.  

 

1The primers used for the generation of the miRBdIRI construct (A) and the forward (FW) and 

the reverse (RV) primers used for reverse-transcription PCR of BdIRI transcripts (B) are shown. 

Restriction sites are underlined and melting temperatures (TM) are indicated.

A Primer Sequence TM (°C)

TruncABgIII 5’-TTAAAGATCTCTGCAAGGCGATTAATTGGG-3’ 64

TruncBPmII 5’-TTAACACGTGGCGGATAACAATTTCACACAGG-3’ 64

BdIRImiRI 5’-gaTAGGTTGAGCGACTCCCACTGtctcttttgtattcc-3’ 65

BdIRImiRII 5’-gaCATGGGAGTCGCTCAACCTATCaaagagaatcaatga-3’ 66

BdIRImiRIII 5’-gaCAATGGGAGTCGCACAACCTTtcacaggtcgtgatag-3’ 69

BdIRImiRIV 5’-gaAAGGTTGTGCGACTCCCATTGtctacatatatattcct-3’ 64

B Gene Primer Sequence TM (°C)

Bradi5g27350.1 FW: 5’-CAAAATGCTGGCTGCCGCAC-3’ 64#

RV: 5’-ATAACGCGATTCGCCCCCAC-3’ 64#

Bradi5g22880.1 FW: 5’-AGCTTCTCTCGACGCTCCTG-3’ 64#

RV: 5’-CTCCCACTCACGACTGTGTTG-3’ 66#

Bradi5g27340.1 FW: 5’-TCTCGGCGCTCCTGATCTTAC-3’ 66#

RV: 5’-ACATAACGTGACTGGCCCCAC-3’ 66#

Bradi5g27330.1 FW: 5’-CCTCTTACCGGCGGCAATAAG-3’ 66#

RV: 5’-AACACGATTGGCCCCACCAAG-3’ 66#

Bradi5g27310.1 FW: 5’-CAGCTTCTTTTGGCGCTCCTC-3’ 66#

RV: 5’-GACGTGGTTGCTCCCAGATAC-3’ 66#

Bradi5g27300.1 FW: 5’-TGGCTGCTGTTGCAGCTTCTC-3’ 66#

RV: 5’-GTGATAGTGTTACCGTCCCCC-3’ 66#

Bradi5g22870.1 FW: 5’-GCAAAATGCTGGCTGCTGCAC-3’ 66#

RV: 5’-CTTCGGTTAGTGGAAACCGCC-3’ 66#

SamDC FW: 5’-TGCTAATCTGCTCCAATGGC-3’ 60#

RV: 5’-GACGCAGCTGACCACCTAGA-3’ 64#
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                     Table A.3 Prediction of N-linked glycosylation in each BdIRI isoform1  

                     

                            1Predictions using BdIRI1-7 sequences were made using the NetNGlyc1.0  

                   Server with a threshold of 0.5 as a cutoff. 

 

 

 

 

 

 

 

 

Isoform 
N-linked 

Glycosylation 
Prediction 

Amino Acid Position 

BdIRI1 Yes 38, 128 

BdIRI2 Yes 41 

BdIRI3 Yes 40  

BdIRI4 Yes 40, 134 

BdIRI5 Yes 40, 141, 160 

BdIRI6 Yes 40, 134, 254  

BdIRI7 Yes 38, 128 



 

 

 

181 

 

 

 

   

 

 

Figure A.3 Ice-recrystallization inhibition analysis of recombinant BdIRI isoforms. Two 

different dilutions were used with purified BdIRI isoforms and ice crystals were observed at 0 h 

and after annealing at −4 °C for 18 h. Assays were conducted in triplicate. 

 

 

 

 

 

 

 

 

 



 

 

 

182 

 

 

 

 

 

 

 

 

 

Figure A.4 Transcript analysis using leaf tissue from non-acclimated wild-type B. 

distachyon. Transcripts were amplified for each BdIRI using sequence specific primers (Table 

A.2). SamDC served as a PCR loading reference. Assays were conducted in duplicate with 

identical results. 

 

 

 

 

 

 

 

 

 

    

 

    



 

 

 

183 

 

 

 

 

   

 

Figure A.5 Typical phenotypes of transgenic miRBdIRI plants used in these experiments. 

Twelve-week-old transgenic BdIRI knockdown lines (miRBdIRI-a, -b, -c, and –d) showing height 

and above ground biomass compared to wild-type B. distachyon. 
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Appendix III 

Chapter 4 Supplemental Information 

 

Table A.4 Primer sequences used for the cloning of LpIRIP constructs prior to transformation of 

A. thaliana plants (A) and reverse-transcription PCR analysis of LpIRI2 and LpIRI3 transcripts 

(B), with underlined sequences correspond to internal restriction sites used for cloning purposes.  

  

 
 

 

A Construct Primer Primer Sequence
Tm 
(°C)

pET24a(+):LpIRI2:His LpIRI2NdeIFW 5’-TTAACATATGCCATTACATGTGAAGCG-3’ 58
LpIRI2nostopXhoIRV 5’-TTAACTCGAGACCTCCTGTCACGACTTTG-3’ 58

pET24a(+):LpIRI3:His LpIRI3NdeIFW 5’-TTAACATATGGCGAAATGCTTGATGCT-3’ 58
LpIRI3nostopXhoIRV 5’-TTAACTCGAGAGCGTCTGTCACGACTTTG-3’ 58

pCAMBIA1305.1:LpAFP LpAFPBglIIFW 5’-TTAAAGATCTTATGGATGAACAGCCGAAA-3' 64
LpAFPPmlIRV 5’-TTAACACGTGTTAAGCGTCTGTCACGACT-3' 76

pCAMBIA1305.1:LpIRI2 LpIRI2BglIIFW 5’-TTAAAGATCTTATGCCATTACATGTGAAGCG-3' 58
LpIRI2PmlIRV 5’-TTAACACGTGTTAACCTCCTGTCACGACTT-3' 58

 pCAMBIA1305.1:LpIRI3 LpIRI3BgIIIFW 5’-TTAAAGATCTTATGGCGAAATGCTTGATGCT-3' 58
LpIRI3PmlIRV 5’-TTAACACGTGTTAAGCGTCTGTCACGACTT-3' 58

pCAMBIA1305.1:LpAFP-LpIRI3 35SBamHIFW 5’-TTTAAGGATCCCATGGAGTCAAAGATTCAAATAG-3' 62
NOSterHindIIIRV 5’-TTAAAAGCTTGTTTACCCGCCAATATATCCT-3' 60

pCAMBIA1305.1:LpIRI2-LpAFP-LpIRI3 35SEcoRIFW 5’-TTTAAGAATTCCATGGAGTCAAAGATTCAAATAG-3' 62
NOSterSacIRV 5’-TTAAGAGCTCGTTTACCCGCCAATATATCCT-3' 60

pCAMBIA1305.1:mORANGE-LpAFP OFPBglIIFW 5’-AATTAGATCTTATGGTGAGCAAGGGCGAGG-3’ 65

LpAFPPmlIRV
5’-
AATTCACGTGTTAAAGCTTTGCAGCGTCTGTCACG-3’ 65

pCAMBIA1305.1:LpIRI2-mORANGE LpIRI2NcoIFW 5’-TTAACCATGGTTATGCCATTACATGTGAAGCG-3’ 58
LpIRI2nostopBglIIRV 5’-TTAAAGATCTGTACCTCCTGTCACGACTTTG-3’ 58

pCAMBIA1305.1:LpIRI3-mORANGE LpIRI3NcoIFW 5’-TTAACCATGGTTATGGCGAAATGCTTGATGCT-3’ 58
LpIRI3nostopBglIIRV 5’-TTAAAGATCTGTAGCGTCTGTCACGACTTTG-3’ 58

B Transcript Primer Primer Sequence
Tm 
(°C)

LpIRI2 LpIRI2BglIIFW 5’-TTAAAGATCTTATGCCATTACATGTGAAGCG-3' 58
LpIRI2PmlIRV 5’-TTAACACGTGTTAACCTCCTGTCACGACTT-3' 58

LpIRI3 LpIRI3BgIIIFW 5’-TTAAAGATCTTATGGCGAAATGCTTGATGCT-3' 58
LpIRI3PmlIRV 5’-TTAACACGTGTTAAGCGTCTGTCACGACTT-3' 58
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Figure A.6 Expression of fluorescently-tagged LpIRIP constructs in the roots of transgenic A. 

thaliana plants. Roots were visualized using a confocal microscope. Experiment was done in 

duplicate.
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Appendix IV 

Chapter 5 Supplemental Information 

                    Table A.5 Preliminary assignments of plasma membrane-associated proteins identified by mass spectrometry as  

                    upregulated in response to cold acclimation in Brachypodium distachyon.  

 

Putative(Gene(Identification Accession(Number Induction(Ratio Function
Calcium:transporting(ATPase(8( Bradi5g20890.1 2.97 Ca2+(Transport
Universal(stress(protein(A:like(protein( Bradi2g34910.1 1.58 Resistance(to(oxidative(stress
PTI1:like(tyrosine:protein(kinase(1( Bradi1g01936.1 1.73 Oxidative(stress(signalling
Calcium:dependent(protein(kinase(isoform(2( Bradi1g26310.1 1.53 Ca2+(Signalling
Temperature:induced(lipocalin:1:like Bradi3g48590.1 2.23 Membrane(biogenesis(and(repair
Staphylococcal:like(nuclease( Bradi2g04070.1 3.92 Programmed(Cell(Death
Receptor:like(protein(kinase(FERONIA( Bradi5g19680.1 3.32 Ca2+(Signalling
Embryogenesis:associated(protein(EMB8 Bradi3g50230.1 2.47 Protein(protection
Glucan(endo:1,3:beta:glucosidase(3:like( Bradi1g25517.1 25.1 Breakdown(of(fungal(cell(walls
ABC(transporter(G(family(member(37( Bradi2g43150.1 1.99 General(defense(protein
Cytochrome(b5 Bradi2g62010.1 1.66 Plant(metabolism(and(lipid(synthesis
Blue(copper(protein:like Bradi2g10960.1 1.84 Lignin(synthesis
Calcium:dependent(protein(kinase(8:like( Bradi1g24240.1 1.63 Ca2+(Signalling
Respiratory(burst(oxidase(homolog(protein(B( Bradi2g12790.2 2.24 Pathogen(defense
Syntaxin:132:like( Bradi1g56720.1 1.58 Pathogen(defense
L:type(lectin:domain(containing(receptor(kinase(IX.1:like Bradi5g00925.1 23.6 Cell(wall(integrity(sensor
Synaptotagmin:2:like( Bradi4g36490.1 1.42 Ca2+(sensor
Heat(shock(cognate(70(kDa(protein(2:like Bradi1g03720.1 1.93 Chaperonin(protein
Synaptotagmin:5( Bradi1g52680.1 1.5 Ca2+(sensor
Glucan(endo:1,3:beta:glucosidase(1:like( Bradi1g26510.1 1.37 Breakdown(of(fungal(cell(walls
Leucine:rich(repeat(receptor:like(protein(kinase Bradi2g21990.1 1.43 Defense(related(processes
Synaptotagmin:2:like(isoform(X1(( Bradi3g12250.3 1.56 Ca2+(sensor
Cytochrome(b561(and(DOMON(domain:containing(protein( Bradi5g14490.1 2.47 Antioxidative(defense
Respiratory(burst(oxidase(homolog(protein(B Bradi4g17020.1 1.67 General(defense(protein
Heat(shock(cognate(70(kDa(protein(2:like Bradi1g66590.1 1.58 Chaperonin(protein
Notes:(Protein(identities(were(predicted(through(BLAST(searches(against(the(green(plant(database.
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                              Table A.6 Preliminary assignments of plasma membrane associated proteins as identified by mass  

                              spectrometry as downregulated in response to cold acclimation in Brachypodium distachyon. 

 

Putative(Gene(Identification Accession(Number Induction(Ratio Function
Lipoxygenase Bradi1g11670.1 4.67 Lipid(metabolism
Aquaporin(PIP2G5 Bradi5g15970.1 2.64 Water(uptake
Aquaporin(PIP2G4 Bradi3g49360.1 3.26 Water(uptake
Aquaporin(PIP2G1 Bradi1g28760.1 2.07 Water(uptake
VGtype(proton(ATPase(subunit(E Bradi2g45580.1 2.51 Acidification(of(intracellular(compartments
ProtonGtransporting(VGtype(ATPase,(V1( Bradi1g31690.1 2.87 Acidification(of(intracellular(compartments
VGtype(proton(ATPase(subunit(a Bradi1g67960.1 2.93 Acidification(of(intracellular(compartments
Vacuolar(ATP(synthetase(subunit(C Bradi2g14400.1 2.49 Acidification(of(intracellular(compartments
Aquaporin(PIP1G2 Bradi3g56020.1 1.93 Water(homeostasts
Copper(transporter(5( Bradi4g31330.1 4.15 Copper(transport
VGtype(proton(ATPase(subunit(D( Bradi5g23660.1 2.36 Water(uptake
Prenylated(Rab(acceptor(protein(1 Bradi2g33060.1 5.43 Intracellular(vesicular(transport
VGtype(proton(ATPase(subunit(d2 Bradi2g42100.1 1.95 Acidification(of(intracellular(compartments
Sugar(transporter(ERD6Glike(4( Bradi2g14900.1 6.68 Glucose(transport
LGascorbate(peroxidase( Bradi3g42340.1 3.04 Antioxidant(protection
Phospholipase*D* Bradi2g04480.1 1.45 Facilitates(Ca2+(Signaling
Lipoxygenase Bradi1g11680.1 2.26 Lipid(metabolism
Sucrose(synthase( Bradi1g46670.1 2.78 Sucrose(metabolism
Plasma(membrane(intrinsic(protein(1;4((PIP1G4) Bradi5g18170.1 2.71 Cellular(Water(homeostasis
Cytochrome(b561 Bradi5g16740.1 3.78 Ferrireductase(capability
Annexin(D4 Bradi2g26760.1 2.06 Facilitates(Ca2+(Signaling
Dynamin(family(protein Bradi1g67517.1 2.57 ClathrinGmediated(endocytosis
Auxin*efflux*carrier*component Bradi3g59520.1 1.54 Auxin(transport
Clathrin(heavy(chain Bradi4g26877.1 9.71 Endocytosis
ProtonGdependent(oligopeptide(transport(family(protein Bradi2g56347.1 8.77 Peptide(transport
VacuolarGtype(H+Gpumping(pyrophosphatase(1 Bradi1g47767.1 4.11 Active(proton(transport
FasciclinGlike(arabinogalactan(protein(7 Bradi3g39740.1 2.35 Cell(adhesion
ABC(transporter(family(protein( Bradi2g01610.1 2.96 Import/export(
Xylose*isomerase Bradi1g18550.2 1.91 Carbohydrate(metabolism
Chloride(channel(protein Bradi5g11340.1 12.3 Ion(transport
PDRG1(ABC(transporter Bradi1g38025.1 1.59 Transport(of(antimicrobial(metabolites
Equilibrative(nucleotide(transporter(3 Bradi1g24960.1 2.29 Nucleoside(metabolism
Protein(phosphatase(2C( Bradi5g24530.1 1.72 Negative(regulator(of(kinase(activity(
PlasmaGmembrane(associated(cationGbinding(protein(1( Bradi3g10500.1 7.47 Intracellular(signaling(
ATPaseGrelated(DNA(repair(protein Bradi3g40560.1 4.42 Multicelular(development(and(DNA(repair
Vamp/synaptobrevinGassociated(protein(27G2 Bradi2g60150.2 79.4 Plant(growth/(immunity
Notes:(Protein(identities(were(predicted(through(BLAST(searches(against(the(green(plant(database.(Peptide(sequences(with(known(identities(are(bolded.


